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Preface

The penetration of wind- and photovoltaic (PV)-generated electrical energy into the grid
system worldwide is increasing exponentially. A limiting factor is the increasingly stringent
grid requirements imposed by different grid operators aiming to maintain grid stability. Both
wind power (WP) plants and PV power plants are connected to the grid through grid converters
which, besides transferring the generated DC power to the AC grid, should now be able to
exhibit advanced functions like: dynamic control of active and reactive power; stationary
operation within a range of voltage and frequency; voltage ride-through; reactive current
injection during faults; participation in a grid balancing act like primary frequency control,
etc. Therefore the aim of this book is to explain the topologies, modulation and control of
grid converters for both PV and WP applications. In addition to the classical handbooks in
power electronics this book shows the PV- or wind turbine (WT)- specific control functions
according to the recent grid codes and enhances the classical synchronization and current
control strategies with the general case when the grid is unbalanced.

The idea of this book originated in a biannual Industrial/PhD course ‘Power Electronics for
Renewable Energy Systems’ started in May 2005 in Aalborg University, Institute for Energy
Technology, and is successfully continued with over 250 PhDs or industry engineer attendees
(by the end of 2010). The success of this course was due to the practical aspects involved as
more than 40 % of the time was spent in the lab for designing and testing control strategies
on real grid converters. Thus, the initiative for writing this book together with Marco Liserre
from Politecnico di Bari and Pedro Rodriguez from UPC Barcelona has been taken in order
to ensure a unique reference for the course.

The book is intended as a textbook for graduating students with an electrical engineer-
ing background wanting to move into areas of the electrical aspects of PV and WT power
regenerations, as well as for professionals in the PV or WT industry.

Chapter 1 gives an overview of the latest developments in the PV and WT penetrations in
the worldwide power systems as well as the forecast until 2014, which looks very promising
despite the economical crisis of 2008-2010. Chapter 2 discusses the various high-efficiency
topologies for PV inverters as well as some generic control structures. In Chapter 3 the grid
requirements for PV installations are described. Chapter 4 gives a deep analysis of the basic
PLL as the preferred tool for synchronization in single-phase systems and discusses different
quadrature signal generator methods, while Chapter 5 discusses islanding detection methods.
Chapter 6 describes the most typical WT grid converter topologies together with generic
control structures. The most recent grid requirements for WT grid connection, the so-called
Grid Codes, are explained in Chapter 7. The next chapter extrapolates the knowledge of



xvi Preface

single-phase PLL structure for three-phase systems. New robust synchronization structures
are proposed in order to cope with the unbalance grid or frequency adaptation. In Chapter
9 the most used grid converter control structures for WT are explained while Chapter 10
extrapolates the control issue for the case of grid faults, where new control structures are
proposed. In Chapter 11 the issue of designing grid interface filters is discussed along with
methods actively used to damp the resonance for LCL filters. Finally, Chapter 12 goes down
to basics and advanced methods for controlling the grid current going from linear to more
robust nonlinear techniques. The new resonant controllers are introduced and compared with
the classical PI. Appendix A familiarizes the reader with the issue of different coordinate
transformations in three-phase systems, Appendix B gives the basic principle of instantaneous
power theory and Appendix C describes the concept of resonance controllers.

www.wiley.com/go/grid converters
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1

Introduction

In the last few years renewable energies have experienced one of the largest growth areas in
percentage of over 30 % per year, compared with the growth of coal and lignite energy.

The goal of the European Community (the EU) is to reach 20 % in 2020, but the EU-27
energy is only 17 % of world energy. The US, with 22 % of energy share, has adopted similar
goals under the pressure of public opinion concerned by environmental problems and in order
to overcome the economical crisis. However, the policies of Asia and Pacific countries, with
35 % of energy share, will probably be more important in the future energy scenario. In fact,
countries like China and India require continuously more energy (China energy share has
increased 1 point every year from 2000).

The need for more energy of the emerging countries and the environmental concerns
of the US and the EU increases the importance of renewable energy sources in the future
energy scenario.

1.1 Wind Power Development

Grid-connected wind systems are being developed very quickly and the penetration of wind
power (WP) is increasing.

The driving force in Europe was taken in March 2007, when EU Heads of State adopted a
binding target of 20 % of energy generated from renewable sources by 2020. A similar plan
for 25 % renewable energy sources until 2025 has been adopted in the US.

According to BTM Consult [1], the cumulative and annual installed wind power worldwide
in 2009 is shown in Figure 1.1. Despite the economic crisis, 2009 was a very good year,
with a worldwide installed wind power of 38.1 GW (35 % higher than 2008). The biggest
markets in 2009 were China, with 36.1 %, and the US, with 26 %. The cumulative worldwide
installed wind power by the end of 2009 was 160.1 GW. The average growth for the period
2004-2009 was 36.1 %, while the forecast average growth for the period 2010-2014 is 13.6 %
(reduced due to the economic crisis of 2008—2010). The worldwide cumulative installed power
forecasted by 2019 is close to 1 TW, leading to a global wind power penetration of 8.4 %.

Wind energy penetration (%) is defined as the total amount of wind energy produced
annually (TWh) divided by the gross annual electricity demand (TWh). According to the

Grid Converters for Photovoltaic and Wind Power Systems Remus Teodorescu, Marco Liserre, and Pedro Rodriguez
© 2011 John Wiley & Sons, Ltd
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Figure 1.1 Wind power installed worldwide by 2009 and forecast until 2014: cumulative (left) and
annual (right). Source: BTM Consult

EWEA (European Wind Energy Association) [2], the approximate wind energy penetration
in Europe by 2008 was 3.8 %, with the highest penetration levels of 21 % in Denmark, 12 %
in Spain and Portugal, 9 % in Ireland and 7 % in Germany. At the regional level much higher
penetration levels were achieved, as, for example, 36 % in Schleswig-Holstein, Germany, and
70 % in Navarra, Spain.

According to the DOE (US Department of Energy) [3], the wind energy penetration level
in the US reached 1.9 % by 2008, with highest state levels in lowa 13.3 %, Minnesota 10.4 %
and Texas 5.3 %. The worldwide wind energy penetration by 2008 was 1.5 %.

It is very difficult to define the maximum level of penetration as it is strongly dependent on
the particularities of the grid in the considered area in terms of conventional generation, pricing,
interconnection capacity, demand management and eventual storage capacity. Typically several
regional or national grids are interconnected (as, for example, UCTE and NORDEL) and by
agreement certain shared reserve generation and transmission capacity is provided in order
to cope with n — 1 type contingency. The fluctuating wind power dispatch works also as
a ‘disturbance’ in the system and this reserve capacity can also be successfully used for
balancing purposes. Some studies have indicated that 20 % wind penetration may be achieved
without major transmission or storage developments. Electrical utilities continue to study
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Figure 1.2 PV power installed worldwide by 2009 and forecast until 2014: cumulative (left) and annual
(right). Source: EPIA

the effects of large-scale (20 % or more) penetration of wind generation on system stability
and economics. Denmark has planned wind penetration of 50 % by 2025 [4]. The Danish
grid is strongly interconnected to the European electrical grid through Norway, Germany and
Sweden. Almost half of its wind power is exported to Norway, which can easily balance its
almost entirely hydro-based power system.

In order to be able to increase the wind energy penetration, new grid interconnection
requirements called grid codes have been developed by countries with high penetration.

1.2 Photovoltaic Power Development

The worldwide cumulative and annual photovoltaic (PV) power installed according to EPTA
are shown in Figure 1.2 [5].

The year 2009 was also a good year for PV, as 6.4 GW was installed (equivalent to
approx one-sixth of wind power installed). From an empirical point of view we can say
that PV is growing at approximately the same rate as WP and is just approximately 6 years
behind. The forecast for 2014 is 30 GW for PV, close to the 28.7 GW for WP forcast
6 years ago (for 2008). The worldwide cumulative PV power reached 22.8 GW by the end
of 2009.
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Today, there are several PV parks with installed power > 40 MW in Spain, Germany and
Portugal. The PV penetration is quite low now but it is estimated by EPIA that it could be as
high as 12 % in 2020.

Another important aspect is that the cost of PV panels have dropped during 2008 by around
40 % to levels under € 2/W for PV. The bulk penetration of the PV system is expected around
2015 when the cost of PV electricity is forecasted to became compatible with the cost of
conventional energy.

1.3 The Grid Converter — The Key Element in Grid Integration
of WT and PV Systems

Power converters is the technology that enables the efficient and flexible interconnection
of different players (renewable energy generation, energy storage, flexible transmission and
controllable loads) to the electric power system. Hence it is possible to foresee how the
synchronous machine has a central role in the centralized power system and the grid converter,
also denoted as the ‘synchronous converter’, will be a major player in a future power system
based on smart grid technologies. While the electromagnetic field has a major role in the
synchronous machine, the grid converter is based mainly on semiconductor technology and
signal processing but its connection filter, where the inductor is dominant, still has a crucial
role to play in transient behaviour.

The increase in the power that needs to be managed by the distributed generation systems
leads to the use of more voltage levels, leading to more complex structures based on a single-
cell converter (like neutral point clamped multilevel converters) or a multicell converter (like
cascaded H-bridge or interleaved converters). In the design and control of the grid converter
the challenges and opportunities are related to the need to use a lower switching frequency to
manage a higher power level as well as to the availability of a more powerful computational
device and of more distributed intelligence (e.g. in the sensors and in the PWM drivers).

The book analyses both basic and advanced issues related to synchronization with the grid,
harmonic control and stability, and at the system level in order to detect and manage islanding
conditions for PV power systems and control under grid faults for WT power systems. It is
intended for both graduate students in electrical engineering as well as practising engineers in
the WT and PV industry, with special focus on the design and control of grid converters.
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Photovoltaic Inverter Structures

2.1 Introduction

The PV inverter is the key element of grid-connected PV power systems. The main function
is to convert the DC power generated by PV panels into grid-synchronized AC power.
Depending on the PV power plant configuration, the PV inverters can be categorized as:

® Module integrated inverters, typically in the 50-400 W range for very small PV plants (one
panel).

e String inverters, typically in the 0.4-2 kW range for small roof-top plants with panels
connected in one string.

® Multistring inverters, typically in the 1.5-6 kW range for medium large roof-top plants with
panels configured in one to two strings.

® Mini central inverters, typically > 6 kW with three-phase topology and modular design for
larger roof-tops or smaller power plants in the range of 100 kW and typical unit sizes of 6,
8, 10 and 15 kW.

¢ Central inverters, typically in the 100—1000 kW range with three-phase topology and modular
design for large power plants ranging to tenths of a MW and typical unit sizes of 100, 150,
250, 500 and 1000 kW.

Historically the first grid-connected PV plants were introduced in the 1980s as thyristor-
based central inverters. The first series-produced transistor-based PV inverter was PV-WR in
1990 by SMA [1]. Since the mid 1990s, IGBT and MOSFET technology has been extensively
used for all types of PV inverters except module-integrated ones, where MOSFET technology
is dominating.

Due to the high cost of solar energy, the PV inverter technology has been driven primarily
by efficiency. Thus a very large diversity of PV inverter structures can be seen on the market.

In comparison with the motor drive inverters, the PV inverters are more complex in both
hardware and functionality. Thus, the need to boost the input voltage, the grid connection
filter, grid disconnection relay and DC switch are the most important aspects responsible for
increased hardware complexity. Maximum power point tracking, anti-islanding, grid synchro-
nization and data logger are typical functions required for the PV inverters.

Grid Converters for Photovoltaic and Wind Power Systems Remus Teodorescu, Marco Liserre, and Pedro Rodriguez
© 2011 John Wiley & Sons, Ltd
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Actually, in contrast with electrical drive industry, which is 20 years older and driven by cost
where the full-bridge topology is acknowledged worldwide, new innovative topologies have
recently been developed for PV inverters with the main purpose of increasing the efficiency
and reducing the manufacturing cost. As the lifetime of PV panels is typically longer than
20 years, efforts to increase the lifetime of PV inverters are also under way. Today, several
manufacturers are offering extended service for 20 years.

The first method used to increase the efficiency was to eliminate the galvanic isolation
typically provided by high-frequency transformers in the DC-DC boost converter or by a
low-frequency transformer on the output. Thus a typical efficiency increase of 1-2 % can
be obtained.

As the PV panels are typically built in a sandwich structure involving glass, silicon semicon-
ductor and backplane framed by a grounded metallic frame, a capacitance to earth is appearing,
creating a path for leakage current. This can compromise personal safety, which is typically
based on a system that monitors the leakage current as an indication of faults, especially
in residential applications. This capacitance can vary greatly, depending on construction or
weather conditions, and in reference [2] typical values of 10 nF/kW for PV are measured using
the full-bridge with unipolar modulation as a well-known source of common mode voltage
resulting in leakage current.

Unfortunately, the transformerless structure requires more complex solutions, typically
resulting in novel topologies in order to keep the leakage current and DC current injection
under control in order to comply with the safety issues.

Another important design issue that is driving the development of new topologies is the
ability to exhibit a high efficiency also at partial loads, i.e. during the periods with reduced
irradiation levels. Actually a weighted efficiency called ‘European efficiency’ has been defined
that takes into consideration the periods for different irradiation levels across Europe.

Today there are many PV inverter manufacturers in the market, such as SMA, Sunways,
Conergy, Ingeteam, Danfoss Solar, Refu, etc., offering a wide range of transformerless PV
inverters with very high European efficiency (>97 %) and maximum efficiency of up to 98 %.

The topology development for the transformerless PV inverters has been taking the starting
point in two ‘well-proven’ converter families:

e H-bridge.
¢ Neutral point clamped (NPC).

The aim of this chapter is to explain some of the most relevant actual transformerless PV
inverter structures as derivatives of these main families. The level of diversity is high as some
structures require a boost DC-DC converter with or without isolation. These boost converters
are well known and will not be described in detail. Some typical combined boosted inverter
structures are presented at the end of this chapter.

For the module-integrated inverters, due to the low power level a very large diversity of new
topologies is reported, but due to the very low actual market share of this type of inverter they
are not explored in this chapter.

2.2 Inverter Structures Derived from H-Bridge Topology

The H-bridge or full-bridge (FB) converter family, first developed by W. Mcmurray in 1965
[3], has been an important reference in the power electronic converter technology development.
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PV Array Filter Basic FB inverter Filter ~ Grid
1 )J}Ds
Vey 4 L
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Figure 2.1 Basic FB inverter

It was the first structure able to take advantage of the first available force-commuted semi-
conductor devices (thyristors). The H-bridge topology is very versatile, being able to be used
for both DC-DC and DC-AC conversion and can also be implemented in FB form (with two
switching legs) or in half-bridge form (with one switching leg).

2.2.1 Basic Full-Bridge Inverter

The practical PV inverter topology based on the full-bridge (FB) inverter is shown in Figure 2.1.
Three main modulation strategies can be used:

® Bipolar (BP) modulation.
® Unipolar (UP) modulation.
¢ Hybrid modulation.

In the case of bipolar (BP) modulation the switches are switched in diagonal, i.e. S1
synchronous with S4 and S3 with S2. Thus AC voltage can be generated as shown in Figure
2.2(a) and (b) for the positive and negative output currents respectively.

PV Array  Filter Basic FB inverter Filter Grid PV Array  Filter Basic FB inverter Filter Grid
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cecsectiencas’

S1+84=0N S2+83=0N
S1+ 54 and S2 + S3 are switched complementary = s S1+ 54 and S2 + S3 are switched complementary —
at high frequency at high frequency
(a) (b

Figure 2.2 FB with BP modulation strategy in the case of: (a) positive output current and (b) negative
output current
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The main features of this converter are:

® Leg A and leg B are switched synchronously in the diagonal (S1 = S3 and S2 = §4) with
high frequency and the same sinusoidal reference.
® No zero output voltage state is possible.

Advantages:

® Vpr has only a grid frequency component and no switching frequency components, yielding
a very low leakage current and EMI.

Drawbacks:

® The switching ripple in the current equals 1 x switching frequency, yielding higher filtering
requirements (no artificial frequency increase in the output!).

® The voltage variation across the filter is bipolar (+Vpy — —Vpy — +Vpy), yielding high
core losses.

® Lower efficiency of up to 96.5 % is due to reactive power exchange between L) and Cpy
during freewheeling and high core losses in the output filter, due to the fact that two switches
are simultaneously switched every switching period.

Remark:

Despite its low leakage current the FB with BP modulation is not suitable for use
in transformerless PV applications due to the reduced efficiency.

In the case of unipolar modulation, each leg is switched according to its own reference.
Thus AC current can be generated as shown in Figure 2.3.
The main features of this converter are:

® Leg A and leg B are switched with high frequency with mirrored sinusoidal reference.
® Two zero output voltage states are possible: S1, S3 = ON and 52, S4 = ON.

Advantages:

® The switching ripple in the current equals 2 x switching frequency, yielding lower filtering
requirements.

® Voltage across the filter is unipolar (0 — +Vpy — 0 — —Vpy — 0), yielding lower core
losses.

® High efficiency of up to 98 % is due to reduced losses during zero voltage states.

Drawbacks:

® Vpr has switching frequency components, yielding high leakage current and EMI.
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Figure 2.3 The switching states of FB with UP modulation in the case of generating: (a) positive
current and (b) negative current

Remark:

Despite its high efficiency and low filtering requirements FB with UP modulation
is not suitable for use in transformerless PV applications due to the high-frequency
content of the Vpg.

In the case of hybrid modulation [4], one leg is switched at grid frequency and one
leg at high frequency. Thus AC current can be generated as shown in Figure 2.4(a)
and (b).
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Figure 2.4 The switching states of FB with hybrid modulation in the case of generating: (a) positive
current and (b) negative current

The main features of this converter are:

® Leg A is switched with grid low frequency and leg B is switched with high PWM frequency.
® Two zero output voltage states are possible: S1, 2 = ON and §3, $4 = ON.

Advantages:

® Voltage across the filter is unipolar (0 — +Vpy — 0 — —Vpy — 0), yielding lower core
losses.

® Higher efficiency of up to 98 % is due to no reactive power exchange between L) and Cpy
during zero voltage and to lower frequency switching in one leg.

Drawbacks: also a drawback is the fact that this modulation only works for a two quadrant
operation.

® The switching ripple in the current equals 1 x switching frequency, yielding higher filtering
requirements (no artificial frequency increase in the output!).

® Vpp has square wave variation at grid frequency, leading to high leakage current peaks and
large EMI filtering requirements.
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Remark:

Despite its high efficiency FB with hybrid modulation is not suitable for use in
transformerless PV applications due to the square-wave variation of the Vpg.

2.2.2 HS5 Inverter (SMA)

In 2005 SMA patented a new inverter topology called HS [5]. This topology is depicted in the
Figure 2.5 and, as its name indicates, it is a classical H-bridge with an extra fifth switch in the
positive bus of the DC link which provides two vital functions:

® Prevents the reactive power exchange between L) and Cpy during the zero voltage state,
thus increasing efficiency.

¢ Jsolates the PV module from the grid during the zero voltage state, thus eliminating the
high-frequency content of Vpg.

The switching states for positive and negative generated AC currents are depicted in
Figure 2.6.
The main features of this converter are:

® S5 and S4 (S2) are switched at high frequency and S1 ($3) at grid frequency.
® Two zero output voltage states are possible: 5 = OFF and S1 (53) = ON.

Advantages:

® Voltage across the filter is unipolar (0 — +Vpy — 0 — —Vpy — 0), yielding lower core
losses.

PV Array  Filter S5 H5 FB inverter Filter Grid
e
T_K_T
D5 §1 D1 3 D3
Ver Ly L,
v, L
—_—C, )
L, N
2 2 g W
D2 D4
s2) & sa ):&

Figure 2.5 HS inverter topology (SMA)
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Figure 2.6 The switching states of the HS inverter in the case of generating: (a) positive current and
(b) negative current

® Higher efficiency of up to 98 % is due to no reactive power exchange between L) and Cpy
during zero voltage and to lower frequency switching in one leg.

® Vpg has only a grid frequency component and no switching frequency components, yielding
a very low leakage current and EMI.

Drawbacks:

® One extra switch.
® Three switches are conducting during the active vector, leading to higher conduction losses
but without affecting the overall high efficiency.

Remark:

The H5 features all the advantages of FB with hybrid modulation and eliminates
the high-frequency content of Vpg by isolating the PV panels from the grid dur-
ing zero voltage state using the extra switch. This topology is thus very suitable
for use in transformerless PV applications due to high efficiency and low leak-
age current and EMI. It is currently commercialized by SMA in the series called
SunnyBoy 4000/5000 TL with European efficiency higher than 97.7 % and maxi-
mum efficiency of 98 % (Photon International, October 2007).
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2.2.3 HERIC Inverter (Sunways)

In 2006, Sunways patented a new topology also derived from the classical H-bridge called
HERIC (highly efficient and reliable inverter concept) by adding a bypass leg in the AC side
using two back-to-back IGBTs (insulated gate bipolar transistors), as shown in Figure 2.7 [6].

The AC bypass provides the same two vital functions as the fifth switch in case of the H5
topology:

* Prevents the reactive power exchange between L) and Cpy during the zero voltage state,
thus increasing efficiency.

® Jsolates the PV module from the grid during the zero voltage state, thus eliminating the
high-frequency content of Vpg.

The switching states for positive and negative generated AC currents are depicted in
Figure 2.8.
The main features of this converter are:

® S1-S4 and S2-S3 are switched at high frequency and S+ (S—) at grid frequency.
® Two zero output voltage states are possible: S+ = on and S— = on (providing the bridge is
switched off).

Advantages:

® Voltage across the filter is unipolar (0 — +Vpy — 0 — —Vpy — 0), yielding lower core
losses.

¢ Higher efficiency of up to 97 % is due to no reactive power exchange between L () and Cpy
during zero voltage and to lower frequency switching in one leg.

® Vpr has only a grid frequency component and no switching frequency components, yielding
very low leakage current and EMI.

PV Array  Filter HERIC FB inverter Filter Grid

VP v

Figure 2.7 HERIC topology (Sunways)
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Figure 2.8 The switching states of the HERIC inverter in the case of generating: (a) positive current
and (b) negative current

Drawbacks:

e Two extra switches.

Remark:

The HERIC improves the performance of FB with BP modulation by adding the
zero voltage obtained with the AC bypass, thus increasing the efficiency. This
topology is therefore very suitable for use in transformerless PV applications due
to high efficiency and low leakage current and EMI. It is currently commercialized
by Sunways in the AT series (2.7-5 kW) with reported European efficiency of 95 %
and maximum efficiency of 95.6 % (Photon International, July 2008).

The behavior of HERIC and HS5 are quite similar as both realize the decoupling of the PV
generator from the grid during the zero voltage state on the AC side and DC side respectively.
They both use two switches switched at high frequency and one switched at grid frequency,
and HS has three switches conducting at the same time, while HERIC has only two.
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2.2.4 REFU Inverter

In 2007, Refu Solar patented a new topology also derived from the classical H-bridge. The
topology actually uses a half-bridge within the AC side bypass and a bypassable DC-DC
converter as shown in Figure 2.9 [7].

The AC bypass provides the same two vital functions as in the case of HERIC:

® Prevents the reactive power exchange between L and Cpy during the zero voltage state, thus
increasing efficiency.

¢ Jsolates the PV module from the grid during the zero voltage state, thus eliminating the
high-frequency content of Vpg.

The AC bypass is implemented in a different way by comparison with HERIC, i.e. by using
unidirectional switches composed of standard IGBT modules with a diode in series to cancel
the free-wheeling path. Another specific characteristic of this topology is the use of a boost
converter, which is activated only when the input DC voltage is lower than the grid voltage. The
switching states for positive and negative generated AC currents are depicted in Figure 2.10.

The main features of this converter are:

® S1 (S2) are switched at high frequency when there is no need for boost: Vpy > |Vg}.
® §3(54) are switched at high frequency when the boost is enabled: Vpy < ]Vg |
® S+(S—) are switched at grid frequency depending on voltage polarity.

Advantages:

® Voltage across the filter is unipolar (0 — +Vpy — 0 — —Vpy — 0), yielding lower core
losses.

PV DCLink L Boost DC Link H HB Boost Bypass AC Bypass Filter Grid

Array v DC
é i sl % 53
Vo, - 1 ¥ L
NS 4 yo|L
T S+ éf\/
T . o)
T
b 4

Figure 2.9 The REFU inverter topology
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Figure 2.10 The switching states of the REFU inverter in the case of generating: (a) positive current
and (b) negative current

® Higher efficiency of up to 98 % is due to no reactive power exchange between L and
Cpy during zero voltage, boost only when necessary and to lower frequency switching in
one leg.

® Vpr has only a grid frequency component and no switching frequency components, yielding
very low leakage current and EMI.
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Drawbacks:

® Needs double DC voltage.
® Two extra switches, but switched at low frequency.

Remark:

The REFU topology is an improvement on the half-bridge topology by adding
the AC bypass to create zero voltage with minimum losses. This topology is very
suitable for use in transformerless PV applications due to high efficiency and low
leakage current and EMI. It is currently commercialized by Refu in the three-
phase series RefuSol® (11/15 kW) with reported European efficiency of 97.5 %
and maximum efficiency of 98 % (Photon International, September 2008).

2.2.5 Full-Bridge Inverter with DC Bypass — FB-DCBP (Ingeteam)

Another ‘modified’ FB topology is the full-bridge with DC bypass as patented (pending) by
Ingeteam [8] and published in reference [9]. This topology is depicted in Figure 2.11 and is a
classical H-bridge with two extra switches in the DC link and also two extra diodes clamping
the output to the grounded middle point of the DC bus. The DC switches provide the separation
of the PV panels from the grid during the zero voltage states and the clamping diodes ensure
that the zero voltage is grounded, in opposition to HERIC or H5 where the zero voltage is
floating. Essentially both solutions ensure ‘jump-free’ Vpg, leading to low leakage current and
high efficiency due to prevention of reactive power exchange between L) and Cpy;(2) during
zero voltage.

The switching states for positive and negative generated AC currents are depicted in
Figure 2.12.
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Figure 2.11 Full-bridge with DC bypass — FB-DCBP inverter topology (Ingeteam)
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Figure 2.12 The switching states of the FB-DCBP inverter in the case of generating: (a) positive current
and (b) negative current

The main features of this converter are:

S5 and S6 are switched at high frequency and S1 (52) and S4(S3) at grid frequency.

Zero output voltage is achieved by turning the DC bypass switches S5 and S6 OFF. When
S5 and S6 are turned OFF and S2 and S3 are turned ON, the current splits into two paths:
S1 and the freewheeling diode of S3 (D3), and S4 and the freewheeling diode of S2 (D2).
Thus, $2 and S3 are turned ON with no current and therefore no switching losses appear.
The path of the current during zero voltage state will be S4-D2 or S1-D3 for positive grid
current, while the negative grid current will flow through S2-D4 or §3-D1. D+ and D- are
just used for clamping the bypass switches to the half of the DC-link voltage [9].

Advantages:

® Voltage across the filter is unipolar (0 — +Vpy — 0 — —Vpy — 0), yielding lower core
losses.

® The rating of the DC bypass switches is half of the DC voltage.

Higher efficiency is due to no reactive power exchange between Lz and Cpy;(2) during zero

voltage and to a lower switching frequency in the FB and low voltage rating of S5 and S6.

® Vpr has only a grid frequency component and no switching frequency components, yielding
a very low leakage current and EMI.
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Drawbacks:

® Two extra switches and two extra diodes.
® Four switches are conducting during the active vector, leading to higher conduction losses
but without affecting the overall high efficiency.

Remark:

The FB-DCBP topology is very suitable for use in transformerless PV applications
due to high efficiency and low leakage current and EMI. This topology is currently
commercialized by Ingeteam in the Ingecon® Sun TL series (2.5/3.3/6 kW) with
reported European efficiency of 95.1 % and maximum efficiency of 96.5 % (Photon
International, August 2007).

2.2.6  Full-Bridge Zero Voltage Rectifier — FB-ZVR

Another ‘modified” FB topology is the full-bridge zero voltage rectifier [10], depicted in
Figure 2.13. This topology is derived from HERIC, where the bidirectional grid short-circuiting
switch is implemented using a diode bridge and one switch (S5) and a diode clamp to the DC
midpoint. Zero voltage is achieved by turning the FB off and turning S5 on.

The switching states for positive, negative and zero output voltage states are shown in
Figure 2.14.

The main features of this converter are:

® The switches within the FB are switched diagonally like in bipolar modulation. The zero
state is introduced after each switching by turning all switches of the bridge off and turning
S5 on.
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Figure 2.13 Full-bridge zero voltage rectifier — FB-ZVR inverter topology
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Figure 2.14 The switching states of the FB-ZVR inverter in the case of generating: (a) positive current
and (b) negative current

Advantages:

® Voltage across the filter is unipolar (0 — +Vpy — 0 — —Vpy — 0), yielding lower core
losses.

® High efficiency of up to 96 % is due to no reactive power exchange between L) and Cpy
during zero voltage and to lower frequency switching in one leg.

® Vpr has only a grid frequency component and no switching frequency components, yielding
very low leakage current and EMI.

Drawbacks:

® One extra switch and four diodes.
® During deadtime clamping, bipolar output voltage is obtained, leading to increased losses
across the filter.

Remark:
The FB-ZVR inherits the advantages of the HERIC in terms of high efficiency and

low leakage. Due to the high switching frequency of S5, the efficiency is lower
than at HERIC, but it provides the advantage that can work at any power factor.
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2.2.7 Summary of H-Bridge Derived Topologies

Actually, HERIC, HS, REFU and FB-DCBP topologies convert the two-level FB (or HB)
inverter into a three-level one. This increases the efficiency as both the switches and the output
inductor are subject to half of the input voltage stress. The zero voltage state is achieved by
shorting the grid using the higher switches of the bridge (HS5) or by using an additional AC
bypass (HERIC or REFU) or DC bypass (FB-DCBP). H5 and HERIC isolate the PV panels
from the grid during zero voltage while REFU and FB-DCBP clamp the neutral to the midpoint
of the DC link. Both REFU and HERIC use the AC by-pass but REFU uses two switches
in antiparallel and HERIC uses two switches in series (back to back). Thus the conduction
losses in the AC bypass are lower for the REFU topology. REFU and H5 have slightly higher
efficiencies as they have only one switch that switches with high-frequency while HERIC and
FB-DCBP have two.

FB-ZVR is derived from HERIC but uses a different implementation of the bidirectional
switch, using a diode bridge and one switch. Constant Vpg but moderate high efficiency (lower
than HERIC but higher than FB-BP) are obtained and can also work with nonunitary PF.

In the following section another family of converters, called neutral point clamped (NPC),
achieving more or less the same performance but at the expense of more switches is explored.

2.3 Inverter Structures Derived from NPC Topology

The NPC topology has been introduced by Nabae, Magi and Takahashi in 1981 [11] showing
great improvements in terms of lower dV/dr and switch stress in comparison with the classical
two-level full-bridge inverter. The NPC topology is also very versatile and can be used in both
single-phase (full-bridge or half-bridge) and three-phase inverters.

2.3.1 Neutral Point Clamped (NPC) Half-Bridge Inverter

The main concept is that zero voltage can be achieved by ‘clamping’ the output to the
grounded ‘middle point’ of the DC bus using D+ or D— depending on the sign of the current
(Figure 2.15). The switching states for generating positive and negative current are depicted
in Figure 2.16.
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Figure 2.15 Neutral clamped half-bridge
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Figure 2.16 The switching states of the NPC-HB inverter in the case of generating: (a) positive current

and (b) negative current

The main features of this converter are:

® §1(S4) are switched at high frequency and S2 (53) at grid frequency.
® Two zero voltage states are possible: S2, D+ = ON and S3, D— = ON. For operation out
of unitary power factors S1 and §3 switch in opposition for V, > 0, I, < 0, and S2 and $4

for V, <0, I, > 0.

Advantages:

® Voltage across the filter is unipolar (0 — +Vpy — 0 — —Vpy — 0), yielding lower core

losses.

® Higher efficiency of up to 98 % is due to no reactive power exchange between L) and Cpy
during zero voltage and to lower switching frequency in one leg.
® The voltage rating of outer switches can be reduced to Vpy /4, resulting in reduced switching

losses.

® Vpg is constant and is equal to —Vpy /2 without switching frequency components, yielding

very low leakage current and EMI.

Drawbacks:

e Two extra diodes.

e Requires double voltage input in comparison with FB.
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¢ Unbalanced switch losses: higher on the higher/lower switches and lower on the middle
switches.

* Any inductance introduced in the neutral connection by, for example, EMI filters generates
high-frequency common-mode voltage, which will lead to leakage current.

Remark:

The NPC has very similar performances in comparison with H5, HERIC or REFU,
being very suitable for use in transformerless PV applications due to high efficiency
and low leakage current and EMI. It is currently used by Danfoss Solar inverters
in the TripleLynx series (three-phase 10/12.5/15 kW) with reported European
efficiency of 97 % and maximum efficiency of 98 % (Photon Magazine, July 2010).

2.3.2 Conergy NPC Inverter

A ‘variant’ of the classical NPC is a half-bridge with the output clamped to the neutral using
a bidirectional switch realized with two series back-to-back IGBTs as patented by Conergy
[12] (see Figure 2.17). An alternative realization of the same concept is presented in reference
[13], where the unidirectional clamping switches are connected in parallel rather than in series
and a full-bridge is used instead of a half-bridge.

The main concept of the Conergy NPC inverter is that zero voltage can be achieved by
‘clamping’ the output to the grounded ‘middle point’ of the DC bus using S+ or S— depending
on the sign of the current. The switching states for generating positive and negative currents
are depicted in Figure 2.18.

The main features of this converter are:

® §1(S2) and S+(S—) are switched at high frequency.
® Two zero voltage states are possible: S+, D+ = ON (S—,D— = ON).
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Figure 2.17 Conergy neutral point clamped inverter
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Figure 2.18 The switching states of the Conergy NPC inverter in the case of generating: (a) positive

current and (b) negative current

Advantages:

losses.

Voltage across the filter is unipolar (0 — +Vpy — 0 — —Vpy — 0), yielding lower core

Higher efficiency of up to 98 % is due to no reactive power exchange between L) and Cpy

during zero voltage and to a reduced voltage drop as only one switch is conducting during
active states of the Conergy NPC inverter.

a very low leakage current and EMI.

Drawbacks:

Vpg is constant and is equal to —Vpy /2 without switching frequency components, yielding

Balanced switching losses in contrast with the classical NPC.

® The voltage rating of S1 and S2 is double in comparison with the outer switches in the NPC.

® Requires double voltage input in comparison with FB.

® Any inductance introduced in the neutral connection by, for example, EMI filters generates
high-frequency common-mode voltage, which will lead to leakage current.
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Remark:

The Conergy NPC has slightly higher efficiency in comparison with NPC as during
the active state only one switch is conducting, which is very suitable for use in
transformerless PV applications due to high efficiency and low leakage current
and EMLI. It is currently used in the market by Conergy in the IPG series (2-5 kW)
string inverter series with reported European efficiency of 95.1 % and maximum
efficiency of 96.1 % (Photon International, July 2007).

2.3.3  Summary of NPC-Derived Inverter Topologies

The classical NPC and its ‘variant’ Conergy NPC are both three-level topologies featuring the
advantages of unipolar voltage across the filter, high efficiency due to clamping of PV panels
during the zero voltage state and practically no leakage due to the grounded DC link midpoint.
Due to higher complexity in comparison with FB-derived topologies, these structures are
typically used in three-phase PV inverters with ratings over 10 kW (mini-central). These
topologies are also very attractive for high power in the range of hundreds of kW (central
inverters) where the advantages of multilevel inverters are even more important.

2.4 Typical PV Inverter Structures

In this chapter different innovative topologies for the transformerless PV inverters are pre-
sented. However, most of them will require boosting so the final structure will be different. In
the following, some typical complete PV structures are described.

2.4.1 H-Bridge Based Boosting PV Inverter with High-Frequency
Transformer

A typical structure of an H-bridge based boosting PV inverter is shown in Figure 2.19. The

FB DC-DC converter boost factor is controlled by shifting the switching phase between the

two legs [14]. The FB inverter can be easily replaced with higher-efficiency versions (H5 or
HERIC).

2.4.1.1 Boosting Inverter with Low-Frequency Transformer

A typical structure using a classical boost DC-DC converter is shown in Figure 2.20. The
transformer is placed on the low-frequency side.
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Figure 2.19 Boosting inverter with a HF transformer based on the H-bridge

2.5 Three-Phase PV Inverters

Most of the three-phase PV inverters are not typically true three-phase three-wire inverters
but rather three-phase four-wire ones. Actually they work as three independent single-phase
inverters.

This solution has two advantages:

¢ It allows using the existing single-phase inverters.

e It allows using the ‘mild’ anti-islanding requirement from the German standard VDE-
0126-1-1 (2006), which states that the impedance monitoring can be replaced by line-to-line
voltage monitoring if the control of each phase current is done independently.

Companies like SMA are promoting the concept that three-phase systems can be built up
by using a single-phase building block, the so-called minicentral inverters (like, for example,
Sunny Mini Central 8000TL).
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Other companies like Conergy, Refusol and Danfoss Solar are promoting three-phase in-
verters in the range of 10—-15 kW based on the same concept but built like a three-phase unit.
A recent comparative study among three-phase transformerless topologies [15] revealed that
three-phase NPC exhibits the best performances in comparison with full-bridge with a split
DC link in terms of low leakage, efficiency and performance. The real problem of using a
true three-phase three-wire topology is that the DC voltage needs to be relatively high, at least
around 600 V for a 400 V three-phase grid and is limited to 1000 V due to safety requirements
(maximum installation voltage). The variation range can be too narrow in comparison with
the variations required by the MPPT due to temperature changes and grid voltage allowed
variations. On the contrary, single-phase inverters need at least around 400 V DC voltage
having a larger variation range yielding more flexibility.

2.6 Control Structures

Due to the very large variety of transformerless PV inverter topologies, the control structures
are also very different. The modulation algorithm has to be specific for each topology. In
the following a generic, topology invariant control structure will be presented for a typical
transformerless topology with boost stage, as shown in Figure 2.21.

As can be seen, three different classes of control functions can be defined:

1. Basic functions — common for all grid-connected inverters
¢ Grid current control
o THD limits imposed by standards
o Stability in the case of large grid impedance variations
o Ride-through grid voltage disturbances

ECE
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String Grid

I Active filter MicroGrid Grid support
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Figure 2.21 Generic control structure for a PV inverter with boost stage
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¢ DC voltage control
o Adaptation to grid voltage variations
o Ride-through grid voltage disturbances
¢ Grid synchronization
o Operation at the unity power factor as required by standards
o Ride-through grid voltage disturbances
2. PV specific functions — common for all PV inverters
® Maximum power point tracking (MPPT)
o Very high MPPT efficiency during steady state (typically > 99 %)
o Fast tracking during rapid irradiation changes (dynamical MPPT efficiency)
o Stable operation at very low irradiation levels
® Anti-islanding (AI), as required by standards (VDE 0126, IEEE 1574, etc.)
® Grid monitoring
o Synchronization
o Fast voltage/frequency detection for passive Al
¢ Plant monitoring
o Diagnostic of PV panel array
o Partial shading detection
3. Ancillary functions
¢ Grid support
o Local voltage control
o Q compensation
o Harmonic compensation
o Fault ride-through

In this book, the common basic functions (grid current control, DC voltage control and
synchronization) as well as anti-islanding methods are covered.

2.7 Conclusions and Future Trends

PV inverter structures are evolving at a high pace. A high number of new patented trans-
formerless topologies based on either H-bridge or NPC appeared on the market with very high
efficiency, up to 98 %. In this chapter the principle of operation along with the performances of
these topologies are presented as this represents a really high value for the power electronics
community.

The obvious trend is more silicon for lower losses, as the number of switches has increased.
The PV inverter market is driven by efficiency rather than cost, mainly due to the still very
high price for PV energy. To increase even more the efficiency could be quite difficult using
the current technology, but new research shows a real good potential in replacing the silicon
switches by silicon-carbide ones. In reference [16] an efficiency increase of roughly 1 % was
demonstrated on an HERIC topology by simply replacing the IGBT with a SiC MosFet. It is
thus expected that in a few years the SiC MosFets will become commercially available, along
with the SiC diodes, which are currently used today in very high efficiency boost converters.

Another trend in the design of PV inverters will be influenced by the grid requirements.
At the moment, in many countries it is required that eventual islanding should be quickly
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detected and the inverter should be disconnected from the grid immediately in order to avoid
any personal safety issues, especially for residential PV systems. However, as the PV weight
in the grid integration is expected to grow very fast, it is possible that grid requirements will
change and will require fault ride-through capability in order to stabilize the power system.
Just like the case for wind power systems, this requirement has been introduced after a long
period when its share in the power generation became important. This will most probably
apply for large PV plants connected to distribution systems.

Finally, integration of power components is an important factor as it is known from the
electric drives sector that this will reduce the costs in the long term. The problem with PV
inverters is that there are so many topologies and it is actually very difficult to find standard
modules for implementation. A good example is SMA, which managed to produce customized
power modules for the HS topology. Semikron and Vincotech (previously a Tyco division)
are now offering power modules for NPC topologies, Mitsubishi is offering intelligent power
modules (IPM) with one or two boost converters plus an H-bridge inverter specially designed
for PV applications, and this trend is expected to continue also with other major device
manufacturers as the PV inverter market is growing very fast.
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Grid Requirements for PV

3.1 Introduction

Grid-connected PV systems are being developed very fast and systems from a few kW to
tenths of a MW are now in operation. As an important source of distributed generation (DS)
the PV systems need to comply with a series of standard requirements in order to ensure the
safety and the seamless transfer of the electrical energy to the grid.

Typically, local regulations imposed by the grid operators apply in most countries but large
efforts are made worldwide to impose some standard grid requirements that can be adopted
by various countries. The most relevant international bodies that are developing worldwide
standards for grid requirements are: IEEE (Institute of Electrical and Electronic Engineers) in
the US, IEC (International Electrotechnical Commission) in Switzerland and DKE (German
Commission for Electrical, Electronic and Information Technologies of DIN and VDE) in
Germany, the dominant PV market.

The grid requirements are a very important specification that is having a big impact on the
design and performances of the PV inverter. For example, in the US market the transformer-
less PV inverters are not yet popular as the utilities are still reticent in allowing them due to
some older local regulations (NEC). Another example is the recent three-phase mini-central
PV inverter in the range of 8—15 kW tailored to the new grid requirements in some Euro-
pean countries, which are limiting the feed-in tariff to about these levels. Therefore the PV
industry is very sensitive to the grid regulations and is tailoring the products in accordance
with them.

The purpose on this chapter is to introduce the most relevant standard requirements from
the main market areas with the focus on the most recent developments and to describe the
technical challenges that should be addressed by the PV inverter technology.

First in Section 3.2 the most important and recent standard regulations are introduced, fo-
cusing on Europe and US markets. Then the most relevant requirements: response to abnormal
grid conditions, power quality and anti-islanding are described in Sections 3.3, 3.4 and 3.5
respectively, with a comparison made among the different standards.

Grid Converters for Photovoltaic and Wind Power Systems Remus Teodorescu, Marco Liserre, and Pedro Rodriguez
© 2011 John Wiley & Sons, Ltd
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3.2 International Regulations
3.2.1 IEEE 1547 Interconnection of Distributed Generation

In the US, several standards for interconnection have come and gone since the enactment
of the Public Utilities Regulatory Policy Act in 1978 [1]. For PV and other inverter-based
technologies, IEEE 929-2000, Recommended Practice for Utility Interface of Photovoltaic
(PV) Systems [2], has the longest history and probably is the most used standard. It applies
to residential and other small-scale interconnected PV, but many aspects have been applied
to other generating technologies that use inverters. It dates back to 1981 and originated from
the IEEE Standards Coordinating Committee 21 (SCC21) for PV systems, which has been
expanded to include fuel cells, PVs, dispersed generation and energy storage. IEEE 929 has
since been effectively incorporated into many state rules and in UL 1741 [3].

Largely derived from IEEE 929, UL 1741, Standard for Inverters, Converters, and Con-
trollers for Use in Independent Power Systems, elaborated by Underwriters Laboratories Inc.,
an important standardization body in the US, became an important safety listing in 1999 and
is applied to small grid-tied inverters. It has taken on a greater role since 2002 when the first
large-scale three-phase inverters were included under this UL listing. Like other UL standards,
1741 addresses issues related to construction, electrical safety and principles derived from the
National Electric Code (NEC) and related UL standards. UL 1741 is unique in its incorporation
of grid performance requirements. Most other UL standards are limited to electrical safety and
do not address performance. The practical implementation of UL 1741 has had a huge impact
on the viability of projects incorporating PV and other inverter-based technologies. Where it
has been adopted in state and utility rules, it has greatly simplified the interconnection process
for developers and utilities alike.

The review process in many cases has evolved from detailed interconnection studies to
simple checklists. Today the single most influential standard for interconnection of all forms of
DR is IEEE 1547-2003 [4], Standard for Interconnecting Distributed Resources with Electric
Power Systems. IEEE 1547 is the result of a recent effort by SCC21 to develop a single
interconnection standard that applies to all technologies. The IEEE 1547 standard has benefited
greatly from earlier utility industry work documented in IEEE and IEC standards (e.g. IEEE
929, 519, 1453; IEC EMC series 61000; etc.) and ANSI C37 series of protective relaying
standards. IEEE 1547 addresses all types of interconnected generation up to 10 MW and
establishes mandatory requirements. This sets it apart from several previous IEEE guides or
recommended practices on DG, which convey only suggestions and recommendations.

The IEEE 1547 standard focuses on the technical specifications for, and the testing of,
the interconnection itself. It includes general requirements, response to abnormal conditions,
power quality, islanding and test specifications as well as requirements for design, production,
installation evaluation, commissioning and periodic tests. The requirements are applicable for
interconnection with EPSs at typical distribution levels (medium voltage) but also low-voltage
distribution networks are considered.

IEEE 1547.1-2005 [5], Standard for Conformance Test Procedures for Equipment Intercon-
necting Distributed Resources with Electric Power Systems, is a new standard deriving from
IEEE 1547, specifying the type, production and commissioning tests that shall be performed
to demonstrate that the interconnection functions and equipment of the distributed resources
(DR) conform to IEEE Std 1547.
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In May 2007 the following paragraph has been added to UL1741: ‘For utility-interactive
equipment, these requirements are intended to supplement and be used in conjunction with the
Standard for Interconnecting Distributed Resources with Electric Power Systems, IEEE 1547,
and the Standard for Conformance Test Procedures for Equipment Interconnecting Distributed
Resources with Electric Power Systems, IEEE 1547.1. Thus in terms of grid requirements
UL 1741 acknowledges IEEE 1547.

3.2.2 IEC 61727 Characteristics of Utility Interface

A huge effort in harmonizing the grid requirements has been done by IEC that promotes
international cooperation within standardizations for electrical and electronic issues. The TC-
82 Committee on Solar Photovoltaic Energy Systems is developing a large range of standards
for the PV industry. In the grid interconnection requirements, the TC-82 has developed the
standard IEC 61727 [6], Photovoltaic (PV) Systems — Characteristics of the Utility Interface,
published in December 2004. The standard applies to utility-interconnected PV power systems
operating in parallel with the utility and utilizing static (solid-state) nonislanding inverters for
the conversion of DC to AC and lays down requirements for interconnection of PV systems to
the utility distribution system.

Another related standard of 2005, IEC 62116 Ed. 1 [7], Testing Procedure of Islanding
Prevention Measures for Utility Interactive Photovoltaic Inverters, describing the testing
procedure for the requirements stated in IEC 61727, has been recently approved and is expected
to be published by the end of 2007. Although there are slight differences, the requirements
from IEC 61727 are harmonizing very well with the ones from IEEE 1574, especially for
anti-islanding detection, which is the critical issue.

3.2.3 VDE 0126-1-1 Safety

Germany is the dominant PV market and therefore the German regulations issued by the
VDE Testing and Certification Institute is very important. During the 1990s the so-called
ENS safety device, Die selbsttitig wirkende Freischaltstelle besteht aus zwei voneinander
unabhdingigen Einrichtungen zur Netziiberwachung mit zugeordnete allpoligen Schaltern in
Reihe or Automatic Disconnection Device between a Generator and the Public Low-Voltage
Grid, was introduced, first as an external hardware device, but later in software. According to
the former VDE 0126-1999, the ENS device should be able to detect a jump of 0.5 2 in the
grid impedance in a power-balanced situation. This was only possible by using active methods
based on distorting the grid and measuring the response. After some years of experience in
the field it was agreed that the requirements are too tight and frequently led to nuisance trips
affecting the yield and also power quality degradation. Especially cases where many inverters
operating close to each other increased malfunctioning have been reported.

Eventually, the newly revised standard VDE 0126-1-1-2006 [8] has relaxed the tight thresh-
olds for disconnection in the case of abrupt grid impedance changes (from 0.5 to 1.0 ) and
even allow as an alternative method an anti-islanding requirement very similar to the one in
IEEE 1547.1 based on a resonant RLC load. These changes are expected to contribute to
increased grid stability, without altering safety.
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Apart from the ENS, the VDE 0126-1-1 also includes over/undervoltage and frequency
detection and describes the test procedures for a fail-safe protective interface that has to
disconnect automatically the PV inverter from the grid in cases of DC injection, fault current
and low isolation to earth. In order to accommodate the transformerless PV inverters, a leakage
current limit (300 mA) is imposed and active monitoring of the fault current with sensitivity
down to 30 mA and active monitoring of isolation (>1 k2/V) is required. Also, for the fail-safe
disconnection circuit, a redundant circuit is required. This means that additional hardware is
needed in order to achieve these safety functions, thus increasing the complexity and cost. In
Germany it is not allowed to apply ENS in an installation with an AC output power > 30 kW.

3.2.4 IEC 61000 Electromagnetic Compatibility (EMC — low frequency)

IEC 61000-3-2 [9] deals with the limitation of harmonic currents injected into the public
supply system. It specifies limits of harmonic components of the input current, which may be
produced by equipment tested under specified conditions. This part of IEC 61000 is applicable
to electrical and electronic equipment having an input current up to and including 16 A per
phase, and is intended to be connected to public low voltage. For equipment with current higher
than 16 A but lower than 75 A the corresponding standard IEC 61000-3-12 [10] applies.

IEC 61000-3-3 [11] is concerned with the limitation of voltage fluctuations and flicker
impressed on the public low-voltage system. It specifies limits of voltage changes that may be
produced by an equipment tested under specified conditions and gives guidance on methods
of assessment. This part of IEC 61000 is applicable to electrical and electronic equipment
having an input current equal to or less than 16 A per phase, intended to be connected to public
low-voltage distribution systems of between 220 and 250 V line to neutral at 50 Hz, and not
subject to conditional connection. For equipment with current higher than 16 A but lower than
75 A the corresponding standard IEC 61000-3-11 [12] applies.

3.2.5 EN 50160 Public Distribution Voltage Quality

The voltage quality in the public distribution system is regulated in Europe by EN 50160
[13], which gives the main voltage parameters and their permissible deviation ranges at the
customer’s point of common coupling in public low-voltage (LV) and medium-voltage (MV)
electricity distribution systems, under normal operating conditions. The parameters of the
supply voltage shall be within the specified range during 95 % of the test period, while
the permitted deviations in the remaining 5 % of the period are much greater. EN 50160
is principally informative and accepts no responsibility when the limits are exceeded. The
following parameters are of interest for designing the control of PV inverters:

Voltage harmonic levels (see Table 3.1). Maximum voltage THD is 8 %.
Voltage unbalance for three-phase inverters. Maximum unbalance is 3 %.
Voltage amplitude variations: maximum £10 %.

Frequency variations: maximum +1 %.

Voltage dips: duration < 1 sec. deep < 60 %.

For the PV inverter, point-of-view compatibility with this voltage power quality standard
is important as it can demonstrate that the inverter is able to operate with the whole range



Grid Requirements for PV 35

Table 3.1 Public distribution grid voltage harmonics limits — EN 50160

0Odd harmonics Even harmonics
Not multiple of 3 Multiple of 3
Relative Relative Relative

Order h voltage (%) Order h voltage (%) Order h voltage (%)

5 6 3 5 2

7 5 9 1.5 4 1
11 3.5 15 0.5 6 to 24 0.5
13 3 21 0.5
17 2
19 1.5
23 1.5
25 1.5

of disturbances. The voltage and frequency variations are surpassed by other PV specific
standards, as shown in Section 3.3. For the permitted disturbances in terms of dips, there is not
yet any ride-through requirement, but in the future as PV increases penetration of the market
such a requirement (similar to the wind power grid codes) is expected.

In the following an analytical and comparative analysis of the main grid requirements from
the three main standard groups IEEE 1574/UL 1741, IEC 61727 and VDE 0126-1-1 is given.

3.3 Response to Abnormal Grid Conditions

The PV inverters need to disconnect from the grid in case of abnormal grid conditions in
terms of voltage and frequency. This response is to ensure the safety of utility maintenance
personnel and the general public, as well as to avoid damage to connected equipment, including
the photovoltaic system.

3.3.1 Voltage Deviations (see Table 3.2)

All discussions regarding system voltage refer to the local nominal voltage. The voltages in
RMS (root mean square) are measured at the point of utility connection. The disconnection

Table 3.2 Disconnection time for voltage variations

IEEE 1547 IEC 61727 VDE 0126-1-1
Voltage range  Disconnection  Voltage range  Disconnection  Voltage range  Disconnection
(%) time (sec.) (%) time (sec.) (%) time (sec.)
V<50 0.16 V <50 0.10 110<V <85 02
50<V <88 2.00 50<V <85 2.00
110 <V <120 1.00 110<V <135 2.00

V>120 0.16 V>135 0.05
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Table 3.3 Disconnection time for frequency variations

IEEE 1547 IEC 61727 VDE 0126-1-1
Frequency range  Disconnection Frequency range  Disconnection Frequency range Disconnection
(Hz) time (sec.) (Hz) time (sec.) (Hz) time (sec.)
593 <f <605 0.16 fo—l<f<fatl 02 475 <f <502 0.2

“For systems with power < 30 kW the lower limit can be adjusted in order to allow participation in the
frequency control.

time refers to the time between the abnormal condition occurring and the inverter ceasing to
energize the utility line. The inverter controls shall actually remain connected to the utility to
allow sensing of utility electrical conditions for use by the ‘reconnect’ feature. The purpose of
the allowed time delay is to ride through short-term disturbances to avoid excessive nuisance

tripping.

Observation: The required disconnection time for VDE 0126-1-1 is much shorter (0.2 sec.)
and fast voltage monitoring is thus required.

3.3.2  Frequency Deviations (see Table 3.3)

The purpose of the allowed range and time delay is to ride through short-term disturbances to
avoid excessive nuisance tripping in weak-grid situations.

Observation: The VDE 0126-1-1 allows a much lower frequency limit and thus frequency
adaptive synchronization is required.

3.3.3 Reconnection after Trip

After a disconnection caused by abnormal voltage or frequency conditions the inverter can be
reconnected only in the conditions given in Table 3.4.

Observation: The time delay in IEC 61727 is an extra measure to ensure resynchronization
before reconnection in order to avoid possible damage.

Table 3.4 Conditions for reconnection after trip

IEEE 1547 IEC 61727 VDE 0126-1-1
88 <V < 110 (%) 85 <V <110 (%)

AND
AND fo—1<f<fu+1(Hz)

AND

59.3 <f < 60.5 (Hz) Minimum delay of 3 min.
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Table 3.5 DC current injection limitation

IEEE 1574 IEC 61727 VDE 0126-1-1
Ipc < 0.5 (%) Ipc < 1(%) Ipc < 1A
of the rated RMS current of the rated RMS current Maximum trip time 0.2 sec.

3.4 Power Quality

The quality of the power provided by the photovoltaic system for the local AC loads and
for the power delivered to the utility is governed by practices and standards on voltage,
flicker, frequency, harmonics and power factor. Deviation from these standards represents
out-of-bounds conditions and may require disconnection of the photovoltaic system from the
utility.

3.4.1 DC Current Injection

DC current injection in the utility can saturate the distribution transformers, leading to over-
heating and trips. For the conventional PV systems with galvanic isolation, this problem is
minimized, but with the new generation of transformerless PV inverters increased attention is
required in this matter. Thus the limits of injected DC current given in Table 3.5 are accepted.

Observation: For IEEE 1574 and IEC 61727 the DC component of the current should be
measured by using harmonic analysis (fast Fourier transform, or FFT) and there is no maximum
trip time condition. During the test the measured DC component should be below the limits
for different loading conditions (1/3, 2/3 and 3/3 of the nominal load). For VDE 0126-1-1
this condition requires a special designed current sensor that can detect this threshold and
disconnect within the required trip time.

3.4.2 Current Harmonics

The PV system output should have low current-distortion levels to insure that no adverse
effects are caused to other equipment connected to the utility system. The levels given in
Table 3.6 are accepted.

Table 3.6 Maximum current harmonics

IEEE 1547 and IEC 61727

Individual h<11 11<h<17 17<h<23 23<h<35 35<h  Total harmonic

harmonic distortion THD
order (odd)” (%)
(%) 4.0 2.0 1.5 0.6 0.3 5.0

“Even harmonics are limited to 25 % of the odd harmonic limits above.
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Table 3.7 Current harmonic limits set by IEC 61000-3-2 (class A)

Odd harmonics Even harmonics
Order h Current (A) Order h Current (A)
3 2.30 2 1.08
5 1.14 4 0.43
7 0.77 6 0.30
9 0.40 8<h<40 0.23 x 8/h
11 0.33
13 0.21
13<h<39 0.15 x 15/h

Observation: The test voltage for IEEE 1574/IEC 61727 should be produced by an electronic
power source with a voltage THD (thermohydrodynamic) < 2.5 % and individual voltage
harmonics lower than 50 % of the current harmonic limits. The practice is to use an ideal
sinusoidal power source so as not to influence the results by the background distortion.

As in Europe IEC 61727 is not yet approved, the practice is that the harmonic limits are set
by the IEC 61000-3-2 for class A equipments (see Table 3.7).

Observation: The current limits in IEC 61000-3-2 are given in amperes and are in general
higher than the ones in IEC 61727. For equipments with a higher current than 16 A but lower
than 75 A, another similar standard IEEE 61000-3-12 [10] applies.

3.4.3 Average Power Factor

Only in IEC 61727 is it stated that the PV inverter shall have an average lagging power
factor greater than 0.9 when the output is greater than 50 %. Most PV inverters designed for
utility-interconnected service operate close to the unity power factor.

In IEEE 1574 there is no requirement for the power factor as this is a general standard that
should also allow distributed generation of reactive power. No power factor requirements are
mentioned in VDE 0126-1-1.

Observation: Usually the power factor requirement for PV inverters should now be interpreted
as arequirement to operate at a quasi-unity power factor without the possibility of regulating the
voltage by exchanging reactive power with the grid. For high-power PV installations connected
directly to the distribution level local grid requirements apply as they may participate in the
grid control. For low-power installations it is also expected that in the near future the utilities
will allow them to exchange reactive power, but new regulations are still expected.

3.5 Anti-islanding Requirements

Definitely the most technical challenging requirement is the so-called anti-islanding. Islanding
for grid-connected PV systems takes place when the PV inverter does not disconnect for a very
short time after the grid is tripped, i.e. it is continuing to operate with local load. In the typical
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Simulated RLC

Area EPS Load >

EUT

NOTES

1 — Switch S} may be replaced with individual switches on each of the RLC load components

2 — Unless the EUT has a unity output p.f., the receiver power component of the EUT is considered
to be a part of the islanding load circuit in the figure .

Figure 3.1 Test setup for the anti-islanding requirement in IEEE 1547.1

case of a residential electrical system co-supplied by a roof-top PV system, grid disconnection
can occur as a result of a local equipment failure detected by ground fault protection or of an
intentional disconnection of the line for servicing. In both situations, if the PV inverter does
not disconnect the following consequences can occur:

e Retripping the line or connected equipment can cause damage due to an out-of-phase closure.
o Safety hazard for utility line workers who assume de-energized lines during islanding.

In order to avoid these serious consequences safety measures called anti-islanding (AI)
requirements have been issued and are embodied in standards.

3.5.1 Al Defined by IEEE 1547/UL 1741

In IEEE 1574 the requirement is that after an unintentional islanding where the distributed
resources (DR) continue to energize a portion of the power system (island) through the
PCC, the DR shall detect the islanding and cease to energize the area within 2 sec. In
IEEE 1547.1 the test setup is described as shown in Figure 3.1, where EUT represents the
equipment under test, i.e. the PV inverter.

The test conditions require that an adjustable RLC load should be connected in parallel
between the PV inverter and the grid. The resonant LC circuit should be adjusted to resonate
at the rated grid frequency f and to have a quality factor of Q y = 1, or, in other words, the
reactive power generated by C [VAR] should equal the reactive power absorbed by L [VAR]
and should equal the power dissipated in R [W] at the nominal power P and rated grid voltage
V. Thus the values for the local RLC load can be calculated as

V2
R = —
P 2
L= 3.1)
2nfPQ,
PQf
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The parameters of the RLC load should be fine-tuned until the grid current through S
should be lower than 2 % of the rated value on a steady-state base. In this balanced condition,
S3 should be open and the time before disconnection should be measured and should be lower
than 2 sec.

For three-phase PV inverters each phase should be tested with respect to the neutral in-
dividually. For three-wire three-phase PV inverters the local RLC load should be connected
between phases.

The UL 1741 standard in theUS has been harmonized with the anti-islanding requirements
stated in IEEE 1547.

Observation: The main difference with respect to the previous IEEE 929-2000 standard is
that the requirement for the quality factor of the local RLC load has been reduced from 2.5 to
1.0, thus making compliance easier to achieve technically.

3.5.2 Al Defined by IEC 62116

In the draft version of IEC 62116-2006 similar Al requirements as those for IEEE 1547 are
proposed. The test can also be utilized by other inverter interconnected DER. In the normative
reference IEC 61727-2004 the ratings of the system valid in this standard have a rating of
10 kVA or less; however, the standard is subject to revision. The test circuit is the same as in the
IEEE 1547.1 test (Figure 3.1) and a power balance is required before the island detection test.
The requirement for passing the test contains more test cases but the conditions for confirming
island detection do not have a significant deviation compared to the IEEE 1547.1 test.

The inverter is tested at three levels of output power (A: 100-105 %, B: 50-66 % and
C: 25-33 % of inverters output power). Case A is tested under maximum allowable inverter
input power and case C at minimum allowable inverter output power if > 33 %. The voltage
at the input of the inverter also has specific conditions (see reference [8]). All conditions are
to be tested at no deviation in real and reactive load power consumption than for condition
A in a step of 5 % both real and reactive power iterated deviation from —10 to 10 % from
the operating output power of the inverter. Conditions B and C are evaluated by deviating the
reactive load in an interval of £5 % in a step of 1 % of the inverter output power.

The maximum trip time is the same as in IEEE 1547.1 standards 2 sec. In IEC 61727, there
is no specific description of the anti-islanding requirements. Instead reference to IEC 62116
is made.

3.5.3 Al Defined by VDE 0126-1-1

The VDE 0126-1-1 allows the compliance with one of the following anti-islanding methods:

1. Impedance measurement. The test circuit is depicted in Figure 3.2.

The procedure is based on local balancing of the active and reactive power using the
variable RLC circuit and the switch S is opened in order to increase the grid impedance
by 1.0 Q2. The inverter should disconnect within the required time, which is 5 sec. The test
should be repeated for different values of the simulated grid impedance (R;, L) in the
range of 1  (maximum of 0.5 2 inductive reactance).
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Figure 3.2  Test setup for anti-islanding requirements in VDE 0126-1-1

2. Disconnection detection with RLC resonant load. The test circuit is the same as the one
from IEEE 1547.1, depicted in Figure 3.1, and the test conditions are that the RLC resonant
circuit parameters should be calculated for a quality factor of Q ; > 2 using (3.1). With
balanced power the inverter should disconnect after the disconnection of S, in a maximum
of 5 sec. for the following power levels: 25 %, 50 % and 100 %.

For three-phase PV inverters a passive anti-islanding method is accepted by monitoring
all three phases of voltage with respect to the neutral. This method is conditioned by having
individual current control in each of the three phases.

Finding a software-based anti-islanding method has been a very challenging task, result-
ing in a large number of research works and publications. In Chapter 5 the most relevant
Al methods are explained.

3.6 Summary

In this chapter an overview of the most relevant standards related to the grid connection
requirements of PV inverters has been given. Great effort has been made by the international
standard bodies in order to ‘harmonize’ the grid requirements for PV inverters worldwide.
Recently the IEEE 1574 standard has made a big step in the direction of issuing a standard
that includes grid requirements not only for PV inverters but for all distributed resources under
10 MVA. Underwriters Laboratories in the US have revised UL 1471 this year by accepting
the grid requirements of IEEE 1574 and also IEC 62116 was revised to harmonize with the
requirements of IEEE 1574 in anti-islanding requirements. Even the very specific German
standard VDE 0126-1-1 was revised in 2006 where the grid impedance measurement has
become optional and an alternative requirement very similar to IEEE 1574 was included. All
these positive actions need to be adopted in different countries that still use their own local
regulations.

The most relevant conditions from these standards are highlighted in order to envisage the
impact on the control strategies. For designing purposes, readers are strongly recommended
to access the complete texts of the standards and deal with all the related details.
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4

Grid Synchronization in
Single-Phase Power Converters

4.1 Introduction

Electrical grids are complex and dynamic systems affected by multiple eventualities such as
continuous connection and disconnection of loads, disturbances and resonances resulting from
the harmonic currents flowing through the lines, faults due to lightning strikes and mistakes
in the operation of electrical equipment. Consequently, grid variables cannot be considered
as constant magnitudes when a power converter is connected to the grid, but they should
be continuously monitored in order to ensure that the grid state is suitable for the correct
operation of the power converter. Moreover, when the power managed by this power converter
cannot be neglected with respect to the rated power of the grid at the point of connection, the
grid variables can be significantly affected by the action of such a power converter. Therefore,
power converters cannot be considered as simple grid-connected equipment since they keep
an interactive relationship with the grid and can actively participate in supporting the grid fre-
quency and voltage, mainly when high levels of power are considered for the power converter.
This implies, however, that the grid stability and safety conditions can be seriously affected in
networks with extended usage of power converters, as is the case of distributed energy systems
based on renewable energies. For this reason, many international grid codes have been in force
during the last few years in order to regulate the behaviour of photovoltaic and wind energy
systems in both regular steady-state and abnormal transient conditions, e.g. in the presence of
grid faults.

Monitoring of the grid variables is a necessary task to be implemented in the power converter
interfacing renewable energy sources to the grid. The grid codes state the voltage and frequency
boundaries within which the photovoltaic and wind generators should remain connected to the
grid while ensuring stable operation. Hence, the power converter of these renewable energy
systems should accurately screen the grid variables at the point of common coupling in order
to trip the disconnection procedure when they go beyond the limits set by the grid codes.
These grid codes also specify certain dynamic requirements in the connection to the grid of
distributed generators; e.g. the instantaneous response of wind turbines in the presence of
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transient grid faults is clearly delimited in recent grid codes. Consequently, grid monitoring
algorithms to be implemented in grid-connected converters should detect the grid state in a fast
and precise way in order to fulfil both precision and time response requirements demanded by
the grid codes.

Grid monitoring and grid synchronization are two closely linked concepts. Actually, grid
synchronization of a power converter is not nothing but an instantaneous monitoring of the
state of the grid to which the power converter is connected. Grid synchronization is an adaptive
process by means of which an internal reference signal generated by the control algorithm of
a grid-connected power converter is brought into line with a particular grid variable, usually
the fundamental component of the grid voltage.

Grid synchronization is a fundamental issue in the connection of power converters to the grid
since it allows the grid and the synchronized power converter to work in unison. Information
generated by the grid synchronization algorithm is used at different levels of the control system
of a grid-connected converter. As explained in Appendix A, information about the phase-angle
of the grid voltage is necessary to transform the grid variables from the natural reference frame
to the synchronous reference frame, which makes it possible to deal with DC variables in the
regulation of AC currents or voltages supplied to the grid by the power converter. Likewise,
knowing the magnitude and phase-angle of the grid voltage allows regulation of the active and
reactive power delivered to the grid.

The purpose of this chapter is to introduce the basis of the synchronization problem in
single-phase systems and to present some of the most relevant structures of synchronization
systems used in single-phase networks.

4.2 Grid Synchronization Techniques for Single-Phase Systems

Grid synchronization of single-phase grid-connected converters lies in the accurate detection
of the attributes of the grid voltage in order to tune an internal oscillator of the power converter
controller to the oscillatory dynamics imposed by the grid. Usually, the main attributes of inter-
est for interfacing renewable energies to the grid by using power converters are the amplitude
and the phase-angle of the fundamental frequency component of the grid voltage. However,
the detection of other harmonic components can also be interesting for implementing extra
functionalities in the grid-connected power converter of distributed generators, such as power
conditioning, resonance damping or grid impedance detection. Therefore, grid synchroniza-
tion techniques bear a certain similarity to the harmonic detection methods used in power
systems and can be classified into two main groups, namely the frequency-domain and the
time-domain detection methods.

The frequency-domain detection methods are usually based on some discrete implementa-
tion of the Fourier analysis. The Fourier series, the discrete Fourier transform (DFT) and the
recursive discrete Fourier transform (RDFT) will be briefly presented in the following as pos-
sible grid synchronization techniques in single-phase systems. By definition, the frequency
analysis assumes that the fundamental frequency of the processed signal is a well-known
and constant magnitude. The sample frequency of the signal processor should be an integer
multiple of the fundamental grid frequency.

The time-domain detection methods are based on some kind of adaptive loop that enables
an internal oscillator to track the component of interest of the input signal. The most extended
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synchronization method in engineering applications, the phase-locked loop (PLL), will be
presented and discussed in this chapter. The application of a simple PLL structure for synchro-
nizing with the low-frequency voltage of a conventional grid (50/60 Hz) will provide evidence
of the need to improve its structure by using some kind of quadrature signal generator (QSG).
Finally, the frequency-locked loop (FLL) will be introduced as a very effective synchronization
technique to be implemented in a grid-connected power converter, mainly when the grid is
affected by transient disturbances due to grid faults.

4.2.1 Grid Synchronization Using the Fourier Analysis

Fourier analysis is a mathematical tool allowing a given function to be transformed from
the time domain to the frequency domain and vice versa. This duality in the conception
of mathematical functions entails significant operating advantages; e.g. linear differential
equations with constant coefficients in the time domain can be solved by using ordinary
algebraic equations in the frequency domain and complicated convolution integrals can
be transformed into simple multiplications. Moreover, signal processing techniques can be
quickly evaluated on computers by using discrete versions of the Fourier transform. These
valuable features have turned the Fourier analysis into a fundamental signal processing
tool in such fields as acoustics, imaging, communications, control, etc. Since there ex-
ist very rigorous books dealing with the different branches of the Fourier analysis in the
technical literature [1, 2], this section avoids entering into dense studies and just intro-
duces essential concepts regarding the application of Fourier analysis to grid synchronizing
power converters.

4.2.1.1 The Fourier Series

Joseph Fourier (1768-1830) presented in 1807 a new analysis technique for solving the dif-
ferential equations describing heat flow in a metal plate. It was the first version of what
is known today as the Fourier Series [3]. This signal analysis technique allows the fre-
quency components of a periodic signal to be obtained by multiplying it by a set of basic
functions (sine/cosine) at different frequencies. When a cosine function is multiplied by a
unitary cosine at the same frequency, its amplitude (divided by 2) appears as a DC com-
ponent in the resultant squared function. A similar result is obtained when squaring a sine
function, i.e.

5 A Acos(2nwt)
A cos(nwt) cos(nwt) = Acos“(nwt) = — + —
2 2 @1
. . . B Bcos(2nwt) '
B sin(nwt) sin(nwt) = B sin“(nwt) = R —

Taking into account the fact that the DC value of the product of two sinusoidal functions
with different frequencies is always equal to zero, it is possible to use these unitary sine/cosine
basic functions as a sort of probe function for detecting the amplitude and phase-angle of the
sinusoidal components of the processed signal at given frequencies. On the other hand, the DC
component of the processed signal is conventionally obtained by calculating the mean value
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of the processed signal over a period. According to this reasoning, Fourier stated that a generic
periodic signal v(¢) can be expressed by a sum of the following terms:

v(t) =ag + Z (a, cos(nwt) + b, sin(nwt)) “4.2)

n=1

where the different coefficients are calculated by

1 T
= — t) dt
ap T/o v(r)
b

T
a, = 2l / v(t) cos(nwt) dt = l v(0) cos(nb) do 4.3)
T 0 T

-7

T b4
b, = 21/ v(t)sin(nwt) dt = l/ v(0) sin(nb) do
T 0 T J_

o

According to (4.3), the Fourier series principle can easily be used to implement a selective
band-pass filter by multiplying the input signal, v;,, by the sine/cosine basic functions at the
desired frequency. A diagram of this adaptive band-pass filter is shown in Figure 4.1. Assuming
the grid frequency as a constant and well-known magnitude, the order of the harmonic to be
extracted at the output of this filter, v’, is selected by setting the value of the parameter n. The
amplitude and the phase-angle of this frequency component are given by

Vo =,/a2 + b2

V! = V,.6, (4.4)

by
6, = arctan —
al‘l

In the diagram of Figure 4.1, the mean value of the signals resulting from multiplying v;,
by the sine/cosine basic functions is obtained by using a low-pass filter (LPF). The cut-off
frequency of this LPF is a function of the lowest frequency component of the input signal.
Under regular operating conditions, the lowest frequency component of the grid voltage

v
Mo
nw, —» f > SIn .
1
nwt ——

Figure 4.1 Adaptive filter based on Fourier series decomposition
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matches the fundamental frequency component, w;, usually 50/60 Hz. This fundamental
frequency component is actually the variable of interest in most of the applications of the
synchronizing power converters to the grid. Therefore, the frequency of the sine/cosine basic
functions will be set at w; as well, i.e. n = 1. Consequently, the lowest frequency component
at the input of the LPF will be at 2w, usually 100/120 Hz. It implies that the cut-off frequency
of the LPF should be at least one decade lower than 2w;, around 10/12 Hz — which implies
a very slow dynamic response of the system. This cut-off frequency should be even lower if
either subharmonics or DC components are present in the input signal.

Using Euler’s equation, developed in the early 1800s, the sine/cosine basic functions can
be written as

ejmut + efjnwf

cos(nwt) = 5
einot _ a—jnot 4.5)
sin(hwt) = ———
(nwr) o
Therefore, the Fourier series’ coefficients of (4.3) can be also calculated by
1 T . .
a, = ?/ v(r) (" + e ) dr
- (4.6)
bo==L | v (e — eIy dt
T Jo
Defining the complex coefficient ¢, from (4.6) as
1( b) 1 /T (l) —jnwtdl (47)
n = 7 \dp — n) = = c .
c 5 a, — j 7, v
and developing (4.2), the Fourier series of v(¢) can be rewritten as
v(t) = ap + Z cpel™ + Z creint (4.8)
n=l1 n=1
where ¢ is the conjugate complex of ¢,. Taking into account that ay = ¢o and c:| 0 =

Cnl, 0" the previous expression can become very simple by changing the range of the sum-
mations as follows:

o0 o0 o0 —0oQ o0
v(t) = ag + Zc,lei"“”+ che_j"“” = chei”“”+ Z c et = Z c, " (4.9)
n=1 n=1 n=0 n=-—1 n=—00

This is the compact complex form of the Fourier series, in which positive and negative
frequencies are considered.
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4.2.1.2 The Discrete Fourier Transform

The expression of (4.9) is very useful for introducing the concept of the Fourier transform in an
intuitive way. To do that, we will consider that the pulse function described by the expressions
of (4.10) constitutes the repetition pattern of a train of pulses to be processed using (4.9).

1
vie) | 7
0 T <t ‘
5 - = < —=
2
1 T<t<t 4.10
EE v(t) /7, S Si=3 (4.10)
2 2 0, %<I§T
e—7—|

————>

Complex coefficients of this Fourier series are calculated by solving the integral of (4.7). If we
consider that the period 7 is made gradually longer while the pulse duration 7 is kept constant,
the complex coefficients calculated by (4.7) become smaller each time, since 7" appears to
be dividing in (4.7) and the value of the integral remains constant. Actually, as 7 approaches
infinity, the signal v(¢) becomes aperiodic and all the coefficients calculated by (4.7) are equal
to zero.

To allow the time/frequency duality to be applied to the analysis of aperiodic signals, with
T = o0, the period T is removed from the denominator of (4.7) and the result is rewritten as
follows:

[e¢]

V(w) = F[v()] = / v(r)e ' dr 4.11)

—00

The last expression is known as the Fourier transform and, as long as the integral exists, it
allows continuous functions to be obtained in the frequency domain representing continuous
periodic and aperiodic functions in the time domain. As an example, Figure 4.2 represents the
Fourier transform of the rectangular function described by (4.10).

The Fourier transform of (4.11) has been proved extremely useful when analysing electrical
signals and circuits. When the Fourier transform is programmed in a digital signal processor,
the integral of (4.11) is implemented by summation of a finite number of samples equally
spaced in time. In such cases, the discrete input signal is defined as

v[k] = v(1)8 (t — kTs) with k=0,1,...,N—1 4.12)

where 8(x) is Dirac’s delta function used for sampling, T is the sampling period and N is the
number of samples to be processed. In this discrete signal, the product N T sets the duration
of the repetition pattern of the input signal and usually matches with T, the period of the
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Figure 4.2 Fourier transform of the a rectangular pulse
fundamental frequency component. Therefore, the discrete Fourier transform (DFT) is defined
by the following finite summation:

N—
Vinl= Y k] -e 3" with n=0,1,...,N—1 (4.13)
k=l

—_

It is worth remembering that (4.13) is not a decomposition but a transformation, in which N
equally spaced samples in the time domain are transformed into N complex values in the fre-
quency domain representing the finite input signal. The inverse discrete Fourier transformation
(IDFT) is defined as

1 N-1 -
olkl = Z{: Vnlel? vk (4.14)

Computation of N samples using the DFT algorithm requires N> complex multiplications
and N2 — N complex additions. For this reason the DFT did not come into widespread use
until the development of microprocessors.

The DFT has been conventionally used to identify the harmonic content of voltages and
currents in the power system, mainly with the purpose of calculating power quality indexes
or controlling conditioning systems [4]. However, the DFT technique can also be applied to
extract the fundamental frequency component of the grid voltage with the aim of synchronizing
power converters to such a grid [5]. Applications of this method to converter synchronization
[6] and utility power measurement [7] have been reported in the literature. In this technique, a
phase error occurs when the sampling of the DFT works asynchronously to the fundamental
grid frequency. Strategies based on polynomial regression analysis [7] and the use of time-
varying Fourier coefficients [6] have been proposed as suitable strategies to compensate for
this phase error.

Based on the inherent symmetry of the complex calculations of the DFT, a new algorithm
called the fast Fourier transform (FFT) was presented in 1965 [8]. In the FFT, a mathematical
simplification called decimation allows a huge reduction in the computational burden of



50 Grid Converters for Photovoltaic and Wind Power Systems

this algorithm. Computation of N samples with the FFT algorithm requires (N/2)log, N
complex multiplications and N log, Ncomplex additions. Although extremely important in
itself, the understanding of the mechanism of the FFT algorithm is not an objective of this
book. Moreover, there are many references describing the famous FFT ‘butterflies’ in the
literature [1,2]. Therefore, the implementation details of the FFT algorithm will be skipped
over. The FFT algorithm is not suitable for extracting a single-frequency component from
the input signal. For this reason it is mainly applied in grid monitoring tasks but not in grid
synchronization of power converters.

4.2.1.3 The Recursive Discrete Fourier Transform

The computational burden of the DFT algorithm presented in (4.13) is relatively heavy, so it
cannot be calculated by the digital controller of a power converter every sampling period —
even when only a single frequency component of the grid voltage is computed. For this reason,
a recursive formulation of the DFT algorithm is conventionally used [9, 10]. In this recursive
algorithm, the nth frequency component of the input signal at the [ks] instant is calculated
from the value of input signal at the [kg] instant and the value of the nth frequency component
at the [ks — 1] instant. To explain how it works, the DFT algorithm is computed at the [kg — 1]
and [kg] instants in order to extract the nth harmonic of the input signal:

ks—1
V[n]| = > vlkle v (4.15)
ks=1 k=ks—N
ks
ik
Vin] = > vlklean (4.16)
|

Subtracting (4.15) from (4.16) gives
V[n]‘k = V[”]\k ot vlksle TR plks — N]e 275 4.17)

N S

. kg—N . k
Since e 27 F " = e I2TN " the recursive discrete Fourier transform (RDFT) algorithm can
be formulated as

V[n]‘k = V[n]‘k Lt (v[ks] — v[ks — N])e’ﬂ”%” (4.18)

It is necessary to remember that all the discrete Fourier transforms presented in this section
stem from the complex form of the Fourier series formulated by (4.9), which includes positive
and negative frequencies. Taking into account that the complex values resulting from the
Fourier transform are symmetric with respect to the zero frequency with half the amplitude of
the corresponding nth harmonic, such nth harmonic can be reconstructed in the time domain by

v[k] = %V[n]eﬂ”%" (4.19)
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Figure 4.3 Discrete adaptive filter based on the RDFT

Therefore, the RDFT can be applied to implement a discrete adaptive band-pass filter
to extract the nth frequency component of the input signal, as shown in Figure 4.3. The
amplitude and phase-angle of such a frequency component can be calculated by (4.4). As in
all the discrete Fourier analyses, the RDFT gives rise to errors in amplitude and phase-angle
estimation when the product NT's does not match the fundamental frequency of the input signal.
An analysis of the phase error occurring in asynchronous conditions allows this drawback to
be solved by implementing an extra control loop, which either adjusts the sampling window
to match the grid frequency or adds a phase offset to cancel the phase error produced by the
RDFT [11].

4.2.2  Grid Synchronization Using a Phase-Locked Loop

A phase-locked loop (PLL) is a closed-loop system in which an internal oscillator is controlled
to keep the time of some external periodical signal by using the feedback loop. We are very
used to employing this kind of system in our daily lives. Every time we listen to the radio,
we tune an internal oscillator to the frequency of a carrier signal on which our favourite radio
station is emitting its programmes. In fact, we are used to bringing a local oscillator with us —
our own wristwatch. We usually schedule our daily activities according to the signals provided
by some clock. When we travel to another country we experiment with a sort of ‘phase jump’.
One the first things we habitually do on arriving at the new place is to adjust our wristwatch
to the new local time so that we can properly follow the daily rhythm of that society.

The PLL techniques are broadly used in fields like communications, computers and modern
electronics. They can generate stable frequencies synchronized with external periodical events,
recover relevant signals from distorted sources or distribute clock-timing pulses in complex
control systems.

A grid-connected power converter perfectly matches the PLL’s philosophy since it should
work in harmony with the grid. It should phase-lock its internal oscillator to some particular
grid power signal in order to generate an amplitude and phase-coherent internal signal that
is used by different blocks of the control system. The first grid-connected power converters
were based on silicon-controlled rectifiers. These power converters offered a low degree of
control and were synchronized to the grid by detecting the zero-crossing of the grid voltage.
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The zero-crossing detection method uses comparators for detecting changes in the polarity of
the grid voltage. This detection technique presents some drawbacks, such as inaccuracy and
detection of multiple zero-crossings in the case of distorted grid voltage. Such drawbacks are
even more important in the case of weak grids — grids with a high grid impedance — since
their grid voltage is prone to be notably distorted by the harmonics, switching notches and
noise. For this reason, modified methods based on comparator circuits with dynamic hysteresis
[12], curve-fitting [6] or predictive digital filtering algorithms [11] have been proposed in the
literature for cancelling delays in zero-crossing detection and attenuate the adverse effects
resulting from the noise and switching notches of the grid voltage. Some of these techniques
are relatively complex and their performance is not completely satisfactory when the grid
voltage is affected by low-frequency harmonics or remarkable frequency variations.

Currently, grid-connected power converters are based on modern power semiconductor
devices operating in switched mode — even at the level of mega-converters, which allow a high
degree of control. Advanced synchronous control systems, relying on fast and precise PLLs,
are applied to these converters. If a synchronous controller rotating at the fundamental grid
frequency is observed from a stationary reference, a relative difference is not expected to exist
between the frequency of both the internal variables of the controller and the fundamental
grid variables — the effect of harmonics is neglected here. Therefore, the AC grid variables
look like DC variables for a properly tuned synchronous controller. As a result, well-known
DC controllers can be used to regulate AC magnitudes oscillating at the fundamental grid
frequency, which makes the tuning process easier. Moreover, delays introduced by elements
acting as the modulator of the power converter and sensors can be compensated by just
advancing the phase-angle detected by the PLL. In addition, the PLL provides continuous
information about the phase-angle and amplitude of the magnitude of interest, generally the
fundamental grid voltage, which allows space vector based controllers and modulators to be
implemented, even when working with single-phase signals.

4.2.2.1 Basic Structure of a Phase-Locked Loop
The basic structure of a phase-locked loop (PLL) is shown in Figure 4.4. It consists of three
fundamental blocks:

® The phase detector (PD). This block generates an output signal proportional to the phase
difference between the input signal, v, and the signal generated by the internal oscillator of

V — Epd Vir Voltage '
Phase Loop »| Controlled

»| Detector Filter Oscillator

\

Figure 4.4 Basic structure of a PLL
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Figure 4.5 Block diagram of an elementary PLL
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the PLL, v". Depending on the type of PD, high-frequency AC components appear together
with the DC phase-angle difference signal.

® The loop filter (LF). This block presents a low-pass filtering characteristic to attenuate the
high-frequency AC components from the PD output. Typically, this block is constituted by
a first-order low-pass filter or a PI controller.

® The voltage-controlled oscillator (VCO). This block generates at its output an AC signal
whose frequency is shifted with respect to a given central frequency, ., as a function of the
input voltage provided by the LF.

Different techniques can be used to implement each of the blocks constituting a PLL. A
detailed review of these blocks is outside the scope of this book, as it is necessary to consult
specialized literature to deepen knowledge of this issue [13]. Basic equations describing the
behaviour of an elementary PLL will be developed in the following.

4.2.2.2 Basic Equations of the PLL

The block diagram of an elementary PLL is shown in Figure 4.5. In this case, the PD is
implemented by means of a simple multiplier, the LF is based on a PI controller and the VCO
consists of a sinusoidal function supplied by a linear integrator.

If the input signal applied to this system is given by

v = Vsin(@) = V sin(wt + ¢) (4.20)
and the signal generated by the VCO is given by
v’ = cos(8") = cos(o't + ¢') 4.21)
the phase error signal from the multiplier PD output can be written as
&pa = Vkpasin(wt + @) cos(@'t + @)

vk (4.22)
pd . / / . / /
= sin((w — &)t + (¢ — ¢")) +sin((w + &)t + (¢ + ¢'))

low-frequency term high-frequency term
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Since the high-frequency components of the PD error signal will be cancelled out by the LF,
only the low-frequency term will be considered from now on. Therefore, the PD error signal
to be considered in this analysis is

_ Vkpa . , ,
Epd = 5 sin((w — )t + (¢ — @) (4.23)

If it is assumed that the VCO is well tuned to the input frequency, i.e. with w ~ «’, the DC
term of the phase error signal is given by

Vipa
2

sin(¢ — ¢") 4.24)

Epa =

It can be observed in (4.24) that the multiplier PD produces nonlinear phase detection because
of the sinusoidal function. However, when the phase error is very small, i.e. when ¢ = ¢’, the
output of the multiplier PD can be linearized in the vicinity of such an operating point since
sin(¢p — ¢’) &~ sin(@ — 0") ~ (0 — 0’). Therefore, once the PLL is locked, the relevant term of
the phase error signal is given by

Vkpa
2

Bpg = ©®—0) (4.25)

This equation can be used to implement a small signal linearized model of the multiplier PD.
In the locked state, this model represents a zero-order block whose gain depends on the input
signal amplitude.

On its part, the averaged frequency of the VCO is determined by

o = (wc + AC?),) = (wc + kvc()ﬁlf) (4.26)

where w, is the centre frequency of the VCO and is supplied to the PLL as a feed-forward pa-
rameter dependent on the range of frequency to be detected. Therefore, small signal variations
in the VCO frequency are given by

@ = kyeoly 4.27)

and variations in the phase-angle detected by the PLL can be written as

0'(t) = / &dt = / KyeoDypdt (4.28)

4.2.2.3 Linearized Small Signal Model of a PLL

Previous equations in the time domain can be effortlessly translated to the complex frequency
domain by using the Laplace transform. If it is considered that k,; = k., = 1, the following
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Figure 4.6 Small signal mode of an elementary PLL

expressions are obtained for the signals of interest in the PLL:

Vv
e Phase detector: En(s) = Bl (@(s) — @’(s)) (4.29)
1
e Loop filter: Vir(s) =k, (1 + T_> £pa(s) (4.30)
iS
. L
e Controlled oscillator: O'(s) = = Vj(s) (4.31)
s

Therefore, the block diagram of Figure 4.6 can be drawn depicting the small signal model
of the PLL. A straightforward analysis of this closed-loop system (with k,; = k.., = 1 and
V = 1) gives the following characteristic transfer functions:

Open-loop phase transfer function:

k,,(l"'#) kps+]%

For(s) = PD(s) - LF(s) - VCO(s) = ki, > 4.32)
s
Closed-loop phase transfer function:
®'(s)  LF(s) Kps+ 52
Hy(s) = = = i (4.33)
()  s+LF(s) 2+ K,s+ 7
Closed-loop error transfer function:
E,q(s) s 52
Eo(s) = —— =1— Hy(s) = = = (4.34)
o(s) SHLPG) 21 K5+ 2

Previous transfer functions allow some preliminary conclusions to be made about the
performance of the PLL of Figure 4.5. The open-loop transfer function of (4.32) shows that
this PLL is a type 2 system, with two poles at the origin, which means that it is able to
track even a constant slope ramp in the input phase-angle without any steady-state error.
On its part, the transfer function of (4.33) reveals that the PLL presents a low-pass filtering
characteristic in the detection of the input phase-angle, which is a very interesting feature
for attenuating the detection error caused by possible noise and high-order harmonics in
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the input signal. These second-order transfer functions can be written in a normalized way
as follows:

Ho(s) 2L w,s + a),zl 4.35)
)= —-—-—"1— .
o §2 + 2 w,s + w?
52
E e — 4.36
o(s) ST 2ans + o (4.36)
where
K K,T;
Wy = =z and %‘ = i
T; 2

The dynamic response of a second-order system is studied in many books on control
systems. The following approximated expression is proposed in reference [14] for estimating
the settling time, #g, measured from the start time to the time in which the system stays within
1% of the steady-state response of a particular second-order system responding to a step input:

1

ts =4.6t with 7=
Sy

(4.37)

This formula can also be used to obtain a rough estimate of the settling time of a sys-
tem defined by (4.35), and hence the tuning parameters of the PI controller of the PLL of
Figure 4.5 can be set as a function of the settling time as follows:

9.2 2 18

K,=2tw,="—"=, T, =
p= o= on 23

(4.38)

It is worth remarking that the expressions in (4.38) are obtained under the assumption of the
unitary input signal, i.e. V = 1. Otherwise, these expressions for setting the tuning parameters
of the PI controller should be divided by the amplitude of the input signal, V.

Moreover, as commented in reference [14], the expressions resulting from (4.37) should be
taken as guides and not precise formulas. They provide a rough estimate of the time response
of the system, but it should finally be checked, usually by simulation, in order to verify that
the time specifications have been properly met.

4.2.2.4 PLL Response

Figure 4.7 shows some representative plots describing the performance of the PLL of
Figure 4.5 when synchronizing with a 100V, single-phase grid affected by both a phase-
angle jump (4-45°) and a frequency jump (from 50 to 45 Hz) at + = 100 ms. In this case, the
settle time was set to £ = 100 ms with & = 1/+/2.

Figure 4.7(a) shows the grid voltage, Figure 4.7(b) the actual grid frequency in bold trace
and the frequency estimated by the PLL in thin trace, Figure 4.7(c) the estimated phase-angle
and Figure 4.7(d) the error made in the phase-angle estimation, & — 6. It can be observed in
these plots that an oscillatory steady-state error is made in the estimation of the frequency
and phase-angle of the input voltage. This error is a consequence of the high-frequency term
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Figure 4.7 Step response of an elementary PLL

existing at the output of the multiplier PD — see (4.22). The amplitude of this oscillatory
error can be attenuated by setting a longer settling time for the PLL, which is equivalent to
decreasing the bandwidth of the system. In a general case, this bandwidth is given by

O35 = [1 1282 4 262 + 1]/2 (4.39)

Plots of Figure 4.7 confirm that the PLL reaches a steady-state response, within a given
error margin, after a settling time close to 100 ms. To reduce the magnitude of the settling
error it is only necessary to increase the number of constant times in (4.37).
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4.2.2.5 Key Parameters of a PLL

Specialized texts propose several key parameters for describing the performance of a PLL.
According to reference [13], the main key parameters can be summarized as:

® The hold range Awp is the frequency range at which a PLL is able to keep statically
phase-locked. This is calculated as

Awy = KpgK,,LF(0) (4.40)

where LF(0) is the DC gain of the loop filter. For a PI controller, LF(0) = oo and the hold
range is only limited by the frequency range of the VCO.

e The pull-in range Awp is the frequency range at which a PLL will always became locked,
but the process can become rather slow. This range tends to infinite for the PI loop filter.
The time that the PLL needs to be locked when a pull-in process occurs after a variation of
the input frequency, Aw;,, can be calculated as

7?2 Aa)fn
Tp x — 3
16 éw;

4.41)

¢ The lock range Awy, is the frequency range within which a PLL locks within one single-beat
note between the reference frequency and the output frequency. The lock range for the PI
loop filter can be approximated to

kp
Awp ~ 28w, ~ 2§ | — (4.42)
and the lock-in time can be calculated by
2
T, ~ % (4.43)
[on

® The pull-out range Awpp is the dynamic limit for stable operation of a PLL. If tracking is
lost within this range, a PLL will become phase-locked again after a time longer than the
lock-time but shorter than the pull-in time. This range can be calculated as

Awpo ~ 1.8w, (€ + 1) (4.44)

4.3 Phase Detection Based on In-Quadrature Signals

As shown in the previous section, the bandwidth of the single-phase PLL of Figure 4.5 should
be very low when applied to the detection of power signal parameters in a grid-connected
application in order to smooth enough oscillations in the detected frequency and phase-angle.
Moreover, the PLL of Figure 4.5 presents an additional drawback relating to the calculation of
its key parameters when used for grid-connected applications. Figure 4.8 shows the estimated
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frequency and phase-angle during the pull-in process that occurs when the 50 Hz grid voltage
is suddenly applied to the input of the PLL of Figure 4.5 with no centre frequency supplied
to the VCO, i.e. with w, = 0. The tuning parameters of the PLL were adjusted to maintain a
settle time of 7, = 100 ms with & = 1//2.

According to (4.41), the pull-in time of this PLL should be 312.7 ms. However, this time
is around 2s in the plots shown in Figure 4.8. This difference between the calculated pull-in
time and the one observed in simulation also affects the rest of the key parameters of the
PLL. Faced with these results, one might question the reliability of formulas presented in
the previous section for calculating the key parameters of the PLL. It is worth saying that those
formulas are correct. However, they were obtained in a simplified way after making some
assumptions. One of these assumptions was that the frequency of the signal to be phase-locked
is much higher than the bandwidth of the PLL. Under this assumption, the high-frequency term
of the phase error signal provided by the multiplier PD can be neglected when the dominant
dynamic response of the PLL is studied. In a grid-connected application, however, the grid
frequency is very close to the cut-off frequency of the PLL. When the PLL is locked, the
high-frequency oscillations in the phase-angle error signal are only twice the input frequency.
For example, in the simulation of Figure 4.8, the PLL bandwidth resulting from the —3 dB
cut-off frequency of (4.33) was w_3 45 = 21.3 Hz, while the oscillations to be cancelled out
by the LF were at 100 Hz — twice the grid frequency, which was 50 Hz. With these very
close frequencies, the assumption about a complete cancellation of the high-frequency term
of (4.22) by the LF can no longer be accepted as a valid hypothesis. Therefore, a new PD,
different to the simple multiplier PD of Figure 4.5, should be used when designing a PLL for
grid-connected applications in order to cancel out oscillations at twice the grid frequency in
the phase-angle error signal.

Figure 4.9 shows a PD based on a set of in-quadrature signals. The quadrature signal
generator (QSG) of this figure is supposed to be ideal, being able to extract a clean set of
in-quadrature signals without introducing any delay at any frequency from a given distorted
input signal.

(a) gzoo :
" Ml MR
o <AL

ts]

Figure 4.8 Pulling process of a PLL
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Figure 4.9 Diagram of a PLL with an ideal in-quadrature PD

The phase-angle error signal resulting from this ideal in-quadrature PD is given by

gpa = V sin(wt + @) cos(w't + ¢') — V cos(wt + ¢) sin(w't + ¢’)

. . (4.45)
= Vsin((w — &)t + (¢ — ¢')) = Vsin(@ — )

According to this equation, when the PLL is well synchronized, i.e. with @ = &/, the in-
quadrature PD does not generate any steady-state oscillatory term, which allows the PLL
bandwidth to increase and overcomes aforementioned discrepancies regarding calculation of
the PLL key parameters.

As an example, the PLL with the in-quadrature PD of Figure 4.9 is used to synchronize to
a 100V,eak /50 Hz single-phase grid. This PLL was tuned to have a settle time of s = 100 ms
and & = 1/+/2. The frequency estimated by such a PLL during the pull-in process with w. = 0
is shown in Figure 4.10(a), where it can be observed that the pull-in time matches so well
the 312.7 ms obtained from (4.41). In this example, the lock range and the lock time can
be calculated from (4.42) and (4.43) respectively, being Aw; &~ £92 rad/s and T, &~ 96 ms.
Figure 4.10(b) shows the transient response of the frequency detected by the PLL of Figure
4.9 when the input frequency experiences a negative jump of 62.8 rad/s, which is within the
frequency lock range. As can be observed in this figure, the settle time of the detected frequency
signal matches with the lock time previously calculated. Therefore, it can be concluded that
the in-quadrature PD makes possible to design a grid synchronization PLL according to the
general design rules applied to PLLs used in other fields.

A review of the trigonometric expression of (4.45) reveals that this is a part of the Park
transformation, which is defined by the equation A.19 in Appendix A. Therefore, the diagram
of Figure 4.9 can be redrawn as shown in Figure 4.11, where the of8 to dgq transformation
block responds to the following transformation matrix:

vg| | cos(@) sin(@’) | | v
[Uq]_[—sin(é/) Cos(e/)i| |:v,3:| (4.46)
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Figure 4.10 Transient response of a PLL with an in-quadrature PD

In Figure 4.11 the voltage-controlled oscillator (VCO) has been removed and a new block
called the frequency/phase-angle generator (FPG) has been added to provide the phase-angle
for the sinusoidal functions of the Park transformation, which can be considered a sort of
synchronous phase detector (PD).

If the input voltage of the PLL is given by

v = Vsin(@) = V sin(wt + ¢) 4.47)

the output signals from the quadrature signal generator (QSG) can be expressed by the fol-
lowing voltage vector:

e | sin(6)
v((xﬁ) = |:U5:| =V [—COS(@)] (448)

PD LF FPG

Ve Va k 1 1 Vf CU/ 1 0’

> + — — — — >
v Quadrature ] ap r Ts ; N
—{ Signal . ,
Generator | s d Yy
= q9 — »
o't

Figure 4.11 PD based on the quadrature signal generator and the Park transformation
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Therefore, by substituting (4.48) into (4.46), the output of the PD of Figure 4.11 is given by
the voltage vector of the following equation, which will be free of oscillations if the PLL is
well tuned to the input frequency, i.e. when w ~ ':

_va| sin(6 — 6")
Vidg) = [Uq] =V [—cos(@ _ 9/)} (4.49)

The use of a QSG in the PLL of Figure 4.11 allows a vector approach to be adopted when
dealing with a single-phase system. In Figure 4.12, the QSG output signals of (4.48) are
represented on an orthogonal and stationary reference frame defined by the o8 axes, which
gives rise to the virtual input vector v. Likewise, the output signals of the Park transformation
are represented by the projections of the voltage vector v on an orthogonal and rotating
reference frame defined by the dg axes. If the input voltage is defined by v, = V sin(9), it
can be understood as the projection of the input voltage on the stationary « axis. On the other
hand, the angular position of the dg rotating reference frame, 6’, is given by the PLL. When
the PLL is well tuned to the input frequency (w &~ '), the virtual input vector and the dg
reference frame have the same angular speed.

When the PLL is perfectly locked, one of the axes of the dq reference frame will overlap
the virtual input vector v. According to Figure 4.11, the PI regulator of the LF will set the
angular position of the dgq reference frame to make v; = 0 in the steady state, which means
that the input vector v will rotate orthogonally to the d axis of the rotating reference frame.
In the case where the PI regulator is connected to the v, output of the PD, as shown in
Figure 4.13, the virtual input vector v will rotate, overlapping the d axis of the dg reference
frame in the steady state. In such a case, the v, signal will provide the amplitude of the input
voltage vector and the phase-angle detected by the PLL will be in-phase with the virtual input
vector v, which means that the detected phase-angle will be 90° lagged with respect to the one
of the sinusoidal input voltage, i.e. ' = 6 — /2.

It is worth highlighting at this point that, thanks to the QSG, the vector interpretation of
a single-phase system gives way to thinking about virtual current vectors, which, interacting
with a virtual grid voltage vector, will allow regulation of the active and reactive power
delivered into a single-phase grid by a power converter. In further explanations in this book,

i
4 v, = Vsin®)

Figure 4.12 Vector representation of the QSG output signals
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Figure 4.13 PLL with the LF on the g axis of the QSG

it will be assumed that the LF is connected to the v, output of the PD and, hence, any current
vector lying on the d axis of a grid-synchronized dg rotating reference frame will deliver
active power into the grid, whereas any current vector on the ¢ axis will deliver reactive
power.

4.4 Some PLLs Based on In-Quadrature Signal Generation

Taking into consideration the importance of the QSG in the design of PLLs applied to
synchronize with single-phase grids, some relevant techniques to achieve a set of in-
quadrature signals, images of the measured single-phase grid voltage, will be presented in
the following.

4.4.1 PLL Based on a T/4 Transport Delay

The T /4 transport delay technique, with 7 the fundamental grid frequency period, is
probably the easiest way to implement a QSG — see Figure 4.14. The transport delay
block can be effortlessly programmed through the use of a first-in-first-out (FIFO) buffer,
whose size is set to one-fourth of the number of samples contained in one cycle of the
fundamental frequency.
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Figure 4.14 PLL based on a T/4 transport delay
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The QSG based on the 7' /4 transport delay buffer works well if the input voltage is a purely
sinusoidal waveform at the rated grid frequency. If the grid voltage frequency changes in
respect to its rated value, the output signals of the QSG will not be perfectly orthogonal, which
will give rise to errors in the PLL synchronization.

This QSG technique does not provides any filtering capability, so if the single-phase input
voltage is polluted by harmonic components, they will act as a perturbation for the PLL.
Moreover, the orthogonal signals generated by the QSG based on a T /4 transport delay block
will not be really in-quadrature, since each of the frequency components of the input signal
had to be delayed by one-fourth of its fundamental period.

4.4.2 PLL Based on the Hilbert Transform

The Hilbert transform, also called a ‘quadrature filter’, is a fascinating mathematical tool that
presents two main features:

1. It shifts £90° the phase-angle of the spectral components of the input signal depending
on the sign of their frequency. It is necessary to remember that positive and negative
frequencies are considered in the Fourier analysis.

2. It only affects the phase of the signal and has no effect on its amplitude at all.

Therefore, as presented in reference [15], a PLL based on the Hilbert transform can be
straightforwardly implemented, as shown in Figure 4.15.

The time domain expression of the Hilbert transform of a given input signal v is
defined as

H(v) = % / °® 4 = it £V (4.50)

PD LF FPG
v Ve Vq 1 vf (U’ 1 0/
* > B > Lk (1+ — — — >
L a : - s
w
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B v
H(v,) > N
Hilbert ’
transform o f

Figure 4.15 PLL based on the Hilbert transform
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In the frequency domain, the Hilbert transform can be defined as

1
FHWw) =F (E) F) = [—] sign(w)]F(v) (4.51)

where F denotes the Fourier transform and sign(w) gives the sign of the v frequency. Therefore,
in the frequency domain, the Hilbert transform can be understood as a multiplier operator

oy (w) = —j sign(w), which can take the following values:
—j for w>0
oy(w) = 0 for w=0 (4.52)

+j for w<0

Thus, the Hilbert transform has the effect of shifting the phase-angle of positive frequency
components by —90°. This can easily be proved by calculating the Hilbert transform of the
Euler’s formula, i.e.

H(jkz)_l ejmd ot (4.53)
© T t—1 t= ]e|w>o '

—00

Hence, the Hilbert transform of a sinus input will be given by

ejcuz‘ _ e—jwt ejwz‘ e—jwt

H (sin(wt)) = H (—) =S coster) (4.54)
2j 2

and the subsequent application of the Hilbert transform will generate a cyclical series of

in-quadrature sinusoidal functions as follows:

. H(O) H(Q) . HQ) H(Q) .
sin(wt) — —cos(wt) — —sin(wt) — cos(wt) — sin(wt) (4.55)

The Hilbert transform of (4.50) involves convolution of v with h(¢) = 1/x¢, which is a
noncausal filter and therefore cannot be practically realizable in its current form if v is a
time-dependent signal. In many cases, a practical implementation of the Hilbert transform
implies that a finite impulse response (FIR) filter, which in addition is made causal by setting
a suitable delay, is used to approximate the computation [16]. However, some works have
been published for the design of infinite impulse response (IIR) Hilbert transformers as well
[17]. Moreover, these approximations can also allow selection of a specific frequency range of
interest, removing low and high frequencies, to be subject to the characteristic phase shifting
related to the Hilbert transform.

4.4.3 PLL Based on the Inverse Park Transform

The Park transform is used typically as a tool to project an input voltage vector, defined by
in-quadrature signals in the @8 stationary reference frame, on the orthogonal axes of the dg
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Figure 4.16 PLL based on the inverse Park transform

synchronous reference frame. For a given angular position, the Park transform matrix defined
by (4.46) is a linear transformation that can easily be inverted as follows:

_ | va| _ |cos(@) —sin(@)] vy
Vp) = [v,g:| - |:sin(9’) cos(@’)i| |:vqi| (4.56)

Therefore, an in-quadrature image of a single-phase input signal can be achieved by intro-
ducing a filter in a loop consisting of the direct and inverse Park transformations, as presented in
reference [16] and shown in Figure 4.16. Although a detailed analysis of this loop is presented
in the following, an intuitive explanation of its operation principle can be given if it is assumed
that the PLL is well tuned to the input signal frequency. Under such operating conditions, if v,
and vy are not in-quadrature, the virtual input vector resulting from these signals will have nei-
ther constant amplitude nor rotation speed. Therefore, the v, and v, waveforms resulting from
the direct Park transform will have oscillations. These oscillations will be attenuated by a low-
pass filter (LPF), giving rise to the 0, and 9, signals. Therefore, the v,, and vl’q signals resulting
from applying the inverse Park transform to o, and 9, will be in-quadrature, though v, and v,
will not be in-phase if the PLL is not perfectly synchronized. As the PLL locks the phase-angle
of the input signal, v, will become both in-phase with v/, and in-quadrature with v/’s.

To analyse the QSG of Figure 4.16, we will start by writing the Park transform of (4.46)
in terms of the Euler formula, with 8’ = o't, as follows:

1 ejw’t+ —jo't —j(ei®'t — g—iwt
S rowea et v I

Vg 2 J (ej(u’t _ e—jw’t) (ejw’t + e—ja)’t) 8

By using the Laplace transform, (4.57) can be written in the complex-frequency domain as
[vd(s)} 1 [(Va(s +jo) + Vals —jo)  —i(Vj(s + jo') — Vi(s — jo')
T2

=51 . . . . (4.58)
Vo () iVa(s +jo') = Vals —jo'))  (Vg(s +jo) + Vi(s — jo)) ]
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Therefore, the signals to be applied to the input of the inverse Park transform are given by

Vas)]  w@p  [Vals)
[ig(s)] EY [»@(s)] (4.59)

where it is assumed that LPF is a first-order low-pass filter with cut-off frequency w;.
The inverse Park transform can be written in terms of the Euler formula as

/ ejw/t —jo't . ejw’t _ a—jo't _
Viep) = [v‘f} - ( . /—i—e ) g ( e ) [l_)d} (4.60)
Vg 2 —j (e]a)t _e—Ja)t) (e]a)t_,’_e—]a)t) U,

which gives rise to the following expression in the complex-frequency domain:

[v;<s)} 1 [ (Va(s +jo) + Va(s = jo))  j(Vyls +jo') = Vy(s — joo)
2

| = 5 . - . - . - . (4.61)
Ve(s) —J(Va(s +jo') = Va(s — jo))  (Vg(s + jo) + V(s —Jw/))}

A lengthy but entertaining academic exercise is to substitute (4.59) into (4.61) to arrive at
the following transfer function:

/ 2
B kw wf
—)=———"—"——; k=— 4.62
Vy ) s + sk’ + 0 ' (4.62)
In (4.60), it is possible to realize that
1 d
v, = — Tvp andthus V() = =V (4.63)
Therefore, the following transfer function can be written as well:
V! sk’ W
()= ———"———; = — 4.64
Vy ) 52+ sk + 0? ' (4.64)

The transfer functions of (4.62) and (4.64) describe the performance of the QSG based on
the inverse Park transform. It simultaneously acts as a second-order band-pass filter (v, to
v,,) and a low-pass filter (v, to v}’g). The centre frequency of these filters, w,, is given by the
rotation speed of the dg synchronous reference frame whereas the damping factor, £, is given
by the k factor, being k = 2£. Figure 4.17 shows the frequency response of these two transfer
functions in the case where w, = 27 - 50 rad/s and w;s = 27 - 70.7 rad/s, which results in an
optimal response with & = 0.707. It can be observed in this figure how v/, and v/’g are always
in-quadrature (90° shifted) and have the same amplitude in the steady state only if the rotation
frequency of the dq reference frame, ', matches the input frequency w.

Figure 4.18 shows some representative waveforms resulting from the simulation of the
inverse Park transform PLL of Figure 4.16 when, supposing the PLL to be perfectly synchro-
nized, the input signal experiences both a phase-angle jump (445°) and a frequency jump
(from 50 to 45 Hz) at t = 50 ms. In this simulation, the LF parameters were set according
to (4.38) to achieve a settling time of g = 100 ms with § =1/ V2. The in-quadrature signals
generated by the QSG based on the inverse Park transform are shown in Figure 4.18(a). The
signals resulting from the projection of the virtual input vector on the dq reference frame are
shown in Figure 4.18(c). In this plot, the v, signal matches the amplitude of the input voltage



68 Grid Converters for Photovoltaic and Wind Power Systems

180

o
=]
\

)
=]
N

Magnitude (dB)
\
Phase (degrees)

IN
=)

&
=)

-60 : : -180
10° 10’ 50 10° 10 10
Frequency (Hz)

° 10’ 50 10 10
Frequency (Hz)

Figure 4.17 Frequency response of the QSG based on the inverse Park transform with o’ = 27 - 50
rad/s and wy = 27 - 70.7 rad/s

150 ; ; : 400
75 11 e M
s @
@ = o (b) 8 200} o s S
\>"t3 ;3
-75 L et S
1% 80 100 150 200 % 50 100 150 200
t[ms] t[ms]
150 8
i i i 0’
: : : /Vd ¥
100—-’\;/\.\,\7.—,-——— 6l ﬁ
() >% 50f- e e () S gy i
S ‘ ‘ ‘ > |
2 i
=% 50 100 150 200 % 100 150 200

t [ms] t [ms]

Figure 4.18 Response of the inverse Park transform PLL in the presence of a phase jump in the
input signal: (a) in-quadrature signals generated by the QSG, (b) detected frequency, (c) signals in the
synchronous reference frame and (d) detected phase-angle



Grid Synchronization in Single-Phase Power Converters 69

in the steady state, whereas the v, signal is made equal to zero by the action of the PI controller
of the LF. Figure 4.18(d) shows the phase-angle detected by the PLL, which is 90° lagged
with respect to the phase-angle of the input voltage in the steady state. This 90° lagging can be
appreciated in the vector diagram of Figure 4.12 for the case when the d axis rotates in unison
with the virtual voltage vector v.

4.5 Some PLLs Based on Adaptive Filtering

A conventional filter is designed to attenuate a given range of frequencies. The digital imple-
mentation of the transfer function of such a filter gives rise to a mathematic algorithm with a
series of static coefficients, which are usually set in the design time. In contrast, an adaptive
filter is a filter that has the ability to adjust its own parameters automatically according to an
optimization algorithm, and their design requires little or no a priori knowledge of the signal
to be filtered [18]. In general terms, the optimization algorithm involves the use of a cost func-
tion, which sets the performance of the filter (e.g. minimizing a particular noise component
of the input) to determine how to modify the filter coefficients to minimize the cost on the
next iteration. Adaptive filters have been applied in many control and communication fields,
such as systems identification, adaptive and predictive controllers, channel equalization and
noise cancellation.

A basic diagram describing the adaptive noise cancelling (ANC) concept is shown in Figure
4.19. In this diagram, the signal to be filtered is applied to the input v. This input signal consists
of a primary signal s plus a noise n¢ uncorrelated to the signal s. An auxiliary reference signal
ny, correlated to the noise signal ng, is applied to the input x. The reference signal n; is
adaptively filtered to produce an output signal v’ that is as close a replica as possible of .
This output signal v’ is subtracted from the primary input v to produce the output signal e. As
a result, the primary noise ng is eliminated by cancellation. When the ANC technique is used
to cancel out specific frequency components of the input signal, this filtering concept is also
called adaptive notch filtering (ANF) [19].

In the digital implementation of an ANC filter, the reference signal x is sampled at a
proper sampling period Ts and stored in an N-length buffer to generate the reference vector x.
Therefore, at the kth sample, i.e. at the time ¢t = kT, the reference vector is given by
Xy = [Xg, Xg—1, - .., Xk—n]. The elements of the x; vector are weighted and summed to give
the adaptive filter output v;. The most extended adaptation algorithm used to set the weights

/

X Adaptive
filter

Figure 4.19 Adaptive noise cancelling (ANC) system
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Figure 4.20 Diagram of the LMS algorithm with one adaptive weight in an ANC system

of the adaptive filter, w; = [wy, w1, ..., Wr_y], is the least-mean-squares (LMS) algorithm
[18]. A simple version of the LMS algorithm at the time k can be given by the following
equations:

v, = w) - X (4.65)
e = vk — U (4.66)
Wiy = Wy + aepXy 4.67)

The LMS algorithm is an iterative gradient-descent algorithm that uses an estimate of the
gradient on the mean-square error surface to seek the optimum weight vector at the minimum
mean-square error point. The term e - x; represents the estimate of the negative gradient and
the adaptation gain « determines the step size taken at each iteration along that estimated
negative-gradient direction. A schematic representation of a very simple LMS algorithm with
only one weight (N = 1) is shown in Figure 4.20. It is worth realizing in this figure that the
highlighted area matches a forward Euler discrete integrator S(z) affected by a gain ki, being
a = kinTs.

4.5.1 The Enhanced PLL

The ANC system of Figure 4.20 can be applied to enhance the performance of the multiplier
phase detector (PD) of the conventional single-phase PLL. In such an application, the ANC
system works as an adaptive notch filter (ANF) in which the grid voltage signal is applied
to the input v and a unitary sinusoidal signal, provided by the voltage controller oscillator
(VCO) of the PLL, is applied to the input x as a reference signal. The synchronization system
resulting from combining an ANF and a conventional single-phase PLL is shown in Figure
4.21 and is known as the enhanced PLL (EPLL) [20].

In the EPLL, the output of the ANF becomes equal to zero as the frequency and phase-
angle of the reference signal generated by the VCO, x = cos(6’), match those of the input
signal v. As a result, signal oscillations at the output of the multiplier PD are completely
cancelled out and the input signal phase-angle is properly detected by the conventional PLL.
It is worth remarking, however, that there will exist a 90° phase shifting between 6 and 6’ in
the steady state, i.e. 8’ = 6 — 7/2, due to the effect of the multiplier PD. This performance is
illustrated in Figure 4.22, where some representative waveforms from the EPLL of Figure 4.21



Grid Synchronization in Single-Phase Power Converters 71

Conventional PLL structure

Adaptive Notch Filter PD LF VCO

& J V, / 0/
2 () k14 | )2 L e
v Is s
Q| < "
N sin |[*+—*
X

Figure 4.21 Diagram of the enhanced PLL (EPLL)

ST
@ = o ®) 2
s

—~
(g}
~

o’ [rad/s]

00 [ 1 @

L S s -

H H _1 H H
0 0 100 200 300 0 100 200 300
t[ms] t[ms]

Figure 4.22 Response of the EPLL in the presence of a phase jump in the input signal: (a) input signals
v, (b) phase detector output &,, and (c) detected frequency ' and (d) error in phase-angle detection

0—0 +m/2



72 Grid Converters for Photovoltaic and Wind Power Systems

(in thick continuous line) are overlapped on the waveforms resulting from the conventional
PLL of Figure 4.5 (in thin dashed line) when the input signal v experienced both a phase-angle
jump (+45°) and a frequency jump (from 50 to 45 Hz) at t = 100 ms. As can be appreciated
in Figure 4.22(b), the output signal of the multiplier PD of the conventional PLL presents
steady-state oscillations at twice the grid frequency. Consequently, as shown in Figure 4.22(b)
and (c), these oscillations are present on the detected frequency and phase-angle as well. In
the EPLL, however, the ANF progressively makes zero the input signal of the multiplier PD
as the PLL becomes synchronized. Therefore, as shown in Figure 4.22(b) in thick line, the
output of the multiplier PD is equal to zero in the steady state and, as shown in Figure 4.22(b)
and (c), the detected frequency and phase-angle are free of oscillations after a transient period.

4.5.2  Second-Order Adaptive Filter

As presented in the previous section, when a single-frequency sinusoidal signal is applied
to the input v of the ANC of Figure 4.20, the output error signal ¢ is equal to zero — after
a transient period — only if the frequency and phase-angle of the sinusoidal signal v match
those of the sinusoidal reference signal x. There are some applications, however, in which it
is interesting that the output error signal ¢ is equal to zero just when the frequency of v and x
are equal —independently of their phase-angle.

Figure 4.23(a) shows a single frequency ANC, namely an ANF, using an LMS algorithm
with two adaptive weights [19]. In this filter, two 90° shifted sinusoidal signals at the frequency
of interest w are used as reference signals for the adaptive algorithm. Since accumulators of
the LMS algorithm can be understood as forward discrete integrators, the discrete system of
Figure 4.23(a) can be transformed into the continuous equivalent systems of Figure 4.23(b),
which has been arranged according to the standard structure of an adaptive noise cancelling
system. In this system, the sine and cosine blocks are integrated into the adaptive filter (AF)
structure and the frequency to be filtered, «’, is considered as the reference signal. Moreover,
the error signal is affected by a gain k = «/ T, with T being the sampling frequency of the
original discrete ANF. In the following, the AF of Figure 4.23(b) is analysed in order to obtain
its transfer function.

Defining g = ke,, the vy and v, signals of Figure 4.23(b) can be written as

1 FN N

vy = gcos (o't) = 38 [e]“” + eﬂ“”] (4.68)
1 . oy

v, = gsin (1) = —¢ [e’“” - eﬂw’] (4.69)
J

The A; and A, variables, which correspond to the output of the integrators for v, and vy,
can be expressed in the Laplace domain as

1 1

Ay(s) = ;vd(s) =5 [g(s +jo't) + g(s — jw't)] (4.70)
1 1

A (s) = ;vq(s) = [g(s + j't) — g(s — j')] 4.71)
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Figure 4.23 (a) ANF based on an LMS algorithm with two adaptive weights and (b) diagram of a
second-order AF on the continuous time domain

Likewise the Laplace transforms for the v); and v,» variables are given by

[Au(s +jo't) + Ay(s — jo't)]

| =

vy(s) =

1
[g(s) + g(s +2je)] + G ja) [g(s) + g(s = 2j0)]  (4.72)

T 45 +jo) 4(s —

1
v, (s) = 2 [Ag(s +jo't) — Ag(s — jo't)]

o I N
=100 [g(s) — g(s + 2j)] + =0 [2(s) — g(s —2j)]  (4.73)
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Finally, the addition of v/, and v; gives rise to the AF output, v’, as follows:

v (s) = vj(s) + v (s) = Sz_i—w/zg(s) (4.74)

Consequently, the transfer function of the AF structure of Figure 4.23(b) is given by

v K

= - 4.75
kev(s) Tt a? (4.75)

AF(S) =

Hence, the response of the system of Figure 4.23(b) is defined by two second-order transfer
functions, i.e. an adaptive band-pass filter (ABPF) and an adaptive notch filter (ANF), as
follows:

ABPF(s) = Y5y = AP _ ks (4.76)
v 14+ AF(s) s24+ks+w?
ANF(s) = Z(s) = 1 — ABPF(s) = _ e 4.77)
v s2+ ks + 0?

The band-pass filtering characteristic of the adaptive filter of Figure 4.23(b) suggests that it
is possible to extract a particular component at the frequency of interest ' even if the input
signal v’ is affected by distortion. Moreover, as shown in Figure 4.24, this system can be used
as a quadrature signal generator (QSG) by just adding a scaled integrator at the output of the
adaptive filtering structure of Figure 4.23(b). In this system, the signals v’ and gv’ are 90°
shifted. Therefore, they can be applied to the input of any phase detector based on QSG to
improve the performance of the conventional single-phase PLL.

4.5.3 Second-Order Generalized Integrator

The AF block of Figure 4.24, whose transfer function is given by (4.75), is of special interest
when working with sinusoidal signals. Figure 4.25(a) shows the response of an AF block with
' = 27 - 50 rad/s when a unitary step is applied to its input. As expected, the response of the
system defined by the transfer function given by (4.75), with two imaginary complex poles
placed at +jo’, is like that of a resonator oscillating at the frequency «’. As further shown, this
feature can be of great use for implementing the voltage controlled oscillator (VCO) block
in a PLL structure. Figure 4.25(b) shows the response of the AF block defined by (4.75) in
the case of applying both a sine and a cosine signal with frequency «’ to its input. As can be

!

w

Figure 4.24 QSG based on a second-order AF
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Figure 4.25 Response of the GI (o' = 27 - 50 rad/s) with: (a) unitary step input and (b) unitary
sine/cosine input (w = 27 - 50 rad/s)

observed in this figure, the system acts as an amplitude integrator for both sinusoidal input
signals. For this reason, the system with the transfer function given by (4.75) is also referred
as a ‘sinusoidal integrator’.

In the following, a more detailed analysis of this response of Figure 4.25(b) is conducted.
As known, the Laplace transforms of the sine and cosine functions are given by

/

L [sin(0't)] = Tron (4.78)
L [cos(a/n)] = Szj—wz (4.79)

Therefore, the time response of the system characterized by (4.75) in the presence of sinusoidal
inputs is given by

-1 o S 1 . ,

L 52 + w'? s2 + w? = Et SIH(Q) t) (480)
1 s s _ l sin(w't) ,

L <S2 + (1)/2 S2 + wxz) - 2 [ o +tcos(a) t) (481)

As evidenced in (4.81), the system with the transfer function (4.75) does not act as an ideal
amplitude integrator for any kind of sinusoidal input signal with frequency «’ but, depending
of the phase-angle of the input signal, its output contains a steady-state error — related to
the step response previously noted. However, the amplitude of this error is low enough to be
considered negligible in most of the applications, which is why the system defined by the
transfer function given by (4.75), multiplied by 2, is commonly known as the generalized
integrator (GI). A detailed study about this issue can be found in [21].
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Figure 4.26 (a) Second-order AF based on a GI and (b) second-order AF based on an SOGI
(SOGI-QSG)

As the transfer function of the GI provides an infinite gain at the resonance frequency,
it allows any steady-state error to be cancelled when controlling sinusoidal signals at such
resonance frequency. This interesting feature makes the GI the core of so-called proportional-
resonant controllers [22,23].

As previously shown, the AF structure of Figure 4.23 gives rise to the transfer function of
(4.75). However, this is not the only way to implement a GI, for there exist other solutions
as reported in the literature, different direct discrete realizations of this resonant system can
be used to reduce its computational burden [21, 24]. Figure 4.26(a) shows a diagram of a
second-order AF based on very efficient implementation of the GI. The resonant structure
forming the GI of Figure 4.26(a) has been used in different systems for grid monitoring and
synchronization purposes [25-28]. The characteristic transfer functions of the adaptive filter
of Figure 4.26(a) are given by

! S

v
1 = = —_— 4.82
GIs) = (=) = 5 (4.82)
v ks
D = — = 4.83
(s) U(S) R (4.83)
06y = W5y = K" (4.84)
)= v S_sz—i—ks+a)/2 '
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As expected, the transfer function of (4.82) for the GI is identical to that of (4.75) for the
AF. However, the GI implementation of Figure 4.26(a) is much simpler than the AF structure
of Figure 4.23. The GI does not uses sine/cosine functions, which typically require large
lookup tables that increase computation time and introduce additional quantization noise into
the discrete system.

Moreover, as evidenced by the transfer functions of (4.83) and (4.84), the adaptive filtering
structure of Figure 4.26(a) generates two 90° shifted output signals, v" and gv’, which makes
it suitable for implementation of a PLL based on in-quadrature signals generation. These
transfer functions also indicate that the bandwidth of the band-pass filter given by (4.83) and
the static gain of the low-pass filter of (4.84) are not only a function of the gain k but also
depend on the centre frequency of the filter, @’. This issue can become an inconvenience
when designing variable-frequency systems, as is the case of a PLL. This problem can be
overcome by modifying the flow diagram of the adaptive filtering system [27,28]. Another
very straightforward solution can be obtained by modifying the structure of the GI itself.
The alternative sinusoidal integrator is known as the second-order generalized integrator
(SOGI) [29] to differentiate it from the conventional GI. The adaptive filtering structure
based on the SOGI is shown in Figure 4.26(b) and its characteristic transfer functions are
given by:

v o's
SOGI(s) = — () = —— 4.85
(s) ke, (s) S (4.35)
v ka's
D)= —(¢)=——"—"— 4.86
(s) 5 (s) 7 ks f P (4.86)
qv’ kw”
) Y 4.87
O(s) 5 (s) o kals 1o (4.87)

These transfer functions show that the bandwidth of the SOGI-based adaptive filter is not a
function of the centre frequency @’ but only depends on the gain k, which makes it suitable for
variable-frequency applications. Moreover, the amplitude of the in-quadrature signals, v" and
qv’, matches the amplitude of the input signal v when the centre frequency of the filter, o/,
matches the input frequency, w. Therefore, if by some mechanism it is provided that o’ = w,
the SOGI-based filtering structure of Figure 4.26(b) may be considered a very suitable method
for quadrature signal generation (QSG). This is the reason why this system was named the
SOGI-QSG in reference [29].

To evaluate the time response of the SOGI-QSG of Figure 4.26(b) a sinusoidal input signal
v = V sin(wt) is applied to its input. Hence, if it is assumed that w = «’, the output signals of
the adaptive filter defined by the transfer functions (4.86) and (4.87) are given by

v = —\/%W sin (a)\/ 1 — (k/2)? t) e 4+ V sin(wt) (4.88)

qv' = _\/%W cos (a)\/ I— (k221 — ga) e ¥ — Veos(wr)  (4.89)
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Figure 4.27 Response of the SOGI-QSG (¢y = 20.7 ms, k = V2, ' =27 - 50 rad/s)

where

k/2
V1= (k/2)?
As proposed in reference [14], the settling time for a second-order system can be roughly

estimated by tg = 4.6t. Therefore, since T = 2/kw’ in (4.88) and (4.89), the gain of the
SOGI-QSG can be calculated for a given settling time as

(¢ = arctan

92

k=
tsw'

(4.90)

Figure 4.27 shows the waveforms of (4.88) and (4.89) when the SOGI-QSG parameters are
k=+/2and o = w = 27 - 50 rad/s. In this case, the settling time is around 20 ms, which
matches the value obtained from (4.90). It is worth noting that a gain k = +/2 implies a damping
factor & = 1/+/2, which roughly results in an optimal relationship between the settling time
and overshooting in the dynamic response.

4.5.4 The SOGI-PLL

The SOGI-QSG of Figure 4.26(b) can be straightforwardly applied to implement a PLL based
on in-quadrature signal generation like the one shown in Figure 4.28, which is known as
the SOGI-PLL [29, 30]. This system has a double feedback loop; i.e. the frequency/phase
generator provides both the phase-angle to the Park transform and the central frequency to the
SOGI-QSG.

Figure 4.29 shows the response of the SOGI-PLL of Figure 4.28 when the 100 V.4 /50 Hz
single-phase input signal v experienced both a phase-angle jump (445°) and a frequency jump
(from 50 to 45 Hz) at t = 100 ms. In this simulation, the SOGI-QSG gain was set to k = V2,
which in theory implies a settling time of 20 ms for this adaptive filter, and the LF parameters
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Figure 4.29 Response of the SOGI-PLL in the presence of both a phase-angle and a frequency jump
in the input signal: (a) in-quadrature signals generated by the SOGI-QSG, (b) detected frequency, (c)
signals in the synchronous reference frame and (d) error in the phase-angle detection 6 — 6’ + /2
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were calculated according to (4.38) to achieve a settling time of 100 ms in the PLL. As shown
in Figure 4.29, the SOGI-QSG and the PLL interact with each other and the resulting response
is a combination of the action of both systems. The response of the SOGI-PLL differs from
that of the EPLL since in that case the feedback loops for both the adaptive filter and the
PLL depended on the same variable, i.e. the detected phase-angle. For this reason, the ANF
and the PLL blocks of the EPLL reach steady-state conditions at the same time. In the case
of the SOGI-PLL there are two variables involved in the synchronization process, i.e. the
SOGI-QSG tuned by using the detected frequency, ', whereas the PLL is locked to the input
phase-angle. As evidenced in Figure 4.29, the response of the SOGI-PLL is very close to the
one shown in Figure 4.18 for the inverse Park transform PLL. Actually, it seems logical since,
as demonstrated by (4.64), such an inverse Park transform structure behaves as an adaptive
filter as well.

Figure 4.29(a) shows the two in-quadrature signals generated by the SOGI-QSG. As appre-
ciated in this plot, the transient response is extended until the grid frequency is newly tuned.
Figure 4.29(b) shows the frequency that would be detected by a conventional PLL (wp;; in
dashed thin line) and the frequency detected by the SOGI-PLL (w;_p;, in thick line), free
of steady-state oscillations. Figure 4.29(c) shows the output variables of the Park transform.
The vy signal is given the amplitude of the input voltage and the v, signal is made equal to
zero in the steady state by the action of the phase-locking loop. Figure 4.29(d) shows the error
made by a conventional PLL in the detection of the input phase-angle (eg(prr) in dashed thin
line) and the one made by the SOGI-PLL (gg(sogr-prry in thick line). As appreciated in this
figure, the SOGI-PLL detects the input phase-angle faster than the conventional PLL and with
no steady-state oscillations.

4.6 The SOGI Frequency-Locked Loop

In Section 4.5, the SOGI was used to implement an in-quadrature signal generator (QSG),
which improved phase-angle detection in a conventional PLL. This PLL locked the phase-angle
of its internal oscillator to that of the input signal at the same time as the input frequency was
detected, which allowed the SOGI-QSG to remain properly tuned. However, as commented
in Section 4.5, the inherent resonant character of the SOGI makes itself work as a voltage-
controlled oscillator, which stimulates one to think about designing a simple control loop to
auto-adapt the centre frequency of the SOGI resonator to the input frequency and discard the
PLL block from the SOGI-PLL structure. This is the main idea supporting the study of the
frequency-locked loop (FLL) presented in this section.

The first thing to do in order to make the SOGI-QSG structure auto-tuneable is to analyse
the error signal ¢, and study how the centre frequency of the SOGI-QSG might be regulated
by using this error signal. The transfer function from the input signal v to the error signal ¢,
is given by

S2 + (,()/2

_ 491
s24+ko's + 0 ( )

€
E(s) = ~(s) =

The transfer function in (4.91) responds to a second-order notch filter, with zero gain at the
centre frequency. An interesting feature of this transfer function is that the phase-angle of the
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Figure 4.30 Bode diagram of the E(s) and Q(s) in an SOGI-QSG

output signal experiences a jump of 180° when the frequency of the input signal, w, changes
from lower to higher than the SOGI-QSG centre frequency, . This characteristic is used in
the following to compare the value of both frequencies.

Figure 4.30 shows the Bode diagram of E(s) and Q(s) transfer functions, the latter given by
(4.87), to study the relationship between ¢, and gv’. As can be appreciated from this figure,
the signals ¢, and gv’ are in phase when the input frequency is lower than the SOGI resonance
frequency (w < ') and are in counter-phase in the opposite case, i.e. when o > o'.

Therefore, a frequency error variable &, can be defined as the product of gv” and ¢,. As
indicated in Figure 4.30, the average value of ¢ will be positive when w < ', zero when
o = o' and negative when w > «'. This frequency error variable allows a straightforward
frequency locking loop (FLL) to be designed, such as the one shown in Figure 4.31. In this
loop, an integral controller with a negative gain —y is used to make the DC component of ¢ ¢
zero by shifting the centre frequency of the SOGI-QSG, «’', until matching the input frequency,
. In addition, as shown in Figure 4.31, the nominal value of the grid frequency is added to the
FLL output as a feed-forward variable, w,, to accelerate the initial synchronization process.

The combination of both the SOGI-QSG and the FLL building blocks according to Figure
4.31 gives rise to a single-phase grid synchronization system named the SOGI-FLL [31]. In
the SOGI-FLL, the input frequency is directly detected by the FLL, whereas the estimation of
the phase-angle and the amplitude of the input ‘virtual vector’ can be indirectly calculated by

/

V| =+ ()2 + (gv)?; |v = arctan Q (4.92)
v
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Figure 4.31 Diagram of the SOGI-FLL

Figure 4.32 shows the response of the SOGI-FLL of Figure 4.31 when a 100 V.4 /50 Hz
single-phase input signal v experienced both a phase-angle jump (445°) and a frequency jump
(from 50 to 45 Hz) at t = 100 ms. In this simulation, the SOGI-QSG gain was set to k = V2
and the FLL gain was set to y = 2.22 — a justification of this value is given in next section.
Figure 4.32(b) shows how the SOGI-FLL is able to track the input frequency variation, which
allows the SOGI-QSG to remain properly tuned. This can be appreciated from Figure 4.32(a),
where the amplitude of the in-quadrature signals matches the input voltage amplitude, even
after the input frequency variation. This makes it possible to obtain a correct estimation of
the input amplitude and phase-angle by applying (4.92), as shown in Figure 4.32(c) and (d)
respectively.

4.6.1 Analysis of the SOGI-FLL

The performance and dynamical response of the SOGI-FLL depends mainly on the appropriate
selection of the control parameters k and y . In this section, the SOGI-FLL equations are briefly
analysed in order to set proper values for k and y to achieve a desired performance in the
detection of the amplitude and frequency of the input signal.

From the SOGI-FLL diagram of Figure 4.31, the following space-state equations can be

written:
e | =k -0 [x ko'
e e R T i

RS {1 0] [x
- [qvl —Cx = [0 w,} [xj (4.94)

o' = —yx0 (v —x1) (4.95)
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Figure 4.32 Response of the SOGI-FLL in the presence of both a phase-angle and a frequency jump
in the input signal: (a) in-quadrature signals generated by the SOGI-QSG, (b) detected frequency, (c)
detected input voltage amplitude and (d) error in phase-angle detection 6 — 6’

where x = [x1, x2]T and y = [v/, gv']" are the SOGI-QSG state and output vectors. The state
equation describing the behaviour of the FLL is given by (4.95).

Considering the stable operating conditions with the FLL properly tuned, which im-
plies @ =0, w =" and x; = v, the SOGI-QSG state vector in the steady state is

given by
= o )_6.1 o 0 —cz),2 )21
oo =[]0 L] 599

where the steady-state variables are indentified by a bar over. The eigenvalues of the Jacobian
obtained from (4.96) are conjugated complex with a null real part, something that confirms the
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resonant behaviour of the system, as the steady-state response remains in a periodic orbit at the
o' frequency. Therefore, for a given sinusoidal input signal v = V sin(wt + ¢) the steady-state
output vector will be given by

- [v]. sin(wt + ¢)
Y= [qv’] =V [—cos(a)t + ¢)] 497

If the FLL was intentionally frozen at a frequency «’ different from the input frequency
w, e.g. by making y = 0, the SOGI-QSG output vector would still keep in a stable orbit
defined by

sin(wt 4+ ¢ + ZD(jw))
v = V|D(G ' 4.98
Y DG —% cos(t + ¢ + ZD(jo)) (4.98)

where | D(jw)| and ZD(jw) can be obtained from (4.86) and are given by

kowo'

|ID(jw)| = (4.99)
\/(ka)a)’)z + (wz _ a)/2)2
2 0)2
/D(jw) = arctan o (4.100)

As indicated in (4.98), if the input signal is assumed sinusoidal at the frequency w and even
though w # ', the state variables of the SOGI-QSG keep the following relationship:

i = —0’% (4.101)

Therefore, from (4.93), the steady-state synchronization error signal can be written as

1.
g, =@ —3)= — (%1 + 0”%) (4.102)

and substituting (4.101) into (4.102) the steady-state frequency error signal is given by
5, = /= = __ x_z 2
f=WhE, = (a) w ) (4.103)

The equation in (4.103) proves that the & signal certainly collects information about the
error made in the frequency estimation, which makes it suitable to act as the control signal
of the FLL. However, this expression is highly nonlinear, which means that linear control
analysis techniques cannot be directly applied to set the value of the FLL gain, y. Hence, some
assumptions should be made to determine the performance of the FLL.
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In this way, the local dynamics of the FLL can be studied by considering steady-state
conditions, namely &’ & w. In such a case, w”?> — w? can be approximated as 2(o’ — w)w’, and
the small signal performance of the FLL can be described as follows:

N = _V—2 2 2\ ~ Y2, /

W =—y&r = ;xz (a) —w ) ~ —2;x2(w — w)w (4.104)
Moreover, taking v = V sin(wt + ¢) as the input signal for the SOGI-FLL, the square of the
state ¥, can be written from (4.98) as

2
2= v |D(jw)[* [1 + cos2(wt + ¢ + £D(jw)))] (4.105)
2w?

According to (4.99) and (4.100), the terms |D(jw)| and ZD(jw) in (4.105) tend to 1 and 0
respectively, as the frequency detected by the FLL locks the input frequency (o’ — w). Hence,
in the vicinity of the steady-state operation of the FLL, )E% will present a DC component equal
to V2 /(2w?) plus an AC term oscillating at twice the input frequency. Therefore, the averaged
dynamics of the FLL with o’ &~ w can be described by the following equation, where the AC
component of %3 has been neglected:

2
& =— 7;{2/ (@ — ) (4.106)

Equation (4.106) is very interesting because it clears up the existing relationship between the
dynamic response of the FLL, the SOGI-QSG gain and the parameters of the input signal. This
equation encourages the value of y to be normalized according to (4.107), by using feedback
variables, in order to achieve a first-order linearized frequency adaptive system like the one
shown in Figure 4.33. This linearized system is not dependent on either the grid variables or
the SOGI-QSG gain, and its time response is perfectly defined by the value of the gain I'":

y = (4.107)

The transfer function of the first-order frequency locking loop of Figure 4.33 is given by

iy r
e _ (4.108)
o s+T
and its settling time can be roughly set as follows:
4.6
Is(FLL) ~ T (4.109)

w f (17/

Figure 4.33 Simplified frequency adaptation system of the FLL
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Figure 4.34 SOGI-FLL with FLL gain normalization

A practical implementation of the feedback-based linearized SOG-FLL is shown in Figure
4.34. In this system, the FLL gain is online adjusted by feeding back the estimated grid
operating conditions, which guarantees a constant settling time in the frequency estimation
independently of the input signal parameters. In this implementation, the square input voltage
amplitude is estimated by

V2 =%+ gv”? (4.110)

Figure 4.35(a) and (b) shows some representative plots from the simulation of the feedback-
based linearized SOGI-FLL of Figure 4.34 when a 100 V...« /50 Hz single-phase input signal
v experiences a frequency jump (from 50 to 45 Hz) at r = 100 ms (without modifying its
amplitude). In this simulation, the SOGI-QSG gain was set to k = +/2 and the normal-
ized FLL gain was set to I' = 46. According to (4.109), this value for the normalized FLL
gain entails a settling time in frequency adaptation, tsrr), of around 100 ms. As can be
appreciated from Figure 4.35(b), the detected frequency fits a first-order exponential re-
sponse very well with a settle time of 100 ms, which validates the analysis conducted in this
section.
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Figure 4.35 Response of the SOGI-FLL with FLL gain normalization: (a),(b) in-quadrature signals
and detected frequency when the input signal experiences a frequency jump and (c),(d) in-quadrature
signals and detected frequency when the input signal experiences a voltage dip

Figure 4.35(c) and (d) shows the response of the feedback-based linearized SOGI-FLL when
the amplitude of the input signal v drops down to 20% of its rated value at t = 100 ms (without
modifying its frequency). In this case, the values for the control parameters are the same as in
the previous case, i.e. k = +/2 and I = 46. Since the input frequency is kept constant in this
simulation, the settling time in the detection of the input voltage amplitude mainly depends
on the SOGI-QGS dynamics. As indicated in reference [14], this settling time can be roughly
estimated by

tssocn = 4.6, being T = 2/ ke 4.111)
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In this simulation, therefore, the settling time in amplitude detection should be
tssocn = 20.7 ms. A zoomed view of Figure 4.35(c) corroborates that, even though the
frequency detected by the FLL shows some transient oscillations when the input voltage level
varies, the settle time in the response of the SOGI-QSG matches a value calculated by (4.111).

Until now, the SOGI-QSG and the FLL have been studied by considering separated vari-
ations in both the amplitude and the frequency of the input signal. However, both systems
are interdependent, which means that the global time response of the SOGI-FLL will differ
from the one obtained in earlier sections whenever the input signal experiences simultaneous
variations in frequency and amplitude. Figure 4.36 shows some representative plots of an
SOGI-FLL in which the amplitude of the input signal drops down to 20% of its rated value
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Figure 4.36  Response of the SOGI-FLL with FLL gain normalization when the input signal simultane-
ously experiences a voltage dip and a frequency jump: (a) in-quadrature signals, (b) detected frequency,
(c) detected input voltage amplitude and (d) error in phase-angle detection 6 — 6’
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at the same time that its frequency varies from 50 to 45 Hz. As can be appreciated from the
plots of Figure 4.36, both the detected input frequency signal and the detected input amplitude
signal are coupled to each other, which implies that they differ from the simplified waveforms
previously studied. However, for certain conditions, it can still be assumed as valid that the
settle times of the SOGI and the FLL match those calculated by (4.109) and (4.111). In this
regard, an analysis based on the simulation demonstrated that, for k = ﬂ the settle times for
the SOGI and the FLL had to be in the range of fg11) > 2506 to ensure enough different
constant times in both subsystems and to be able to apply (4.109) and (4.111) satisfactory to
calculate settling times.

4.7 Summary

In this chapter, the paradigm of synchronizing in a single-phase system was discussed. Different
techniques for quadrature signal generation (QSG) are presented and compared in terms of
dynamic performances. The novel QSG based on a second-order generalized integrator (SOGI)
proves to be a very good solution, easy to design and implement, and able to perform close to
a delay-free filter with the required bandwidth.

This is a very important feature model in the application of synchronization of grid-
connected converters as the voltage of the grid is typically affected by disturbances and
harmonics.

The second challenge is to make the synchronization process adaptive to frequency changes
that may occur in the grid system, e.g. during the power balancing events. Moreover, some
grid codes require operation within a frequency range of 47-52 Hz, posing a big challenge for
the synchronization loop.

Some classical solutions based on adaptive filtering techniques are presented along with the
novel frequency-locked loop (FLL) technique, which is able to achieve frequency adaptability
using a single algorithm without any use of trigonometric functions. The FLL feature also
measured stability over transients from a physical point of view, the frequency change being
much slower than the grid voltage phase-angle. The FLL is a nonlinear system and a practical
design method was proposed in this chapter.
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Islanding Detection

5.1 Introduction

A higher penetration of distributed power generation systems (DPGSs), involving both con-
ventional and renewable technologies, is changing the power system face. There is a clear
evolution towards active grids that could include a significant amount of storage systems,
could work in island mode and could be connected through flexible transmission systems.
This complex scenario will put different requirements on the DPGS units depending on their
size and on their level of integration with the power system. Thus the monitoring of the grid
condition will always be a crucial feature of the DPGS units at every level. The detection of a
possible island condition will always be important in a power system with a significant amount
of DPGS.

Typically in a low-power DPGS like, for example, PV systems, this feature is defined as an
‘anti-islanding requirement’ in order to highlight the request of the utility operator, as pointed
out in Chapter 2, that the DPGS should disconnect in case the main electric grid should cease to
energize the distribution line. A higher power DPGS, typically wind plants, have completely
different requirements and generally benefits of communication systems and a supervisory
control that interact with the utility operator in view of making the DPGS contribute to the
stability of the grid. Here the latest grid codes require low-voltage ride-through capability,
meaning that they should stay connected during grid faults, which is quite opposite for the
PV systems. Hence islanding detection can be considered a requirement only for low-power
DPGSs. However, as already pointed out, the power system is evolving and the future scenario
may consider the presence of a smart micro-grid (SMG) usually operated in connection to
distribution grids but with the capability of automatically switching to a stand-alone operation
if faults occur in the main distribution grid, and then reconnecting to the grid. Since it is
not possible to predict the level of connection and the reliability of the information exchange
among the different players of this future scenario, the detection of islanding can be considered
as an important feature, requested in some cases and optional in others.

In this chapter islanding detection will be treated with attention paid to the consequences
of an uncontrolled islanding (amplitude and frequency variation of the grid voltage, which are
usually the first signs of the island condition) and to the performances of the islanding detection
methods: reliability, selectivity and minimum perturbation. Ideally, the methods should be able
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to detect the island condition in every grid condition, strong or weak, with a limited or high
penetration of DPGS — this property can be defined as reliability; the method should also be
able to discriminate between a condition of islanding and a simple perturbation of the grid —
this property can be defined as selectivity; finally, the method should degrade the grid power
quality as little as possible in order to make suitable the parallel operation of several DPGS —
this property can be defined as minimum perturbation.

In the following the nondetection none (NDZ) will be defined with reference to the effects
on the grid voltage amplitude and frequency of uncontrolled island operation, which can be
used as the basic means to detect the island operation. Then the methods will be reviewed,
classifying them in passive, and hence only based on the measurements of the electric grid
quantities, and active, and hence based also on the deliberate and periodic perturbation of the
electric grid to test its presence. Next a final comparison is made with reference to the actual
standards and codes and to the industrial use. Some novel relevant active methods are described
in more detail with the deliberate purpose of promoting their implementation in practice.

5.2 Nondetection Zone

The reliability of islanding detection methods can be represented by the nondetection zone
(NDZ), defined in the power mismatch space (A P versus A Q) at the point of common coupling
(PCC) where the islanding is not detectable and there is potential for parasitic trips [1].

Figure 5.1(a) shows the typical interconnection of a PV inverter to the utility and local load
and Figure 5.1(b) the balance of the power in the system. A P is the real power output of the
grid, AQ is the reactive power output of the grid, Ppg is the real power output of the PV,
Opg 1s the reactive power output of the PV, Py, is the real power of the load and Q4 is the
reactive power of the load. Hence the power balance is

Pload= PDG+AP (51)
Qload = Opc + AQ (5.2)

If Pjyaa = Ppc there is not a mismatch between the power produced by the PV system and the
power produced by the utility and in the same way if Q,.s = Qpc there is no reactive power
mismatch between the PV system and the utility.

The behaviour of the system at the time of utility disconnection will depend on AP and
A Q at the instant before the switch opens to form the island [2]. If the resonant frequency of
the RLC load is the same as the grid line frequency the linear load does not absorb or consume
reactive power. Active power is directly proportional to the voltage. After the disconnection
of the grid, the active power of the load is forced to be the same with the power generated by
the PV system; hence the grid voltage changes into

V' =KV (5.3)
where

Ppg

(5.4)
Pload
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Figure 5.1 (a) Interconnection of the grid inverter to the utility and the load and (b) the nondetection

zone (NDZ)

When Ppg > Pjyuq there is an increase in the amplitude of the voltage and if Ppg < Pload
there is a decrease in the amplitude. Reactive power is tied to the frequency and amplitude

of voltage:
/ 1 / 2
Qloaa = OpG = Wl wC|V (5.5
In this way is possible to calculate the islanding pulsation («’):
2
4
(&) e
= 5 (5.6)

The grid is subject to numerous disturbances, such as voltage dips, overvoltage, harmonic
distortion and frequency variations. It is necessary to set an islanding protection immune to
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Table 5.1 Maximum variation of grid voltage and frequency EN 50160

Value Minimum Maximum
Frequency Smin = 49 Hz fnax =51 Hz
Voltage Vinin = 0.9 p.u. Vinax = 1.1 pu.

these disturbances. The grid voltage and frequency limits according to EN 50160 (requirements
for public low-voltage distribution grid) are given in Table 5.1.

The worst case for islanding detection is represented by a condition of balance of the
active and reactive power in which there is no change in amplitude and frequency, i.e.
AP =0and AQ = 0. Itis straightforward that a small A P results in an insufficient change in
voltage amplitude and a small A Q results in an inadequate change in frequency to effectively
disconnect the PV and prevent islanding.

It is possible to calculate the NDZ area from the mismatches of active and reactive power
and to set the values of the threshold for frequency and amplitude of the voltage (Figure 5.1(b)).
The probability that AP and AQ fall into the NDZ of OUV/OUF (over/under voltage and
frequency) can be significant. Because of this concern, the standard over/under voltage and fre-
quency protective devices alone are generally considered to be insufficient anti-islanding pro-
tection and thus they must be combined with other islanding detection methods, as explained in
the following.

5.3 Overview of Islanding Detection Methods

Three main approaches can be employed for islanding detection:

® Grid-resident detection.
¢ External switched capacitor detection.
e Inverter-resident detection.

First two methods methods require either a communication system through the power line or
an external switched capacitor at the PCC in order to detect the islanding condition accurately,
which increases the system complexity and its economical costs.

The grid-resident methods are based on the communication between the grid and PV
inverters and are completely different from the other inverter-resident techniques. In fact, a
transmitter (T) is installed near the line protection switch and a receiver (R) is positioned
in the PCC in the proximity of the inverter, as shown in Figure 5.2(a) [3]. The system uses
a PLCC (power line carrier communications) line whose support is the power grid. Under
normal conditions of operation a specific frequency signal is sent to the receiver using the
energized power lines.

When a PV inverter cannot ‘hear’ the signal any more islanding is detected. The main
problems remain the high cost of broadcasting equipment and the fact that such a method
requires the collaboration of grid operators to be implemented. The same goal can be achieved
with a dedicated line of communication. This method is very good for islanding detection
because it is independent from power flows and it does not present an NDZ. The evolution of
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Figure 5.2 (a) Grid-resident islanding detection methods based on communication and (b) switched
external capacitor detection

grid resident methods could be done using a SCADA (supervisory control and data acquisition)
system even if the penetration of this communication systems in the low voltage distribution
grid is limited to smart metering [4].

These methods have not been commercialized yet because of the high costs of installation,
but the situation could change if PV penetration increases. They may be the ultimate islanding
detection methods, also working perfectly in the case of multiple inverters operating in parallel,
one of the hardest goals to achieve by all other methods.

External switched capacitor (ESC) detection is based on the concept that an external
capacitor periodically switched on in parallel with the grid would produce a zero-crossing
delay proportional to the grid impedance. The method has been successfully implemented
some years ago as a separate device connected at the PCC in parallel with PV inverters to
comply with an ENS standard (like, for example, the product ENS 32 by UfE GmbH). The
VDE 0126-1-2006 has relaxed the impedance detection and an anti-islanding compliance can
be achieved by software algorithms (inverter-resident methods). The ESC method can be used
in applications with multiple inverters in parallel where the islanding detection function can
be implemented separately using only one device.
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Inverter-resident detection relies exclusively on software implementation inside the PV
inverter control platform and can use:

® Passive methods.
e Active methods.

The passive methods are based on detection of a change of a power system parameter
(typically amplitude, frequency, phase or harmonics of the voltage) caused by the power
mismatch after the disconnection. Passive methods have nonzero NDZ and are typically
combined with active methods to improve the reliability.

The active methods generate a disturbance in the PCC in order to force a change of a
power system parameter that can be detectable by the passive methods. With active methods,
the NDZ can be significantly reduced; however, they have the potential to affect power
quality and to generate instability in the grid, especially if more inverters are connected
in parallel.

5.4 Passive Islanding Detection Methods

The passive methods are based on monitoring grid parameters that typically change during
islanding. In the following the most relevant passive islanding detection methods are described.
Some of the classical methods are described with a more overview character while some novel
methods are described in more detail.

5.4.1 OUF-OUYV Detection

All grid-connected PV inverters are required to have an over/under frequency (OUF) and
over/under voltage (OUV) protection window that causes the PV inverter to cease supplying
power to the utility grid if the values in the PCC are out of this window (see Figure 5.2(b)).
As described in Chapter 3, the typical ranges for the voltage—frequency working window are
+10/—15 % in voltage and £1 Hz in frequency around the nominal values (in some countries
there can be slightly different values).

Voltage and frequency monitoring is typically used in order to trip the inverter in case of
OUYV or OUF and thus islanding detection is achieved. However, when the amount of power
mismatch at the PCC due to islanding is very small it may fail to detect islanding as voltage
and frequency variations could be too small to hit OUF or OUV. The worst case for islanding
detection is represented by a condition of balance of the active and reactive power in which
there is no change in amplitude and frequency, i.e. AP =0 and AQ = 0. The minimum
values for AP and A Q that would hit the OUF or OUV can be determined analytically as:

For OUF:

2 2
‘Z(l_(ff-))szJTQqu(l_(ff)) G
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For OUV:

vV \? AP vV \?
—1l<—c< -1 (5-8)
Vmax PDG Vmin

Thus the NDZ can be precisely determined, but in most cases this method is considered to be
insufficient as anti-islanding protection complying with the PV standards (e.g. IEEE 1574).

Another important factor for the reliability of this method is the accuracy in monitoring
the voltage and frequency. The grid is subject to numerous disturbances as voltage dips,
overvoltage, harmonic distortion and frequency variations. Fast and high accuracy voltage
monitoring techniques showing robustness over grid background harmonics and disturbances
are reported in reference [5], where different phase-locked loop (PLL) structures are analysed,
or in reference [6], where a frequency-adaptive PLL scheme is proposed. These are described
in detail in Chapter 4.

5.4.2 Phase Jump Detection (PJD)

This method observes the phase difference between the inverter terminal voltage and its output
current, which typically occurs during islanding due to a reactive power mismatch. In contrast
with the OUF method, the phase can change much faster than the frequency, so much faster
island detection is theoretically possible. This method can be easily implemented using the
zero-cross detection synchronization methods, where the phase of the current is updated once
every zero-crossing of the voltage and thus it is possible to detect the eventual phase jump.
However, as nowadays fast PLL are typically implemented for more robust synchronization,
this phase jump can become negligible since the PLL forces the current to resynchronize with
the voltage after islanding, minimizing the phase jump. A possible solution is to implement two
PLLs, one fast for synchronization (e.g. with a settling time in the range of 50—100 ms) and one
very slow for islanding detection (e.g. with a settling time of 1-2 s). As the slow PLL will “filter
out’ the phase jump, it is possible to detect the phase jump by comparing the phase calculated
by the two PLL. However, it is still difficult to choose the correct threshold for obtaining a
reliable islanding detection as phase jumps in the grid voltage occur quite frequently due to,
for example, switching reactive loads (capacitor banks, induction motors, etc.) and can result
in nuisance trips. Also for three-phase DG systems, which are allowed to work with nonunity
PF, like, for example, wind turbines, this method could lead to nuisance trips.

As with all passive methods, the NDZ cannot be zero as during islanding without any power
mismatch the phase of the voltage will not change.

5.4.3 Harmonic Detection (HD)

The DG interface inverter, even if perfectly controlled to work as an ideal current source,
produces harmonics due to switching (high order harmonics), dead-time and semiconductor
voltage drop (even harmonics) or ripple of the DC link voltage (odd harmonics). These har-
monics are maintained low to comply with standard regulations (e.g. IEEE 1574 THD < 5 %)
by means of hardware solutions (typically filters) or compensation mechanisms embedded in
the control algorithm. However, they generate an amount of voltage harmonics that depends
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on the level of grid impedance. As the grid impedance is usually low, these voltage harmonics
are quite low and difficult to detect.

In the islanding mode, the grid impedance is now replaced by the load impedance, which
can also be much higher with respect to the grid impedance (at least on order of magnitude for
alow-voltage DG), so the harmonics level in the voltage will be increased significantly and can
be used as an indicator for islanding detection. If the electric grid is highly polluted or weak
(high grid impedance) and the DG grid inverter is optimally controlled the harmonic level can
decrease. In reference [2] two thresholds are proposed: one related to the distortion that can
be expected in the grid voltage and the second related to the distortion that will be produced
during islanding by either of the inverter harmonics amplified by the local load or nonlinear
loads. If the system distortion is outside these two thresholds it means that the system is in
the islanding condition because the harmonic distortion is either too low or too high. Either
the THD of the voltage or the amplitude of the most important harmonics (3rd, 5th, 7th, 9th,
11th) can be used as an indicator.

The main advantage of this method is that it is one of the few passive methods that can
theoretically reduce the NDZ to zero because it does not depend on the power mismatch
between active and reactive powers produced by the PV-system and absorbed by the loads.
However, there are also few shortcomings of this method:

® Connection/disconnection of nonlinear loads may change the harmonic condition and can
be interpreted as an event of islanding.

® No-load transformers, which are known for generating high amounts of 3rd harmonic.

* Some DG inverters may increase the voltage background distortion in an effort to inject
‘clean’ currents.

The main difficulties related to the application of this method are in the choice of the param-
eters that should be evaluated (harmonics or indexes that combines some of them) for islanding
detection and in the choice of the thresholds. In fact, it is not easy to discriminate between the
harmonic pollution created by the grid, by the loads and by the DG unit, and hence to guarantee
not only the islanding detection but also to avoid a false trip. The main challenge to engineers
is to make the method selective with respect to normal change in the harmonic situation that
may appear as islanding conditions. Some studies have highlighted the relation between the
DC link ripple of the DG unit, the grid impedance and the amount of harmonic generated by
the DG unit [2] in order to give some guidelines for tuning the method and its thresholds.
However, most of the studies are related to the choice of the indicators, with the aim to increase
the robustness of the HD (minimize the NDZ and maximize the selectiveness of the method).

Three approaches are proposed in the following: the first is suitable for three-phase DG
because it is based on an unbalance evaluation; the second is based on the Kalman filter
estimation of the 3rd, 5th and 7th harmonic variations; and the third is based on the wavelet
and is an attempt to evaluate a portion of the frequency spectrum that is subjected to larger
variations in the case of the islanding condition.

The HD method modified by taking into account the system unbalance is the result of the
consideration that the detection method in general can fail if the load has strong low-pass
characteristics, which occurs for loads with a high value of the quality factor Q or when
the inverters have high-quality, low-distortion outputs. In order to increase the reliability of
this method several other indicators, such as, for example, voltage unbalance, can be used.
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Thus in reference [7] the averaged THD of the current (5.9) is combined with information
about voltage unbalance, obviously applicable for three-phase DPGS. Thus, VUB,,,, the
variation in the voltage unbalance (5.10), and V,,,, the three-voltage amplitude variation
(5.11), are defined. All these parameters are averaged over one cycle and are used together
with the one-cycle variation (ATHD, AVUB,,, andAV,,,) in order to increase the sensitivity of
this method.

>

h>1

T
THD g, [ %] :/ x 100 | dt (5.9)
0

1

V) Vi, Vo) — min (V,, Vi, V.
max (Va, Vi, Vo) =min Vo, Vi, Vo) 0 | 4 (5.10)
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where V,, V,, V. denote RMS values of phase voltages and T is the grid period

T
T

Ve [V] = —= max (v,, vp, v.) — min (v,, vp, V)] dt 5.11

g[13ﬁ0/[<b><b)] 5.11)

where v, vp, v, denote instantaneous values of phase voltages.

At every sampling time, this method calculates the THD,,,, of phase a current, the averaged
unbalance VUB,,; and V,,,, the averaged amplitude variation. In the first, it checks whether
the V,, is lower than the preset value (0.5 p.u.). If it is, then the trip signal is generated
immediately. This will be a typical islanding due to a large variation in the loading for the DG.
Otherwise, the method checks the other monitoring parameters THD,,,, and VUB,,,. If there
is still no islanding condition detection, the algorithm tests the one-cycle variation of these
variables according to the rule:

(ATHD,\y > 75 %) OR (ATHD,, < —100 %) AND (AVUB,y, > 50 %) OR
(AVUB, < —100 %) (5.12)

If the logical condition (5.12) is true for more than one cycle, the trip signal is generated,
signalling the islanding condition due to little variation in the loading for DG. Thus a highly
sensitive islanding detection can be achieved.

The method, described in reference [8], based on the use of the Kalman filter estimation
of the 3rd, 5th and 7th harmonic variations, exploits the natural sensitivity to disturbances
of a grid voltage sensorless control to highlight the islanding condition, as shown in Figure
5.3(a). The algorithm evaluates not only the absolute value of the grid voltage harmonics
but also the variation of the spectrum power density (energy). Often DPGS controllers adopt
harmonic compensators that produce a voltage contribution to the control action used to null
the harmonic voltage drop on the grid filter and as a consequence the current harmonics. The
contribution of the harmonic compensators can be considered as an estimate of the background
distortion and compared with the measured one (see Figure 5.3(b)).
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The third method reviewed in this chapter in the category of the HD method is a wavelet-
based detection method, described in reference [9], which can detect the islanding condition
from local measurements of PCC voltage and current signals, as in the case of passive methods,
but evaluates the high-frequency components injected by the PV inverter, which depend on the
characteristics of the employed pulse width modulator, LCL filter and current controller, to
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reveal the islanding condition, as done by active methods. As shown in Figure 5.4, the spectrum
of the PV inverter output power suffers a small variation, after the islanding operation mode,
over a continuous and relatively wide frequency band. Passive harmonic detection methods,
based on DFT, do not allow these variations to be detected due to their low resolution, which
depends on the number of selected harmonics. As a consequence, wavelet filter banks are pro-
posed for tracking purposes of such spectrum variations in a properly selected frequency band.

5.4.4 Passive Method Evaluation

In order to determine the islanding condition more accurately, the different individual detection
methods can be operated simultaneously. The reliability of passive methods is limited as there
will always be a nonzero NDZ for small power unbalances. Thus passive methods are often
combined with active methods. A performance comparison of the passive methods has been
reported in Table 5.2 as outlined in references [2] and [11].

Table 5.2 Comparison among passive anti-islanding methods

Method NDZ Trip time (power balance)
ouv —17% < AP <24 % Not applicable
OUF 5% <AQ<5% Not applicable
PID —S%<AQ<5% Not applicable

HM Absent It can be less than 200 ms
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5.5 Active Islanding Detection Methods

The central concept of active methods relies on the generation of small perturbations at the
output of the PV inverter generating small changes in one of the power system parameter
(frequency, phase, harmonics, P, Q). The targeted actions are:

Frequency drifts enough to activate OUF protection in due course.
Voltage drifts enough to activate OUV protection in due course.

Grid impedance estimation and thus indirectly to detect the islanding.
PLL- based estimation.

® Negative sequence detection.

This concept has generated a very large number of ideas, materialized in publications and
patents, as the ways of implementing it can be very different. Generally, the active methods,
usually in combination with passive methods, lead to islanding without NDZ, as required by
IEEE 1574 or VDE 0126-1-2006. Comprehensive evaluation of the most known techniques is
reported in references [1], [12] and [13].

In the following the main concepts of the most relevant active Al methods are described.

5.5.1 Frequency Drift Methods

These methods target the grid frequency drift by disturbing the frequency reference with, for
example, a positive feedback. As long as the grid is present, it is obvious that the frequency
cannot be drifted, but when the grid is disconnected, the disturbance will be able to drift the
frequency until it hits OUF protection. Several implementations exist as in the following.

5.5.1.1 Active Frequency Drift (AFD)

The output current waveform is slightly distorted, presenting a zero current segment for a drift-
up operation [14]. This is done by forcing the current frequency to be slightly (6f = 0.5 — 1.5
Hz) higher than the voltage frequency in the previous cycle and keeping the inverter current
equal to zero from the end of its negative semi-cycle to the positive zero-crossing of the voltage
(as shown in Figure 5.5).

The so-called ‘chopping factor’ for AFD is defined as

_ 2 8f
=T T T s

(5.13)

where T is the zero time of the AFD signal and T is the period of the utility voltage.
The inverter reference and the phase for this method in the steady state are

i* =21 sin[27 (f +8)]¢
nsf (5.14)

9AFD=7TfTZ=W
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Thus, there is a continuous trend to change the frequency but the grid presence will prevent this.
In an island, the frequency will be drifted away and eventually tripping of the OUF protection.
According to reference [15], the NDZ cannot be reduced to zero and it will be dependent on
the quality factor of the LC load (Q) and of §f being very close to the OUF-OUV method for

high Q loads.

5.5.1.2 Slip-Mode Frequency Shift (SMS)

In this scheme, a positive feedback is applied to the phase of PCC voltage to destabilize the
inverter by changing the short-term frequency [1]. The phase angle of the inverter is made a
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function of the frequency, as depicted in Figure 5.5(b). The phase response curve of the inverter
is designed such that the phase of the inverter increases faster than the phase of the (RLC)
load with a unity-power factor in the region near the utility frequency. If the utility is tripped
and the frequency of PCC voltage is distorted, the inverter phase response curve increases the
phase error and, hence, causes instability in the frequency. This instability further amplifies
the perturbation of the frequency of PCC voltage and the frequency is eventually driven away
until it hits OUF protection.
The inverter reference and the phase for this method in the steady state are

i* = /21 sin 2ft + Osys)

- (5.15)
OSMS = Gm sin <%) ;‘ _‘J;

where f,, is the frequency at which the maximum phase shift 8,, occurs. For this method
it is possible to obtain zero NDZ for a given Q by choosing f,, and 6,, that satisfy the
condition [15]:

O _ 120
f;n_f_ 7[2

(5.16)

For Q = 2.5 (as in IEEE 929-2000) for f,, — f = 3 Hz, a typical 6,, = 10° results.

5.5.1.3 Sandia Frequency Shift (SFS)

Also called active frequency drift with positive feedback (AFDPF), this is an extension of
the AFD method and is another method that utilizes positive feedback. In this method, it is
the frequency of voltage at PCC to which the positive feedback is applied. To implement the
positive feedback, the ‘chopping fraction’ from AFD is made to be a function of the error in
the line frequency [1]:

of =cfo+k(f — fn) (5.17)

where k is the acceleration gain, cf, is the chopping factor when there is no frequency error
and f — f, is the difference between the estimated frequency and nominal value.

When connected to the utility grid, minor frequency changes are detected and the method
attempts to increase the change in frequency; however, the stability of the grid prevents any
change. When the utility is disconnected and as f increases, the frequency error increases,
the chopping fraction increases and the PV inverter also increases its frequency. The inverter
thus acts to reinforce the frequency deviation, and this process continues until the frequency
reaches the threshold of the OUF. According to reference [15] the NDZ can be reduced to zero
for QO < 4.8 by choosing c¢f, = 0.05 and k = 0.01. This method will distort the current, but
for these values the THD of the current can be kept under the 5 % limit.

This method is typically combined with the complementary method SVS (Sandia voltage
shift) [1] to maximize the islanding performance.
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5.5.1.4 Active Frequency Drift with Pulsating Chopping Factor (AFDPCF)

In reference [10] an improved SFS method is reported where the chopping factor, instead of
depending on a gain, has an alternating pulse shape leading to faster frequency drift during
islanding:

Cfmax if TC max_on
Cf = Cfmax if Tc min_on (518)
0 otherwise

where cf .« and cf ,,;, are the maximum and minimum values of cf respectively, as depicted
in Figure 5.6(a).

A
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Figure 5.6 (a) Chopping fraction in AFDPCF and (b) current THD as a function of the chopping
fraction
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Actually, the frequency is pushed to increase in one period and then to decrease in the
second period. The positive and negative values of the chopping factor can be set using an
analytical calculation by imposing a certain grid current THD as required by standards. Figure
5.6(b) depicts the dependence of current THD on the chopping factor. Thus, complying with
the power quality standard can be guaranteed.

Also the potential for parallel operation is higher than the previous AFD base method. The
same authors have recently proposed in reference [16] a combination of AFD and SMS where
both frequency and current starting phase are changed using software PLL technology. Thus
a robust method is obtained with more design flexibility, leading to customized NDZ with
minimal PQ degradation. The design procedure complexity is still being increased and needs
to be clarified.

5.5.1.5 GE Frequency Shift (GEFS)

This is another frequency drift Al method based on positive feedback like SFS. Here the
reactive current reference is augmented with a positive feedback derived from the frequency
estimation, with proper filtering and gain in order to maintain the stability [17]. Increasing the
reactive current reference will lead to higher reactive power, which in the case of islanding on
the RLC load will further increase the frequency, causing it to be quickly pushed outside the
OUF limits, as shown in Figure 5.7(a).

As typically the frequency positive feedback is implemented in combination with the voltage
positive feedback method, both methods are illustrated in Figure 5.7(a).

By injecting continuous feedback signals into the grid, which has a spectral content confined
to a very narrow band around the fundamental frequency, the THD degradation is negligible.
As aresult, the positive feedback gain for GEFS is not limited by the power-quality constraint
as in the case of SFS, leading to the possibility of obtaining a very small NDZ. The GEFS also
has good potential for parallel connection of inverters.

In reference [18] an interesting approach is introduced where the magnitude of the phase
shift between the voltage and current (typically null) is modulated with a 1 Hz value. When
grid power is available, the phase shift has no more effect than a slow variation of the current
around the average value, and does not change the power being delivered to the grid. When
grid power is lost and the load is resonating, the phase modulation throws the resonance off-
balance and modifies the resonant voltage frequency. This change of voltage and/or frequency
is detected by the OUF or OUV protection and immediately initiates a shutdown signal to the
inverter system.

5.5.1.6 Reactive Power Variation (RPYV)

The concept here is to add a harmonic disturbation signal (typically low frequency) in the
reference of the reactive current i;. In the presence of the grid, this disturbance will try
to modulate the voltage frequency with the disturbing one but will not be able to due to
the stiff character. In the islanding situation, the voltage will depend linearly on the current
and the frequency variations will be present and can be detected. In reference [19], 1 Hz —
1 % harmonic current is added to the reactive current reference with very reliable detection
that is not sensitive to the grid impedance. A frequency deviation detector is used to count
the half-periods between the zero-crossing that deviates from the rated frequency. After a
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predetermined count the trip signal is generated. Shorter detection times can be obtained by
increasing the frequency of the harmonic current, if desired, but keeping its amplitude low.

In reference [20], even lower and slower 0.5 Hz — 0.33 % harmonic current is added to the
reactive current reference. The detection mechanism is based on the fact that during islanding
a small phase change between the current and voltage will be produced, and this is effectively
detected by the passive PJD method measuring the phase difference of two PLLs: one fast for
the current and one slow for the voltage. This islanding method creates almost undetectable
power quality degradation.

In reference [21], step variations of Q in the range of 2.5 % of the rated k VA are used instead
of harmonic distortions. The periodical alteration of the reactive power component makes a
phase difference between the output voltage and current of the system during islanding. The
phase difference induces an increase or decrease of the frequency of load voltage that eventually
hits the OUF protection.

An interesting analysis of grid frequency variation using RPV is reported in refer-
ence [22], where an analytical approach is used to design RPV optimally for specific
harmonic requirements.

5.5.2 Voltage Drift Methods

These methods target the grid voltage drift either by positive feedback of the current or by
varying the reactive power Q. As long as the grid is present, the voltage cannot be drifted,
but when the grid is disconnected, the disturbance will be able to drift the voltage until it hits
OUYV protection. Several implementations exist as in the following.

5.5.2.1 Sandia Voltage Shift (SVS)

In this method the amplitude of the voltage acts as a positive feedback to the current reference
[1]. Thus, if there is a decrease in the amplitude of voltage at the PCC (usually it is the RMS
value that is measured in practice), the PV inverter reduces its current output and thus its
power output. If the utility is connected, there is little or no effect on the voltage when the
power is reduced. When the utility is absent and there is a reduction in voltage, there will be a
further reduction in the amplitude, as dictated by the Ohm’s law response of the (RLC) load
impedance to the reduced current. This additional reduction in the amplitude of voltage leads
to a further reduction in PV inverter output current, leading to an eventual reduction in voltage
that can be detected by the UVP. It is possible to either increase or decrease the power output of
the inverter, leading to a corresponding OVP or UVP trip. It is, however, preferable to respond
with a power reduction and a UVP trip as this is less likely to damage load equipment.

The same concept with slightly different implementation has been developed by GE as a
voltage islanding scheme, as shown in Figure 5.7(b). Useful design guidelines for the gain and
band-pass filter of the positive feedback signals are reported in reference [17].

5.5.3 Grid Impedance Estimation

Especially for compliance with the old VDE 0126 or the first option in VDE 0126-1-1 (ENS),
where a specific increase of 0.5 Q in the grid impedance should be detected at a perfect
balanced local load, more complex methods aiming at accurate impedance estimation have
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been developed. The concept is that a certain disturbance, such as harmonic injection or PQ
variation, is used to estimate the grid impedance based on the response of the grid. The main
methods are as follows.

5.5.3.1 Harmonic Injection (HI)

HI is based on injection of noncharacteristic harmonic current and extraction of the resultant
voltage harmonic, which is dependent on the grid impedance at that frequency. This assumes
that these frequencies are normally not present in the grid voltage so the voltage detected at
this frequency will be only the voltage drop over the grid impedance.

In reference [23], first two equidistant injection frequencies (40 Hz and 60 Hz for a 50
Hz grid) are used and linear extrapolation is used to estimate the grid impedance at these
frequencies and then interpolate for 50 Hz. Another method using only one frequency (75 Hz)
is reported in reference [24]. A further development of this method is reported in reference
[25], where higher frequencies (400-500 Hz) and zero-crossing synchronization of harmonic
injection lead to less grid disturbance, as shown in Figure 5.8.

The grid-connected inverter is used directly to inject the harmonic current by adding a
harmonic voltage to the inverter voltage reference, as can be seen in Figure 5.9, where 6pr ;.
represents the grid phase angle as provided by the PLL, I, the actual grid current, I} the grid
current reference, V1, the injected voltage harmonics and V}y,, the inverter voltage reference.

The voltage and current harmonics are estimated using an algorithm based on removing the
fundamental frequency and filtering using tuned resonant filters. The noncharacteristic fre-
quencies are chosen not to interact with the current controller in the case when the proportional
resonant current controller with harmonics compensation is used and should not be near the
output filter resonance frequency.

Extrapolating the estimated impedance at 400 Hz and 600 Hz to the low grid frequency
leads to some limited accuracy in the estimation of the absolute value due to nonlinearity of
the impedance. However, for the detection of a 0.5 2 jump, as required by VDE 0126-1-2006,
it can work satisfactorily.

The processing algorithm proposed is shown in Figure 5.9(b). The grid parameters are
calculated by solving the following set of equations:

2 _ p2 272
{ 77 = R; + oiL; 5.19)
73 = R+ wyL;
L. — M 520
8 — 2 2 ( . )
Wy — Wy
272 22
wiZy — w3y Z;
1 2
Z, = Rf, + w§L§ (5.22)

where w1, w, denote injected harmonic frequencies; Z;, Z, are the impedances calculated for
w1, wp; and Ry, L, are the resistive and inductive parts of the grid.
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Figure 5.8 Principle of double harmonic signals injection

Another interesting work is reported in reference [26] where the existing voltage harmonic

compensator is used to estimate the grid impedance indirectly. Basically, finding the amount

voltage to compensate a specific harmonic is equivalent to measuring the grid impedance

at that frequency.

HI has been successfully used as an islanding detection method complying with ENS

requirements, but it exhibits an inaccurate estimation and nuisance trips when multiple inverters

are operating in parallel. In reference [27] a method is proposed to avoid concurrent injection
with multiple inverters.
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5.5.3.2 Grid Impedance Estimation by Active Reactive Power Variation (GIE-ARPYV)

This method is based on the fact that the grid impedance can be calculated by using two
stationary working points, as shown in Figure 5.10, and solving the voltage Kirchhoff law.
This is because normally there are two unknowns in the circuit, the grid impedance and the
voltage at the power supply terminals. The latter can be eliminated if two sets of measurements
are available, as expressed below.

VA
2
V=g ===
IAV 1 I
Np-¥----- Zg |
| [
| [
| |
Vs | |
[ [
L I |
= AL
[ |
| [
| [
it . : >
I I, I

Figure 5.10 Grid impedance estimation by using two stationary working points
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The voltages, V| and V,, represent the voltage at the PCC (Vpc¢) for the working points 1
and 2. By subtracting V, from V|, the unknown variable V; is avoided:

Vi=1,-Z,+V,

(5.23)
V, = Iz-Zg + Vg
Vi—-Vo=Z,I,—1,) & AV =Z,-Al (5.24)
The relation of the grid impedance Z, can be written as
Vi—-V
Z,=R,+joL, = ——> (5.25)
I,-1,
Furthermore, the expressions of the resistance R, and inductance L, are given in as
Vi—-V,
R, =Re —-—=
I,-1,
(5.26)
1 Vi—-V,
Ly=—Im| ———
w Il — 12
AVy AL+ AV, Al
R, = 5 3
AL+ AL
(5.27)
L _ AV Al — AVa Al
VN ENA

It can be seen that the calculation algorithm for the grid impedance is less complicated
in contrast with harmonic injection. The only problem is how to make the inverter move to
different stationary working points.

In reference [28] small pulse variations of P are used to determine the resistive part
and small Q variations to determine the inductive part of the grid impedance. A voltage
control loop is employed to avoid flickering. An improvement of this method is reported
in reference [29] where it is demonstrated that if the grid converter is providing voltage
control at PCC by droop control it creates natural P and Q variations necessary for the grid
impedance estimation.

5.5.4 PLL-Based Islanding Detention

This method, reported in reference [30], takes advantage of the existing PLL structure respon-
sible for the synchronization of the inverter output current with the grid voltage and is based on
the deliberate alteration of the derived angle of the inverter current angle (6p,.). In particular, a
sinusoidal signal (oy,;) synchronized with the cycle is added to 6p;;, in order slightly to modify
the inverter current phase. A feedback signal is then extracted from the voltage at the PCC
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(namely from v, ) as a consequence of the injected signal o;,;. The signal injection can be done
with either a positive or negative sign, as shown in Figure 5.11.
The injected signal is defined by

Ojpj = k sin HPLL (528)

where the gain k is used to choose the amount of disturbance needed for the islanding detection.
The resulting phase angle reference for the current becomes

sin Q;;V = sin(GpLL + Uinj) = sin(OPLL + k sin GPLL) (529)

which, after some transformation, can be approximated by
s Gm = Sin ePLL + 5 s 29PLL (530)

Thus, for small values of k (e.g. for k < 0.05), the addition of k sin0p;; to Op.r, as provided
by the PLL, is equivalent to the addition of a second-harmonic signal (A sin 26p;;) without
affecting the amplitude, as shown in Figures 5.12 and 5.13.

The response of the grid will be a voltage second harmonic with amplitude related to the
grid impedance value, as shown in Figure 5.14.

This feedback signal can be extracted from the voltage at PCC after the Park transform (from
vg), which, due to the transformation, will become the first harmonic and can be extracted
using a tuned resonant filter. The signal processing is described in Figure 5.15, where A4, is
the amplitude of the feedback signal extracted from v,, Aampaveso is the 50 Hz average of the
signal A, Aampaves 1s the 5 Hz average of the signal A4,,pave50 and & represents the difference
between the actual value of Agpave50 and the delayed value of Agpaygs-

When the islanding occurs, this is also reflected in the grid impedance value. The change
in the grid impedance value is then detected in the feedback signal in the form of §. Then,
following the algorithm shown in Figure 5.15, a trip signal is generated.
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The flowchart of the islanding detection algorithm is presented in Figure 5.16. The algorithm
is described as follows:

® The component § is compared to a threshold value.
® When 4 is larger than the threshold value a timer is started.

The time value of the timer is named ¢, and its initial condition is O s. If the § remains larger
than the threshold value for more than 0.2 s the inverter is tripped. Otherwise, if § becomes
smaller than the threshold value within 0.2 s, the timer is reset to O s. The threshold value and
the tripping time can be chosen in accordance with one of the standards IEEE 929-2000, IEEE
1547.1-2005 or VDE 0126.1.1.

5.5.5 Comparison of Active Islanding Detection Methods

A synthetic comparison of the most relevant active islanding deduction methods, from the
above described ones, is shown in Table 5.3, with the focus on reliability, power quality
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Table 5.3 Performance comparison of active Al methods

Al active method

Reliability

Maintaining power
quality

Suitability for parallel
inverter operation

Potential for
standardization

Active frequency
drift (AFD)

Slip mode
frequency shift
(SMS)

Sandia frequency
shift (SFS+SVS)

Active frequency
drift with pulsating
chopping factor
(AFDPCF)

General Electric
frequency shift
(GEFS)

Reactive power
variation (RPV)

Grid impedance
estimation—
harmonic injection
(GIE-HI)

Grid impedance
estimation—external
capacitor switching
(GIE-ESC)

Grid
communication
(GO)

Medium, as it is not
able to eliminate the
NDZ

Medium, as it is not
able to eliminate the
NDZ

High, as it can
eliminate NDZ but
is susceptible for
parasitic trips
Medium high, as
usually it leads to
longer detection
times as AFDPF but
stability is
controlled

Very high, as NDZ
can be eliminated
and stability can be
controlled

Moderately high, as
it can eliminate
NDZ

High, as NDZ can
be eliminated; there
is potential for
parasitic trip
depending on grid
impedance

High, as it can
eliminate NDZ

Very high, as long
as communication
is good; it does not
depend on PQ
mismatch

Low, as it
introduces low
harmonics

Medium, as PF is
affected but no
harmonics are
injected

Medium, as with
continuous drifting
the PQ can be
affected

High, as it
introduces
harmonics but THD
can be controlled

Very high, as
practically no
influence on THD

High, as no
harmonics are
injected, only the
PF can be slightly
reduced

Medium, depending
on time between
injections

Low, as it
introduces low
harmonics

High (no influence

on PQ)

Low, as it cannot
handle concurrent
detections

Low, as it cannot
handle concurrent
detections

Medium, as it can work
with parallel inverters
but PQ can be affected

High, but limited in
case one inverter is
increasing frequency
while another is
decreasing it

High, but not
unlimited; according to
GE more research is
needed

Low, as frequency
changes at PCC can be
also caused by other
inverters

Low, as readings can
be influenced during
parallel injection

Low for inverter level
implementation; it can
be implemented as one
unit for a group of
inverters

Very high, just as it is
dependent on
communication
reliability

Low, as more likely
for the AFD with
positive feedback

Low

Medium, as more
likely for the
improved AFDPCF
or GEFS

High, as both
stability and THD
degradation can be
controlled

High, as no
degradation of THD
is made

Low, due to low
suitability for
parallel operation

Low, as ENS has
now softened the
requirements and
accepted IEEE 1547
as an alternative

Low, as for inverter
level cannot
compete with
software
anti-islanding
methods
Moderately high on

long terms due to
cost issues
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degradation, suitability for parallel inverter operation and the potential for standardization
issues [13].

5.6 Summary

In this chapter the important function of islanding detection required for all grid-connected
PV inverters is addressed.

Passive methods based on either voltage—frequency accurate monitoring or advanced filter-
ing or harmonic deduction are evaluated in terms of the nondetection zone (NDZ).

Especially for active methods, many innovative methods have been reported based on
the frequency drift, voltage drift, grid impedance estimation or PLL. All these methods are
basically an introduction to small disturbances in the grid in order to deduct the grid presence.

The active methods are discussed and compared in terms of the performance in deduction
(NDZ, reliability and suitability for parallel inverter operation).
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6

Grid Converter Structures for Wind
Turbine Systems

6.1 Introduction

The connection of a wind turbine (WT) to the grid is a delicate issue. In fact, the stochastic
power production of large-power wind turbines or wind-parks could create problems to the
transmission line designed for constant power and to the power system stability. This important
issue justifies the concerns related to increasing penetration of wind energy within the power
system [1]. However, if the wind power plant (single large-power wind turbine or wind-park)
would behave as a classical power source by allowing a decision to be made on how much
power to inject and when, the main limitation to its use would cease to exist. The use of
wind forecasting can help the management of a power system with a high penetration of
wind power but cannot transform the wind system in a traditional power plant. A possible
solution to the problem is in the use of suitable energy storage. However, this solution is
not yet practical even if it will be part of the future power system scenario [2]. On the other
hand, the increased use of power electronics, especially on the grid side, in connection with
the control of the pitch angle of the blades can partially relive the problem, allowing the
WT power plant to behave similarly to a conventional power plant. In this sense it should be
noticed that the introduction of power converters in a variable-speed wind turbine has been
mainly associated with the possibility of controlling the generator and as a consequence of
controlling the active power in order to maximize the power extraction, leaving its limitation
to the mechanical control of the blade angle (passive or active). Then the active power control
has been viewed as a means to exercise the wind turbine system in a similar way to a traditional
power plant, e.g. by providing reserve capability by means of delta control (i.e. producing less
power than what is available in order to have the possibility of providing an indirect reserve).
However, it is the use of a grid converter that gives to the modern wind turbine system (WTS)
the capability of managing the reactive power exchange and allowing its participation in the
voltage regulation.

In this chapter the focus is on the grid converter structures adopted in the WTS. The
structures are classified as reduced power (for doubly fed generators) and full power. The
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latter are further divided into single cell and multicell. In fact, in order to achieve an efficient
and reliable management of higher power, two possibilities are given: to use high-power
converters topologies (e.g. neutral point clamped) or to use several medium-power converters
connected as series or parallel cells. In the chapter attention is paid also to the grid converter
control structures, leaving to the following chapters the task of going into more detail. This
introductory chapter on WTSs opens the second section of the book, introducing the topics
of the following chapters dealing with grid regulations, grid monitoring and synchronization,
grid converter control and control under grid faults.

6.2 WTS Power Configurations

The basic power configuration of a wind turbine system is made of two parts: a mechanical
part and an electrical one (see Figure 6.1). The first subsystem extracts the energy from
the wind and makes the kinetic energy of the wind available to a rotating shaft; the second
subsystem is responsible for the transformation of the electrical energy, making it suitable
for the electric grid. The two subsystems are connected via the electric generator, which
is an electromechanical system and hence transforms the mechanical energy into electrical
energy [3-7].

This description highlights the fact that there are three stages used to optimize the extraction
of the energy from the wind and adapt it: one mechanical, one electromechanical and another
one electrical. The first stage may regulate the pitch of the blades, the yaw of the turbine shaft
and the speed of the motor shaft. The second stage can have a variable structure (pole pairs,
rotor resistors, etc.), an external excitation and/or a power converter that adapts the speed or
the torque of the motor shaft and the waveforms of the generator voltages/currents. The third
stage adapts the waveforms of the grid currents. Power electronics converters may be present
in the second and/or third stages [8].

This chapter focuses on the third stage. In Figure 6.2 a classification of the possible power
converter solutions is reported [9, 10].

The main step that has led to controllable power electronics in a wind turbine has been
made with the doubly fed induction generator (Figure 6.3(a)), where a wound rotor is fed by
a back-to-back system with a rated power of 30 % of the system power. However, in this case
the speed range is quite limited (—30% + 30 %) and the slip rings are needed in order to
connect the converter on the rotor. The gear is still needed and the speed regulation via the
rotor is used only to optimize power extraction from the wind.

Mechanical power Electrical power
e e e Tt
| |

Wind Rotor Gearbox (obtional ) Generator Power electronics

power —
|

—» 5 @ P )L\ .

|

! . - [
| Power conversion &  Power transmission Power conyersion ~ PoWer conversion & - power transmission |
| I

| power control b power control
i S

Figure 6.1 Basic power conversion wind turbine system
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Figure 6.3 Reduced power back-to-back converter options: (a) a doubly fed induction generator with
back-to-back connected to the rotor and (b) an induction generator with back-to-back connection only
when the system is working at half-power or for reactive power compensation

It is worth noting that this is the first configuration allowing partial control on the
grid electrical quantities. In fact, acting on a back-to-back converter it is possible to vary
the injected active and reactive power [11]. In particular the rotor-side converter controls
the rotor current in order to control the active and reactive power injected into the grid.
The current-controlled rotor-side inverter can be seen as a controlled current source in par-
allel with the DFIG magnetization reactance. If in parallel to these two elements a Thevenin
equivalent is substituted, the DFIG model will match the model of a synchronous generator
and the active/reactive power control will be straightforward [11]. Moreover, the previously
described approach allows the DFIG with a back-to-back converter to be treated with the
same theory used to describe the behaviour of the grid converter, which is the subject of
this book.

The DFIG system contributes to the definition of the short-circuit power because the stator
is directly coupled to the grid. This means that during a fault in the grid, high currents are
generated by DFIG and this is an advantage for the coordination of the protections that can
detect the fault because of the consequent overcurrent. On the other hand this may limit the
capacity of the DFIG system to stay connected to the grid if needed and to reduce the power
injection acting as a rolling capacity in the grid to be used to restore the system stability after
the fault unless a crowbar is adopted in order to limit to safe level current and voltages in the
rotor circuit where the back-to-back power converter is used [12].
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Figure 6.4 Full-power back-to-back converter with an induction generator

A further step in the improvement of the grid-side behaviour of the wind turbine system
is made with the use of a squirrel cage induction generator and a reduced scale back-to-back
power converter (Figure 6.3(b)). The back-to-back converter is only connected in two cases:

¢ Atmedium and low power the converter is used to optimize the power extraction and transfer
to the grid (SW; open, SW, and SWjs closed).

o At full power only the grid-side converter is connected to perform harmonic and reactive
power compensations (SW, open, SW; and SWj closed).

The use of a full-power back-to-back converter (Figure 6.4) leads to an induction generator
completely decoupled from the grid, and as a consequence this system has a complete rolling
capacity being able to actively contribute to the limitation of the effects of grid faults and
to the restoration of the normal grid operation after the fault. However the system does not
contribute to the short-circuit power because the grid converter limits the fault current and as
a consequence the protection coordination should be redesigned. This system can completely
be at stand-by and operate in an island [13]. However, the gear is still needed and the power
converter is full-scale.

A similar system can be obtained using an unsynchronized synchronous generator (Figure
6.5). This topology is termed ‘synchronous’ as the generated frequency is synchronous with
the rotor rotation. However, because the generated frequency is not synchronized with the
grid frequency, power electronics are necessary. The generator voltage is rectified with a
fully controlled converter or with a diode-bridge plus a dc/dc, in case of permanent magnet
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Figure 6.5 Full-power back-to-back converter with a synchronous generator
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generator, or with a diode-bridge plus a converter controlling the excitation, in case of
generator with independent excitation. Then a fully controlled inverter is adopted to connect
the system to the grid. Hence a full-scale back-to-back power converter is needed and a
reduced scale converter for the excitation may be used.

In case a multi-pole gnerator is used the gear-box is not necessary. It may therefore be an
ideal solution if the WT has to be installed in an extreme environmental condition characterized
by a very low temperature that may challenge the maintenance of the gearbox. Some producers
of large-power wind turbines prefer to use reduced gearboxes. These reduced gearboxes are
more reliable because they involve less rotating components and the inverter is integrated in
the nacelle, allowing full control of the active/reactive power produced by the generator.

The use of a synchronous generator with full-power back-to-back converters appears to be
the most successful configuration for the near future, gaining the doubly fed generator actual
market share.

6.3 Grid Power Converter Topologies

There are many demands on power converter topologies in wind turbine systems. The main
ones are: reliability, minimum maintenance, limited physical size/weight and low power losses.
The AC/AC conversion can be direct or indirect. In the indirect case there is a DC link that
connects two converters performing AC/DC and DC/AC conversions, while in the direct case
the DC link is not present. The advantage of the indirect conversion is the decoupling between
the grid and generator (compensation for nonsymmetry and other power quality issues) while
its major drawback is the need for major energy storage in the DC link (reduced lifetime
and increased expenses). However, the DC storage and consequent decoupling between the
generator and grid side can give an advantage to indirect conversion over a direct conversion
in the case of low-voltage ride-through and for providing some inertia in the power transfer
from the generator to the grid.

The main advantage of the direct conversion, such as the matrix converter topology, is that it
is a one-stage power conversion (and hence without intermediate energy storage). Moreover, it
presents several advantages, such as the thermal load of the power devices is better compared
to others, there is less switching losses than two-level back-to-back VSI as well as better
harmonic performance on the generator side than two-level back-to-back VSI (and maybe a
lower switching frequency). However, these advantages are balanced by many and well-known
disadvantages, such as the fact that this is not a proven technology requiring a higher number
of components (hence more conduction losses) and a more complex control part. Moreover,
the grid filter design is more complex and there is not a unity voltage transfer ratio. Also, the
absence of a DC link storage (generally the less reliable part of the converters and the most
subject to maintenance) makes this solution attractive, especially for offshore wind turbine
systems characterized by difficult maintenance. It has been the subject of a patent in the case
of a doubly fed induction generator.

6.3.1 Single-Cell (VSC or CSC)

The grid converter topologies can be classified into voltage-stiff (voltage-fed or voltage-source)
and current-stiff (current-fed or current-source) ones respectively, indicated with the acronyms
VSC and CSC (Figure 6.6). A third option is represented by the Z-source converter employing,
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on the DC side, an impedance network with capacitors and inductors [14]. Depending on the
main power flow direction they are named rectifiers or inverters, or in case they can work
with both power flows they are bidirectional. Then they can be classified as phase-controlled
(typically using thyristors and natural commutation synchronized with the grid voltage) or
PWM using forced commutated devices. Grid converters for distributed power generation
need to work as inverters, but they can benefit from bidirectional power flow in order to
pre-charge the DC link.

In the case of the VSC a relatively large capacitor feeds the main converter circuit, a
three-phase bridge. Six switches are used in the main circuit, each composed traditionally
of a power transistor and a free-wheeling diode to provide bidirectional current flow and a
unidirectional voltage blocking capability. The VSC needs both AC and DC passive elements.
The passive elements, such as capacitors or inductors, have both storage and filtering functions.
The operation of the VSC is connected with the use of a DC capacitive storage instead of a DC
inductive storage. The DC capacitor is charged to a certain voltage. This voltage ensures the
basic function of the VSC: the VSC can control the AC current through the switching. Then,
through the AC current control, the VSC can change the DC value as in active rectifier and filter
applications. This can easily be understood from the power balance. Once it is assumed that
there are no losses in the operation, the AC active power is transformed to DC power through
the VSC. The control of AC active power could be done through control of the AC current
amplitude; then the change in AC active power causes the DC power to change, resulting in a
charge or discharge of the DC capacitor.

The process of the DC capacitor charge—AC current control-DC voltage control is a virtuous
circle that is based on the possible storage of energy due to the DC capacitor.

Then the filtering action, necessary because of the PWM, is done both on the DC side and
on the AC side. The passive elements are charged/discharged during the switching period,
ensuring smoothing of the AC currents and of the DC voltage. This filtering action is also the
basis of the control performed. In fact, the dynamic of the AC current/DC voltage controls
depends on the time constants of the two filtering stages. Generally the overall design,
which should include filtering and control issues, is a trade-off between high filtering and
fast dynamic.

Considering the example of a industrial inverter used in electric drives, if all the energy
stored in the AC passive stage is considered, it is less than 5 % of all the energy stored.

The VSC is widely used. It has the following features:

® The AC output voltage cannot exceed the DC voltage. Therefore, the VSC is a buck (step-
down) inverter for DC/AC power conversion and is a boost (step-up) rectifier (or boost
converter) for AC/DC power conversion. In case the available DC voltage is limited (e.g. in
the case of a direct-driven synchronous generator with a diode bridge rectifier) an additional
DC/DC boost converter is needed to obtain the proper DC voltage that allows the VSC to
operate properly with the grid. The additional power converter stage increases the system
cost and lowers efficiency.

* The upper and lower devices of each phase leg cannot be gated on simultaneously either by
purpose or by EMI noise. Otherwise, a shoot-through would occur and destroy the devices.
This is a serious issue for the reliability of these converters. Dead-time to block both upper
and lower devices has to be provided in the VSC, which causes waveform distortion.
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Figure 6.6 Grid converter in the case of indirect type conversion: (a) forced-commutated VSI, (b)
phase-controlled line-commutated converter and (c) forced-commutated CSI

® An output high-order filter is needed for reducing the ripple in the current and complying
with the harmonic requirements. This causes additional power loss and control complexity.

The traditional CSC had more limited application. A DC current source feeds the main
converter circuit. The DC current source can be a relatively large DC inductor fed by a source.
Six switches are used in the main circuit, each composed traditionally of a semiconductor
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switching device with reverse block capability, such as GTO and SCR or a power transistor
with a series diode, to provide unidirectional current flow and bidirectional voltage blocking.
Operation of the current-source converters requires a constant current source, which could be
maintained by either a generator-side or a grid-side converter. Generally, the grid-side converter
controls the DC link current based on the assumption of a stiff grid. However, the actual DC
link current is determined by the power difference of both sides. The power disturbances of
the generator output, mainly due to the disturbances of wind speed, are not simultaneously
reflected by the grid-side converter control. This results in a large overshoot or undershoot of
the DC link current, which may further affect the stability of the whole system.
The CSC has the following features:

® The AC output voltage has to be greater than the original DC voltage that feeds the DC
inductor. Therefore, the CSC is a boost inverter for DC/AC power conversion and the CSC
is a buck rectifier (or buck converter) for AC/DC power conversion. For grid converter
applications this is a clear advantage.

¢ Atleast one of the upper devices and one of the lower devices has to be gated and maintained
at any time. Otherwise, an open circuit of the DC inductor would occur and destroy the
devices. The open-circuit problem of EMI noise is a major concern for the reliability of
these converters. The overlap time for safe current commutation is needed in the CSC,
which also causes waveform distortion.

¢ The main switches of the CSC have to block reverse voltage, which requires a series diode
to be used in combination with high-speed and high-performance transistors such as IGBTs.
This prevents the direct use of low-cost and high-performance IGBT modules and IPMs. In
the following the single cell power converters solutions based on VSC or CSC topologies
for medium power and high power wind turbines are reviewed.

6.3.1.1 Medium-Power Converter

Medium-power wind turbine systems of 2 MW are still the best seller on the market and their
power level can still allow a good design trade-off to be found using single-cell topologies with
just six switches forming a bridge. This solution can be full power or reduced power in the
case of a doubly fed induction generator or a converter working only in low wind conditions.

In all the cases forced commutated converters allow better control of the injected power
and harmonics. Between the forced commutated converters the preferred solution is the VSI.
Particularly in the case where the VSI is adopted, as usual, on the generator side, the resulting
configuration is called back-to-back (Figure 6.7).

The two-level back-to-back VSI is a proven technology that employs standard power
devices (integrated), but power losses (switching and conduction losses) may limit the use in
higher power systems.

The alternative can be the use of CSCs (Figure 6.8), which have three main advantages [15]:

® A portion of the needed DC link inductance is realized by exploiting the cable length and, if
necessary, a proper cable layout, which can be possible if the generator with the first convert
is located in the nacelle and the grid-side CSI is located at the tower base. Moreover, in the
case of a wind-park a DC grid can be adopted and the consequent DC cables can be long
enough to provide the needed inductance.



132 Grid Converters for Photovoltaic and Wind Power Systems

Generator }j} }5} }j} }j} Grid

Filter Filter

Generator, ——— A Grid
O = ~ o=

Figure 6.7 Two-level back-to-back PWM-VSI

® The DC link reactor provides natural protection against short-circuit faults and therefore the
fault ride-through strategy required by the grid code can be integrated easily into the system.

e A small filter is required on the AC side to cope with the standards in terms of harmonic
requirements.

Although the DC link current can be maintained at the highest level to obtain the best
dynamic response, the fastest response is not always useful in this application since the output
power is regulated to have slow changes rather than fast transients that may cause power
system instability. In wind applications, the maximum power generated from a wind turbine is
proportional to the cube of the wind speed. In order to extract more energy from the wind, the
system requires variable-speed operating capability and the generated power varies in a wide
range as the wind speed changes. It is beneficial for a MW system to minimize the DC link
current if the power input is reduced. On the other hand, maintaining a high DC link current at
lower power input requires a significant amount of shoot-through states in the CSC, causing
more conduction loss on the devices and reducing the system efficiency.

For large wind energy applications, the capability of the power factor control or voltage reg-
ulation at the grid side is required by the grid codes. When a CSC is connected to the grid, filter
capacitors at the grid side result in constant leading reactive power. In a traditional CSC-based
drive system, an offline PWM method — selected harmonic elimination (SHE) — is normally
used at the grid side due to the capability of eliminating a number of unwanted low-order
harmonics. However, the reactive power at the line side is not fully controlled. A unity power
factor can be achieved by phase-shifting the modulating signals according to the converter
operating point, which is not straightforward for line-side active and reactive power control.
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6.3.1.2 High-Power Converter (NPC)

In case the power level increases over 2 MW a multilevel solution (Figure 6.9) such as the
three-level voltage source converter [16] is a known technology that allows lower rating for
the semiconductor devices and lower harmonic distortion to the grid (or lower switching
losses/smaller grid filter). However, the conduction losses are still high due to the number of
devices in series through which the grid current flows and a more complex control is needed
to balance the DC link capacitors.

6.3.2 Multicell (Interleaved or Cascaded)

Another option to increase the overall power of the system is to use more power converter
cells in parallel or in cascade. In both cases the power-handling capability increases while
the reliability if computed in terms of the number of failures decreases and the number of
system outages increases. In fact, the modularity implies redundancy that allows the system
to continue to operate if one of the cells fails. Moreover, the multicell option allows a reduced
number of cells to be used, with consequent reduced losses, in low wind conditions when the
produced power is low.

Typically the power cells are connected in parallel on the grid side to allow interleaving
operation (as described in Chapter 12). The PWM patterns are shifted in order to cancel PWM
side-band harmonics. In this way the size of the grid filter can be considerably reduced.

Figure 6.10 reports a back-to-back converter fed by a six-phase generator and connected
in parallel and interleaved on the grid side [17], while Figure 6.11 shows an n-leg diode
bridge fed by a synchronous generator producing a high DC voltage shared among several
grid/converters connected in parallel and interleaved on the grid side.

Similar options can also be achieved with CSC topologies, forming the well-known 12-pulse
converter in the case where the CSC is phase-controlled [18]. The DC/AC conversion can be
performed by the two series-connected current-source inverters (and) independently supplied
by two equal secondaries of a Y-Y transformer. Both inverters require components with a
bidirectional voltage blocking capability whereas a unidirectional current-carrying capability
is sufficient because the DC link current does not reverse its sign.
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Figure 6.12 Thyristor-based phase-controlled CSI + active filter

The CSI are connected in series on the DC side and in parallel on the AC side to reduce
the ripple in the DC current, operate with a higher DC voltage and double the power-carrying
capability. The CSCs can be controlled by the well-known phase-control technique with
opposite phase-control angles so that the fundamental power factor of the grid current at the
transformer primary is guaranteed to be unity at any load condition. This operating mode
requires one of the two inverters (bridge in this case) to use fully controllable switches. Then
an active filter is adopted to clean the grid current (see Figure 6.12).

6.4 WTS Control

Controlling a wind turbine involves both fast and slow control dynamics. Overall the power has
to be controlled by means of the aerodynamic system and has to react based on a set-point given
by a dispatched centre or locally with the goal to maximize the power production based on the
available wind power. The two subsystems (electrical and mechanical) are characterized by
different control goals but interact in view of the main aim: the control of the power injected
into the grid. The electrical control is in charge of the interconnection with the grid and
active/reactive power control, and also of the overload protection. The mechanical subsystem
is responsible for the power limitation (with pitch adjustment), maximum energy capture,
speed limitation and reduction of the acoustical noise. The two control loops have different
bandwidths and hence can be treated independently.

The power controller should also be able to limit the power both with mechanical and
electrical braking systems, since redundancy is specifically requested by the standards. The
general scheme of the wind turbine control with different features is reported in Figure 6.13.

Below maximum power production the wind turbine will typically vary the speed propor-
tionally with the wind speed and keep the pitch angle fixed. A pitch angle controller limits the
power when the turbine reaches nominal power. The control of the generator-side converter is in
charge of extracting the maximum power from the wind. The control of the grid-side converter
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Figure 6.13 Wind turbine control structure

is simply just keeping the DC link voltage fixed. Internal current and voltage loops in both con-
verters are used. The state variables of the LCL filter are controlled for stability purposes. Then
there is the grid fault ride-through and the support to the grid voltage restoration after the fault
that is a Wind Turbine specific function discussed in Chapter 10. Wind turbine extra functions
are: the inertia emulation that is a control function aiming at emulate the relation between active
power and frequency normally present in generator with a large inertia, discussed in Chapter 7;
the energy storage refers to the possibility to store energy in the inertia of the generator, in the
dc-link or to use additional storage to smooth the power output; power quality refers to the
possibility to use the grid converter of the WT to provide benefits in terms of grid power quality.

6.4.1 Generator-Side Control

The control of the generator is done in view of the main goal: maximizing the power extraction
and limiting the power braking the wind turbine. These two goals result in a torque or speed
command for the generator control. In the following the different controllers depending on the
generator side are briefly analysed since this is not the main focus of the book.

6.4.1.1 Squirrel Cage Induction Generator Control

The squirrel cage induction generator with a full-power forced commutated back-to-back
converter (Figure 6.14) was often chosen by wind turbine manufacturers for low-power stand-
alone systems, but recently it has been used for high-power wind turbines as well. A third
option already shown in Figure 6.3(b) is to upgrade the fixed-speed WT to a variable-speed WT
with a back-to-back converter of reduced power size (50 %), which should only be used during
low wind conditions to optimize the power transfer and when it is needed to compensate for the
reactive power (only using the grid converter), but is bypassed during high-speed conditions.
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The machine flux and rotor speed or electric torque is controlled via a field orientated control

(FOC) or direct torque control (DTC), even if this last option is seldom adopted in WTSs.

6.4.1.2 Synchronous Generator Control

One of the most adopted wind turbine solutions employing a synchronous generator includes a
passive rectifier and a boost converter to boost the voltage at low speed. The topology is shown
in Figure 6.15. The generator is controlled via the current control of the boost converter, but in
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Figure 6.15 Synchronous generator with: (a) diode bridge 4+ VSI and (b) back-to-back converter
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this way it is not possible to control selectively the harmonics in the current and the phase of
the fundamental current with respect to the generator electromotive force. Filters are usually
adopted on the generator side to mitigate especially the 5th and 7th harmonics. This solution
is one of the most adopted industrial solutions, especially in the case of direct-driven gearless
multiphase wind turbine systems.

The solution displayed in Figure 6.15(b) employs a full-power back-to-back converter. In
this case the generator control is usually a standard FOC where the current component that
controls the flux can be adapted to minimize the core losses and the reference speed is adapted
to optimize the power injection into the grid [19].

6.4.1.3 Doubly Fed Induction Generator Control

The first controller to adapt the rotor speed of an induction generator and try to achieve
maximum power extraction and limitation of the mechanical stress on the drivetrain has been
the slip control. This was a simple method used to vary the speed of the generator acting on its
rotor resistance. The change in the rotor resistance leaves unchanged the synchronous speed
while the slope of the machine characteristic varies. The dynamic slip control works below
the rated power, the generator acts just like a conventional induction machine and above rated
power and the resistors in series with the rotor circuit are adjusted trying to keep the power
at the rated value. An interesting alternative is to use a diode bridge plus a transistor in order
to vary the apparent resistance of the rotor circuit. In this way the resistors will remain the
same and the transistor will be driven in order to change the apparent resistance seen by the
rotor circuit. The resulting speed control range is very limited (5-10 % above the synchronous
speed) but the method is used in conjunction with a mechanical control acting on the wind
turbine blade pitch.

Obviously the use of additional rotor resistors causes additional losses proportional to the
speed slip. In a 2 MW wind turbine based on rotor resistance control, a slip of 5 % will result
in a rotor power of 95 kW (losses).

It is possible to recover the power losses using the Scherbius drive [20], where the diode
bridge is connected to a converter used to inject the slip power into the grid. The system
is also called oversynchronous cascade control. An evolution of this system is the doubly
fed induction generator equipped with a back-to-back power converter allowing bidirectional
power flow.

The doubly fed induction generator equipped with voltage source power converters con-
nected to the grid side and to the rotor side (Figure 6.16) is one of the most adopted solutions
in wind turbine systems. This is the case even if it seems that most of the new projects in
wind turbine systems are abandoning this solution mainly for the need to comply with LVRT
requirements of the standards and grid codes.

The control of the WT (Figure 6.16) is organized such that below maximum power pro-
duction the wind turbine will typically vary the speed in proportion to the wind speed and
keep the pitch angle fixed. At very low winds the speed of the turbine will be fixed at the
maximum allowable slip in order not to have overvoltage. A pitch angle controller will limit
the power when the turbine reaches nominal power. The generated electrical power is found
by controlling the doubly fed generator through the rotor-side converter. The control of the
grid-side converter simply keeps the DC link voltage fixed.
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Figure 6.16 Doubly fed induction generator control

A ‘crowbar’ system can be adopted to ride-through grid faults (see Chapter 10). The three-
phase rotor winding is thus short-circuited via the closed crowbar switch, which results in the
same behaviour as a standard induction generator.

The power produced by the turbine P,,... follows two paths (stator and rotor):

Prece = Py — s Py (61)

where P; is the stator power and s is the slip. It is obvious that the doubly fed generator injects
power into the grid both during oversynchronous (s > 0) and subsynchronous operation (s (0).

The doubly fed induction generator control is different from the control of a standard
induction generator [21-23]. In fact, the control is developed on the basis of a power perspective
point of view. The machine stator is connected directly and continuously to the grid and
exchanges active and reactive power with it. Acting on the rotor current is possible to control
the active and reactive power injected by the stator into the grid.

If the machine equations are rewritten in a dg frame oriented with the stator flux, it results
in [23]

Py = —a (vsirq)
2 62)
Qs = Vs (;s - vxird)

where vy is the stator and grid voltage and a and b are coefficients that depend on the machine
parameters. Hence i,, can be used to control the stator active power (and indirectly the grid
power since the grid power will be the sum of the stator power and rotor power, i.e. the stator
power multiplied for the slip) and i,; can be used to control the overall reactive power.

6.4.2 WTS Grid Control

All the previous reported converter structures employ a grid converter, which in most cases
is a VSC. Its principle of operation is similar to the principle of operation of a synchronous
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generator or of a transmission line (neglecting capacitive coupling). Basically the VSC controls
the active and reactive power transfers acting on the amplitude and phase of the produced
voltage, as shown in Figure 6.17. In Figure 6.17(a) the case is reported when there is no power
produced by the WTS and a small power is absorbed to keep the DC link voltage at its rated
value. The VSC is working as a rectifier and the absorbed active power compensates the losses
in the overall converter. In Figure 6.17(b) the case is reported when the WTS injects only
active power, while in Figure 6.17(c) the cases in which the grid converter is working as a
STATCOM are shown, and similarly to Figure 6.17(a) there is no active power injection and
hence it is expected that a small amount of power will be drained from the grid to compensate
for the losses. This amount is not reported in Figure 6.17(b) and (c) for the sake of simplicity.
Figure 6.17(d) and (e) reports the working conditions in which the WTS injects both active
and reactive power.

The power transfer between two sections of a short line can be studied using complex
phasors, as shown in Figure 6.17 for a mainly inductive grid filter with X > R, showing that

Figure 6.17 Different power transfers achieved by the grid converter in the different operating condi-
tions (V, is the voltage drop across the grid filter)
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the voltage drop V| is perpendicular to the exchanged current. In this case R may be neglected.
If also the power angle § is small, then siné = § and cosé = 1:

_EV
E(E—V
o= EE-V) (6.4)

X

where E, P, Q denote respectively the voltage, the active power and the reactive power of
the grid and V is the voltage of the VSC, (6.3) and (6.4) show that the active power injection
depends predominantly on the power angle, whereas the reactive power injection depends on
the voltage difference £ — V.

Equations (6.3) and (6.4) can also be used to explain how the WTS can provide ancillary
services influencing the voltage and frequency of the grid with active and reactive power
injection. The phasor schemes of Figure 6.17 should be modified while considering the grid
voltage E to be not stiff but also dependent on the voltage drop due to the distribution line and the
transformer impedances seen at the point of connection, as shown in Figure 6.18. Hence active
power can be used to regulate the angle or the frequency of the grid voltage, whereas the reactive
power can be used to control the amplitude of the grid voltage. Thus by adjusting the active
power and the reactive power, frequency and amplitude of the grid voltage can be influenced.

All the previous reported WTS topologies employ a grid converter, the only difference being
between the case where they employ a full power converter or a reduced power converter.
Moreover, the grid converter control is slightly different in the case where a doubly fed
induction generator is used since in that case the rotor-side converter also determines the
reactive power exchange of the overall system. In that case, as already explained, the current
controlled rotor converter behaves like a current source that is connected in parallel to the
magnetizing reactance of the doubly fed induction generator. If this is parallel it is transformed
into a Thevenin equivalent and the rotor plus the back-to-back converter can be seen as a virtual
grid converter exchanging active and reactive power with the grid but the capability of the
exchanging reactive power is limited. Figure 6.19 compares the capability of active and reactive
power handling of a full-power converter and a reduced-power converter (doubly fed induction
generator).
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Figure 6.18 Influence of active and reactive power injection by the WTS at the point of common
coupling
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Figure 6.19 Power handling capability in the case of: (a) a full-power converter and (b) a reduced-
power converter (the inner triangle shows the normal range of operation with 5% reactive power
injected/absorbed)

6.5 Summary

The aim of the chapter has been to introduce WTSs with a focus on the different topologies,
converter structures and control main goals. In the next chapters the grid converter operation
will be discussed in more detail and the low-voltage ride-through strategies will be analysed.
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7

Grid Requirements for
WT Systems

7.1 Introduction

In order to smooth the effects of wind power penetration over the power system stability
and power quality, new grid interconnection requirements, called Grid Codes (GCs), have
been developed by Transmission System Operators (TSOs) in different countries. GCs with
different requirements for Distribution System Operators (DSOs) have also been developed,
but as in most of the countries TSOs are responsible for controlling the power balance and
because large wind farms are planned to be installed in the near future, in this chapter only
GCs for TSOs are considered. There may also be technical requirements that are not referred
to in the grid code, but which apply to the project through the connection agreement or the
power purchase agreement or in some other way.
The grid codes are very important as due to them:

® The TSO can maintain the security of power dispatch regardless of the generation technology
used.

® The amount of project-specific technical negotiation with the TSO can be reduced.

® Wind turbine manufacturers can design their equipment in the knowledge that the require-
ments are clearly defined and will not change without warning or consultation.

Due to the political separation of ownership of generation and system operators, the technical
requirements governing the relationship between generation and system operators need to be
more clearly defined. The introduction of renewable generation has often complicated this
process significantly, as these generators have physical characteristics that are different from
the directly connected synchronous generators used in large conventional power plants. In
some countries, this problem has caused significant delays in the development of appropriate
grid code requirements for wind generation.

The GC is developed typically by the system operator, often overseen by the energy regu-
latory body or government. The requirement modification process should be transparent and
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include consultation with generation, system users, equipment suppliers and other affected
parties. Typically draft GCs are released before new ones in order to get feedback.

The general message of the GC is that the wind power plants (WPP) should behave as
much of possible in the same way as conventional power plants based on large synchronous
generators (SG) in both normal operation and during faults. The technology of synchronous
generators is very well established, with a long history in the background, and they are able to
support the transient stability of the grid by offering inertia, resynchronizing torque, oscillation
damping, reactive power generation, short-circuit capability and fault ride-through (FRT).
These features allow the SG to comply with the TSO grid connection requirements, which
is why today we have a quite stable grid operation worldwide. Typical GC requirements are
steady-state and dynamic active and reactive power capability, continuously acting frequency
and voltage control and fault ride-through (FRT) capability.

As the grid characteristics are very different worldwide, as, for example, stiffer in Western
Europe and weaker in Australia, New Zealand and India, the GCs are also quite different and
are updating at a fast pace every few years in order to cope with the explosive wind penetration
development.

The wind turbine manufacturers are constantly challenged by the new grid codes as
they need to adapt their technology to comply with them and the development times for a
wind turbine has to be short in such a market dominated by strong competition. The chal-
lenge is how the new modern technology WPP can achieve the new features imposed by
the GCs.

7.2 Grid Code Evolution

The first generation of fixed-speed grid-connected wind turbines in the 1980s employed cage
induction generators with switched capacitor banks in order to maintain a high power factor.
During the 1990s the doubly fed induction generator (DFIG) was successfully introduced
where typically a 0.3 p.u. converter controlled the rotor voltage. This technology has the
ability to control reactive power within some boundaries and by adding a chopper in the
DC link, FRT can be achieved. The GCs reacted by being updated with more requirements,
like, for example, a wider range of reactive power control and deeper FRT where the TSO
required the WPP to stay connected to the PCC during and after a grid fault, of course within
some time window. Another wind turbine technology introduced by Enercon and Siemens in
the early 2000s is by using the full-scale converter (FSC) with either induction (Siemens) or
synchronous (Enercon) generators. By fully processing the power, a wider range of reactive
power control can be obtained as well as grid support during the fault. Today both the DFIG
and FSC technologies can offer compliance with the most demanding GCs but there is a strong
trend to migrate towards FSC as future GCs can challenge DFIG compliance, especially in the
case of asymmetrical grid faults.

Therefore WT technology is an important factor that influences GC evolution. Another
factor is the continuously increasing size of the WT and especially of wind farms. Today
offshore farms in the range of hundreds of MW are usual and some companies are talking
about GW farms (e.g. Borkum and Kriegers Flak). These large power plants call for new
requirements in the GC in terms of FRT and active participation in the frequency and voltage
control in order not to compromise grid stability.
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Thus the TSOs are involved in a continuous process of adapting the GC in order to be
able to increase the wind penetration, mainly driven by political goals, without compromising
the security of the grid. This is a process involving both TSOs, WT manufacturers and wind
farm developers. The typical scenario is that TSOs are reluctant to change the grid operation
and control and thus require through GCs the WPP to behave as close as possible to the
conventional plants, which may not only be impossible for some of the characteristics or too
costly to realize. The WT manufacturers and wind farm developers are interested in more clear
and standardized requirements. It will be for the future to see how this process will evolve.

As GCs have evolved mainly in the countries with already or planned high wind power
penetration (Denmark, Germany, Spain, UK, Ireland, US and China), this chapter discusses
mainly those GCs being considered most relevant from a technical point of view. In Table 7.1,

Table 7.1 GCs in countries with high wind power penetration

Country TSO Title Date WWW

Denmark Energinet.dk Grid Connection of Wind December 2004 www.energinet.dk
Turbines to Networks with
Voltages above 100 kV,
Regulation TF 3.2.5

Germany E.ON, EnBW, Transmission Code 2007 August 2007 www.vde.com

Vattenfall, RWE  ordinance on System 2009 www.erneuerbare-
Services by Wind Energy energien.de
Plants — SDLWindV
Spain Red Electrica Resolution-P.0.12.3, March 2006 www.ree.es
Response Requirements October 2008 WWW.TES.€S

against Voltage Dips in
Wind Installations

Draft of Annex of P.O.12.2,
restricted to the technical
requirements of wind
power and photovoltaic

facilities
UK NGET The Grid Code, issue 4 June 2009 www.nationalgrid.com
Ireland EIRGRID Grid Code, version 3.1 April 2008 www.eirgrid.com
UsS FERC FERC Order 661, June 2005 www.ferc.gov

WECC Interconnection with Wind  July 2009 www.wece.biz

Energy

WECC-060, Low Voltage

Ride Through Standard.

Revision of 2005 edition

(draft)
China CEPRI Revised National Grid July 2009 www.dwed.org

Code (draft)
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the current GCs from these countries are listed with information about getting these public
documents from the public domain onto the internet.

7.2.1 Denmark

Denmark has the world’s highest wind penetration of ca. 20 % (in terms of annual energy
consumption covered by WPP) and the current government has planned a challenging 50 %
renewable energy penetration by 2025, mostly by adding 3 GW offshore wind power plants to
the existing 3 GW by 2008 [1]. As pioneers in wind power penetration, Denmark was the first
country to adapt the grid interconnection requirements for WPP in the early 1990s. Currently,
the unique system operator is Energinet.dk and the actual GC issued in 2004 is:

® ‘Grid Connection of Wind Turbines to Networks with Voltages above 100 kV’, Regulation
TF 3.2.5, elaborated by Eltra and Elkraft System [2].

In particular, the Danish GC applies only to wind farms and imposes the existence of a wind
farm controller (WFC) featuring different types of active power regulation:

Absolute production constraint.
Delta production constraint.
Balance regulation.

Stop regulation.

Power gradient constrainer.
System protection.

Frequency control.

All these functions ensure that the wind farms can actively participate in the frequency
regulation process like any other conventional plant.

7.2.2  Germany

Gemany accumulated around 24 GW of installed wind power by 2008 and with plans to
increase this to in excess of 35 GW by 2013 [1], mostly offshore, will remain the biggest
wind country in the EU. Germany is divided into four control areas managed by the following
TSOs: EnBW, E.ON, Vattenfall and RWE.

The following documents are relevant:

® ‘Transmission Code’ issued in 2007 by all four system operators [3].

® ‘Ordinance on System Services by Wind Energy Plants’ (System Service Ordinance —
SDLWindV) — Draft [4], an update of Transmission Code 2007 issued in 2009.

¢ ‘Requirements for Offshore Grid Connections in the E.ON Netz Network’ by E.ON, 2008 [5].

The recent Ordinance on System Services — SDLWindV updates the national regula-
tion Transmission Code 2007, aiming to boost the security and stability of the networks
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with high wind energy penetration by primarily offering incentives in the form of a system
bonus of:

® 0.5 eurocents/kWh to all new wind farms installed after 30 June 2010.
® 0.7 eurocents/kWh for old wind farms installed before 1 January 2009.

This complies with the new features in terms of voltage control based on reactive power and
reactive current support of voltage recovery after faults. The active power control and LVRT
requirements defined by Transmission Code 2007 remain unchanged. As a novelty, the term
‘wind energy plant’ is defined for more specificity of these requirements.

7.2.3  Spain

With over 16 GW of wind power accumulated by 2008 and with plans for over 27 GW by
2013 [1], mostly onshore, Spain will be a very important wind country in Europe, surpassed
only by Germany. Although it is a large country, only one TSO operates in Spain and this is
Red Electrica.

The most relevant documents are:

® Resolution-P.0.12.3, ‘Response Requirements against Voltage Dip in Wind Installations’,
March 2006 [6].

® Annex of P.0.12.2, restricted to the technical requirements of wind power and photovoltaic
facilities (draft), October 2008 [7].

Two years later after the P.O.12.3 had imposed LVRT down to 0 V and limitation of
active and reactive power during faults, a specific procedure for verification, validation and
certification was published by the Spanish Wind Association AEE [8]. A technical assessment
of this document with practical test cases is performed in reference [9].

The recent draft of Annex of P.O.12.2 [7] applies for new wind or PV plants bigger than
10 MW installed after 1 January 2011 and requires for the first time a voltage controller
for defining the reactive power support during voltages outside the normal range. Also, as
a recommendation for the future, this document defines the possible requirement of inertia
emulation and power oscillation damping (POD), two features that require some active power
storage, which is very much a reminder of the synchronous generator technology.

7.24 UK

With over 3 GW cumulative installation by 2008 and with very ambitious offshore plans to
reach over 14 GW by 2013 [1], the UK is another important player in the European wind
market.

The relevant document elaborated by the TSO NGNET in 2009 is:

® ‘The Grid Code’, issue 4 [10].



150 Grid Converters for Photovoltaic and Wind Power Systems

Here, the wind farms are divided into embedded and nonembedded systems. Nonembedded
generating units are directly connected to the TS whereas embedded units only have an indirect
connection to the TS by another user (e.g. a wind farm or distribution system). Embedded and
nonembedded units need to fulfil different requirements. Furthermore, different requirements
have been defined for the two TS areas of Scotland and England/Wales, which are also
depending on the rated power output of the wind farm. Rather peculiarly, the PCC of a
wind farm might also be defined on a remote TS bus-bar in the UK, making the compliance
verification process more complicated.

7.2.5 Ireland

Even though it is a small country, Ireland is aiming for a high wind penetration and according
to reference [1] the ca. 1 GW installed now should be increased to ca. 2.4 GW by 2013,
reaching a penetration of over 15 %.

The relevant document is:

® ‘The EirGrid Grid Code’, version 3.1, 3 May 2008, elaborated by the National Grid Elec-
tricity Transmission plc [11].

The GC of Ireland is interesting as it poses technical challenges, as this country has very
favourable wind potential and the political will to increase penetration but low resources for
balancing wind power.

7.2.6 US

With over 25 GW by 2008 and in excess of 77 GW installed by 2013 [1], the US will be by
far the country with the largest accumulation of wind energy worldwide.

The United States Order 661A published in 2004 [12] by the Federal Energy Regulatory
Commission (FERC) regulates the connection of generators to the grid, but it was not specifi-
cally adapted for wind farms. In 2009, WECC (Western Electricity Coordinating Council), the
largest regional entity in the US counting over 1.8 million square miles stretching from Canada
to Mexico and passing through 14 western US states, published a draft of ‘The Technical Basis
for the New WECC LVRT Standard’ [13] to replace the WECC LVRT standard from June
2005. This document was prepared by the Wind Generation Task Force (WGTF) for WECC
and applies for all generation units with cumulative ratings higher than 20 MVA connected to
transmission levels higher than 60 kV after 1 May 2009.

7.2.7 China

With over 12 GW installed by 2008 and close to 55 GW planned by 2013 [1] China is a
major player with a huge potential for wind power integration. The CEPRI national research
institute for electrical power has drafted ‘Technical Rule for Connecting Wind Farm to Power
System’ in 2005 and due to the big growth in wind power penetration, they initiated in 2007
the three-years intergovernmental Sino—Danish Wind Energy Development (WED) project
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[14]. The main idea behind this programme is to convey to China the experience of Denmark
from achieving a record high wind energy penetration.

7.2.8 Summary

The grid connection requirements for wind turbines given are valid at the PCC (point of
common coupling) with the TS in most of the cases defined on the high-voltage side of the
wind farm step-up transformer.

The grid codes are very complex documents dealing with a lot of requirements in both
stationary and transients. For the sake of relevance only the following requirements have been
considered in this study:

Normal operation

® Frequency and voltage deviations.
® Active power control.
® Reactive power control.

Behaviour under grid disturbances

® Voltage ride-through LVRT.
® Reactive current injection.

7.3 Frequency and Voltage Deviation under Normal Operation

WPP are required to operate within a range around the rated voltage and frequency at PCC
to avoid disconnection due to transient disturbances. Typically this requirement is described
using different zones:

® continuous operation in a limited range below and above the rated point.
¢ time-limited operation with possible reduced output in extended ranges.
® immediate disconnection.

The voltage—frequency operational window for DK, D, E, UK, IE and CN are represented
graphically in Figure 7.1.

The strictest continuous operation limits for frequency appear in the British code [10]
(47.5-52 Hz) and for voltage in the Danish code [2] (90-106 % nominal voltage). For lower
frequencies outside the continuous operational area, some countries, like, for example, the
UK, require maintaining the output power in order to support frequency control.

It is obvious that the most extreme frequency limits, 46.5 and 53.5 Hz, are for E.ON
offshore [5]. In countries like Ireland, characterized by an isolated power system with weak
interconnections, larger frequency ranges are allowed.

The Spanish regulation (RD 661-2007) allows the widest continuous frequency range of
48-51 Hz, with disconnection for frequencies lower than 48 Hz for more than 3 sec. The
disconnection time for overfrequencies (>51 Hz) has to be agreed with the TSO.

In the German GC [3], even if permanent operation is allowed for frequencies higher than
50 Hz, power curtailment is required starting at 50.2 Hz in order to contribute to the primary
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Figure 7.1 Voltage—frequency operation window for DK, D, E, UK, IE and CN

control (see Section 7.4.2). Resynchronization after disconnection can take place once the
voltage increases again to about 105 kV in 110 kV networks, to 210 kV in 220 kV networks
and to 370 kV in 380 kV networks.

7.4 Active Power Control in Normal Operation

This is a typical requirement aligned with the conventional power plants reflecting the ability
to adjust the output power as required by the TSO in order to support balancing the load with
two different goals:

® Power curtailments (participation in secondary control).
® Frequency control (participation in primary control).
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Table 7.2 Power curtailments defined by the Danish GC

Type of regulation

Purpose

Primary regulation aim

Absolute production
constraint

Delta production
constraint

Balance regulation

Stop regulation

Power gradient limiter

System protection

Limit the wind farm’s current power
production in the connection point to a
maximum, specifically indicated MW value

Reduce the power production of the wind farm
to a lower value than the available power,
therefore creating regulating reserves

Adjust the power production to the power
setup requirement imposed by the TSO in
order to participate in the power balance of the
downward/upward regulation of production
that must be possible

Maintain the power production at the current
level (if the wind makes it possible); the
function results in a stop for upward regulation
and production constraints if the wind
increases

Limit the maximum gradient at which the
power output changes in relation to changes in
wind speed

System protection is a protective function that
must be able to automatically downward
regulate the power production of the wind farm
to a level that is acceptable to the power
system. In the case of unforeseen incidents in
the power system (for instance forced outage
of lines), the power grid may be overloaded at
the risk of power system collapse. The system
protection regulation must be able to contribute
rapidly to avoid system collapse

Limit production to
optional MW .«

Limit production by
MWdella

Change current
production by MW
with the set gradient

Maintain current
production

Power gradients do not
exceed the maximum
settings

Downward regulate
power production
automatically on the
basis of an external
system protection
signal

7.4.1 Power Curtailment

The requirements for power curtailments are different across the countries.

In Denmark [2], a ramp rate to up to 100 % of rated power per minute with curtailments all
the way down to 20 % and accuracy of 5 % (5 min. average) are required. In particular, six
different profiles of curtailments or gradient limiters are defined as shown in Table 7.2.

In Germany [4], the active power of WPP is required to be changed with a ramp rate of
at least 10 % of grid connection capacity per minute to any level required by TSO though no

lower than 0.1 p.u.

In Spain [7], the rate is not specified but the WPP has to be able to reach any set-point sent
by the TSO and additionally should transmit to the TSO the difference in the actual power and
the maximum possible power for the case when it works in the derated mode.
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Table 7.3  Active power gradients in the Chinese GC

WPP installation capacity (MW) 10 min. maximum ramp (MW) 1 min. maximum ramp (MW)

<30 20 6
30-150 Installation capacity/1.5 Installation capacity/5
> 150 100 30

In Ireland [11], two ramp rates averaged over 1 min. and over 10 min. should be in the range
of 1-30 MW per min., as required by the TSO, and should be activated in less than 10 sec.
In China [14], the ramp rate depends on the WPP rating, as described in Table 7.3.

7.4.2  Frequency Control

The active power output has also to be changed during frequency variation in order to ensure
smooth participation of the WPP in the primary control. The ramps in this case are much higher
than in the case of power curtailments. If the WPP uses a different P gradient as the other
participants of the balancing act, stability issues may occur. This gradient is typically given in
MW/Hz, indicating the required variation of power as a response to a frequency variation.

The participation in frequency control is different from country to country, as shown in the
table in Figure 7.2. All generating units must reduce, while in operation, at a frequency of
more than 50.2 Hz, the instantaneous active power with a gradient of 40 % of the generator’s
instantaneously available power per hertz, as shown in Figure 7.2.

According to the German code [4], when frequency exceeds the value 50.2 Hz wind farms
must reduce their active power with a gradient of 0.4 p.u./Hz (40 % of the available power of
the WPP).

The British code [10] requires wind farms larger than 50 MW to have a frequency con-
trol device capable of supplying primary and secondary frequency control, as well as an
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Figure 7.2 Irish power—frequency curve
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overfrequency control. It is remarkable that it also prescribes tests that validate that wind
farms indeed have the capability of the demanded frequency response.

The Irish code [11] demands a frequency response as described in the curve shown in
Figure 7.2.

The values for the power and frequency of points ABCDE should be on-line modified by
the TSO within the range mentioned in Figure 7.2. This is due to the fact that in order to
obtain a smooth participation of WPP in the TSO frequency control, the power ramp should
be imposed by the TSO in harmony with the frequency response of the other participants to
the balancing act.

In the power system, the frequency is an indicator of the imbalance between production
and consumption. For normal power system operation, the frequency should be close to
its nominal value. In the case of an imbalance between supply and demand, the primary and
secondary controls are used to reduce the imbalance of power. In a power system, conventional
generating units are normally equipped with a governor control, which works as the primary
load frequency control. The time span for this control is 1-30 sec. In order to restore the
frequency to its nominal value and release used primary reserves, the secondary control
is employed with a time span of 10-15 min. The secondary control thus results in a slower
increase or decrease of generation. Some regulations require wind farms to be able to participate
in secondary frequency control. During the overfrequencies, this can be achieved by shutting
down some of the turbines in the wind farm or by reducing the power output using pitch
control. Since wind cannot be controlled, power production at normal frequency would be
intentionally kept lower than possible in order for the wind farm to be able to provide secondary
control at underfrequencies. They will then be required to provide primary, secondary and high
frequency responses.

7.5 Reactive Power Control in Normal Operation

The new GC aim for turn WPP is to make it behave more like conventional synchronous
generator power plants in terms of Q regulation in response to the grid voltage variation, a
feature known as automatic voltage regulation (AVR). The Q requirements are related to the
characteristics of each grid as the voltage changing capability depends on the grid short-circuit
power. This requirement can be given in three different ways:

® ( set-point.
® Power factor control.
® Voltage control.

7.5.1 Germany

The minimum requirements for reactive power generation [4] are given in the form of areas as
a function of voltage at nominal active power and as a function of active power for the cases
when the WPP is working at derated power for different ranges of voltages inside the normal
operation range. The requirement can be given as a Q requirement or a PF requirement. As
the characteristics of the grid may differ depending on location and strength, three variants are
defined by the German TSOs, as depicted in Figure 7.3(a) to (c).
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The WPP should be able to cycle the entire Q range in voltage or active power planes within
4 min. The Q controller refers to the positive-sequence system components and should be slow
with a settling time in the minutes range.

7.5.2  Spain

The Q requirements during normal operations as defined by the directive P.O.7.4 [15] from
2000 applies to all generation on the HV level, both conventional and renewable. The following
requirements are defined as a function of active power and transmission voltages as follows:

® minimum range 0.15i-0.15¢ for all technical P range and nominal voltage.
* minimum range 0.30i—0.30c as a function of the voltage, as shown in Figure 7.3(d).

7.5.3 Denmark

In the Danish requirement [2], the 10 sec. average PQ diagram is given as shown in Figure
7.3(e), which applies for the whole range of voltage in normal operation. Basically it defines
a control band of 0.1 p.u. In comparison with the German and Spanish GCs, the minimum
required Q is lower. This should be regarded as the minimum requirement.

After agreement with the TSO, the Q set-point or voltage control mode can also be adopted
by the WPP, resulting in larger amounts of Q.

7.5.4 UK

The British code[10] is specifically formulated for nonsynchronous embedded generation and
requires a PF in the range 0.95i to 0.95c at 1 p.u. active power for connection to the HV system
(132/275/400 kV). This requirement is equivalent to 0.33 p.u. reactive power and should be
maintained for active power down to 0.2 p.u. for lagging PF and down to 0.5 p.u. for leading
PF. The grey area in Figure 7.4(a) is an extension of the Q requirements in the dashed area for
P lower than 0.2 p.u. and a lower band of £0.05 p.u. of reactive power is required at low-power
leading PF, which can be required after agreement with the TSO (NGET).
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Figure 7.4 The Q requirements in the PQ plane of: (a) UK and (b) Ireland
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7.5.5 Ireland

The Irish code [11] is quite similar but with 0.33 p.u. Q for both lagging and leading PF, as
shown in Figure 7.4(b), and with the Q requirements decreasing linearly to O proportional with
P for P lower than 0.5 p.u.

7.5.6 US

The US FERC 661 code [12] concludes that reactive power in the PF range 0.95i to 0.95¢
can be required by the TSO on a case-by-case situation and that it is not mandatory for it to
be dynamic (STATCOM). This is why even now a large amount of reduced variable-speed
range wind turbines with variable rotor resistance are still installed in the US. Only the modern
variable-speed turbines with either DFIG or FSC technology are able to comply with dynamic
reactive power requirements.

7.6 Behaviour under Grid Disturbances

Grid faults in the form of voltage sags or swells can typically lead to tripping of WPP, which
can unbalance the grid and may yield blackouts. To avoid this, the GCs typically require three
things: do not disconnect from the grid even if the voltage goes down to zero for up to 150 ms,
support the voltage recovery by injecting reactive current and ramp up the active power after
the fault clearance with a limited ramp to harmize with the ‘natural’ recovery of the grid after
fault clearance. The following typical features are generally defined in GCs:

® Voltage ride-through (VRT) in terms of minimum (LVRT) and maximum (HVRT) voltage
magnitude and recovery slope for symmetrical and asymmetrical faults the WPP should be
able to withstand without disconnection and timeframe, and the circumstances under which
WPP can be disconnected from the grid.

e P and Q limitation during faults and recovery.

e Reactive current injection (RCI) for voltage support during fault and recovery.

® Resuming active power with limited ramp after fault clearance.

In the following, some relevant national VRT requirements are described with a focus on
the ones that pose more technical challenges for the WPP.

7.6.1 Germany
The VRT and RCT are described in Figure 7.5 [4]. The following in particular apply:
VRT

e Within the black area no interruptions are allowed. The WPP must stay connected even
when the PCC voltage is zero. The 150 ms accounts for the typical operating time of the
protection relays.
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® Within the dark grey area, if the facility is facing stability issues, short time interruptions
(STI) with resynchronization for a maximum of 2 sec. are allowed. Modern WT with FSC
are allowed to initiate STI at higher voltage levels providing the interruption time is limited
to 2 sec. and the reactive current injection continues during the interruption period.

e Within the light grey area short disconnection with resynchronization later than 2 sec. can
be allowed after agreement with the TSO.

¢ For faults longer than 1.5 sec., stepwise interruptions are allowed.

® The voltage value in Figure 7.5 refers to the highest value of all three-phase grid voltages
measured at the low-voltage side of the transformer in each wind turbine.

P and Q limitation during faults and recovery

® During faults, the active current can be reduced in order to fulfil the reactive current require-
ments after the fault period. A fast return to normal active power generation is essential to
ensure the power balance within the grid, and thus frequency stability.

Minimum reactive current injection

® In case of significant deviation of the voltage, proportional reactive current has to be in-
jected/absorbed, as shown in Figure 7.5.

® The slope of the minimum reactive current injection (K = tan (§) = Al./AV) can be vari-
able between 0 and 10.

e A deadband of 10 % of voltage variation is used to improve stability. This deadband can be
eliminated in future for an HV transmission connection.

® The response time of the reactive current controller should be a maximum of 30 ms and the
control band should be between —10 and 420 % of the rated current.

® The reactive current requirements in Figure 7.5 apply for the highest value of the three-phase
voltages in the case of faults within the black area.

® For one- and two-phase faults, the maximum reactive current can be limited to 40 % of the
rated current.

o After fault clearance, the reactive current reference should not change stepwise in order to
avoid stability issues.

¢ For voltages below 0.85 p.u., if the facility is unable to supply the reactive power required
for voltage support, the so-called ‘Safeguard I’ implemented in PCC will trip the wind farm
after 0.5 sec. ‘Safeguard II’ at the wind turbine level is implemented as system protection
acting after 1.5 sec. and includes the stepwise tripping of wind turbines.

Resuming active power

o After fault clearance without disconnection, the active power feed-in must be continued
immediately after fault clearance and increased to the original value with a gradient of at
least 20 %/sec.

¢ In case of short disconnection, the active power feed-in must be resumed immediately after
fault clearance with a gradient of at least 10 %/sec.

7.6.2  Spain [7]
VRT (see Figure 7.6)

® No disconnection is allowed within the black area for one-, two- and three-phase faults.
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® No disconnection is allowed within the grey area for one- and three-phase faults.

® No disconnection is allowed for 1 sec. for the 1.15 p.u. level and 250 ms for 1.3 sec.

* During the whole transient regime, the facility must be able to inject to the grid at least the
nominal apparent current.

P and Q limitation during faults and recovery

® The facility might not consume active and reactive power at the grid connection point during
both the fault duration and the duration of voltage recovery following fault clearance.

* Momentary active or reactive power consumption (< 0.6 p.u.) is allowed during just the
first 40 ms after the start of the fault and the first 80 ms after the clearance of balanced
(three-phase) faults.

* Momentary active or reactive power consumption (< 0.4 p.u.) is allowed during just the
first 80 ms after the start of the fault and the first 80 ms after the clearance of unbalanced
(single-phase and two-phase) faults.

Reactive current injection

The requirements of Q generation under voltage faults (V < 0.85 p.u.) are implemented
similarly as for the case of automatic voltage regulation (AVR) in conventional synchronous
generation, i.e. in the form of a PI voltage controller with reactive current reference I, as
output, as shown below:

1, max(V)
V. o+ K 1,
K
[+7;
v 1, min(V)

Figure 7.7 Reactive current injection requirements in Spain during FRT

where V, is the voltage set-point (RMS), V is the PCC voltage (RMS) and I, is the instanta-
neous reactive current reference. The saturation levels are voltage dependent, as explained in
Figure 7.7.

The following conditions apply:

® The controller will be enabled for any voltage outside the normal operation range.

e If the WPP was working in the voltage control mode in normal operation, the voltage
set-point during the fault will remain unchanged.

¢ If the WPP was working in the Q or PF control mode, during the disturbance the voltage
set-point will be the voltage prior to the fault if the normal operation is set to reactive power
or power factor allocation.

® During the fault, the facility should inject/absorb positive sequence reactive currents based on
the action of the voltage controller with minimum saturation levels defined by the polygonal
curve ABCDE, as shown in Figure 7.6. In case of overvoltage, the saturation levels are
mirrored but for voltages higher than 1.3 p.u. disconnection is required by protection relays.
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Figure 7.8 Active power limitation during FRT in Spain

® These levels should be implemented as saturation levels for the voltage controller that runs
in both normal and faulty operation.

® For the range 0.85 < V < 1.15 p.u., the injected reactive current will react according to the
voltage control, possibly saturating the regulator limits.

® Once the fault is cleared, the voltage controller will remain enabled for at least 30 sec. after
the voltage level reenters the normal operation range. Afterwards, the voltage controller will
be disabled and the reactive power requirements for normal operation will apply.

Active current injection

® During faults, the facility should limit the active current within the grey area, as shown in
Figure 7.8 (excluding the active current increments/reductions due to frequency control or,
if applicable, inertia emulation).

¢ [t can be seen that the active current limitation is a function of P,,, the active power that the
facility was generating prior to the disturbance and voltage level.

® For voltage levels lower than 0.5 the active current can be reduced to zero.

® Any possible violation of these active current limits must be corrected before 40 ms.

* In the case of current saturation, reactive current limitation given by voltage controller
saturation has priority over active current limitation.

¢ For voltages higher than the normal operation, the facility will seek, if possible, to maintain
the active power level prior to the disturbance.

® The gain of the active current controller should ensure a dynamic response (90 % rise) in
less than 40 ms for V < 0.85 p.u. and 250 ms for V > 0.85 p.u.

Resuming active power

® The voltage-dependent active current control previously mentioned ensures that after the
fault clearance without disconnection, the active power level prior to disturbance will be
restored smoothly within 250 ms.
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Figure 7.9 VRT in US-WECC

7.6.3 US-WECC

The recent WECC LVRT standard [13] is an effort to create compliance with the federal
regulation FERC Order 661-A [12] in terms of the fault voltage level and duration (0 V for
9 cycles) and boundaries for the time of voltage recovery for both LVRT (until the voltage
became higher than 90 %) and HVRT (until the voltage became lower than 110 %).

VRT (see Figure 7.9)

e All generators are required to remain in-service during three-phase faults with normal
clearing (for a maximum of 9 cycles) unless clearing the fault disconnects the generator
from the transmission system.

® The voltage is measured at the high-voltage side of the WPP step-up transformer.

¢ For single-phase faults, delayed clearing times apply unless clearing the fault disconnects
the generator from the transmission system.

® The TSO should provide to the WPP owner the normal breaker clearing time for three-phase
faults and the delayed clearing time for single-line-to-ground faults at the high-voltage side
of the generating plant step-up transformer.

® There is no requirement for power limitation during fault or reactive power injection during
fault or recovery.

A recent study by Transpower [16] summarizes the LVRT requirements in over 20 different
countries.

7.7 Discussion of Harmonization of Grid Codes

From the survey presented above, it can be observed that the interconnection regulations vary
considerably from country to country. It is often difficult to find a general technical justification
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for the existing technical regulations that are currently in use worldwide due to the different
wind power penetration levels in different countries and operational methodology of power
systems.

For instance, countries with a weak power system, such as Ireland, have considered the
impact of wind power on network stability issues, which means that they require fault ride-
through capabilities for wind turbines already at alower wind power penetration level compared
with countries that have very robust systems. It is interesting to note that inclusion of FRT
regulations for DFIG increase the overall cost by 5 %. The European Wind Energy Association
(EWEA) recommends that regulations for the European grid connection (or other nations) are
to be developed in a more consistent and harmonized manner [17]. Harmonized technical
requirements will bring maximum efficiency for all parties and should be employed wherever
possible and appropriate. While this applies to all generation technologies, there is a particular
urgency in the case of wind power. As wind penetration is forecasted to increase significantly
in the short to medium term, it is essential that grid code harmonization should be tackled
immediately. It will help manufacturers to internationalize their products/services, developers
to reduce cost and TSOs to share experience, mutually, in operating power systems.

It is also important that the national GC should aim at an overall economically efficient
solution; i.e. the costly technical requirements such as the ‘fault ride-through’ capability for
wind turbines should be included only if they are technically required for reliable and stable
power system operation. Hence, it can be summarized that GCs should be harmonized at least
in the areas that have little impact on the overall costs of wind turbines. In other areas, GCs
should take into account the specific power system robustness, the penetration level and/or the
generation technology.

Moreover, interconnection standards of different countries may also vary in future.

7.8 Future Trends

The following requirements are expected to be included in future GCs.

7.8.1 Local Voltage Control

Both the Spanish and the German GCs have increased the complexity of the reactive current
injection during fault and recovery and a continuous local voltage control may prove to be
necessary, particularly for offshore wind farms [18].

7.8.2 Inertia Emulation (IE)

The Spanish GC [7] mentions that even if for the moment the ability to emulate inertia is not
yet compulsory it is strongly recommended and it may be introduced as a requirement later.
The implementation of emulated inertia should be in the form of a PD controller acting
on frequency variation as input and outputting the necessary power variation, as shown in
Figure 7.10.
The following conditions apply:

® The gain K, should be adjustable between 0 and 15 sec. and the response time should be
such that in 50 ms the active power should increase at least by AP = 5 %.
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Figure 7.10 Inertia emulation recommended requirement in Spain

* In order to be able to generate the required saturation levels, A Py, energy storage of
any technology is required in order to inject or absorb at least 10 % active power for at least
2 sec.

® The deadband of frequency variation will be limited to 10 mHz.

¢ The IE should be disabled for voltages lower than 0.85 p.u.

7.8.3  Power Oscillation Dumping (POD)

This is another feature strongly recommended by the Spanish GC [7] where, just as in the case
of the synchronous generators, the system should be able to increase or decrease the output
power in such a way to reduce the power oscillations in the low-frequency range (0.15-2.0
Hz). The following specific requirements apply:

The POD can be implemented by ‘sharing’ the existing power—frequency regulator.
The POD can ‘share’ the energy storage used for IE.

The deadband of frequency variation will be limited to =10 mHz.

The POD should be disabled for voltages lower than 0.85 p.u.

Another important trend is to harmonize the GC worldwide by standardization of some
requirements and testing procedures, say, for example, VRT. Actions in these directions are
undertaken by the European Wind Energy Association (EWEA) and IEC. However, as grid
systems have quite different characteristics worldwide it may be a long-term objective.

7.9 Summary

In this chapter, the grid code technical requirements were presented for the connection of wind
farms to the power systems, basically at the HV level. A comparative overview and analysis
of the main requirements was conducted, comprising several national and regional codes from
many countries where high wind penetration levels have been achieved or are expected in
the future. The objective of these requirements is to provide wind farms with the control and
regulation capabilities encountered in conventional power plants that are necessary for the
safe, reliable and economic operation of the power system. Current wind turbine technology,
particularly its development over the last few years, has been heavily influenced by these
requirements. Modern wind turbines are indeed capable of meeting all requirements set, with
the exception of the constant-speed machines, which are practically not marketed any more
for large-scale applications.
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Grid Synchronization in
Three-Phase Power Converters

8.1 Introduction

One of the lessons learned from the intensive research conducted on distributed power systems
during last few years is that the electricity networks of the future will be based to a large extent
on new power electronics and ICT applications, some of which have already been in use in
other sectors of industry for decades [1]. This implies that grid-connected power converters
applied in distributed power generation systems should be carefully designed and controlled
in order to achieve even better performance than the conventional power plants they replace.
One of the most important aspects to consider in the control of power converters connected
to electrical grids is the proper synchronization with the three-phase utility voltages. This
three-phase synchronization is not just a matter of multiplying by three the synchronization
system used in single-phase applications, since the three phases of a three-phase system do
not work autonomously but do it in a coordinated way, keeping particular relationships in
terms of phase shifting and phase sequencing. Therefore, the three-phase voltage should be
understood as a vector consisting of three voltage components, which provides the capability
of generating and consuming power in a three-phase system.

The module and the rotation speed of the three-phase grid voltage vector keep constant
when balanced sinusoidal waveforms are present in the three phases of the system — with
equal amplitude, frequency and relative phase shifting. As shown in Figure 8.1, under such
ideal operating conditions, the voltage vector describes a circular locus on a Cartesian plane,
generally known as the o8 plane.

In power systems, this rotating voltage vector is mainly supplied by big synchronous gen-
erators, and the electrical equipments located at the transmission, distribution and utilization
levels are designed assuming that such a voltage vector has both a constant module and
a constant positive rotation speed. In practice, however, there are multiple nonidealities in
power systems that originate disturbances on the three-phase voltage vector. These voltage
disturbances can be classified according to their harmonic spectrum, duration and amplitude

Grid Converters for Photovoltaic and Wind Power Systems Remus Teodorescu, Marco Liserre, and Pedro Rodriguez
© 2011 John Wiley & Sons, Ltd
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Figure 8.1 Ideal three-phase voltage vector

and give rise to undesirable effects on electrical equipments, such as resonances, increasing
power losses or premature ageing [2].

A grid-connected power converter is particularly sensitive to voltage disturbances since its
control system might lose controllability on the power signals under such distorted operating
conditions, which could trip any of its protection systems or might even destroy the power con-
verter. Moreover, a power converter can interact with the grid at the point of common coupling
in order to attenuate the voltage disturbances and reduce their undesirable effects. For these
reasons, the voltage vector disturbances should be properly detected by the synchronization
system, and the control system of the power converter should react to both ride-through such
operating conditions and provide some support to the grid.

In the case where the voltage vector at the connection point of the power converter is dis-
torted by high-order harmonics with reasonable amplitude, the detection system bandwidth
can be reduced in order to cancel out the effect of these harmonics on the output. Despite
this bandwidth reduction, the detection system should still operate satisfactorily in the pres-
ence of slow voltage fluctuations. In the case where the voltage vector is unbalanced, the
bandwidth reduction is not an acceptable solution since the overall dynamic performance of
the detection system would become unsatisfactorily deficient. In such a case, the sequence
components of the unbalanced voltage vector should be identified by using specific detection
techniques and passed as inputs to the control system to react accordingly to such voltage
disturbance.

Therefore, grid synchronization of three-phase power converters entails the usage of ad-
vanced detection systems, specially designed to both reject high-order harmonics and identify
the sequence components of the voltage vector in a fast and precise way. Particularly, the
real-time detection of the sequence components of the voltage vector in three-phase networks
is an essential issue in the control of distributed generation and storage systems, flexible AC
transmission systems (FACTS), power line conditioners and uninterruptible power supplies
(UPS) [3,4]. In such systems, the magnitude and phase angle of the positive- and negative-
sequence voltage components are generally used for the synchronization of the converter
output variables, calculation of the power flow or transformation of stationary variables into
rotating reference frames [5-7].

This chapter presents some three-phase synchronization systems suitable to be applied under
unbalanced and distorted grid operating conditions.
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8.2 The Three-Phase Voltage Vector under Grid Faults

Three-phase voltages can become unbalanced and distorted because of the effect of nonlinear
loads and transient grid faults. Ideally, power converters used in distributed generation should
be properly synchronized with the grid under such adverse operating conditions to stay actively
connected, supporting the grid services (voltage/frequency) and keeping up generation. The
faulty three-phase voltages can be generically understood as a summation of unbalanced
harmonic components. Therefore, in a general way, the three-phase voltage vector can be
written as

Vg4 oo
— — +n —-n On
Vabe = Vb - z : (vabc + Vabe + vabc)’ (81)
Ve n=1

where

cos(nwt + ¢*")

v = v | cos(nor — E 4 ¢T") (8.2.2)
2. n

| cos(nwt + 3 + ot ) |

cos(nwt +¢~") 7]

v =V | costnor + E +¢7") (8.2.b)
2 —n

_cos(na)t -5 +¢ )_

cos(nwt + ¢

W = v | cos(nor +¢™) (8.2.c)
cos(nwt + ¢)

In (8.1) and (8.2), superscripts +n, —n and On respectively represent the positive-, negative-
and zero-sequence components of the nth harmonic of the voltage vector v.

Distributed generators are usually linked to three-phase networks by using a three-wire
connection and hence they do not inject zero-sequence current into the grid. Thus, the zero-
sequence component of the voltage vector will be intentionally ignored in the equations
describing the synchronization systems presented in this chapter since it is not necessary to
synchronize any current with such a zero-sequence voltage component. Nonetheless, if nec-
essary, the zero-sequence component could be easily extracted from the voltage vector by
applying the Clarke transformation, defined by (A.14) in Appendix A, and its characteristic
module and phase angle can be determined by using any of the single-phase synchronization
systems presented in Chapter 4. Moreover, three-phase power converters used in WT and
PV systems generally inject positive-sequence currents at the fundamental frequency into
the grid and only intentionally inject negative-sequence and harmonics currents in unusual
cases, i.e. either avoiding power oscillations to protect the power converter or injecting un-
balanced reactive currents to compensate the unbalanced grid voltage at the point of common
coupling. Therefore, the correct detection of the positive-sequence component at the funda-
mental frequency of the three-phase grid voltage can be considered as the main task of the
synchronization system of a grid-connected three-phase power converter.
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In a general form, a positive-sequence voltage vector at the fundamental frequency inter-
acting with either a positive- or negative-sequence nth-order component can be expressed by

cos(wt) cos(nwt)
_ 2 2
Vare = Vi 4wl = V| SO ; D v | costnen =20 (83)
cos(wt + ) cos(nwt + 27”)

where n > (O means a positive-sequence component and n < 0 a negative-sequence one. The
voltage vector of (8.3) can be expressed on the Cartesian o8 stationary reference frame by
using a reduced version of the Clarke transformation, resulting in

e | 3 41| cos(wr) 3 . [ cos(nwt)
”“ﬂ_[vﬁ}_mﬂ]'”“’”_\/;w |:sin(a)t)i|+ 2V [Sin(nwt)] 84

where
1 1
) T
Tug| =4/ = .
Tal=\3| & 83)
2 2

The voltage vector of (8.3) can also be expressed on a Cartesian dg rotating reference frame
by using the Park transformation as

=% = _ |31 cos(wr —6") 3 .| cos(nwt —6")
vdq—[vq}—[qu].vaﬁ—\/;w |:sin(a)t—9/):|+\/;v |:sin(na)t—9/):| (8.6)

where

| cos(@’) sin(®")
[qu] - |: _ sin(@ /) COS(9 /)i| (87)

with 6 the angular position of the dg rotating reference frame.

As an illustrative example, Figure 8.2 shows the evolution of the three-phase voltage vector
of (8.3) in two different cases. Figure 8.2(a) shows the interaction of the fundamental frequency
positive-sequence component with a fundamental frequency negative-sequence component
(n = —1), whereas Figure 8.2(b) shows the interaction of the fundamental fre-
quency positive-sequence component with a fifth harmonic negative-sequence component
(n=-5).

Assuming that the dq reference frame rotates synchronously with the positive-sequence
voltage vector, with the d axis in the same direction as the positive-sequence voltage vector
v+l ie. with ' = wt, the expression of (8.6) gives rise to

31 3 . [cos((m—1)wt)
"dq_\/;v+ [0}r 2V I:sin((n—l)wt):| (8.8)
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(b)

Figure 8.2 Locus of (a) an unbalanced and (b) a distorted voltage vector

From (8.8), the module and angular position of the three-phase voltage vector, Ivl and 6
respectively are given by

ol = Ju2 + 0 = \/g (V1) 4 (V) 4 2v+1 v cos (1 = Don)] (8.9)

V" si — Dot
9 = tan—' 22 — wr + tan~! (ﬁ) — wf +tan”" [ sin((n — Dwt) } (8.10)

Vg Vg V+l 4+ Vrcos((n — 1) wt)

Equations (8.9) and (8.10) are evidence that the compound voltage vector v has neither constant
module nor rotational frequency. Moreover, these equations show that both the amplitude and
the angular position of the positive-sequence component cannot be extracted by just filtering
the detected module and phase angle of the compound voltage vector v.

As an example, Figure 8.3(a) shows the phase voltage waveforms of a three-phase system
affected by a phase-to-phase grid fault. Just the positive- and negative-sequence components
are considered in this example, being V*! = 0.75 p.u. and V~! = 0.25 p.u. (it is assumed
here that the pre-fault voltage amplitude is equal to 1 p.u.). Therefore, the module and angular
position of the voltage vector during the grid fault are given by

v = \/0.9375 + 0.5625 cos (2wt) (8.11)
- 0.25 sin (—2wt)
0 = wt + tan (8.12)
0.75 + 0.25 cos Qwt)

Figure 8.3(b) shows the locus described by the voltage vector normalized with respect to the
pre-fault vector module. In this figure, the instantaneous value of the angular frequency of the
voltage vector, d9/dt, has been represented on a vertical axis, orthogonal to the o 8 plane. It can
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Figure 8.3 Space vector evolution in a phase-to-phase grid fault

be appreciated in this figure how the voltage vector locus changes from a circle to a completely
different shape once the fault happens. However, the projection of this three-dimensional shape
on the «f plane matches the ellipse plotted in Figure 8.2(a). This figure highlights that the
instantaneous angular frequency of the voltage vector is not a constant during the grid fault,
which should be taken into account when a three-phase synchronization system is designed.
Figure 8.3(c) shows the evolution of the voltage vector module Ivl, normalized with respect
to the pre-fault vector module. The average value of the voltage vector module during the
grid fault, Ivl,,, is plotted by a dashed line, whereas the module of the positive-sequence
voltage vector, lvt!l, is plotted by a thin continuous line. Figure 8.3(d) shows the evolution of
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the voltage vector phase angle 6. Both figures show that the information about the positive-
sequence voltage vector v! cannot be properly obtained by just applying conventional filtering
techniques to the module and phase-angle signals of the compound vector v.

8.2.1 Unbalanced Grid Voltages during a Grid Fault

Before presenting some solutions for detecting the sequence components of an unbalanced
voltage vector, an example of how such unbalanced voltages are generated during a grid fault
will be presented here. The analysis procedure presented in the following can be applied to any
kind of grid fault to obtain its characteristic parameters (three-phase, three-phase to ground,
phase to ground, etc.). Nevertheless, a more detailed explanation about this topic can be found
in the literature [8—10].

The phase-to-phase grid fault that originated the unbalanced waveforms of Figure 8.3(a)
can be represented by the circuit of Figure 8.4, where it is assumed that the line impedance is
equal for all three phases and the voltage supplied by the three-phase generator is sinusoidal,
balanced with positive-sequence components, at the fundamental frequency.

The phase voltages and current in the faulty lines of Figure 8.4 verify that

Uy = Ve iy = —iy; i =0 (8.13)

From (8.13) and using phasors, the positive-, negative- and zero-sequence voltage compo-
nents at the fault point, V;,r, V., Vao,, can be calculated by equation (A.1) of Appendix A,
resulting in

f/j 1 1 a o? ‘7“, | ‘7&, - ‘7}),
Vi = | Vo [=5| e’ @ ||V |=5| Vu—Vy (8.14)
1% 111 v, V., +2V,

where a = ¢/%"/3 = 1/120° is the Fortescue operator [11]. Voltage phasors of (8.14) indicate
that the positive- and negative-sequence voltage components at the fault point are equal, i.e.
Vi=V_.

Figure 8.4 Three-phase circuit of a phase-to-phase grid fault
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Figure 8.5 Sequence components based on the equivalent circuit of a phase-to-phase grid fault

Likewise, from (8.13), the positive-, negative- and zero-sequence components of the line
currents during the grid fault are given by

I} 1l a a? I, jfh,
5 a2 S 1 o

L o) = {a =3 o o I_{] = 7A —jl, (8.15)
I 111 g 0

Current phasors of (8.15) indicate that the zero-sequence current component is equal to zero
and, consequently, the addition of the positive- and negative-sequence current components are
equal to zero as well, namely IO, = 0and I+ + I_, =0.

Once the relationships between the sequence components of voltages and currents during
the grid fault are defined, the actual three-phase circuit of Figure 8.4 can be transformed into
the equivalent circuits of Figure 8.5 based on the sequence components. In this figure, VSJ;
represents the pre-fault voltage vector of the phase a, i.e. one of the three phase voltages of
the positive-sequence balanced pre-fault voltage vector.

Assumln_g that the positive- and negative-sequence line impedances at the source side are
equal, i.e. Z& = Z; =Z ¢» Which is true in most cases, the circuit of Figure 8.5 gives rise to
the following sequence voltages at the point of common coupling (PCC):

. ZS+(Z;+Z;) .
Vi=— (8.16a)
275+ (Z,t + z;)

Vo= — Vil (8.16b)

VO=0 (8.16¢)
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The severity of the grid fault seen from the PCC can be assessed by the dip parameter D,
which defines the relationship between the line impedances at the fault side and the source
side, i.e.

(Z; + Z;)

27 + (Z; + 2;)

D= D/pp = (8.17)

It is worth highlighting here that the magnitude of the faulty voltage depends on the distance
from the PCC to the fault point, namely it mainly depends on the module of D. The difference
in the phase angle between the pre-fault and the faulty voltage depends on the phase angle
of D. If the X/R ratio of the impedances at both sides of the PCC remains constant, i.e. if
the phase angle of Z s is equal to that of Z +Z; - there is no phase-angle jump between the
pre-fault and the faulty voltage.

Substituting (8.17) in (8.16), the sequence voltages at the PCC can be written as

V. 1 1+D
Vicopeo = | Va | = 5V5§ 1-D (8.18)
Vo 0

From (8.18), the phase voltages at the PCC can be calculated by using equation (A.4) of
Appendix A, resulting in

1
v, 1 17V L VAL
Vaseper = | Vo | = | @ @ L Ve | = Vi | 373 P (8.19)
a o 1 17 1 3.
¢ a -+ £D
272

In this example, the voltage phasors of (8.19) describe the unbalanced voltage waveforms of
Figure 8.3(a), which are related to a phase-to-phase grid fault.

8.2.2 Transient Grid Faults, the Voltage Sags (Dips)

A voltage sag, also called a voltage dip, is a sudden reduction of the grid voltage at the PCC,
generally between 10and 90 % of the rated value, during a period lasting from half a cycle
to a few seconds. Voltage sags usually happen as a consequence of short-circuits, faults to
ground, transformers energizing and connection of large induction motors. Depending on both
the type of grid fault and the transformer connections along the power lines, it is possible to
distinguish between different types of voltage sags.

The definition of guidelines to cla351fy voltage sags is a matter that remains under discussion
still today [12]. The product DVSa is known as the ‘characteristic voltage’ of the voltage sag
and represents either the phase voltage in phase-to-ground faults or the line-to-line voltage in
phase-to-phase faults. Likewise, the phase angle of D is known as the ‘characteristic phase
angle jump’ of the voltage sag. Figure 8.6 shows four types of voltage sag resulting from
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Figure 8.7 Voltage sag type C with D =05/-30°

different grid faults in which the characteristic phase angle jump was assumed equal to zero.
In this figure, the voltage sags have been typified according to the nomenclature proposed in
reference [8]. The characteristic parameters of the voltage sags of Figure 8.6 can be calculated
by following a similar procedure to the one described in the previous example for a phase-to-
phase fault. A more detailed explanation about this mathematical procedure can be found in
reference [9].

There are many practical cases in which the X/R ratio of the impedances at both sides of the
PCC of Figure 8.4 does not keep constant during a fault, which implies a phase-angle jump is
different to zero. This is particularly true when the fault affects to power lines consisting of
sections with different impedances, or when big induction motors are connected to the grid.
In such a case, the voltage phasors during the grid fault lose the symmetry, shown by the sags
of Figure 8.6. As an example, Figure 8.7 shows a voltage sag type C with D =0.5/— 30"

8.2.3 Propagation of Voltage Sags

The type of sag experienced by a system connected to a given AC bus not only depends on the
number of phases affected by the grid fault but it is also influenced by the transformers located
in between the AC bus and the fault point. The amplitude and phase angle of the unbalanced
voltage resulting from a given grid fault will be modified when propagated through regular
three-phase transformers used in power systems, which will give rise to new types of voltage
sags different to the ones shown in Figure 8.6. Moreover, the zero-sequence component,
generally present in phase-to-ground faults, will be removed. As an example, Figure 8.8 shows
how the line-to-line voltages of a sag type C applied to the primary of a Dy transformer are
propagated to the secondary winding with different voltage amplitudes and phase angles,
which results in a new type of voltage sag (type D).

To identify the different types of voltage sag existing in a generic distribution system,
voltage on the buses of a power line like the one shown in Figure 8.9 are analysed in this
section. In this analysis, three possible points of common coupling (PCC,, PCC, and PCC3)
are considered, which result from the cascade connection of two Dy transformers. An analysis
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Figure 8.9 Voltage sag propagation along three points of common coupling (PCC;, PCC, and PCC;)
in a power line with two cascade-connected Dy transformers

of the voltages measured on PCC, and PCC3; allows three new types of voltage sags (types D,
F and G) to be identified from the original voltage sags (types A, B, C and E) existing on bus
PCC; as a consequence of different types of faults occurred at bus F.

The relationship between the different types of voltage sag is summarized in Table 8.1. The
sequence components and phase-voltages of the voltage sag types D, F and G are shown in
Figure 8.10.

Table 8.1 Propagation of voltage sags through Dy transformers

Point of common coupling

Fault type PCC, PCC, PCC;

Three-phase/three-phase to ground
Single-phase to ground

Two-phase

Two-phase to ground

maOw >
™o Q>
Qg
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8.3 The Synchronous Reference Frame PLL under Unbalanced and
Distorted Grid Conditions

The most extended technique used for frequency-insensitive grid synchronization in three-
phase systems is the PLL based on the synchronous reference frame (SRF-PLL) [13]. The
conventional SRF-PLL translates the three-phase voltage vector from the abc natural reference
frame to the dq rotating reference frame by using Park’s transformation [7} ], as shown in Figure
8.11. The angular position of this dg reference frame is controlled by a feedback loop that
regulates the ¢ component to zero. As shown in (8.20), the [7y] transformation in this PLL
has been rescaled by using a 2/3 factor in order to detect the amplitude of the sinusoidal input
signal instead of the module of the input voltage vector. Therefore, in the steady state, the
d component depicts the amplitude of the sinusoidal positive-sequence input voltage (V*+1)
and its phase angle is determined by the output of the feedback loop (6").

0 Vy ) [ cos(®)  cos(@'—F)  cos(®' + F)
a | _ _2 ‘ ‘
[ q} = 7ol Zb AT=31 _in@) —sin@ — ) —sin(@’ + =) (8.20)
[ cos(6’)  sin(®) 5 1 —% _%
[T5] = [qu] . [Ta ], [qu] =1 _sin@) cos@) | [Ta ] =310 \? _%5 (8.21)

Under ideal grid conditions, i.e. when the grid voltage is not affected by either harmonic
distortion or unbalances, setting a high bandwidth for the SRF-PLL feedback loop yields a fast
and precise detection of the phase angle and amplitude of the grid voltage. Column (a) of Figure
8.12 shows some waveforms illustrating the response of an SRF-PLL, tuned with a high gain,
i.e. a high bandwidth, in the presence of a voltage sag type A. As shown in this figure, the SRF-
PLL almost instantaneously detects the amplitude and phase angle of the balanced input voltage
vector by making v, = 0. Column (b) of Figure 8.12 shows the response of the SRF-PLL when
the voltage sag type A is polluted by a fifth-order harmonic (V> = 0.1V *!). In this case, the
SRF-PLL makes a small error in tracking the instantaneous position of the input voltage vector
and consequently v, # 0. This is in fact an advantage, since the PLL automatically will reduce
the effect of the fifth-order harmonic on the angular position of the dq reference frame. Hence,
the average value of the voltage on the d axis will match the amplitude of the positive-sequence
fundamental voltage, i.e. v; = V1. Therefore, it can be concluded that a slight reduction in
the PLL bandwidth improves its response, almost completely rejecting the effect of high-order
harmonics on the PLL output signals. Column (c) of Figure 8.12 shows the response of an SRF-
PLL when the grid voltage experienced a sag type C with Va“ = 0.75£0° and ‘7“’1 = 0.25£0°.
In this SRF-PLL, the control loop bandwidth was high enough to make v, ~ 0, which means
that the SRF-PLL was able to instantaneously track the evolution of the unbalanced voltage
vector applied to its input. Therefore, the detected phase angle, shown in the second plot of
Figure 8.12(c), matches the one calculated by (8.12) and presents oscillations at twice the input
frequency. On the other hand, the voltage v, shown in the third plot in Figure 8.12(c), matches
the value calculated by the expression (8.11) — multiplied by ~/2/3 since the Park transfor-
mation of (8.20) was rescaled. Consequently, as commented in Section 8.2, the amplitude of
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the positive-sequence component cannot be properly evaluated by just using conventional
filtering techniques to extract the average value of v,.

As previously mentioned, a reduction of the PLL bandwidth can help to attenuate the ef-
fect of the distorting components on the SRF-PLL output signals. Figure 8.13 shows some
representative plots from an SRF-PLL, tuned with a low bandwidth, when the grid volt-
age is affected by the same amount of fifth harmonic as in the case of Figure 8.12(b). It
can be appreciated in Figure 8.13(c) how the PLL is not able to instantaneously track the
angular position of the fifth-order component and thus it gives rise to an oscillating error
signal on both axes of the dg reference frame. Therefore, a simple low-pass filter can be
used to obtain the average value of the voltage on the d axis, v;. Figure 8.13(c) shows
the result of applying a second-order low-pass filter with a cut-off frequency of 20Hz to
extract ¥y. It is possible to appreciate in this figure how 9, almost perfectly matches the
positive-sequence voltage amplitude V*+!. Figure 8.13(d) and (e) shows the reconstruction of
the detected positive-sequence voltage and its spectrum respectively. These figures confirm
that reduction of the PLL bandwidth is an effective measure to obtain high-quality signals at
the SRF-PLL output when synchronizing with three-phase voltages polluted by high-order
harmonics [14].

However, as evidenced in the following, limitation of the PLL bandwidth is not the most
effective solution to extract the positive-sequence component from the unbalanced three-phase
voltages resulting from an asymmetrical grid fault.

After applying the rescaled [7,4] transformation of (8.21), the unbalanced grid voltage can
be expressed on the o reference frame as

vy = |:vai| _ oy |:cos(a)t):| Ly |:cos(—a)t)] 822)

vg sin(wt) sin(—wt)

Therefore, if it is assumed that the PLL bandwidth is low enough only to allow tracking the
evolution of the positive-sequence component of the input voltage, which means that the dg
reference frame rotates at the positive-sequence fundamental frequency, the voltage on the dg
axes, resulting from applying the [T4,] transformation of (8.21) on the vector of (8.22), will
be given by

e 2 | cos(—2wt)
vy =V* [0} +V [sin(—Za)t)] (8.23)

In (8.23), it has been additionally assumed that the d axis of the SRF perfectly matches the
angular position of the positive-sequence component of the input voltage vector. Therefore,
(8.23) indicates that the amplitude of the positive-sequence component might be easily obtained
by just using any filtering technique to cancel out the oscillation at 2w present on the d axis
signal.

Figure 8.13 allows the performance of the SRF-PLL to be evaluated when a second-order
low-pass filter with a cut-off frequency of 20 Hz is used to extract v,. Figure 8.13(a) shows the
unbalanced input voltage (sag type C with V.'! = 0.7520°, \7;1 = 0.25£0°). Figure 8.13(b)
shows the phase angle detected by the PLL, confirming that the low bandwidth set to the
PLL only allows tracking of the positive-sequence component of the unbalanced input voltage
vector. Figure 8.13(c) shows in thin lines the voltages on the dq axes of the SRF and in thick
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Figure 8.13 Representative waveforms of an SRF-PLL with a low bandwidth: (a, f) three-phase in-
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line the signal 9, extracted by the second-order low-pass filter. Using an estimation of the
amplitude and phase angle, the positive-sequence voltage waveforms can be reconstructed as
shown in Figure 8.13(d). The spectrum of these waveforms is shown in Figure 8.13(e). As
appreciated in these last two plots, the detection of the positive-sequence component of the
input voltage vector is not accurately detected since the detection of both the amplitude and
phase angle is just based on an approximation, i.e. on the attenuation of the oscillation at 2w
generated by the negative-sequence component, and not in the accurate cancellation of such
oscillation. Of course, the better the filtering technique applied to cancel out oscillations at 2w
on the dg voltages the better is the synchronization system that will be obtained [15], which
is necessary to guarantee that the selected filtering technique presents a frequency adaptive
response [16]. The next section of this chapter presents an enhanced synchronization technique
based on decoupling the effects of the positive- and negative-sequence components of the input
voltage vector.

8.4 The Decoupled Double Synchronous Reference
Frame PLL (DDSRF-PLL)

This section presents an improved three-phase synchronous PLL based on using
two synchronous reference frames, rotating with positive and negative synchronous
speeds,respectively. The usage of this double synchronous reference frame allows decou-
pling of the effect of the negative-sequence voltage component on the dg signals detected by
the synchronous reference frame rotating with positive angular speed, and vice versa, which
makes possible accurate grid synchronization even under unbalanced grid faults [17].

8.4.1 The Double Synchronous Reference Frame

Figure 8.14 shows the positive- and negative-sequence components of the unbalanced voltage
vector together with a double synchronous reference frame (DSRF) consisting of two rotating
reference frames: dg*!, rotating with the positive speed ' and whose angular position is 8’,
and dg~', rotating with the negative speed —«' and whose angular position is —6".

Figure 8.14 Voltage vectors and axes of the DSRF
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If it is assumed that the angular position of the positive reference frame dg*! matches the
angular position of the positive-sequence voltage vector vt!, i.e. if 8’ = wt, the unbalanced
input voltage vector v can be expressed on the DSREF, yielding

| Van | R 1 . cos(—2wt)
Vgt = |:vq+1:| = [qu+1] Vg =V |:0:| +V sin(—2aw 1) (8.24)

Vg1 cosCwt) )1
‘l)dq—l = |:Uq1:| = [qu—l] . Uozﬂ = V+1 |:sm(2a) t):| —+ \% 1 |:O:| (825)
where
_ r [ cos(®) sin(®)
[quﬂ] - [qufl] - |:_ sin(@’) COS(Q/)1| (826)

Expressions of (8.24) and (8.25) are evidence that the DC values on the dg*'and the
dq~" frames correspond to the amplitude of the sinusoidal signals of v*'and v~', while the
oscillations at 2w correspond to the coupling between axes appearing as a consequence of
the voltage vectors rotating in opposite directions. Therefore, instead of using any filtering
technique for attenuating oscillations at 2w, a decoupling network is presented in the following
to completely cancel out the effect of such oscillations on the synchronous reference frame
voltages of the PLL.

8.4.2 The Decoupling Network

To generalize the explanation of the decoupling network used in the DSRF, one supposes a
voltage vector consisting of two generic components rotating with nw and me frequencies
respectively, where n and m can be either positive or negative. Therefore, this generic voltage
vector is given by

e |, mo_ yn cos(nwt + ¢") o cos(mwt + ¢™) 827
Vop = vg | Vap T Vap = sin(nwt + ¢") + sin(mwt + ¢™) 827

Additionally, two rotating reference frames are considered, dg" and dq”, whose angular
positions are n6" and m6’ respectively, where 6’ is the phase angle detected by the PLL. If a
perfect synchronization of the PLL is possible, i.e. if 8’ = wt, with w the fundamental grid
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frequency, the voltage vector in (8.27) can be expressed on the dq" and dg™ reference frames
as follows:

_ | var | _ | Var Ugn | _ n | cOS(@™)
b= [vqn] - [iqu} " [gq,,} =V [sin(w)]

DC terms
m ms | cos((n —m)wt) m e ome | SIN((m — m)wt)
+ V¥ cos(e )[— sin((n — m)a)t)] + V7 sin(g )[cos((n - m)a)t)i| (8.28)
AC terms
| Vam | idm ljdm _yum COS(¢m )
b = [Uq'”] - [vqm] " [ﬁqm] =Y |:Sin(¢m)}
DC terms
. as | cos((n —m)wt) n oo | —sin((n —m)wt)
+ V" cos(¢") |:sin((n — mw t)] + V" sin(¢") [ cos((n — m)w 1) i| (8.29)
AC terms

As shown by (8.28) and (8.29), the amplitude of the AC terms in the dp” axes depends on
the DC terms of the signals on the dg™ axes, and vice versa. Therefore, once the coupling
terms between both reference frames are identified, a decoupling cell, such as the one shown
in Figure 8.15, can be designed to cancel out the oscillations generated by the voltage vector
v"™ on the dq" axes signals. To cancel out the oscillations in the dg™ axes signals, the same
structure may be used, but with swapping of the m and n indexes in it. In Figure 8.15,
the DC terms on the dg™ axes are represented as vy» and 0. As shown in Figure 8.16, a

Figure 8.15 Decoupling cell for cancelling the effect of v” on the dg" frame signals
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Figure 8.16 Decoupled double synchronous reference frame (DDSRF)

cross-feedback decoupling network is used to estimate the value of these DC terms on the
positive and negative reference frames. In this decoupling network, the estimated DC terms
are named as U}y, 53" , Uy and 5;‘,, and the LPF block is a low-pass filter such as

ws
LPF(s) = —- (8.30)
;

The decoupled double synchronous reference frame (DDSRF) of Figure 8.16 allows free-
oscillation signals to be obtained on the dg¢™ and dq” reference frames. By setting n = 41 and
m = —1, this network decouples information about the positive- and negative-sequence com-
ponents of either voltage or current in unbalanced three-phase systems, which makes it a useful
tool for synchronous controllers during unbalanced grid faults. This network can be also used
to decouple other frequency/sequence components simply by setting the proper values for the
m and n coefficients.

8.4.3 Analysis of the DDSRF

The state-space model of the DDSRF and some relevant expressions showing its performance
have already been presented in reference [17], so this section will present a more intuitive
analysis on the complex-frequency domain to improve understanding about the DDSRF per-
formance during unbalanced grid faults. From (8.27), the unbalanced voltage during a grid
fault, consisting of positive- and negative-sequence components at the fundamental frequency,
can be generically described as

I L 1 4l cos(wt + ¢*1) . cos(—wt+ ¢ 1
Vop = [vﬂ} — vt =Vt |:sin(a)z+¢>+l) VT e a g | B3D
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The projection of this voltage vector on the dg™'and dg~'reference frames can be easily
obtained simply by setting n = +1and m = —1 in (8.28) and (8.29). After rearranging
equations, the dg signals on the positive and negative reference frames are given by

v cos(¢p™! cosQwt sinQwt cos(¢p~!
pu = [ 2y [05@D] [ eosCon - sinGon ] Feos )]
Vg sin(¢p™) —sin2wt) cosRwt) sin(¢p~)
V- cos(¢p~! cosQwt) —sinQwt cos(gpt!
Vgt = ! =vy! . (¢_1) + yl . ) ( ) . (¢+1) (8.33)
Vg1 sin(¢p™") sinwt) cosCwt) sin(¢p™)
These expressions clearly give evidence that the AC terms in the dg™ ! axes result from the DC
terms in the dg~ ' axes being affected by a rotating transformation matrix at 2w frequency. A

similar conclusion can be obtained for AC signals on the dg~ ' reference frame. These rotating
transformation matrices are given by

T cosQwt) sin(wt)
T =[r, -] = 8.34
[Tag] = [Ty [—sin(Zwt) cos(2w t)i| 834
Therefore, (8.32) and (8.33) can be rewritten as
Vygtt = [zdi:] = idqﬂ + [quﬁ]idq—l (8.35)
q
V- _ _
Vg1 = [vd:] = Vgt + [Tug2] Vg (8.36)
q

where

— 1 — —1

_ I B cos(¢™!) _ I L cos(p™)

Vgt = |:iq+1:| =V |:sin(¢+1) and Vg1 = o \% sin(¢")
represent the amplitude of sequence components applied to the input of the DDSRF. Thus,

(8.35) and (8.36) give evidence that the relationship between the signals on the positive and
negative reference frames are given by

Vgt = [quu] Vg and vy = [qu—2] Vgt (8.37)

As a result, the estimated values at the output of the DDSRF can be written as:

O
T = [vi } = [F1{vag = [T2] 7} (8.38)

q+l

5*_1
v = [5‘1 } = (F1{vag = [Tg2] 0y} (8.39)

q—l
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Figure 8.17 Block diagram of the DDSRF withn =41 and m = —1

where

LPF(s) 0
[F]= [ }
0  LPF(s)

Therefore, the DDSRF of Figure 8.16 can be represented for the particular case of the positive-
and negative-sequence components at the fundamental frequency, as Figure 8.17 shows.
In order not to extend excessively the analysis of the DDSRF, only an estimation of the

positive-sequence component will be considered in the following. Therefore, substituting
(8.39) in (8.38) we obtain

T = F 1 vag = [Tz ] 1F) (w00 — [Tag 2] W) | (8.40)

and using the relationships of (8.37), we arrive at
Ty = [F1 {vages = [Tag ] UF1 ([T i = [Tag2] )} (8.41)
Ty = [F1 oug = [T ] UF1 [Tag2] (vag =90 ) | (8.42)

A very amusing academic exercise is to determine the matrix resulting from [qu+2]
[F] [qu—z]. Some useful directions regarding how these matrices should be operated can
be found in references [18] and [19]. As a result of such operations it can be concluded that

[Faol = [Tug2] [F1[ T2
1 [(LPF(s + j2w) + LPF(s — j2w))  j(—LPF(s + j2w) + LPF(s — j2w))
= 2 |j(LPF(s + j2w) — LPF(s — 2w))  (LPF(s + j2w) + LPF(s — j2w))
wyr (S + wf) wfw
2 , 2 2 2 i 2 2
[F_y] = [Fiol" = % e Nl N CYS)
wrw wys (s + wF)

24+ 25wy + wip +Qw)* 524 2swp + a)fr + Qw)?
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Therefore, (8.42) can be simplified as
Vo = [F] [vdq+1 —[F_,] (vdqﬂ _ ij,qﬂ)] (8.44)
and regrouping terms yields

{11 = [FIF-2l} g = [FIH{U] — [F-21} vggn (8.45)

where [/] is the identity matrix. As a result, the following expression describes the relationship
between the signals on the positive-sequence frame and the estimated value for the positive-
sequence component at the output of the DDSRF:

Ty = (1= [FIIF 21} [FHUT = [F_2]} vgge (8.46)

After operating, this relationship is given by

Vgt _ | M i [ = He = H (0 4 20,87 4ot Hdopel)
Vgt Hy Hy |’ Hpy = —Hy = —H (20;0s) |
where
H— wf (8.48)

st4+4dwss3+4 (a)? + a)z) 52 + 8wy w?s + 4wt w?

The transfer function for the negative-sequence output of the DDSRF is given simply by
transposing the matrix shown in (8.47), and is obtained by following the same steps as in the
positive-sequence case.

The DDSREF is a very useful tool when dealing with three-phase systems, since it is a
sequence separator that allows independent control of the positive- and negative-sequence
components of voltage and/or current during unbalanced grid faults. For this reason, the
transfer functions shown in (8.47) are very important for correct implementation of the low-
voltage ride-through capability in power converters under unbalanced grid fault conditions.

In the transfer functions of (8.47), it is supposed that the frequency w is given by a PLL and
matches the fundamental frequency of the grid, while the cut-off frequency of the low-pass
filer, wy, is properly set in design time to obtain the required performance of the system. Figure
8.18 shows the evolution of the signal on the d*! axis of the positive-sequence reference frame
of the DDSRF, 0., when v 4+ is suddenly applied to its input in the form of a unitary step for
different values of wy. From this figure, it can be concluded that a reasonable trade-off between
the time response and oscillation damping can be achieved by setting w; = w/ V2 rad/s [17].

8.4.4  Structure and Response of the DDSRF-PLL

The block diagram of the DDSRF-PLL is shown in Figure 8.19. As shown in the figure, this
PLL is an extension of the conventional three-phase SRF-PLL structure. In this PLL, in order to
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Figure 8.18 Step response of the signal v}, at the output of the DDSRF

obtain a similar dynamic response for different grid voltage amplitudes, the phase-angle error
signal v, *! is adaptively normalized to the amplitude of the positive-sequence input vector.
Moreover, the rated grid frequency is added as a feed-forward parameter, wg, to accelerate the
pulling process of the PLL. However, the most significant performance improvement in this
PLL comes from the decoupling network added to the DSRF.

The decoupling network of the DDSRF-PLL completely cancels out the oscillations at
2w on the dg*' and dg~ ' reference frame signals. Therefore, there is no need to reduce the
bandwidth of the PLL to attenuate such oscillations and the real amplitude of the unbalanced
input voltage sequence components are indeed exactly detected.

/7

s g/ a4 BN @”’» | ¢,
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Figure 8.19 Structure of the DDSRF-PLL
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Figure 8.20 shows the response of the DDSRF-PLL when used in the estimation of the se-
quence components of the grid voltage during a sag type C with V"' = 0.5/ —30°and V! =
0.25Z 4+ 60°. In this study case, the fundamental grid frequency is w = 314.1 rad/s. Therefore,
the cut-off frequency of the low-pass filter was set to w; = w/ /2 = 222.1 rad/s and the pa-
rameters of the PI controller were setto k, =222.1 and k; =9 x 103, whichresultsina settling
time around 40 ms according to the guidelines given in [20] and in Section 4.2.2 of Chapter 4.

The plot of Figure 8.20(a) shows the three-phase unbalanced voltages, which experience
a jump in the phase angle, as evidenced by the vector locus shown in Figure 8.20(b). The
actual and the detected phase angle are plotted in Figure 8.20(c). This figure shows how the
PLL is able to lock the phase-angle jump after a transient period, which roughly matches
the settling time of the PLL calculated by the expression (4.37) in Chapter 4. This settling
time, approximately 40 ms, can be clearly observed in Figure 8.20(d), which represents the
frequency detected by the DDSRF-PLL. From this figure, it is worth highlighting the fact that
the large amplitude of the transient oscillation in the detected frequency as a consequence of the
phase-angle jump occurred in the grid voltage. The existence of such significant oscillations in
the detected frequency, which is indeed one of the most stable magnitudes in power systems,
can be considered as a drawback of the DDSRF-PLL in certain applications. Figure 8.20(e)
shows the dg ™! signals on the axes of the positive reference frame (thin traces) and the resultant
signals at the output of the DDSREF (thick traces). Likewise, the dg~! signals on the negative-
sequence reference frame are shown Figure 8.20(f). In this last figure, the d~' component is
equal to zero because of a geometrical coincidence. Since the PLL is controlling the position
of the dg™' reference frame, only the g*'signal at the output of the DDSRF is forced to be
equal to zero. Both d~'and ¢~'signals at the output of the DDSRF can take any arbitrary
value depending on the relative angular position between the positive- and negative-sequence
voltage vectors. Figure 8.20(e) and (f) shows how the DDSRF perfectly decouples the positive-
and negative-sequence voltage components and obtains free oscillation signals describing the
amplitude of the positive- and negative-sequence voltage vectors applied to its input. From the
detected phase angle and amplitudes, the positive- and negative-sequence three-phase voltages
can be readily reconstructed as shown in Figure 8.20(g) and (h).

The DDSRF-PLL is an effective synchronization solution for the implementation of syn-
chronous controllers for three-phase power converters, mainly if they provide low-voltage
ride-through capabilities under unbalanced grid faults. However, as presented in Chapter 9,
the power converter controllers can also be implemented on the stationary reference frame
by using resonant controllers. In such a case, the grid voltage phase angle is not the most
important synchronization variable — the grid frequency is. Since the grid frequency is a more
stable variable than the grid phase angle, it is intuitive to think that controllers based on grid
frequency detection will present a more robust performance than those based on phase-angle
detection during grid faults. In the next section, a synchronization system based on adaptive
filters working on the stationary reference frame is presented as a suitable technique to be
applied in the implementation of resonant controllers for three-phase converters.

8.5 The Double Second-Order Generalized Integrator FLL
(DSOGI-FLL)

The DSOGI-FLL exploits the instantaneous symmetrical components method by using adap-
tive filters based on the second-order generalized integrator [21,22]. As previously presented
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Figure 8.20 Representative waveforms of a DDSRF-PLL: (a) three-phase input voltage, (b) voltage
vector locus, (c) detected phase angle, (d) detected frequency, (e) detected dg signals for the positive-
sequence component, (f) detected dg signals for the negative-sequence component, (g) detected positive-
sequence three-phase voltages and (h) detected negative-sequence three-phase voltages
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in this chapter, an unbalanced three-phase system can be systematically analysed by transform-
ing its unbalanced phasors into a set of symmetrical components according to the Fortescue
transformation matrix shown in (8.14) [23]. The symmetrical components method can also
be applied in the time domain analysis by using the Lyon transformation [24]. According
to this method, a voltage vector v, consisting of three unbalanced sinusoidal waveforms
can be split up into its instantaneous positive-, negative- and zero-sequence components,
Vabe = v, + v, + %, . by applying the following transformations:

o] | 1 a a7 [ v ]
Voo = (T4 vapes | V5 | = 3 a* 1 a||w (8.49)
vt a a®> 1 Ve
_U(;_ . 1 a® a][ v ]
vy = [Tl vape; |V |=5|a 1 a’ Up (8.50)
_ 31 5,
v, a® a 1 Ve
) . 1 1 1 U
Vo = [To] vares | W [ =5 |1 1 1i]u 8.51)
0 1 1 1 V.

where a is a particular version of the Fortescue operator and represents a kind of time-shifting
over the instantaneous sinusoidal input signals at the fundamental grid frequency, equivalent
to a 120° phase-shifting.

In three-phase three-wire grid-connected power converters, the main interest lies in control-
ling the positive- and negative-sequence components of the injected current. In turn, the grid
synchronization system should be focused on perfectly tracking the positive- and negative-
sequence components of the grid voltage at the point of common coupling.

The sequence components of v, can be expressed on the o8 reference frame by using
either the transformation matrix of (8.5) or its rescaled version of (8.21), yielding

v;ﬁ = [Tup] v}

_ _ (8.52)
vaﬁ = [Taﬂ] Vabe
Substituting (8.49) and (8.50) we obtain
v;rﬂ = [Taﬂ] [T+] Vabe
i (8.53)
Vop = [Tup] [T-] Vane
and applying the inverse transformation [Taﬂ]_lwe have
vl = [Tup] (T3] [Tu] ™' va
= (] (21 7] 0 .
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Finally, after operating these transformation matrixes we arrive at the following
expressions:

171 =
vay = [Tup+] vaps [Taﬁ+]=§|:q f] (8.55)

_ [ 1
Vop = [Taﬁ’] Vogss [Totﬂ*] = E I:_q ?il (8.56)

where g = e 77/2 is a 90°-lagging phase-shifting operator applied on the time domain to obtain
an in-quadrature version of the input waveforms.

8.5.1 Structure of the DSOGI

Different techniques to implement a quadrature signal generator (QSG) were presented in
Chapter 4. In the DSOGI, the operator g of (8.55) and (8.56) is implemented by using the
second-order AF based on a SOGI (SOGI-QSG), which was presented in Section 4.5.3 of
Chapter 4 as an effective method to obtain a set of two in-quadrature output signals from a
given sinusoidal input signal. Moreover, the filtering characteristic of the SOGI-QSG attenuates
the effect of the distorting high-order harmonics from the input to the output.

The structure of the DSOGI is presented in Figure 8.21. As observed in this figure, two
SOGI-QSGs are in charge of generating the direct and in-quadrature signals for the o and
B components of the input vector, i.e. v/ v//S, qv,, and qv/ﬂ respectively. These signals are

o

v v vt
- > 73]
Vae Vap
[T ) , ,
Eva > Do | i~
IV
V/j V,’B 'k
IV
S0GI-QSG1A]
e @' qvy e
12
>© ’
(7]
PHSC

Figure 8.21 Structure of the DSOGI
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provided as inputs to a positive-/negative-sequence calculation block (PNSC), which computes
the sequence components on the « 8 reference frame according to (8.55) and (8.56).

8.5.2 Relationship between the DSOGI and the DDSRF

According to (8.55), the transfer function from the unbalance input voltage vector to the
positive-sequence component detected by the DSOGI is given by

[T] 1 D(s) —Q(s) 1 ko' s —o
Vop = Llept] Vap =5 0@s) D(s) Vaf = 52 thko's+o? | @ s Vap
(8.57)

where D(s) and Q(s) are the characteristic transfer functions of the SOGI-QSG and were
already presented in Section 4.5.3 of Chapter 4. The negative-sequence component at the
output of the DSOGI can be calculated by simply transposing the matrix of (8.57).

The DDSRF was analysed in Section 8.4.3 and its transfer function on the synchronous
reference frame was presented in (8.47). To translate the transfer function of the DDSRF from
the synchronous reference frame to the stationary one it is necessary to operate the following
transformation:

Hy, Hp _
vap = [Tugt] [ H, sz} [Tig] ™" vap (8.58)
Taking into account that Hy; = Hy and Hi, = —H»;, we arrive at
1 [ Ho—jHy jHe+ Hy
- —
bep = 2 |:—ch — Hy H, _ij} Vap (8.59)
where
H, = (Hyi (s +jo') + Hy (s — jo'))
Hy = (Hpz (s + jo') — Hia (s — jo'))
L - (8.60)
H. = (Hll (S +]a)) — Hy; (S —Jw ))
( jo))

Expanding and regrouping (8.59), the following transfer functions are obtained to describe the
performance of the DDSRF on the stationary « 8 reference frame:

+ of s —o
va/s = S2+2a)fs—|—a)’2 |:w/ s }vdﬂ (8.61)

where wy is the cuf-off frequency of the first-order low-pass filter and «’ is the frequency
detected by the PLL.

Expressions (8.57) and (8.61) show that the DSOGI and the DDSRF are two equivalent
systems, which perform the same function — sequence separation — on two different reference
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frames. In principle, the DSOGI and the DDSRF would have the same dynamic response when
k =2ws/w in (8.57). However, it is worth remarking that the DSOGI performance depends
on the frequency detected by the FLL, while the DDSRF depends on the phase angle detected
by the PLL. Therefore, the response of the DSOGI-FLL and the DDSRF-PLL will not exactly
be equal in practice since the FLL and the PLL are two completely different systems with a
different dynamic response.

To analyse the frequency response of the DSOGI, the expression of (8.57) can be written in
the frequency domain (s = jw) as follows:

vi | _ 1] DGo) —QGw) |[va| 1 ke jo  —o |:Ua]
U; - 2| Q(Gw)  D(jw) vg | 2 (0? —?) +jko'w | —©  jo vg
(8.62)

Considering that the o8 components of a balanced positive-sequence voltage vector at fre-
quency o keep the following steady-state relationship on the frequency domain:

vg(jw) = —jue(jw) (8.63)

Therefore, the steady-state transfer function of the DSOGI on the frequency domain can be

written as
i 1 ko (0+ o) Ve B.64)
v; 2 koo +]j (a)2 — w’z) vg '

This transfer function describes the relationship between the amplitude of the positive-
sequence component detected by the DSOGI and the actual amplitude of a given positive-
sequence voltage vector applied to its input. This transfer function is plotted in the Bode
diagram of Figure 8.22 as P(jw) = |v+alg'|/|v+alg |. By simply substituting w by —w in (8.64),
another transfer function N(jw) = |v+aﬂ'| /|v” 4| can be defined. This second transfer func-
tion, also plotted in the Bode diagram of Figure 8.21, describes the relationship between the

[PGw)l, N(jo)| (dB)

Figure 8.22 Frequency response of the DSOGI
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————— | normalization

Figure 8.23 Structure of the FLL for the DSOGI.

detected amplitude for the positive-sequence component and the actual amplitude of a given
negative-sequence voltage vector applied to the input of the DSOGI. As this Bode diagram
shows, the DSOGTI acts either as a low-pass filter or as a notch filter in the detection of the
positive-sequence component, depending on whether the input voltage shows either a positive
or a negative sequence respectively.

8.5.3 The FLL for the DSOGI

As presented in Section 4.6 of Chapter 4, a SOGI-QSG needs an FLL to become frequency
adaptive. Moreover, the gain of the FLL has to be normalized in runtime according to the
amplitude of the input signal in order to linearize the response of the frequency adaptation
loop. Although mathematically correct, the use of two independent FLLs in the DSOGI-FLL
might, however, seem conceptually odd since its two input signals, v, and vg, have the same
frequency. For this reason, the DSOGI uses a single FLL (see Figure 8.23) in which the
frequency error signals generated by the QSGs of the o and 8 signals have been combined by
calculating an average error signal, i.e.

e = m = % (aql, + £pqV}) (8.65)
The gain of this two-dimensional FLL is normalized by using the square of the amplitude of
the positive-sequence component, i.e. (v})* + (v;r 2, which results in a first-order exponential
linearized response with a settle time that still matches very well that one calculated by (4.109)
in Chapter 4. In this manner, the DSOGI-FLL permits a decoupled estimation to be carried out
of the symmetrical components of the input three-phase voltage on the o reference frame,
as well as the value of the grid frequency, something that is essential to implement power
converter controllers on the stationary reference frame by using generalized integrators.

8.5.4 Response of the DSOGI-FLL

To evaluate the response of DSOGI-FLL the same unbalanced grid voltage as in the case
of the DDSRF-PLL is applied to its input, i.c.a sag type C with V7! = 0.5 —30° and
\7”’1 = 0.254 4 60°. In this study case, the gain of the SOGI-QSGs was set to k = V2 to
have the same tuning conditions as in the case of the evaluation of the DDSRF response
(wf =w/ V/2). The gain of the FLL was set to I' = 100, which results in a settling time of
around 45 ms according to the guidelines given in Section 4.6.1 of Chapter 4.
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Figure 8.24 Representative waveforms of a DSOGI-FLL: (a) three-phase input voltage, (b) voltage
vector locus, (c) detected phase angle, (d) detected frequency, (e) detected positive-sequence amplitude
and o g signals, (f) detected negative-sequence amplitude and o8 signals, (g) detected positive-sequence
three-phase voltages and (h) detected negative-sequence three-phase voltages
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The plot of Figure 8.24(a) shows the three-phase unbalanced voltages, which experience
a jump in the phase angle as evidenced by the vector locus shown in Figure 8.24(b). The
frequency detected by the FLL is shown in Figure 8.24(d). It is possible to appreciate in
this figure how the detected frequency does not present high oscillations as in the case of
the DDSRF-PLL. Moreover, the settling time in frequency adaptation matches the theoretical
calculations. The amplitude and the phase angle of the sequence components detected by the
DSOGI-FLL can be calculated by

" 1\2 / 2, r_ -1_8
[v'| =/ (v)) +(vﬂ) ; 6 =tan . (8.66)

The actual and the detected phase angle of the positive-sequence component of the unbalanced
input voltage are plotted in Figure 8.24(c). This figure shows that the DSOGI-FLL completely
cancels the steady-state error in the detected phase angle. Figure 8.24(e) shows the amplitude
of the positive-sequence component together with the o8 +'signals. The amplitude of the
negative-sequence component, together with the a8 ~! signals are shown in Figure 8.24(f). The
positive- and negative-sequence three-phase voltages can be reconstructed from the detected
phase angle and amplitudes, and are shown in Figure 8.24(g) and (h).

After comparing the plots shown in Figures 8.20 and 8.24, it is possible to highlight the fact
that the waveforms of the DSOGI-FLL are smoother than those of the DDSRF-PLL when the
same unbalanced voltage is applied to their inputs and an equivalent set of parameters are used
in both systems. This difference in the response of both synchronization systems gives rise to
a significant divergence between the performances of power converter controllers working on
the synchronous reference frame and on the stationary one, mainly when they operate under
unbalanced grid faults.

8.6 Summary

This chapter has studied the characteristics of the three-phase voltage vector under unbalanced
grid faults and presented expressions to determine its sequence components as a function of
both the type of fault and the grid impedances.

The conventional SRF-PLL, although commonly used as a essential building block in the
implementation of controllers for grid-connected converters, has demonstrated that it is not a
suitable solution when a fast and precise grid synchronization is required during unbalanced
grid faults, as is the case of the controllers for wind turbines and photovoltaics generators
implementing the low-voltage ride-through functionality.

The DDSRF-PLL and the DSOGI-FLL, two advanced grid synchronization systems, have
been presented in this chapter as suitable solutions to be used in the implementation of
synchronous and stationary controllers for power converters respectively. The fundamental
variable estimated by the DDSRF-PLL is the grid phase-angle, whereas the grid frequency
is the one for the DSOGI-FLL. Since the grid frequency is a more stable variable than the
grid phase-angle, the DSOGI-FLL use to present a smoother response than the DDSRF-PLL
during transient faults.
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Grid Converter Control for WTS

9.1 Introduction

This chapter discusses the control issues related to the use of a voltage source converter
in wind turbine (WT) systems. Before going into detail on the control of the converter, its
model is presented. Then different control structures are discussed. In all of them directly or
indirectly the two main issues are the control of the DC link voltage (if there is not a DC/DC
converter in charge of it) and the control of the AC power. The AC power can be controlled
with the aim either of feeding the main grid or of feeding stand-alone loads or a micro-grid.
In the first case the WT system may also offer support to the grid. Once the operation of
the grid converter is decided and the strategy to select the reference power is also selected,
the power control results, using instantaneous power theory (outlined in Appendix B) in a
current and/or voltage control (as shown in Figure 9.1). In fact, the converter can be operated
as a controlled current source (typically adopted if the converter is grid connected and does
not offer any support to the grid) or as a controlled voltage source (typically adopted if the
converter is in stand-alone, micro-grid or grid-supporting mode). In the second case, if an
LC filter is also employed the current is controlled (see Figure 9.2). The control of currents
and voltages can be done in state variables or in a cascade structure. In the case of operation
in a micro-grid and in a grid-supporting mode the droop control (or an equivalent one)
is needed.

Hence AC voltage and DC link voltage controls are briefly outlined. However, the chapter
gives details only on the DC link voltage control because the presence of the converter between
the DC voltage state variable and the AC current state variable makes the analysis more complex
and a deep analysis is needed. The AC voltage control design is a straightforward consequence
of the AC current control described in Chapter 12.

Then the structures are adopted for implementation of the control (a8, abc, dq) [1]. Di-
rect power control is also discussed in a separate section. In fact, in this case the current
control loop is not present and the control is linear with respect to the decoupling between
AC and DC dynamics but it is nonlinear with respect to the AC dynamics that are ex-
pressed directly in terms of power. The direct power control can be implemented with or
without a separate PWM modulator. If this is present the scheme is quite similar to those

Grid Converters for Photovoltaic and Wind Power Systems Remus Teodorescu, Marco Liserre, and Pedro Rodriguez
© 2011 John Wiley & Sons, Ltd
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Figure 9.1 The main control issues of grid converters are transformed through the instantaneous power
theory, with reference to AC current and voltage controllers

adopting current control, but it remains nonlinear with respect to the fact that the power is
controlled directly.

Finally, it is shown how the converter can be controlled in stand-alone operation or to
manage a micro-grid in case more DG units are connected in parallel. Typically in this case
the frequency and voltage droop methods are adopted. A brief outline of their principle of
operation closes the chapter.

9.2 Model of the Converter

In the following the mathematical models of the L-filter-based and LCL-filter-based inverters
are presented. These models are relevant for study of the AC voltage control treated in this
chapter as well as the AC current control treated in Chapter 12.
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+ + . + +
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CURRENT | VOLTAGE
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Figure 9.2 Overall scheme of the LCL filter grid converter control showing all the functions
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Figure 9.3 L-filter inverter connected to the grid

9.2.1 Mathematical Model of the L-Filter Inverter

The state of the three-phase inverter is modelled by means of a switching space vector defined
with the switching functions p;(¢) (j = a, b, ¢) equal to 1 when the upper switch is closed
and 0 when the lower switch is closed:

) 2 5
mwzgumn+mmn+apm» ©.1)

where o = e/?"/3. Hence the inverter produces on the AC side the following voltage:

v(1) = p()vac(r) 9.2

If the inverter is connected to the grid through an L filter (Figure 9.3), the equation that
describes the evolution of the grid current is

_ _ - di(?)
u(t) =e(t)+ Ri(t) + LT 9.3)

Obviously #(¢) is the space vector of the inverter voltages, i (¢) is the space vector of the inverter
input currents and é(¢) is the space vector of the input line voltages. Each of these vectors can
be obtained by substituting in (9.1) the phase converter voltages, the phase currents and the
phase grid voltages respectively.
The mathematical model of the system written in the state-space form is
dity 1

5 = 7[RI = &)+ pvan)] 9.4)

A commonly adopted approach in analysing three-phase systems is to use a stationary
or rotating frame (Figure 9.4) [1]. In the first case the frame will be denoted as «f and in
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b

Figure 9.4 Stationary o8 frame and rotating dg frame

the second as dg and also called synchronous. In fact the dg frame is synchronized with the
angular speed @ (where w = 27t f and f is the fundamental frequency of the power grid voltage
waveform). The space vectors that express the inverter electrical quantities are projected on
the o axis and § axis or on the d axis and ¢ axis.

The following transformations can be used to obtain the switching functions in the o frame
and dg frame knowing the switching functions of each inverter leg:

] 2[1 12 —12] ] P o
[PJ_§ 0 —v32 V32| )

0 P o+ 2"
COS COS _ — COS —_—
[ Pa } _ 3 3 Pa

9.6
P4 Db (9.6

) ) 27 ) 27
sinf  sin (9 — ?> sin (9 + ?) Pe

Obviously (9.5) can be obtained from (9.6) by assuming that & = 0. The same transformations
can be adopted for all the electrical quantities involved in (9.4).



Grid Converter Control for WTS 209

The mathematical model in the @8 frame is

dia (1) = ! [—Riy () — ey () + po (1) Ve (1)]

dr L
dig(t) 1 .
== [—Ris (1) — eg (1) + pg (1) vae (1)]

It should be noted that the particular feature of the dg frame is that if a space vector with
constant magnitude rotates at the same speed of the frame, it has constant d and ¢ components
while if it rotates at a different speed or it has a time-variable magnitude it has pulsating
components. Thus in a dg frame rotating at the angular speed w (9.7) becomes

dig (1)
dr
di, (1)
dr

1
— iy (1) = T [—Riq (1) — eq (1) + pa () vae ()]
9.8)

1
+ wid (t) = z [_qu (t) — €q (t) + Pq (t) Vdc (t)]

In the dgq frame, the d and ¢ differential equations for the current are dependent due to the
cross-coupling terms wi, (¢) and wiy(t).

The mathematical model of a single-phase voltage source inverter (H-bridge) in the case
where an L filter is connected on the grid side can be obtained from (9.7) simply by considering
one of the two equations.

9.2.2 Mathematical Model of the LCL-Filter Inverter

In the case where an LCL filter (Figure 9.5) is adopted to connect the inverter to the grid the
mathematical formulation becomes more complex:

R 1 7
-2 - 0 0 0
L, L,
al 0 : 0 0
ld 1&) Ly Ly | ]
lq o 0 0 w . 0 lq
d | veu | _ f | f 1 VC,d
dr l)ch 0 a —w 0 0 _Ff l)c/q
igd 0 1 (Rz + Rg) igd
— 1)
faa (La+Ly) (La+ L) faa
1 R, + R
0 0 w _( 2 g)
L (L2 + Lg) (L2 + Lg) m
T 0 0 ] r__ Ve 7
L+ L
0 0 ( 2 0 g) Vi
0 0 I (La+Ld) (T,
+1 0 o e+ 0 0 ; (9.9)
1 q q
—— 0 0 0
Lo 0 0
L 0 7 L0 o



210 Grid Converters for Photovoltaic and Wind Power Systems

'I_} L e,

Y CD B W\,l’th

de

R\ Ll .
)_ )_ Vese | Veps| Vega

Figure 9.5 LCL-filter inverter connected to the grid

This kind of mathematical formulation can be obtained by writing the KVL and KCL
equations and then reporting them in the dg frame, paying attention to the derivative of the
vectors that generate the cross-coupling terms already highlighted in (9.7). The o model will
not be reported since it can be obtained from (9.9) by substituting d with « and g with g and
eliminating the cross-coupling terms.

The presence of an LCL filter can cause resonance problems, as will be discussed in
Chapter 11, in other words instability of the current loop that might not be evident in a normal
situation but can arise due to disturbances from other sources connected to the grid. It is
always recommended to damp the possible resonance with resistors or with a specific control
algorithm called ‘active damping’. These solutions will be discussed in the Chapter 11.

9.3 AC Voltage and DC Voltage Control

The control of the AC voltage across the capacitor could be needed because the system should
operate in a stand-alone mode or in a micro-grid. However, in the grid-connected mode the AC
voltage control can also be useful for supporting local loads, the local electrical power system
or even the power grid. Of course this depends on the power level of the wind turbine. In any
case a multiloop control should be adopted: the AC capacitor voltage is controlled through the
AC converter current (see Figure 9.6). In fact, the current-controlled converter is operated as
a current source used to charge/discharge the capacitor.

Local load
Micro-grid
Grid

Figure 9.6 Multiloop control strategy (CC stands for current control, VC stands for voltage control)
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Figure 9.7 Power flow in a WT system

The inner loop feedback variable can also be the capacitor current. The different choice
does not change the reference tracking stability but does change the load current rejection
capability [2, 3]. For both feedback alternatives, the measured output voltage can also be fed
forward to reduce the inner loop control action (see Chapter 12).

Once an AC voltage control loop is adopted, it is then in charge of controlling the power
exchange with a load, with the micro-grid or with the main grid [4, 5].

9.3.1 Management of the DC Link Voltage

The DC voltage can be subjected to transient conditions due to the change of the power
produced by the generator (see Figure 9.7). The increase of the produced power results in
voltage overshoot while its decrease results in voltage undershoot. From the point of view of
the DC voltage control, power changes result in voltage variations that should be compensated
by charge or discharge processes.

The DC voltage control is achieved through the control of the power exchanged by
the converter with the grid or through the control of a DC/DC converter. In the first case
the decrease or increase of the DC voltage level is obtained by injecting more or less power
to the grid with respect to that produced by the WTS, thus changing the value of the refer-
ence for the AC current control loop or the phase displacement of the AC voltage across the
capacitor of the LCLfilter. In the second case the grid converter does not play a role in the
management of the DC link. Hence this second case will not be considered in this section.

From a control perspective the DC voltage control can be achieved only indirectly through
the grid current/voltage control. This indirect control is motivated by the fact that the zero
dynamics of the DC voltage, if the average switching functions of the converter are taken as
control input, are not stable. If the zero dynamics diverge this means that it is not possible to
stabilize the system using that control input [6].

In the following the variations in the DC link voltage will be discussed from an energy
perspective.

In a grid-connected converter there are two possible variations of the DC link voltage: the
DC type (caused by a change of the average power exchanged by the DC link or by a change
in its set-point) or the AC type (caused by an oscillation in the instantaneous power due to grid
unbalance conditions) [7,8]. These two variations will be discussed in the following separately.
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In the first case, the fact that the DC voltage is different from its reference value v}, implies
that the amount of energy that the capacitor must receive to come back at the set-point is

_ (v*dc)2 - vzdc

2

AE C~ v*dCAdeC (9.10)

The power that the converter should exchange corresponding to this energy is

2AE

AP = ——
B+n)T;

©.11)

The controller plays a role reacting after (3 + n)T;, where 37 is the current control delay (if
designed with the technical optimum) and nT is the DC link filtering delay [9]. Hence by
substituting (9.10) in (9.11), the estimated DC link voltage error is

Avge = 9.12
Vd 2 9.12)

In the case of oscillatory instantaneous power and assuming that unbalance causes mainly
a 2nd harmonic steady-state input—output power mismatch (50 Hz grid frequency):

Apoi
Din — Dowt = % sin(27t x 100r) 9.13)

The amount of energy associated with this instantaneous oscillation is

T/2 0.005A

AE = / (Pin — Pou)dt = / % sin(27t x 100¢)ds (9.14)
0 0
Appk—pk Appk—[’k

AE = —2P5P8 1 cos(2m x 100 x 0.005 0)] = ——2APk 9.15
a7 x 100 L €087 x 1000.005) +cosO = 577 =65 ©-15)

On the other hand, by substituting (9.15) in (9.10), the DC link voltage ripple amplitude is

Ap 'pk—pk

Avge = ——Lrkrk
Y = o 100C 7,

(9.16)

In conclusion, the control of the DC voltage passes through the control of the power
exchanged by the converter with the grid. This can be done either by controlling the current or
controlling the AC voltage across the capacitor. The former will be discussed in the following
while the latter can be achieved using the droop control, the theory of which is treated in
Section 9.5.3.
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Figure 9.8 Cascaded control of the DC voltage control (VC) through the AC current control (CC)

9.3.2 Cascaded Control of the DC Voltage through the AC Current

The control of the DC voltage through the AC current can result in the identification of two
loops, an outer DC voltage loop and an internal current loop (see Figure 9.8). The internal
loop is designed to achieve short settling times. On the other hand, the outer loop main goals
are optimum regulation and stability; thus the voltage loop could be designed to be somewhat
slower. Therefore, the internal and the external loops can be considered decoupled, and thereby
the actual grid current components can be considered equal to their references when designing
the outer DC controller. If this assumption is used in the design of the controller the control
problem is linearized.

However, during the grid converter startup and under unbalance conditions (that lead to a
second harmonic oscillation in the DC voltage, as previously discussed) this kind of dynamics
decoupling is not valid and the inner and outer loops interact. As a consequence the controller
designed on the basis of the linearization can no longer guarantee the expected performances.
In the following the DC links dynamics will be analysed in order to derive a proper tuning
procedure for the PI controller.

Considering the instantaneous input—output power balance for the grid converter in a syn-
chronous rotating dg frame under a no-loss condition, the following equation holds:

dvge
fedia +egig} = —vaC 5 + va, 9.17)

NSRS

assuming that the previous stage is injecting a current i,(¢) (Figure 9.9).

Figure 9.9 Grid converter with highlighted DC link quantities
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The small-signal linearization leads to

d (Vdc + 1’)aic)
dr
+ (vdc + ﬁdc) (Io + ;0) (918)

3 . .
3 {(Ea+2a) (Ia +1a) + (Eq +24) (Ig +1g)} = = (Vae + 04c) C

If the purpose is to control the DC voltage v, through the i; current component, the transfer
function 0,./i; has to be found. Thus the other perturbations have to be considered null,
resulting in

A

A dog.
{Ealy + Eqig + Eg1,} = —VdCCd—j + Vgel, + Vyel, 9.19)

N W

where the second-order signal perturbations have also been assumed to be zero. Once it is
considered that

{Eala + Egly} = Vael, (9.20)

| W

then

dﬁdc
dr

{Edia} = —VaC

[NSY O

+ Vel 9.21)

In the Laplace domain (indicating with s the Laplace operator), once the steady-state equivalent
resistance R, = Vy./1, and V. =~ «/§Ed have been indicated (the DC link voltage cannot be
lower than this value in order to allow current controllability, but it is not much higher in order
not to increase the IGBT losses too much), then

% = ﬁ—Ro (9.22)
iy 2 (1 —R,Cs) '

and the PI controller for the DC voltage loop can be designed using the ‘symmetrical optimum’
principle but with a sufficiently lower bandwidth with respect to that of the current loop in
order to ensure a proper decoupling [10].

On the contrary, the influence of a small-signal perturbation originated by the power stage
connected to the source has to be calculated through ¥4/ i, in (9.18). This leads to

ﬁdc - Ro

W T = RGY o

Finally, if the influence of the grid voltage perturbation on the DC link voltage needs to be
investigated, the transfer function 9,./é, has to be computed in (9.18), assuming /g = 0, as

L S (9.24)
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Figure 9.10 Small-signal model of the voltage control loop, generator and grid disturbances

This can be interpreted by considering that the grid perturbation influence on the DC voltage
is filtered by a time constant that depends on the DC capacitor and on the equivalent resistance
of the DC bus. Hence, the lower the DC storage and the higher the DC load the less immune
the DC voltage will be to the grid disturbances. In Figure 9.10 the DC voltage loop is reported
with all the disturbances highlighted, where T is the sampling period. The plant (9.22), (9.23)
and (9.24) has a pole in the right side of the S plane and may be unstable.

However, what it is interesting to note is that as C tends to infinity (large DC link capacitance)
the pole tends to zero and makes the system always stable again. It is important to stress that
the DC link storage is designed not only in view of DC link filtering but also to offer a power
buffer in view of the maximum known variation of the power on the DC bus and of the desired
load ride-through protection during utility voltage sag events. These issues suggest that the
DC link storage should not be limited too much.

The equivalent resistance seen by the grid converter at its DC terminal depends on the kind
of upstream converter to which it is connected. In the case of a PVS the PV array can be
connected through a DC/DC converter that works in the constant power mode. In fact, an
MPPT algorithm is usually controlling the DC/DC converter in order to adapt the DC voltage
across the PV array so that maximum power transfer is obtained. The same situation is obtained
in the case of a WTS when a diode bridge plus a DC/DC converter or an inverter is adopted
on the generator side. In other words, if the source (a WT generator or PV array) is controlled
by a dedicated converter (i.e. situated upstream with respect to the grid converter, considering
the power flow from the source to the grid) aiming to optimize the power extraction, in
the hypothesis of unchanged atmospherical conditions, the injected power can be assumed
constant during transients. In this case the small-signal linearization leads to consider the
upstream system as a negative resistance (as shown in Figure 9.11). In fact, if the load is in
the order of a few kW and it is assumed that the DC voltage variation is in the range 540-730
V then the error of this approximation at the border will be less than 1 %. Conversely, if the
same DC voltage variation is assumed for a converter of hundreds of kW then the error could
be 30 %. Therefore, the DC link fed by a constant power source has positive effects for the
stability because the plant pole will be in the left side of the S plane.
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Figure 9.11 Constant power characteristic that can be approximated by a negative resistance (4 kW)

Once the plant has been derived the tuning procedure of the DC voltage PI can be described.

9.3.3 Tuning Procedure of the PI Controller

The design of the PI controllers is done using the zero/pole placement in the z plane, which
aims to obtain a better compromise between the high dynamic performance of the DC output
voltage and reduction of the AC current overshoot.

The method of ‘symmetrical optimum’ is a standard design procedure for transfer functions
containing a double integration when the controller is included, such as the case of the DC
voltage control open-loop transfer function:

V3kp (1 + Tys)
27,5 (1 + 3T,5) (Cs)

Hyy(s) = (9.25)

obtained by considering Rp,C>>> 3Ts

The main idea is to choose the crossover frequency at the geometric mean of the two corner
frequencies, in order to obtain the maximum phase margin ¥, which in turn will result in
optimum damping of the DC voltage loop. Thus the Bode diagram shows symmetry with

respect to the crossover frequency w.. The crossover frequency and the phase margin ¢ are
related as follows:

W, =

3aT;

1
a= Losw (9.26)
sin

3T
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The gain of the PI regulator at the crossover frequency w, is given as

C

kp = ——
W

9.27)

Thus, given the phase margin i or the constant a the parameters of the PI controller are
determined. The closed-loop transfer function of the system is

. T[S + l
- 12Ty T?as3 + 4T T,as? + Tis + 1

H,(s) (9.28)

The pair of complex poles of H,(s) result in a slightly underdamped response & = 0.7 07 and
45° phase margin for a = 2.4. Thus:

C
kp =0.12- Fs (9.29)
T, =17-T;
The bandwidth is expected to be
W, 1 1 s
Joo = — A _ 5 (9.30)

21 6mal, 50T, 50

Due to the double integrating term in the open-loop transfer function, the closed-loop DC
voltage loop exhibits a zero control area. This means that the step response is characterized by
considerable overshoot, even though the transients are well damped. In order to eliminate this
effect, which is caused by the lead term of the PI controller, a corresponding lag term could
be added to the reference signal:

Hy(s) =

9.31
1 —+ T]S ( )

9.3.4 Pl-Based Voltage Control Design Example

Consider a system with C = 500 ©F on the DC side and a sampling frequency equal to 5 kHz,
and the current control loop assumed to have been designed to be critically damped.

If the design of the PI controller is made following the rules expressed in the previous
section then kp = 0.3 and 7; = 0.003. With these values the crossover frequency should be
100 Hz, the phase margin 40° and the open-loop Bode plot should be symmetric, as shown in
Figure 9.12.

The system step response is shown in Figure 9.13(a). Usually the DC voltage is kept constant
so the overshoot can be a problem only at startup. However, introducing the lag network of
(9.31), the overshoot reduces to 5 %, which is how it appears in Figure 9.13(b).

The closed-loop Bode plot (Figure 9.14) shows that the bandwidth is 100 Hz, as could be
predicted by (9.30).
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Figure 9.12 Bode plot of the voltage open loop

If a filter on the feedback voltage with a cut-off frequency of 2.5 kHz is adopted without
considering it in the controller design, the system experiences a higher overshoot and an
oscillatory transient, which is how it is shown in Figure 9.15(a). If the six sample period
delays introduced by the 2.5 kHz filter are considered in the design this leads to 7; = 0.01,
modifying (9.26). The result is in Figure 9.15(b) with the overshoot that is again the 40 % but
with a slow down of the system.
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Figure 9.13  Step response of the system (a) without and (b) with a lag network on the reference signal
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Figure 9.14 Bode plot of the voltage closed loop

9.4 Voltage Oriented Control and Direct Power Control

The power control of the grid converter is based on the instantaneous power theory and as a
consequence on the definition of the power in a reference frame, as siscussed in Appendix B.

Typically the voltage oriented control is based on the use of a dg frame rotating at w speed
and oriented such that the d axis is aligned on the grid voltage vector (Figure 9.16). The space

4 05F

0 50 100 150 200 250 0 50 100 150 200 250
(@) (b)

Figure 9.15 Step response of the system with: (a) 80 % overshoot and oscillations due to the filter (not
considered in the design) on the feedback signal and (b) 40 % overshoot if the filter is considered in the
design
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Figure 9.16 Stationary «f8 frame and rotating dg frame: the vector current is projected in both frames

vector of the fundamental harmonic has constant components in the dg frame while the other
harmonics space vectors have pulsating components. The main purpose of the grid inverter is
to generate or to absorb sinusoidal currents; thus the reference current’s components in the dg
frame are DC quantities.

The reference current d component i} is controlled to manage active power exchange and
typically to perform the DC voltage regulation while the reference current ¢ component i; is
controlled to manage the reactive power exchange and typically to obtain a unity power factor.
In fact, to have the grid current vector in phase with the grid voltage vector i, should be zero.
Thus the active and reactive power produced by the grid converter is

P = = (eqia + eqiq) (9.32)

0 = = (egia — eaiq) (9.33)

N W N W

Assuming that the d axis is perfectly aligned with the grid voltage e, = 0, the active power
and the reactive power will therefore be proportional to iy and i, respectively:

3
P = Eedid (934)
3.
0 = —3edy (9.35)

Similar results can be achieved in a stationary «f frame, but the relation between ac-
tive/reactive power and the vector current components are more complex. In fact, the active
and reactive power produced by the grid converter are

P = = (eqiq + epip) (9.36)

0 = = (epia — eaip) 9.37)

N W N W
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However, in this case both the components of the grid voltage vector are nonzero and it is not
possible to establish a direct relation between the o8 components of the current vector and
active/reactive power.

It is worth noting that in all the following schemes the voltage and current components
in the synchronous dg frame or stationary o frame should be properly filtered before they
can be manipulated in the previous active and reactive power formulas. In fact, the previous
formulas are used to control the first harmonic active and reactive power and extra controllers
are needed to manage pulsating components due to the unbalance operation caused by a fault
on the grid, as will be discussed in the chapter 10.

A different approach is the so-called direct power control, which is based on the direct
control of the grid inverter switch states in order to obtain the desired active and reactive
powers. This approach can be modified with the introduction of the modulator as will be
shown in the following.

9.4.1 Synchronous Frame VOC: PQ Open-Loop Control

The most straightforward implementation of the voltage oriented control can be done using
a current controller implemented in a dg frame (Figure 9.17) and active and reactive power
feed-forward control. The control of the DC voltage modifies the active power reference. Then
the active and reactive power command signals are translated into d and g components of the
reference current, using the following matrix:

) A 9.38
["é‘} +[ vgd][Q* 039

where v, is the measured grid voltage. Figure 9.18 shows the resulting control scheme.

Figure 9.17 The dg frame rotating at synchronous speed with highlighted d and g components of the
current
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Figure 9.18 PQ open-loop voltage oriented control based on the synchronous dg frame

9.4.2  Synchronous Frame VOC: PQ Closed-Loop Control

An alternative solution to the scheme shown in Figure 9.18 is the closed-loop control of active
and reactive powers. In the scheme shown in Figure 9.19 the active and reactive powers are
calculated using measurements at the PCC and their values are compared with their set-points.
Then PI-based controllers decide the reference d and ¢ components of the reference current
while the control of the DC voltage acts directly on the reference current i;. The closed-loop
control allows the dynamics of active/reactive power control to be decided as a consequence
of a variation of the grid voltage change; hence substantial differences between the Figure
9.18 and Figure 9.19 scheme performances can be observed.

9.4.3 Stationary Frame VOC: PQ Open-Loop Control

The active/reactive power control can also be implemented in a stationary o8 frame, leading
to an indirect voltage oriented control (Figure 9.20). In the case reported in Figure 9.21 there
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Figure 9.20 Stationary o8 frame with the components of the current highlighted
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Figure 9.21 PQ open-loop voltage oriented control based on the stationary o8 frame

is active and reactive power feed-forward control and the DC voltage control acts on the
power reference. The PLL is still used for adapting the frequency of the resonant con-
trollers and extracting the first harmonic of the grid voltages used for calculating the
reference current.

9.4.4  Stationary Frame VOC: PQ Closed-Loop Control

In the case of the implementation of the power control in the o8 frame it is also possible
to have a closed-loop version. In the scheme shown in Figure 9.22 the active and reactive
powers are calculated using measurements at the PCC and their values are compared with
their set-points. Then PI-based controllers decide the amplitude and phase of the grid current
reference. The control of the DC voltage acts directly on the amplitude value. The PLL is
indispensable for providing the grid voltage reference phase with the capacity to calculate the
phase displacement of the current in view of the desired reactive power injection. Also in this
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Figure 9.22 PQ closed-loop voltage oriented control based on the stationary «f frame

case, as in the case of the scheme of Figure 9.19, the closed-loop control allows the dynamics
of active/reactive power control to be decided.

9.4.5 Virtual-Flux-Based Control

The virtual-flux-based approach has been proposed in reference [11] to improve the direct
power control operation, but it can also be used for VOC. The idea is to model the grid
as an electrical machine and estimate the equivalent air-gap flux for control purposes. The
estimation obtained while integrating the measured grid voltage can be used for synchroniza-
tion purposes, for replacing the PLL and/or for estimating the power injected into the grid for
controlling power fluxes. In the first case the obtained results cannot outperform the PLL ones
and in the second case sensible improvements with respect to the use of the measured grid
voltage are obtained only in the case of voltage sensorless operation, where the grid voltage is
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Figure 9.23 Virtual flux implementation of the PQ control based on the synchronous dg frame

approximated to the grid converter voltage that is particular noisy. The core of this technique
is in the following set of equations:

Uy = [ vgadt
Wp = [ vgpdt

v
sin(®) = ——— (9.39)

The scheme of the VOC implemented using the virtual flux is reported in Figure 9.23.

9.4.6 Direct Power Control

The direct power control has been developed in analogy to the well-known direct torque
control used for drives. In DPC there are no internal current loops and no PWM modulator
block because the converter switching states are appropriately selected by a switching table
based on the instantaneous errors between the commanded and estimated values of active
and reactive power [12] (see Figure 9.24(a)). The main advantage of the DPC is in its simple
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Figure 9.25 Virtual flux implementation of the DPC

algorithm while the main disadvantage is the need for a high sampling frequency to obtain
satisfactory performance. A modified version proposed in reference [13] consists in the use of
a modulator to synthesize the desired voltage (Figure 9.24(b)). However, if the grid is stiff the
active and reactive power loops behave like classical d and g current loops. In the case where
the system has the capability of influencing the grid voltage substantial differences may arise.
Figure 9.25 shows the implementation of the DPC based on the use of virtual flux.

9.5 Stand-alone, Micro-grid, Droop Control and Grid Supporting

In this section the WT systems not connected to a main grid are discussed. These systems can
be autonomous, isolated or forming a micro-grid. The size can be variable, from a few kW to
many MW. The main reasons that lead these systems to be isolated from the main grid are:

¢ Far from grid.

¢ Difficult terrain.

¢ Size of load.

¢ Distance = high losses, poor quality of supply.

Moreover, it should be considered that 2 billion people, one-third of the world’s population, do
not have access to a reliable electricity supply and 300 000 houses in Europe have no access
to the grid.

Hence the topic of ensuring electricity to remote locations is particularly important and
the use of renewable energy sources supported by storage solutions is attractive because the
widely used alternative (diesel generator) is polluting and expensive. The stand-alone wind
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system cost can be comparable and in the case of a hybrid wind—diesel system even cheaper
than the stand-alone diesel system [14].

The main technical difficulties are related to the frequency and voltage control, the fluc-
tuating nature of the generation/load and to the characteristic of the needed supply (short
term/long term/seasonal). Possible solutions are in the use of energy storage or load control
(match load to generation, define low priority loads), which usually needs the cooperation of
the local community.

This micro-grid can be managed by shunt converters provided that the controllers are
properly modified, as will be discussed in the following sections.

9.5.1 Grid-Connected/Stand-Alone Operation without Load Sharing

The wind turbine system developed under the Gaia project offers one good example of a back-
to-back converter and control strategy for an operation in both stand-alone and grid-connected
modes [15]. In order to test this kind of system a test setup with flexible control implementation
features has been built at Aalborg University, as reported in Figure 9.26. The data of the small
wind turbine system are reported in Table 9.1.

The developed system was equipped with a standard wind turbine controller capable of
controlling a system directly connected to the grid or to a diesel grid (weak grid). Figure 9.27
shows the controller adopted for the Gaia project. The converter voltage is controlled directly;
there is not a current control but a current limiter adds a voltage contribution in order to limit
the current if it is too high. The DC voltage controller gives a contribution only if the DC
voltage is below the natural DC link voltage in order to avoid the PWM saturation. If the DC
voltage is above the DC natural voltage the chopper dissipates the power in excess. In short,
these are the main features:

All the available power that can be extracted from the wind turbine is transferred to the grid.

Additionally, the static reactive power compensation is possible by adjusting the reactive

current i, reference.

Standard decoupled dg PI control of the currents is used together with voltage feed-forward.

The PI DC voltage controller provides the d axis current reference.

The consumed power is decided by the load. Speed adjustment is used to balance the power

to some extent. Eventual excess power will be quickly damped in the damping resistor by

starting the chopper.

® The output voltage controller aims to control the output voltage with minimal influence on
the shape of the nonlinear load currents or load transients.

® The standard PI DC voltage controller and current limiter are also part of the control.

9.5.2  Micro-Grid Operation with Controlled Storage

In the case where the system has been designed to operate in a micro-grid, load sharing is
not enough to guarantee stability of the system and storage is an indispensable component. In
reference [16] a controlled storage unit that adopts a flyweel is investigated (Figure 9.28).
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Figure 9.26 Back-to-back control setup developed for testing stand-alone/grid-connected operation

Table 9.1 Data of the small wind
turbine designed for the Gaia project

Rated power 11 kW
Hub height 182 m
Rotor diameter 13 m
Rotor speed 56 rpm
Total weight 2400 kg

Nacelle weight 900 kg
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Figure 9.27 Wind turbine controller for the Gaia project

9.5.3 Droop Control

The power sharing among different sources that feed a group of loads through a grid or micro-
grid can be better managed using the so-called ‘droop control” and all its derivatives [17-20].
The basic idea is to reproduce the characteristic of the synchronous generators connected to
a steam/water turbine regulated through a speed governor, which are controlled such that the

Generator ENERGY STORAGE Generator
1)
CURRENT VOLTAGE STORAGE VOLTAGE
FLYWHEEL
WT CONTROL CONTROL CONTROL CONTROL
7 S
i, Ve T Vi Ve Es

MICRO-GRID MANEGEMENT

Figure 9.28 A multiloop, again with the AC voltage external and AC current internal. The interesting
thing is that the management of the DC voltage is in charge of the controlled storage unit ESS
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Figure 9.29 (a) Power flow through a line and (b) a phasor diagram

frequency decreases as the fed active power increases and the voltage amplitude decreases as
the fed reactive power increases [21].

This principle can be explained by looking at the power transfer between two sections
of the line connecting a DG converter to the grid. This can be derived using a short-line
model and complex phasors. The analysis below is valid for both single-phase and balanced
three-phase systems. Referring to Figure 9.29, the active and reactive power flowing into the
line at section A are

\% VAV,
PA=7ACOS¢9— A7

cos(@ + 8) (9.40)

Vi

VaV,
0Oa = Zsin@— 478

sin(0 + &) (9.41)

where § is the power angle and 6 is the power factor angle at section A. As Zcosf = R and
Z sinf = X equations (9.40) and (9.41) are rewritten as

Va

Py = m[R(VA — Vg cosd) + XVpsin ] (9.42)
= ﬁ[—RVB sinéd + X(V4 — Vg cos§] (9.43)
Hence
AV = Vi~ Vpoos = AL 2L (9.44)
AV, = Vpsind = XPAV;ARQA (9.45)

When the DG inverter is connected to the grid through a mainly inductive line (transmission
and three-phase distribution line), X > R, R may be neglected. If also the power angle § is
small, then sin§ = § and cos § = 1. Equations (9.44) and (9.45) then become

XP
~ A4 (9.46)
VaVp
X
V4 — Vg = Oa (9.47)

Va
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Figure 9.30 Q/V and P/f droop control characteristics

For X > R, a small power angle § and a small difference V4 — Vp, equations (9.44) and
(9.45) show that the power angle depends predominantly on the active power, whereas the
voltage difference depends predominantly on the reactive power. In other words, the angle §
or the frequency f can be controlled by regulating the active power P whereas the inverter
voltage V4 is controllable through the reactive power Q.

Assuming to have a load or a micro-grid fed by several DG sources, since it is not possible
to have DG sources with exactly the same frequency and amplitude, the choice of paralleling
several units will lead to an uncontrolled active/reactive power flow depending on the small
differences in their frequencies and amplitudes. On the contrary, if a choice is made to control
them as a function respectively of the produced active and reactive power, the overall system
will find an equilibrium point that will guarantee proper power sharing as a function of the
control characteristic.

In fact, assuming the use of these control laws, depicted in Figure 9.30,

f—=fo=—kp(P — Py (9.48)
V —Vo=—ko(Q— Qo) (9.49)

where fy and V|, are the rated frequency and voltage respectively, while Py and Q are
the set-points for active and reactive DG powers. The micro-grid will find a working point
characterized by a V, f working point that will force the DG units to feed P, Q depending on
the adopted coefficients kp and kg.

However, low-voltage distribution lines have a mainly resistive nature. Hence, when a DG
converter, like a PV inverter, is connected to a low-voltage grid the resistance R can no longer
be neglected. On the contrary, often X may be neglected instead of R and the droop regulation
defined by (9.46) and (9.47) is no longer effective since adjusting the active power P influences
the voltage amplitude while adjusting the reactive power Q influences the frequency. In the
general case both X and R have to be considered to regulate the voltage and the frequency
droop optimally.

The droop control can be implemented directly, using (9.48) and (9.49), or indirectly by
measuring frequency and voltage and imposing the active/reactive power set-point to each of
the DG units. Moreover, the droop control can be adopted without a current control loop, with
a current control loop and with a multiloop approach (Figures 9.31). Further improvements can
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Figure 9.31 Inverse and direct droop control with a current loop and multiloop respectively

be obtained using the ‘impedance emulation” approach, which allows a hot-swap of different
sources to the grid or micro-grid, thus reducing current overshoot (Figure 9.32) [19].

9.6 Summary

This chapter has investigated the main control structures used for the grid converter adopted
in wind turbine systems. The control of a grid converter in the WTS is characterized by three
levels: the first is the inner current and/or voltage control loop, the second is the control of active
and reactive power that is the subject of this chapter and the third is the supervisory control
that decides the active and reactive power set-points. The second level could be enhanced in
order to deal with unbalance and to provide a voltage sag ride-through capability, but this goes
behind the scope of this chapter and will be treated in Chapter 10. The focus of this chapter has
been on the control of the first harmonic active and reactive power that is the main task of the
second-level control. The control structures have been classified as those based on the voltage

VSI . '
C ‘E; 2 —I :); C, t_l_ T Ve Mﬂna\/j:e

v
Modulator [mp edapce ]
emulation [p—"m—"—"

Droop
control

Figure 9.32 Droop method via the impedance emulation
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oriented control approach and those based on the direct power control approach. Moreover, it
has been shown that the active and reactive power control can be performed in open or closed
loops. Finally, it has been discussed how the control structures can be modified in order to
allow stand-alone or micro-grid operation.
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10

Control of Grid Converters under
Grid Faults

10.1 Introduction

The electrical network is a dynamical system, whose behaviour depends upon many factors,
as for instance constraints set by power generation systems, the occurrence of grid faults and
other contingences, the excitation of resonances or the existence of nonlinear loads. As a
consequence, grid-connected power converters should be designed bearing in mind that they
should guarantee a proper operation under generic grid voltage conditions, being especially
important to design control algorithms that ensure a robust and safe performance under
abnormal grid conditions.

The ever-increasing integration of distributed generation systems, which should fullfil the
tight requirements imposed by the grid operator, mainly regarding low-voltage ride-through
and grid support during transient grid faults, has encouraged engineers and researchers to
improve the conventional control solutions for grid-connected power converters. Despite the
fact that the control of power converters under abnormal grid conditions is not a new issue,
most of the studies within this field were mainly focused on the control of active rectifiers. The
main concern in such applications was to guarantee a proper performance on the DC side of
the converter under grid faults. In the grid connection of distributed generators, the interaction
between the power converter and the networks under balanced and unbalanced faults is a
crucial matter, since it is not only necessary to guarantee that any protection of the converter
would not trip but also to support the grid voltage under such faulty operating conditions.

Occurrences of grid faults usually give rise to the appearance of unbalanced grid voltages
at the point of connection of the power converter. Under unbalanced conditions, the currents
injected into the grid lose their sinusoidal and balanced appearance. The interaction between
such currents and the unbalanced grid voltages may give rise to uncontrolled oscillations in
the active and reactive power delivered to the network. The proper operation of the power
converter under such conditions is a challenging control issue. However, as will be shown
in this chapter, the injection of such unbalanced currents may also give rise to other useful
effects. For instance, the injection of a proper set of unbalanced currents under unbalanced
grid voltage conditions allows attenuating power oscillations, maximizing the instantaneous
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power delivery, or balancing the grid voltage at the point of connection. However, the injection
of unbalanced currents into the grid cannot be accurately achieved by using most of the
conventional current controllers currently implemented in the industry. For this reason, some
improved control structures specifically designed to inject unbalanced currents into the grid
will be presented in this chapter.

Depending on the objective of the control strategy used to generate the reference currents
during grid faults, the overall performance of the power converter and its interaction with the
electrical grid will vary considerably. Moreover, the grid codes regulating the connection of
PV and WT systems state specific requirements regarding the injection of active and reactive
power during grid faults. Therefore, reference current generation under grid faults is another
crucial issue in the control of power converters. Since different current set-points can be found
to deliver a given amount of active and reactive power, a detailed study about implementation of
different reference current generation strategies, together with an analysis of their performance
under generic conditions, will be presented in this chapter. The design of such strategies will
be performed considering not only the shape of the currents but also the behaviour of the
instantaneous power delivered by the converter.

The currents injected by the power converter into the phases of the grid should always be
under control, even though the grid voltage experiences strong variations. Therefore, the control
algorithms setting the reference currents should estimate the instantaneous performance of
these phase currents at any time, even during transient faults, in order to avoid any overcurrent
tripping. For this reason, the last but not the least important issue tackled in this chapter is
related to the calculation of the maximum power that can be delivered to the grid, without
overpassing the current limits of the power converter.

The control of grid-connected power converters under grid faults studied in this chapter
represents an essential complement to the methods treated previously regarding the control of
power converters under balanced grid voltage conditions.

10.2 Overview of Control Techniques for Grid-Connected Converters
under Unbalanced Grid Voltage Conditions

The fast penetration of renewable energy sources and distributed generation systems has
boosted the connection of power converters to the electrical network. Most of the conventional
power electronics applications, as for instance motor drives, were mainly focused on processing
active power absorbed from the grid to achieve an optimal performance of the electrical motor
under control. In modern applications, the connection of the motor drive to the grid is made
by using an active rectifier, which provides enhanced features, such as regenerative breaking,
power factor correction or active filtering. Likewise, active front-end converters play a decisive
role in interfacing renewable energy sources to the grid. In fact, a proper control of the grid-side
converter under generic grid conditions is a crucial issue in achieving an effective integration
of renewable energy sources into the electrical networks.

Far away from being perfectly constant, balanced and stable, the electrical network behaves
as an ‘alive’ system, with its own dynamical performance, that is influenced by faults, reso-
nances, overloads, etc. Therefore, the control of grid-connected power converters should be
carefully tackled in order to guarantee a proper performance under such operating conditions.

In the last years, the operation of power converters under abnormal grid conditions, mainly
under voltage sags, has become a challenge for the distributed generation industry due to the
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Figure 10.1 Simplified diagram of a grid-connected active rectifier

increasing demands of the grid connection codes regarding low-voltage ride-through (LVRT)
and reactive power injection during grid faults. Despite the fact that the first developments
were mainly oriented to provide solutions for balanced grid faults, the attention of engineers
and researchers has lately moved towards controlling the current injection of grid-connected
power converters under unbalanced grid voltage conditions.

Nevertheless, the first analysis oriented to control grid-connected power converters under
unbalanced voltage conditions are previous to the grid integration of renewable energy tech-
nologies. Actually, the first studies were focused on improving the performance of active
rectifiers used in power supplies and motor drives. However, the results of this research have
paved the way for further developments that can now be applied to renewable energy systems.

Some relevant studies on the control of active rectifiers under abnormal grid conditions date
from the early 1990s. These studies were mainly focused on regulating the AC currents drawn
by an active rectifier, like the one shown in Figure 10.1, to reduce its sensitivity when affected
by typical grid disturbances.

Under generic grid conditions, the voltage at the point of connection of this active rectifier
can be written as
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where superscripts +n, —n and On represent respectively the positive-, negative- and zero-
sequence components of the nth harmonic of the voltage vector v.

Likewise, the current drawn by the three-phase active rectifier of Figure 10.1 can be gener-
ically expressed as
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According to the instantaneous power theory [1], the instantaneous active and reactive powers
resulting from the interaction of these generic voltages and currents can be obtained by
respectively calculating their inner and cross product, as follows:

p=v-i; q=|vxi (10.3)

As explained in reference [1], the instantaneous powers resulting from (10.3) when the
voltage and current is expressed in terms of sequence components consist of both constant and
oscillatory terms, given by
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These generic power expressions are evidence that constant terms in the instantaneous
active and reactive powers supplied by the grid, p and g, result from the interaction of voltage
and current components with the same frequency and sequence, while oscillations in these
instantaneous powers, p and §, result from the interaction of voltage and current components
with either different frequencies or sequences.

The operation of the active rectifier of Figure 10.1 under unbalanced grid conditions can be
studied by considering only the fundamental frequency in the previous power expressions, i.e.
making m = n = 1. Therefore, the instantaneous active and reactive powers associated with
the active rectifier of Figure 10.1 under such unbalanced grid conditions can be also written
as [2,3]

p = Py+ P cos Quwt) 4+ Py, sin Rwt) (10.8)
g = Qo+ Qe cosRQut) + Q) sin 2wt) (10.9)

where Py and Q are the average values of the instantaneous active and reactive powers
associated with the active rectifier respectively, whereas P.,, Ps2, Q.2 and Qy; represent the
magnitude of the oscillating terms in these instantaneous powers. In most of the existing
studies dealing with power flow in power converters under unbalanced grid conditions [2,4],
the voltages and the currents to calculate these power magnitudes are expressed on synchronous
reference frames. Hence, the amplitude of these power magnitudes can be calculated as

Py = % (viiy +vfif +vgiy +vi)) (10.10)
Po = % (vgig +v i +vjiy +vfiy) (10.11)
Py = % (vjig —vgif —vfig +vji;) (10.12)
Qo = % (v;'ij - vji; +v iy — v;z;) (10.13)
Qn = % (vyig —vgif +vfig —vjiy) (10.14)
Oy = % (—vgis —vgid +viig +vfis) (10.15)

where vj, v; and ij, i; are calculated by means of the Park transform [5] and represent the dg

components of the positive-sequence voltage and current vectors expressed on a synchronous
reference frame rotating at the fundamental grid frequency w, whereas v, , v, and i, , i, are
the components of the negative-sequence voltage and current vectors lying on a synchronous
reference frame rotating at —w respectively.

One of the main objectives in the control of active rectifiers is to provide a constant DC
output voltage. Oscillations in the DC output voltage are directly associated with the energy
variation in the DC-bus capacitor, which is linked to the difference between the input and the
output active powers associated with the active rectifier. Therefore, to guarantee a constant
DC output voltage under constant load conditions, it is necessary to calculate the proper set
of AC currents to be drawn by the active rectifier in order to guarantee that the active power
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absorbed by the active rectifier has a constant value with no power oscillations under generic
grid conditions. As four degrees of freedom exist in the calculation of the currents to be
injected by the power converter, namely [i;, i;', iy, iq‘], four of the six power magnitudes
defined by (10.10) to (10.15) can be controlled for given grid voltage conditions defined by
[v;, U;r, vy, vq’]. Many of the studies on the control of active rectifiers under unbalanced grid
voltage conditions [3,6,7] have collected such power terms in the following matrix expression:

+ + - - .
Py vy vy vy v, ld+

+ +1 - - .
Qo 3% "% Yy Tl iy
P = 3| o - ot - - (10.16)
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By inverting the matrix M4 in the system depicted in (10.16), it is possible to find the
current set-point that gives rise to a certain value of the active and reactive power components
for given grid voltage conditions, i.e.

i P,
i 2| Qo
=Ml xS (10.17)
ld PCZ
ii* Px2

q

Therefore, from (10.17) it is possible to calculate the currents to be drawn by the converter
that would give rise to a certain value of Py and Qp, while also cancelling out the active
power oscillations terms, P, and Py, under unbalanced grid voltage conditions. These power
requirements can be fulfilled by finding the current references as shown in (10.18), where Q
has been intentionally considered equal to zero:

il Py

=M, , X = . 10.1
l';* 4x4 3 O ( )
i;*

The expression shown in (10.18) for setting the current references has been extensively used
in the literature [7-9] and, although other alternative approaches have been presented more
recently [10], the conclusions obtained give rise to analogous results. In other studies, the
power losses associated with the link filter between the power converter and the grid are also
considered in the calculation of the reference currents [6, 11]. Nevertheless, all these works
mainly focus on attenuating active power oscillations but the analysis of the reactive power
oscillations is normally beyond their scope.
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In parallel with the discussion regarding the regulation of the currents to be injected by grid-
connected converters in order to keep the active power constant during unbalanced voltage
conditions, several studies started to stress the importance of proposing new operation modes
in order to achieve additional features. Some of the first works in this area were focused on
proposing control laws oriented to determine the currents to be drawn by active rectifiers for de-
livering active and reactive power according to a certain power factor, while cancelling out the
instantaneous active power ripple [6]. Actually, there exist infinite combinations for the currents
to be injected into the grid by a three-phase grid-connected power converter in order to develop
certain net values of active and reactive powers, Py and Qy, under given grid voltage conditions.
Therefore, depending on the control objective, e.g. perfect control of the instantaneous active
and reactive powers, cancellation of injection of active and reactive power oscillations, injection
of sinusoidal and balanced currents into the grid, etc., different expressions can be proposed
to calculate the currents to be drawn by the grid-connected power converter to exchange given
averaged values of active and reactive powers [12—16]. The calculation of these currents can
be conducted from a generic point of view, considering any power flow direction, which covers
power converters used in both active rectifiers and inverters, expressing voltage and current
vectors on any generic reference frame (dg, o8, abc,mZ6, . . .) and paying equivalent attention
to the evolution of the instantaneous active and reactive powers, which allows controlling not
only the quality of the voltage on the DC side of the power converter but also the interaction
with the grid on its AC side. This last feature is a key issue in the control of distributed
generators during unbalanced grid faults [14], as pointed out at the beginning of this chapter.

Once it is assumed that the reference currents to exchange a given power with the grid under
generic voltage conditions are properly calculated, it is necessary to have a suitable current
controller that is able to inject such currents into the grid. The current control loop struc-
tures proposed for tracking the current references obtained in (10.18) have been significantly
improved throughout the years. The first works presented in the 1990s proposed the imple-
mentation of a single PI current controller on the positive-sequence synchronous reference
frame for tracking both positive- and negative-sequence reference currents, which was not an
optimal solution [6, 11].

Later, by the end of the 1990s, other works introduced two control loops, one for the
positive-sequence and another one for the negative-sequence currents [4]. As a difference
with the single-loop controller, this structure permitted an increase in the performance of
the control and a reduction in the steady state error, without hindering the stability of the
system. In this kind of double reference frame regulator, the feedback currents are projected
on both the positive and the negative reference frames, by means of the Park transformation,
in order to control the positive- and negative-sequence current vectors independently. As will
be explained in Section 10.3, the interaction between current vectors and reference frames
with different sequences gives rise to oscillations at twice the fundamental frequency in the
dq signals obtained from the Park transformation. Since this oscillatory signal cannot be
suitably controlled by the PI regulators of the conventional synchronous controllers, some
authors proposed using a notch filter tuned at twice the fundamental frequency to attenuate
such oscillations [4]. Another solution for reducing the effect of these oscillations is based
on modifying the conventional loop control by adding some additional resonant regulators
specifically focused on reducing the steady-state error generated by the PI controller at twice
the fundamental frequency [6, 11]. Some other decoupled controllers suitable to work under
unbalanced conditions are discussed in Section 10.3.
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As an alternative to the current controllers based on the double synchronous reference frame,
resonant controllers operating on the stationary reference frame have been shown to be an
effective solution to regulate the currents injected by the grid-connected power converters under
unbalanced and distorted grid operating conditions [17, 18]. These controllers are based on
frequency adaptive filters, which exhibit the same performance for both positive and negative
frequencies.

Other solutions not based on vector-oriented control (VOC), for instance based on hysteresis
current controllers [10, 19], direct power control methods [20,21] and model-based predictive
control [22], can also be used to control grid-connected power converters operating under
generic grid conditions. Among these solutions, those based on hysteresis are robust and offer
a fast dynamic response [23].

In the framework of this short overview about control of grid-connected converters under
unbalanced grid voltage conditions, it is mandatory to point out two relevant issues that all,
classical and modern, techniques have in common. On the one hand, it is necessary to stress
that the successful performance of any current controller of grid-connected converters greatly
depends on the accuracy of the grid synchronization system used [24]. In single-phase systems,
the amplitude and phase angle of the grid voltage should be accurately estimated to achieve the
expected instantaneous exchange of power with the grid. In the case of three-phase systems,
the synchronization requirements are even more severe, since the symmetrical components of
the grid voltage during unbalanced grid faults should be perfectly estimated to achieve a proper
control of the positive- and negative-sequence currents injected into the grid. Several advanced
grid synchronization techniques, able to provide good results under generic grid voltage
conditions, were presented in Chapters 4 and 8 for single- and three-phase systems respectively.

On the other hand, depending on the desired performance for the instantaneous active
and reactive powers exchanged with the grid, the reference current generated by the current
controller during unbalanced grid faults may be balanced, unbalanced or even distorted. As
a consequence, the current injected by the grid-connected power converter is prone to be
different from phase to phase. For this reason, one additional crucial issue to be controlled in
grid-connected converters is the instantaneous evolution of the currents injected by the power
converter in each phase of the grid in order to avoid any undesired overcurrent tripping.

10.3 Control Structures for Unbalanced Current Injection

The current injected into the grid by a power converter should keep a certain relationship
with the voltage at the point of connection in order to deliver a given amount of active and
reactive power. For this reason, the structure of the current controller is a key issue in the
design of grid-connected power converters. Under grid faults, the injected currents are very
different from the ones injected during regular operating conditions. In single-phase systems,
grid faults give rise to variations in the amplitude and phase angle of the single-phase voltage at
the point of connection of the power converter. As a consequence, the power converter should
also change the amplitude and phase angle of the injected current in order to ride through
the fault. Usually, conventional current controllers used in single-phase applications are able
to withstand properly this kind of faults. As commented in Chapter 8, faults in three-phase
systems create unbalanced voltages. Depending on the control objectives, the currents to be
injected into the grid might include negative-sequence components to thwart the effects of
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the fault. Most conventional current controllers used in three-phase power converters are not
suitable for injecting unbalanced currents, especially when the grid voltage is unbalanced.

Current controllers based on synchronous reference frames are the most extended solution
for controlling current injection in distributed generation systems. As shown in Chapter 9, most
of these controllers use PI regulators, operating on the synchronous dg axes, to control the
injected currents. When balanced positive-sequence currents are injected into the grid, these
control structures achieve a good performance. However, if unbalanced currents are injected
the behaviour of these controllers is quite deficient, since there is not any specific control loop
for the negative-sequence current components.

In the following, different control structures, specially designed to work with positive- and
negative-sequence currents, will be presented.

10.3.1 Decoupled Double Synchronous Reference Frame Current
Controllers for Unbalanced Current Injection

The most intuitive way to control a current vector, consisting of positive- and negative-
sequence components, is to use a current controller based on two synchronous reference
frames, rotating at the fundamental grid frequency in the positive and the negative directions
respectively. Figure 10.2 shows the structure of this controller, which is based on a double
synchronous reference frame (DSRF).
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Figure 10.2 Double synchronous reference frame current controller
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As shown in the figure, the measured currents are transformed into the positive and negative
reference frames by using the Park transformation, [Ty, "] and [T, ], being

T cos(6’ sin(6’
[Ty ] = [Tar ] = [— SiI(l(Q)/) cos((H’))j| (10.19)
where 0’ is the phase angle detected by the synchronization systems for the positive- and
negative-sequence voltage vectors. It is worth pointing out that these phase angles should be
estimated by an accurate grid synchronization system like the ones presented in Chapter 8.
As depicted in the figure, the controller used in each synchronous reference frame is similar
to those presented in Chapter 9, in which PI controllers were usually used to regulate the
injected currents. It should be noted in this figure that the terms for decoupling the dg signals
(wL) on the positive and the negative sequences have different signs, due to their opposite
rotation directions.
Considering that the current vector to be injected into the grid is given by the expression

sin(wt + 81) sin(wt +87)
i=1"|sin(wt+8" — ) | +1 | sin(wr +5 + &) (10.20)
sin(wt + 8% + &) sin(wt + 8~ — &)

its projection on the positive and negative synchronous reference frames, rotating at 4+ and

—w respectively, can be written as
cos(8™)
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cosCwt) —sinQRwt)
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sin2wt) cosRwt)
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The expressions shown in (10.21) and (10.22) give evidence of the cross-coupling between
the dg axis signals of both synchronous reference frames. This coupling effect is manifested
by a 2w oscillation overlapping the DC signals on the dg axes, being w the fundamental
grid frequency, as discussed in Chapter 8. The amplitude of the 2w oscillations on the dg
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Figure 10.3 Reference currents for iz and iy, (d current axis signal in black and g current axis signal
in gray)

axes of the positive-sequence reference frame matches the mean value on the dg axes of the
negative-sequence one, and vice versa.

To illustrate the effect of the cross-coupling between the positive and negative reference
frames, a power converter injecting positive- and negative-sequence currents into the grid has
been considered. The reference currents for this power converter, expressed on the positive
and negative reference frames, dg* and dg~, are shown in Figure 10.3.

When the system of Figure 10.2 is used for controlling the injection of the reference currents
shown in Figure 10.3, the measured currents, expressed on the dg™ and dg~ axes, are the ones
shown in Figure 10.4. In this figure, it can be appreciated how the injection of any positive-
sequence current gives rise to oscillations at 2w on the negative reference frame, and vice
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Figure 10.4 Measured currents on the dg™ and dg~ reference frames (d current axis signal in black
and g current axis signal in gray)
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Figure 10.5 Error signals on the double synchronous reference frame controller (d error current signal
in black and ¢ error current signal in gray)

versa. It can be also proved from this figure that the amplitude of the oscillations in one of the
synchronous reference frames matches the DC amplitude of the other one.

Oscillations at 2w in the measured currents cannot be totally cancelled out by the PI
controller, which gives rise to steady state errors when tracking the reference currents. This
drawback is illustrated in Figure 10.5, where the error signals at the input of the PI controllers
have been plotted, Aigz,4 and Aig,_. It is important to stress that the mean value of the error
signals is equal to zero for all the dg components, since the PI controller presents infinite gain
for DC inputs.

Obviously, these 2w oscillations on the synchronous reference frames should be cancelled
out in order to achieve full control of the injected currents under unbalanced conditions. In the
following, some solutions oriented to overcome this drawback are presented.

Maybe the most straightforward solution to attenuate the effects of the 2w oscillations
consist of filtering the measured currents by using a notch filter (NF), tuned at 2w, as shown
in Figure 10.6 [4].

The effect of including the aforementioned notch filter on the measured currents is illustrated
in Figure 10.7, where the current errors on the positive and negative reference frames are
plotted. It can be noticed in this figure that the performance of the controller is clearly improved,
being the 2w oscillations in the current error significantly reduced after a nonnegligible
transient period.

It is worth pointing out that the notch filter affects the direct chain of the control loop,
reducing the phase margin of the system, and ends by hindering the system stability if the
damping factor of the notch filter is too high. In the example of Figure 10.7, the damping
factor was set to 0.5. Lower values for the damping factor would reduce the settling time of the
system. However, it would make the notch filter more selective, which may become a problem
in the case of grid frequency deviations. For this reason, this notch filter should be frequency
adaptive in order effectively to cancel out the 2w oscillations at any grid frequency value.
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Figure 10.8 Decoupled double synchronous reference frame current controller using a decoupling
network based on the measured signals

The same effect provided by the notch filter, regarding the attenuation of 2w oscillations, can
be achieved by adding the 2w oscillations of the measured currents to the reference currents. In
this way, the input signal to the PI controller would be free of oscillations. However, in order
to avoid any mismatching in cancelling these oscillations, a resonant controller, also tuned at
2w, is connected in parallel with the original PI controller [6].

In the previous techniques, the effect of the 2w oscillation resulting from the cross-coupling
between reference frames and current vectors with different sequences has been overcome
by using filters or by modifying the controller. Nevertheless, as previously evidenced in
the equations (10.21) and (10.22), a relationship exists between the amplitude of the AC
oscillations in the positive reference frame and the DC values in the negative reference frame,
and vice versa. Therefore, it is feasible to use a cross-decoupling network, like the one presented
in Chapter 8, to make both reference frames independent from each other. Implementation of
this decoupled double synchronous reference frame (DDSRF) current controller is shown in
Figure 10.8, where F represents a first-order low-pass filter.

As a difference from the previous case, where the 2w oscillations were just attenuated by
using a notch filter, the cross-feedback decoupling network allows a perfect estimation of the
amplitude of the oscillations in the measured currents, achieving their complete cancellation
at the input of the PI controllers. Moreover, as evidenced in the current error signals shown
in Figure 10.9, where the cut-off frequency of the low-pass filter was set to w; = w/ V2, the
DDSREF current controller exhibits a better dynamics than the one based on notch filters.

Since the amplitude of the AC oscillations in the measured currents on the positive reference
frame matches the DC values in the measured currents on the negative reference frame, and
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Figure 10.9 Error signals on the double synchronous reference frame current controller using a decou-
pling network based on the measured signals (d error current signal in black and ¢ error current signal

in gray)

taking into account that ideal PI controllers are able to track DC references accurately, it
seems logical to use the reference for the negative-sequence currents as feedforward signals
for cancelling out the 2w oscillations in the measured currents on the positive reference frame.
A similar reasoning can be followed for cancelling out the oscillations in the negative reference
frame. This decoupling network would work properly provided that the PI controllers are able
to track the DC references perfectly. However, if any tracking error happens, there will be a
mismatch between the DC reference currents and the DC measured currents on the synchronous
reference frames. Therefore, under such conditions, it would not be possible to achieve a full
cancellation of the oscillations in the measured currents. However, any DC error in tracking the
references currents can be detected at the input of the PI controllers by using simple low-pass
filters. Thus, the output signal of these filters can be used to compensate the error made by the
feedforward loops in the cancellation of the 2w oscillations. Implementation of this decoupled
double synchronous reference frame current controller, based on feedforward plus additional
feedback loops, is shown in Figure 10.10.

The error signals on the decoupled double synchronous reference frame, shown in Figure
10.11, shows the good performance of this last controller. In this case, the cut-off frequency
of the low-pass filter was set to wy = w/ V2. 1t can be seen from the figure that this control
structure shows very fast dynamics while achieving a zero steady-state error when injecting
unbalanced currents.

10.3.2 Resonant Controllers for Unbalanced Current Injection

When a synchronous controller based on PI is transformed into the stationary reference frame,
a proportional resonant (PR) controller is obtained [17, 25]. Therefore, both are equivalent
to each other, but they work on different reference systems. The synchronous controller is
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Figure 10.12 Equivalent controllers on: (a) the synchronous and (b) the stationary reference frames

based on an infinite gain DC controller rotating at w frequency on a synchronous refer-
ence frame; meanwhile, the PR controller on the stationary frame presents an infinite gain
at +w frequencies.

The synchronous controller uses the phase angle of the grid voltage as a basis magnitude,
whereas the resonant controller uses the grid frequency. As a consequence, the synchronous
controller needs to build two synchronous control loops to control unbalanced currents, one
for the positive-sequence component and another for the negative-sequence component, as the
phase angles of both sequence components are not correlated. However, since the value of
the grid frequency is the same for both sequence components, just one resonant controller is
necessary to control both positive- and negative-sequence currents simultaneously. Therefore,
no decoupling networks are needed to deal with both sequences simultaneously.

The equivalence between the PI controller on the double synchronous reference frame and
the PR controller on the stationary reference frame is demonstrated in the following. When
only the positive reference frame controller is considered in the system shown in Figure
10.12(a), the next expression can be written as

k + k,‘ 0 [ 1+
Vi = [”d*} = [PI(D)] % Aiggr = | / s’ [A’f’ ] (10.23)
Vg+ 0 k, +k; f Aig+

where * represents the convolution product in the time domain. Likewise, the output of the
negative reference frame controller of Figure 10.12(a) is given by

- . i Aig-
Vi = |:5Z ] = [PI(t)] * Aig- = [k,, +Ok / K, +0ki / ] * [AZ] (10.24)
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In the Laplace domain, the transfer functions of these two controllers on the stationary
reference frame are given by

V($)aptr = [PI(S)ap+ | Ai($)ap+ (10.25)
V($)ap- = [PI(S)ap- | Ai($)ap- (10.26)

where the stationary transfer functions for the PI controller on the positive and negative
reference frames are defined as

[PI($)ap+ | = [Tuy ] (PI)] [Ty ]

1 [ (PI(s + jw) + PI(s — jow))  j(PI(s + jw) — PI(s — ja))):|
2| j(=PI(s + jow) + PI(s — jo)) (PI(s + jw) + PI(s — jw))
kp + kiS k,‘a)
- S S (10.27)
_ kiw k kis
$2 + w? Pl g2 42

[Plag-(9)] = [Tag ] IPI)1 [ Tay- ]

_ [ (PIGs + jow)+ PI(s — jw))  j(—Pl(s + jw) + Pl(s — jo))
- 2 LJ(PIs + jo) = PI(s — jo))  (PI(s + jw) + PI(s — jo))

k + k,‘S k,-a)
p 2 2 T2 2
sc 4+ w sc 4w
= . 10.28
k,-w k kiS ( )
s2 4+ w? P2 4 @2

The transformation matrixes [Ty,4] and [Ty4,_] in (10.27) and (10.28) correspond to the
Park transform, as indicated in (10.19).

Adding the two partial transfer functions defined in (10.25) and (10.26) for the positive and
negative reference frame controllers, the following expression is obtained:

V($)ap = V(8)ap+ + V(8)ap- (10.29)
k4 S 0
|:U(S)a:|:2 P2 2 [Aia} (1030)
v(s)p 0 - kis Aig '

r s2—|—a)2

As shown in (10.30), the joint action of a positive and a negative synchronous reference
frame controller, both using PI controllers, is equivalent to implementing two PR controllers
to cancel out the current error, one on the « axis and another on the § axis. The diagonal
terms in the transfer function matrix of (10.30) are equal to zero, which indicates that there
is no cross-coupling between the signals on the « and f stationary axes. The analysis carried
out in this section demonstrates that PR controllers on the stationary reference frame are able
to cancel out the error on the positive- and negative-sequence components simultaneously
when unbalanced currents are injected by the power converter. Moreover, the simplicity of the
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Figure 10.13 Error signals on the double synchronous reference frame using the current controller of
Figure 10.12(a) (d error current signal in black and g error current signal in gray)

resultant PR controller makes it very attractive to be implemented in digital control platforms
because of its low computational burden. Figure 10.12(b) shows the diagram for implementing
a current controller based on PR on the o8 stationary reference frame.

The dg error signals resulting from the synchronous controller when injecting the same
reference currents as in previous study cases are shown in Figure 10.13, whereas the o
error signals for the PR controller are shown in Figure 10.14. As shown in this figure, the
PR controller and its equivalent synchronous controller achieve a zero steady-state error and
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Figure 10.14 Error signals on the stationary reference frame using the PR current controller of Figure
10.12(b)
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exhibit a fast dynamic response, comparable to some of the best responses obtained with the
decoupled synchronous current controllers previously studied.

10.4 Power Control under Unbalanced Grid Conditions

In the previous sections of this chapter, some important issues regarding the operation of
grid-connected power converters under unbalanced grid conditions have been pointed out.

As shown in the overview section, the control of the instantaneous active and reactive
power exchanged with the grid, and mainly the power oscillating terms that appear due to
the interaction between voltages and currents with different sequences, requires the design
of specific strategies for calculating the current that should be injected into the grid by the
power converter. However, implementation of these strategies gives rise to the injection of
unbalanced currents into the network. Therefore, specific current control structures, able to
properly regulate the positive- and negative-sequence components, are necessary in order to
obtain satisfactory results. Several control solutions regarding this issue have been discussed
in Section 10.3.

Once it is assumed that it is possible to design a suitable current controller to properly
inject unbalanced currents during grid faults, it is necessary to tackle calculation of the proper
reference currents to be applied to the input of such controllers. In the framework of this
section, different methods for determining the reference currents to be tracked by the grid-
connected power converter to achieve a specific performance will be presented. The analysis
that will be carried out in the following will consider generic three-phase grid-connected power
converters, working as either rectifiers or inverters, to regulate the instantaneous evolution of
the active and the reactive power exchanged with the grid.

In the forthcoming study, the different techniques for calculating reference currents will be
developed using a generic vector approach. This kind of analysis permits a generalized study
to be carried out that is valid in either a stationary or a synchronous reference frame.

Before conducting further developments, some assumptions, which will be considered from
this point on, should be introduced:

® The energy source supplying power through the inverter exhibits slow dynamics and hence
the energy yield can be assumed as a constant throughout a grid period.

® The reference for the instantaneous active and reactive powers to be supplied by the grid-
connected converter can also be considered constant throughout each grid cycle, i.e. p* = P
and ¢* = Q.

® The distributed power generator delivers power into the electrical network through a three-
phase three-wire connection; hence there is no active power contribution from zero-sequence
current components. Thus, the zero-sequence voltage component of the grid voltage will
be neglected.

* The positive- and negative-sequence components of the grid voltage have been accurately
estimated using a precise grid synchronization system.

Considering these assumptions, and according to the instantaneous power theory [1], the
instantaneous active power, p, supplied or drained by a grid-connected three-phase power
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converter can be calculated as
p=v-i (10.31)

where v = (v,, vp, U.) is the voltage vector in the point of common coupling (PCC), i =
(ia, ip, ic) 1s the injected current vector in such a point and °-* represents the dot product of
both vectors. Considering the symmetrical components of the voltage and the current, the
previous expression can be rewritten as

p=@"+v7) ([T +i) (10.32)
p=v -it+v i +vt i v - iT=P+p (10.33)

P p

where v+, v~, i" and i ~are the positive- and negative-sequence vector components of the
voltage and the current vectors while P and p are the average value and the oscillatory term
of the active power respectively.

On the other hand, the instantaneous reactive power g generated by the power converter,
due to the interaction between the current vector i and the generic voltage vector v, can be
written as

q=1vxil (10.34)

Hence, the instantaneous reactive power can be defined as the module of the cross-product
between v and i. However, the instantaneous reactive power can also be calculated by means
of the following dot product:

q="v,-i (10.35)

where v is an orthogonal version (90° leaded) of the original grid voltage vector v. The
orthogonal voltage v, expressed on different reference frames can be found by means of
applying the following transformations:

v ! 01 (1) _11 Vabes, U |:0 _1i|v ;v [O _1i|v

- = - abcs 1 = ap - .

a1 1 o b ap 1 0 | T4 1 0 |‘%
(10.36)

The reactive power shown in (10.35) can be written as well as a function of the voltage and
the current symmetrical components, giving rise to

q=(vi+vy) (" +i7) (10.37)
g=vl-it+v i +v i v it=0+gG (10.38)
0 q

In (10.38) it is shown that the reactive power can also be split into a constant component, Q,
and an oscillatory term 4.
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It is worth highlighting the point that the expressions from (10.31) to (10.38) are valid in
any stationary (a, b, ¢ or «, ), rotational (d, g) or polar ( mZ0) reference frames.

In the following, five different strategies for determining the reference current vector,
i*, to deliver given active and reactive power set-points, P and Q, under unbalanced grid
voltage conditions, will be discussed. It will be shown that these strategies intend to provide
different features, such as the cancellation of active power oscillations, the injection of balanced
sinusoidal currents or the flexible regulation of the injected positive and negative sequence
currents. In the next sections, the performance of these strategies for calculating reference
currents will be compared and discussed, stressing the advantages and drawbacks of each one
from the grid integration and the current injection control points of view.

10.4.1 Instantaneous Active—Reactive Control (IARC)

Considering the equations (10.31) and (10.34), and according to that stated in instanta-
neous power theories [1,26,27], any current vector aligned with the voltage vector v will
give rise to active power, while any current vector aligned with v, will generate reac-
tive power. This concept can be represented by the following expressions, which consti-
tute the basis of the instantaneous active—reactive control (IARC) strategy to determine the
reference currents:

it =gv (10.39)
f=buv, (10.40)

where i ’;, and i(’; can be considered as the active and the reactive currents vectors respectively,
representing g an instantaneous conductance and b an instantaneous susceptance, both real
terms, which sets the proportion between the voltage and the current vectors. The value of
these terms that give rise to the exchange of a certain amount of power with the grid, P and Q,
under given voltage conditions, defined by v, can be calculated as

=P=g=— (10.41)

is-ov =bv v, =0=bh=0=b=—5 (10.42)

Considering these values of instantaneous conductance and susceptance seen from the
output of the inverter, and according to (10.39) and (10.40), the reference current vectors to
deliver the P and Q powers to the grid are given by

it = iv (10.43)
p |v|2 :
P (10.44)

q |v|2
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where i : is the active component of the reference current vector and i ; is the reactive one.
Therefore, the final reference current can be calculated by just adding (10.43) and (10.44), i.e.

it =it il (10.45)

These reference currents are the most efficient set of currents that exactly deliver the
instantaneous active and reactive powers, P and Q, to the grid under generic voltage conditions.
In comparison to other control strategies, which will be explained in the following, the IARC
strategy exhibits the highest degree of control on the instantaneous powers exchanged with
the grid.

In (10.43) and (10.44), the norm of the grid voltage vector, |v |2, can be calculated as follows
for different reference frames:

|v|2:v§+v§+v3=v§+v§=v§+v§=m2 (10.46)

Under balanced sinusoidal conditions, the resulting current references from (10.45) are per-
fectly sinusoidal, since the module of the voltage, |v|, and g and d are constants. However,
as explained in Chapter 8, v and v, are formed by positive- and negative-sequence voltage
components when unbalanced grid faults occur. Under such operating conditions, the module
|v|? has oscillations at twice the fundamental grid frequency, i.e.

I = ot + o [P+ 2o | [v | cos ot + ¢+ — ¢7) (10.47)

When the expression of (10.47) is processed in the denominator of (10.43) and (10.44), the
resulting reference currents i ";, and i ;‘ are not sinusoidal, but consist of high-order harmonics,
giving rise to distorted reference signals for the currents to be injected in the phases of the
grid. This issue is a serious drawback of the IARC strategy due to the fact that injecting
distorted currents requires the implementation of more complex control systems than the ones
presented in Section 10.3 of this chapter. In the case of a high-power grid-connected converter,
the capability for injecting harmonic currents into the grid is significantly limited by the
maximum value of the switching frequency of the power converter’s semiconductors and the
reduced bandwidth set by the link filter. Moreover, injection of harmonics into the grid can
give rise to additional problems such as excitation of resonances or extra deterioration of the
grid voltage at the point of connection of the power converter.

Therefore, in spite of its obvious advantages in terms of power controllability, the application
of IARC seems not to be the most suitable strategy for generating reference currents in many
applications of grid-connected power converters, especially those in the range of several
megawatts. Nevertheless, by means of introducing particular constraints in the calculation
of the reference currents, it is possible to deduct other alternative strategies that would give
rise to reference currents more suitable to be injected into the grid by using positive- and
negative-sequence currents controllers like the ones shown in Section 10.3, which are closer
to the synchronous controller conventionally used by the industry.
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10.4.2  Positive- and Negative-Sequence Control (PNSC)

The name of this strategy introduces itself as one of its main features. The positive- and
negative-sequence control (PNSC) strategy deals with the calculation of a reference current
vector, containing a proper set of positive- and negative-sequence components, that is able to
cancel out oscillations in the instantaneous powers injected into the grid. This strategy is rem-
iniscent of some of the first techniques proposed to control active rectifiers under unbalanced
grid conditions. However, the formulation used in the PNSC strategy is more general, allowing
the use of both synchronous and stationary reference frames while considering the attenuation
of power oscillations in both the active and the reactive instantaneous powers. The current
reference provided with this technique takes as a requirement that the resulting currents to
be injected into the grid solely consist of positive- and negative-sequence components at the
fundamental frequency, i.e.

it =i i (10.48)

where i*t and i*~ represent such positive- and negative-sequence components respectively.

To determine the expressions for the reference currents generated by the PNSC strategy it
is initially assumed that only active power is delivered to the grid. Moreover, it is imposed as a
condition that the delivered active power is free of oscillations. Considering both constraints,
the following expressions can be written:

v T i =P (10.49)
v e i =0 (10.50)

Operating (10.50), the following expression for the negative-sequence reference current vector
can be obtained:

2 v+'i‘*+
vheiT =it e s ot =t i e s = —#v— (10.51)

Therefore, the following equation can be found by substituting (10.51) in (10.49) and
regrouping terms:

_2
— gt gkt _ |v |
P=v".i (1 |v+|2> (10.52)

Operating (10.52), the reference for the positive-sequence reference current vector is
given by

o[~ [o-[* P
vt P = |v+| ( |v+| =1 p var (10.53)
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Finally, adding (10.51) and (10.53), the reference for the active current vector is given by

P

» % + (. + -\ . +
iy=g"(v"-v7); g = 2 2
[vt]" — o]

(10.54)

Similar constraints to the ones set to arrive at (10.54) can be set to determine the reference
for the reactive current vector as follows:

ol it i =0 (10.55)

vl e i =0 (10.56)

From these expressions, and making the same steps as in the case of the active current vector,
the following expression can be found to calculate the reference for the reactive current vector:

0

ck g (o4 -\ . + _
if=b"(vi—vi): b TR

(10.57)

Therefore, the final reference current can be calculated by adding (10.54) and (10.57) as
=i i =gt (v —v) + 0T (v] —v]) (10.58)

In order to study the performance of the instantaneous powers delivered using the PNSC
strategy, the positive- and negative-sequence currents injected into the grid are written as the
addition of their active and reactive component as follows:

it = i;—i—i;' (10.59)

iT =i+ (10.60)

Considering that the current controller used in the power converter guarantees the injection
into the grid of the reference currents set by (10.54) and (10.57) with no error, the following
expressions can be written for the instantaneous active and reactive powers delivered by the
power converter:

p=vrif+v i pot il 40

— + .-— — .+ + . — —_ .+
P AR SR R R M A P A (10.61)

P 0 0 p

q=v]-iy4+v i vl -if - ol ig b i vl e iy (10.62)

0 0 0 g

In both expressions the average value of the active and reactive power, P and Q, and the
oscillatory components of both, p and ¢, have been indicated. The third and fourth terms have
been cancelled out in both (10.61) and (10.62), as the dot product between two components
with the same sequence and 90° shifted is equal to zero. On the other hand, the fifth and the
sixth terms in (10.61) and (10.62) are zero due to the conditions stated in (10.50) and (10.56),



262 Grid Converters for Photovoltaic and Wind Power Systems

where both oscillating terms where forced to be zero when calculating the reference for the
active and reactive currents.

Asevidenced in (10.61) and (10.62), the instantaneous active and reactive power delivered to
the grid by applying the PNSC strategy, p and g, differ from the ones provided as a reference,
P and Q, by the oscillatory power terms p and §. This is due to the interaction between
in-quadrature voltage and currents with different sequences.

Nevertheless, when one of the power references is null, either P or Q, the performance of
the instantaneous power when using the PNSC is slightly different. For instance, if just the
injection of active power into the network is considered under unbalanced conditions, while
the reactive power set-point is equal to zero, the active power oscillations are cancelled. This
is due to the fact that the remaining oscillating component in the active power, p, depends
upon the reactive current components i, i*T and i Z‘, as stated in (10.61). Hence, if the reactive
current l is cancelled, the oscillating term, P, does not appear. A similar phenomenon occurs
with the reactive power oscillations when the active power set-point is set to zero. In this case,
the reactive power oscillations are completely cancelled, as can be deduced from (10.62).

10.4.3 Average Active—Reactive Control (AARC)

As commented previously, during unbalanced grid faults, the reference currents obtained by
using the TARC strategy present harmonics in their waveform because g and d do not remain
constant throughout the grid period, 7. Since P and Q have been assumed to be constant, such
harmonics come from the effect of the second-order component of |v|? on the calculation of
the instantaneous conductance and susceptance, g and d, as shown in (10.41) and (10.42).
Therefore, if the effect of the |v|* oscillations is cancelled out in the calculation of such
conductance and susceptance, the harmonics in the reference currents will be cancelled as
well. To achieve this goal, the average active-reactive control (AARC) strategy calculates
the average value of the instantaneous conductance and susceptance, throughout one grid
period, and then determines the reference for the active and reactive current vectors i; and i Z,
operating as

5 P

i,=Guv; G:F (10.63)
b

- . 0

i,=Bv; Bzv_é (10.64)

where Vy is the collective rms value of the grid voltage, which is defined as

=,/—f lv|*dt = |v+| + o= |? (10.65)

Since G and B are constants in the AARC strategy, the voltage and the current waveforms
are monotonously proportional. According to the studies conducted by Buchholz, one of the
main precursors of the study on the time domain of active and nonactive currents in polyphase
systems, for a given grid voltage v, the current references calculated by (10.63) and (10.64)
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lead to the smallest possible collective rms value of such currents, I, delivering a constant
active power P over one grid period, T [28]. The lower value of /5, the lower are the conduction
losses in the system and the higher the efficiency. An analogous conclusion can be reached for
the reactive current case.

Considering the active power injection, the current vector of (10.63) has the same direction
as the grid voltage vector; hence it will not give rise to any reactive power component. However,
the instantaneous active power delivered to the unbalanced grid will not be equal to P but will
be given by

. lv|? N
p:,p.vzv_épzpdrp (10.66)

where p is an oscillating term added to the average value P.
Substituting (10.63) and (10.65) into (10.66), the instantaneous active power delivered to
the unbalanced grid can be written as

2| o]

RS cosQat + ¢ — ¢)] (10.67)

p=P|:1~|-

where ¢ and ¢~ are the phase angles of the positive- and negative-sequence voltage vector
components, v+ and v™.

In an analogous way, the reactive current found in (10.64) has the same direction as the
in-quadrature voltage vector v, . As in the active power case, the reactive power consists of an
average value equal to Q plus an oscillating term at twice the grid frequency, i.e.

2
q:vL-i3=%Q=Q+cj (10.68)
Vs
g=0|1+ M cosQQut + ¢ —¢7) (10.69)
vt ? + o |? '

After obtaining the equations for p and ¢, given in (10.67) and (10.69), the same particular
cases analysed for the PNSC can be discussed here. If just reactive power is injected into the
grid by using the AARC, the residual instantaneous active power delivered to the network
will be equal to zero. Likewise, if only active power is delivered, the residual instantaneous
reactive power will be equal to zero.

10.4.4 Balanced Positive-Sequence Control (BPSC)

Considering the same principle used in the AARC strategy, it is possible to find other ways for
modifying the value of the conductance and susceptance in the expressions used to calculate
the reference currents in order to achieve other objectives. In the case of the balanced positive-
sequence control (BPSC) strategy, the goal is to inject into the grid a set of balanced sinusoidal
currents with only positive-sequence components. This method can be useful if the quality of
the currents injected becomes a preferential issue. Moreover, the balanced currents generated
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by the BPSC strategy can be injected by using simple synchronous controllers, provided that the
synchronization system is able to estimate accurately the phase angle of the positive-sequence
component of the grid voltage.

The BPSC strategy calculates the active and reactive reference currents as

P
it = Gto G = o (10.70)
i = Bt Bt = 2 (10.71)
q Lo - |v+|2 '

The current vectors of (10.70) and (10.71) consist of a set of perfectly balanced positive-
sequence sinusoidal waveforms. Under unbalanced operating conditions, the instantaneous
active and reactive power delivered to the grid will differ from P and Q because of the
interaction between the positive-sequence injected current and the negative-sequence grid
voltage, i.e.

p=v-iy=v"-i 40 (10.72)
— ——
p p
g=v,-ij=v i,+v] i (10.73)
— =
0 q

where p and g are power oscillations at twice the fundamental utility frequency.

In the BPSC, both the instantaneous active and reactive powers will be affected by oscilla-
tions under unbalanced grid conditions, as demonstrated in (10.72) and (10.73). In the BPSC,
the null value of either the P or Q set-point does not give rise to the cancellation of any power
oscillation, which is a difference from previous strategies. On the other hand, this method is
the only one that permits not only sinusoidal but also balanced currents to be obtained.

10.4.5 Performance of the IARC, PNSC, AARC and BPSC Strategies

The four strategies presented earlier to generate the reference currents are compared in this
section by considering their implementation in a STATCOM,; hence just reactive power will be
injected into the grid by the power converter. A layout of the study case considered is depicted
in Figure 10.15.

In the system of Figure 10.15, an unbalanced fault occurs at the electrical line in which
the STATCOM is connected. The reference currents for the STATCOM set by the IARC,
PNSC, AARC and BPSC strategies under such grid fault conditions will be presented in the
following. Since only the performance of the reference currents is of interest in this simple
example, it is assumed that the short-circuit power at the point of connection is much higher
than the reactive power injected by the STATCOM. Therefore, it is assumed that the voltage
at the point of connection is practically not affected by the current injected by the STATCOM.

For comparison purposes, the responses obtained with the four control strategies are shown
in a single plot in Figure 10.16. The unbalanced grid voltages are shown in Figure 10.16(a).
In the next two plots, Figures 10.16(b) and (c), the instantaneous active and reactive powers
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Figure 10.15 Layout of the study case considering a STATCOM application
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Figure 10.16 Simulation of the IARC (f = 0 to r = 40 ms), PNSC (¢ = 40 ms to t = 80 ms), AARC
(t =80 ms to t = 120 ms) and BPSC (¢ = 120 ms to = 160 ms) : (a) unbalanced voltage measurement,
(b) injected reactive power, (c) delivered active power and (d) injected currents
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delivered to the grid are shown. Finally, the current waveforms obtained with each control
strategy are depicted in Figure 10.16(d).

Between ¢ = 0 and ¢ = 40 ms the IARC strategy is applied, giving rise to flat instantaneous
active and reactive powers while the currents obtained are highly distorted. After + = 40
ms the PNSC strategy is enabled. In this case, the reference currents consist on a set of
unbalanced three-phase signals, but without harmonic distortion, as expected. Regarding the
power behaviour, it is proven how the reactive power remains constant, while the active power
presents oscillations around the zero mean value. The particular performance of the PNSC
strategy in these specific conditions, where one of the power references is zero, has already
been discussed in Section 10.4.2.

From ¢ = 80 ms to r = 120 ms the current reference generator implements the AARC
strategy. As can be seen in the figure, the obtained currents are again sinusoidal. Moreover,
the maximum amplitude of these currents is lower than those obtained from the IARC and
the PNSC strategies, keeping the same value of Q. This feature points out that by means of
using the AARC a higher value in the reactive power injected into the grid under unbalanced
conditions can be reached, which is a remarkable advantage. Additionally, the instantaneous
active power drawn by the AARC strategy is free of oscillations, which atenuates voltage
fluctuations at the DC-bus of the STATCOM.

Finally, the behaviour of the BPSC is depicted at the end of the simulation plots, from
t = 120 ms to t = 160 ms. In this case, since no negative-sequence components are injected
into the grid, oscillations in both active and reactive power occur. However, this technique
improves even more the advantages of the AARC regarding the reduction of the maximum
current. It can be stated from Figure 10.16 that the BPSC is the one that gives rise to the lowest
peak value in the injected current among all the four compared strategies, while injecting the
same average reactive power set-point.

After evaluating the different strategies for determining the current reference under unbal-
anced grid conditions, it can be stated that the main concerns when calculating the current
reference are focused on:

¢ the magnitude of the active power oscillations,
¢ the magnitude of the reactive power oscillations,
¢ the harmonic content of the signal to be injected.

The influence of these items in the proposed strategies has been summarized in Table 10.1.

In this table, the different active and reactive power injection combinations have been
considered for all the strategies previously presented to determine the reference currents. Most

Table 10.1 Features of the current reference calculation strategies

P#0,p=0 Q#0,G=0 P#0,§=0 Q#0,5p=0
0 P#0 Q=0 Q #0 P =0 P #0 lyn

Strategy Q =0 Q #0 P = : i

TARC Y Y Y Y Y Y Y Y Y
PNSC Y N Y N Y N N N N
AARC N N N N N Y Y N N
BPSC N N N N N N N N N
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of the columns in this table are focused on determining whether active or reactive power
oscillations, p and g, are produced, where Y and N stand for ‘yes’ and ‘no’ respectively. The
Inam column indicates whether the injected currents are polluted by harmonics or not.

It can be concluded from the presented analysis that the strategies that achieve better results
regarding the power injection capability are mainly those that inject sinusoidal currents.
However, Table 10.1 shows that these kinds of strategy give rise to power oscillations, and
only for the PNSC and the AARC is it possible to find particular cases where these oscillations
are cancelled. On the other hand, the IARC is the most advantageous strategy in terms
of power controllability, but unfortunately permits the lowest amount of power injection
under unbalanced conditions, while injecting the maximum amount of harmonics among the
presented methods.

10.4.6 Flexible Positive- and Negative-Sequence Control (FPNSC)

In the strategies already presented in this chapter for determining the reference currents for
the power converter under grid faults, the relationship between the positive- and negative-
sequence components of such reference currents is set by the respective forming equation,
which is mainly defined by the voltage vectors v and v~. However, and taking advantage of
the previous analysis, in the following it will be shown that it is possible to implement a method
for adjusting, in a more flexible way, the relationship between the symmetrical components
of the reference currents, giving rise to a more flexible strategy to calculate such references,
namely the flexible positive- and negative-sequence control (FPNSC) strategy.

Expanding the principle introduced in Section 10.4.4, the instantaneous conductance, g, can
be divided into a positive-sequence and a negative-sequence conductance value, G* and G
Through this reasoning, the active reference current vector can be written as

it =Gt + G v (10.74)

As a difference from the BPSC strategy previously presented, this active power current also
contains a negative-sequence component. If just either positive- or negative-sequence currents
had to be injected, the value of Gt and G~ would be found as

¢t=L . ¢ =L (10.75)
[v | v~

respectively. However, if the current injected into the grid to deliver a given active power P
had to be composed by both sequence components simultaneously, it would be necessary to
regulate the relationship between them in order to keep constant the total amount of active
power delivered to the grid. In order to do that, a scalar parameter, k;, regulates the contribution
of each sequence component on the active reference currents in the form

P
vt (1 — k) v (10.76)

o
l :kl

2
[v-|

p |v+|2

By means of regulating k; in (10.76) within the range from O to 1, it is possible to change
the proportion in which the positive- and negative-sequence components of the active currents
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injected into the grid participate in delivering a given amount of active power P to the grid.
For instance, by making k; = 1, the same behaviour as that of the BPSC is obtained, while by
making k; = 0, perfectly balanced negative-sequence currents will be injected into the grid to
deliver the active power P. In some special cases, k; might be out of the [0, 1] range. In such
cases, one of the sequence components of the injected currents would absorb active power
from the grid, whereas the other sequence component would deliver as much active power as
necessary to balance the system and make the total active power delivered to the grid equal to P.

An analogous reasoning can be followed for finding the reference for the reactive currents,
which can be calculated as

o 0 o _
i :kzw v —kz)Wvl (10.77)

In this case, another scalar parameter, namely k;, has been used to control the proportion
between the positive- and the negative-sequence components in the reference currents and to
inject a given reactive power Q into the grid.

Finally, after rearranging some terms, the reference currents provided to the current con-
troller of the power converter can be found through the following expression:

i*:P( ky v+—|—(1_|kzl)ov_)+Q< ko 'vi‘f‘(l_'kzﬁ‘vi) (10.78)

vt o™ vt v-

By means of changing the value of k; and k; in (10.78), the relationship between positive- and
negative-sequence current components in both the active and the reactive currents can be easily
modified. This feature is very interesting when the interaction between the power converter
and the grid during faults is studied. For instance, the positive-sequence voltage component at
the point of connection (PCC) of an inductive line will be boosted if some amount of reactive
current is injected into the grid making k, = 1, as just positive-sequence reactive currents are
injected. On the other hand, the negative-sequence voltage component at such PCC will be
reduced if k, = 0, since just negative-sequence reactive currents are injected into the grid.

The performance of the instantaneous active power delivered to the grid when the FPNSC
strategy is used to set the reference currents can be written as

p=P+p (10.79)
where both power components are given by

Phi v PA-k)

N Y (10.80)
lvt|? o2
~ Pkl P(l - kl) _ Qk2 Q(] _k2) -
p= <|v+|2 + |v_|2 >v+.v +<|v+|2 — |v—|2 vi.v (10.81)

Although not presented in this chapter for simplicity reasons, similar conclusions can be
found for the instantaneous reactive power components.
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If the active power reference, P, is not null, the only way to cancel out the first term of the
power oscillation p in (10.81) is to make k; higher than 1, as shown in the following expression:

2
—Pk; P —k) vt
ot lv-|? BTSN D (10-82)

However, for any reactive power reference, Q, the cancellation of the second power oscillation
p term in (10.81) is feasible by setting a value for k, within the range [0, 1], i.e.

2
Ok, _QU~ky ||
= 2= T2 . . _92=
P P 0P+ o P

(10.83)

This feature is interesting, even though not all the power oscillations might be eliminated
because of some specific restriction set on the range of values for k| and k,. It is worth pointing
out that, by means of using (10.82) and (10.83), the FPNSC strategy would behave as the PNSC
one. In the next sections other important aspects regarding the FPNSC strategy are discussed.

10.5 Flexible Power Control with Current Limitation

Despite the fact that the analysis of the reference current generation strategies discussed in this
chapter has been mainly centred on the performance of each proposal regarding the injection
of active and reactive powers into the network, a detailed study focused on the performance
of the currents associated with each strategy is also necessary.

As stated in the previous section, several of the proposed strategies refer to the injection of
unbalanced currents through the power converter. As a consequence, the instantaneous value
of these currents may be different from phase to phase in some cases. Under such conditions,
accurate control of the power converter is necessary in order to avoid an undesired trip, since
an overcurrent in any of the phases of the power converter usually results in the instantaneous
disconnection of the system from the network.

Therefore, controlling the performance of the currents injected into the grid is a mandatory is-
sue that should be considered when designing control strategies for grid-connected power con-
verters operating under unbalanced grid voltage conditions. Controlling the power converter in
such a way that any phase current never exceeds a given instantaneous admissible limit permits:

LVRT capabilities under unbalanced grid faults to be achieved,

the integrity of the power converter to be protected,

the P and Q injection according to the converter rating to be maximized,
participation in the mitigation of the grid voltage unbalance.

Nevertheless, the relationship between the power delivered by the converter and the associ-
ated currents depends strongly on the selected power strategy. Hence, there is not a standard
expression for calculating the maximum value of the currents for all the power control strate-
gies discussed previously. Depending on the intended objective, i.e. the cancellation of active
power oscillations, the cancellation of both active and reactive power oscillations or the re-
duction of harmonic currents injection, the expression for finding the maximum peak value
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in the phase currents will be different. As a consequence, each technique requires a specific
analysis, something that cannot be afforded in the scope of this chapter for all the previously
presented strategies for reference current generation.

In this section, however, a method for determining the maximum peak value of the currents
injected by the power converter into the phases of the three-phase system, as well as the
maximum active and reactive power set-points that give rise to such currents, will be presented
for the FPNSC strategy.

10.5.1 Locus of the Current Vector under Unbalanced Grid Conditions

Considering the definition of the FPNSC given in the previous section, the reference current
obtained with this strategy can be split into an active current term, i;‘,, and a reactive current
term, i;, as follows:

k 1—k k 1 —k
i*=P <|v+1|2 R Gkl -v> +0 <|v+2|2 R -vl) (10.84)

[v| [v~|

jk P%
ll) lq

Considering the injection of a certain value of P and Q under steady-state grid voltage
unbalanced conditions, with a fixed set of parameters k; and k,, the instantaneous values of
vt v~! v and v7' in (10.84) are multiplied by constant factors, namely C;, C, C3 and
Cy, to simplify formulation, i.e.

i*=C - vt +C- v +Cy-vT +Cyov] (10.85)
where
Pk, P(1—ky) Ok, O (1 —ky)
1= ;G = ;C3 = ;Cy = (10.86)
ot lv=? lv+|? lv=?

As the equations that permit calculating i; and i Z can be developed considering a stationary
o B reference frame, their evolution can be graphically described in these coordinates, in
the same way as the voltage vector, v, was presented in Figure 8.2(a) in Chapter 8. In that
chapter, it was demonstrated that the addition of a positive-sequence voltage vector, v*, and
a negative-sequence voltage vector, v, results in a ellipse in the « 8 domain. Therefore, the
addition of C; - vt and C - v~ will give rise as well to an ellipse for i ;. Likewise, the same
can be concluded for C3 - vT and C4 - v, which will generate the i, ellipse. An example of
the graphical loci for both i’; and i Z‘] have been depicted in Figure 10.17 for a generic case.

The active current ellipse of Figure 10.17(a) will be aligned with the locus of v. The values
of the constant terms C; and C, will just scale it. Likewise, the same can be concluded for
the reactive current ellipse in Figure 10.17(b), which is 90° shifted and aligned with the
in-quadratue components of the voltage v .
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(a) (b)

Figure 10.17 Loci of (a) active currents, i’;, and (b) reactive currents, i;‘

Once the loci of i, and i, have been depicted, their addition will permit the locus of i*to
be obtained, as shown in Figure 10.18.

For the sake of clarity, the influence of the positive and negative sequence phase of the
voltage, ¢+ and ¢, was not considered in the locus description of Figure 10.18. However, both
angles have a significant influence on the evolution of i *. If ¢+ = ¢, the a8 representation
of i ; is an ellipse whose focus is aligned with the « axis, while ij; results in an orthogonal
ellipse centred on the B axis. On the other hand, if ' # ¢, the main ellipses i ’; and i 2 are

Figure 10.18 Locus of the resulting current i* =i’ + i,
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Figure 10.19 Loci of i*, i} and i} when ¢* =7 /6 and ¢~ =0

not aligned with the a8 axis, but shifted a certain angle, §. This angle can be calculated as
the difference between the absolute value of the positive and negative phase angles divided by
two, i.e.

el
2

8 (10.87)

*

In Figure 10.19 the shape of the evolution of i*, i »

¢T=T/gand ¢~ = 0.

and i; are displayed considering

10.5.2 Instantaneous Value of the Three-Phase Currents

The analysis performed above, regarding the evolution of the current vector on the «f ref-
erence frame, is useful to find an expression that permits the instantaneous value of its o
components to be determined. However, it is first necessary to introduce some changes in their
current formulation.

The active current ellipse, shown in Figure 10.17(a), can be mathematically defined on the
o B coordinates as

Pk
it = [’m] — [IPL COS“”} (10.88)

RA .
ihp I,s sin wt

where I,,; and I,,5 are the modulus of two rotating vectors, with I,,; equal to the value of the large
axis of the i;") ellipse while /5 is the magnitude of its short axis. As written in (10.88), the o8
components of the ellipse can be found as the horizontal and vertical projections of the large
and short vectors respectively, for each value of the angle wt. The graphical representation of

this concept is depicted in Figure 10.20(a).
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and i, (b) Resulting active current ellipse, i

Figure 10.20 (a) Graphical representation of

The values of both I,;, and 1,5, can be found through the following equations
k 1—k
Lo 1)) (10.89)
lv~|
(10.90)

I, =P —
rt <|v+|

ki 1 —ky)
Ls=P|—
P <|v+| | )

(10.91)

Following the same reasoning, the reactive current ellipse can also be expressed in this
wt is aligned with the 8 axis. Hence, the components in the « 8 axis for i ; can be written as

alternative way. However, in this case it must be taken into account that the origin of the angle

igo _ | ~Igssinot
I, cos wt

The resulting reactive current ellipse when applying (10.91) is depicted in Figure 10.20(b). In
(10.92)

this case, the value of the long and short axes of the ellipse can be found as
ky —(1—kp)
Ip=0(—
@=0 ( R
k 1—k
2 _ | |2)) (10.93)
-

=0 (3 -
which considers

Finally, the instantaneous e 8 components of the reference current vector i
the effect of both the active and the reactive currents, can be found by means of adding (10.88)
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to (10.91), which results in the expression

e s+ | ia| | Ircoswt — Igsinwt
=t = |:l;i| - [Ips sinwt + I, cos wt (10.94)

The o8 components in (10.94) can be rewritten and simplified as shown in the following:

.k 2 2 -1 IqS
i, = ko cos(wt +0y); ko= Vi + s 6, = tan 1. (10.95)

pL
1
i; = kgsin(wt +0p); kg = ,/quL + I[fS; 0p = tan™! <IL§> (10.96)
P

By means of these last expressions, the instantaneous values of the three-phase currents to
be injected into the grid by the power converter, expressed on the o reference frame, can
be found.

10.5.3  Estimation of the Maximum Current in Each Phase

Once the expressions to determine the instantaneous evolution of the currents on the «f
reference frame have been found, the next step is to determine the value of the peak current
at each phase, in order to find out which phase will be limiting the injection of power into the
network as a function of the specific unbalanced grid conditions. Moreover, the main purpose
of the technique presented in this section is not just to estimate the value of the peak currents
injected in the three phases of the grid, but also to deduct an expression that allows setting the
active and reactive powers set-points while considering the ratings of the power converter, the
grid conditions and the control parameters.

As shown in Figure 10.21, the reference for the current vector resulting from the FP-
NSC strategy, i*, describes an ellipse in the a8 reference frame. Taking advantage of this

o

Figure 10.21 Maximum current at each phase
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representation, the maximum current at each phase of the three-phase system, I, I, and I,
can be calculated by finding the maximum projection of the current ellipse on the abc axis, as
graphically shown in Figure 10.21.

Considering that phase a of the system is aligned with the « axis, the peak value of the
current in this phase, I, is equal to the maximum value of the i + component. Considering the
expression written in (10.95), which permits the instantaneous value of i} to be found, it can
be concluded that the maximum value of this component arises when the trigonometric term
is equal to one. Therefore, the maximum value of i} can be found as

~ 1 o
Iy = /13 + IJscos (a)t + tan~! (ILS» =1,= 17+ (10.97)

pL

1

and hence, as stated previously, I, = 1.

The same method can be used as well for finding f, and f.. Nevertheless, both maximum
currents on the abc reference frame depend upon o« and 8 components, hence determining
their value is not as straightforward. However, if the resulting ellipse of Figure 10.21 is rotated
in such a way that the expressions giving [, and /. have only a single component on the «
axis, the expression for finding I, could be applied to determine the values of I, and [, as well.
Thus, the maximum for [, can be found by leading the original ellipse 7/3 rad. Under these
conditions, the maximum value in the « axis is equal to I,,. Likewise, I, can be found in an
analogous way, but lagging the ellipse —7/3 rad.

The mechanism for rotating the ellipse in the o8 reference frame can be made by using the
following rotation matrix:

o | a ] [cosy —siny || kqcos(wt +6,)
L= |:i;’1| - [Siny cosy :| |:kﬂ sin (a)t + Gﬁ) (10.98)

In this equation, y is the angle to be rotated, while the new components of the rotated ellipse
are i and i ;’. The value of y is different depending on phase a, b or c. Considering the general
case, where ¢ # ¢, as in Figure 10.19, y is equal to § for phase a, while for phases b and ¢
an additional /3 and —/3 angle should be added respectively. In a nutshell, the corresponding
y angles for each phase are

>

=1,y =9
by =, (y =8 +7/3) (10.99)
=1, (v =8-"/3)

where § is the angle defined by (10.87). Once the ellipse is properly rotated, only the maximum
value of the current on the « axis is of interest, as the maximum on this axis is equal to the
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peak value of the phase current. For this reason only this component will be analyzed in the
following. By means of expanding (10.98), i}’ can be rewritten as

i;/ = kg cos y (cos wt cos B, — sin wt sin 6,)
—kg siny (sin wt cos g + cos wt sin 9,3)

(10.100)
Regrouping (10.100) as sine and cosine terms, the following expression can be found:
i = Ajcoswt + B sinwt (10.101)

where

A= (ka cosy cosfy, — kg siny sin Qﬁ)

By = (—kq cos y sinby — kg siny cos 6) (10.102)
Moreover, the values of A; and B; can be further simplified, obtaining
Ay =1l cosy — Iy siny (10.103)

By = —1I;scosy — I,gsiny

where the values of I, 1,5, I, and I s are detailed in (10.89), (10.90), (10.92) and (10.93).
Finally, the maximum value on the « axis of (10.101) can be written as

[, =\/A}+ B} (10.104)

As a conclusion of the study carried out until this point, the value of the peak currents
injected in each phase, for given grid voltage and power conditions, can be determined by
using the expressions shown in the Table 10.2.

According to (10.104) the square value of the maximum current, I:;, of each phase is
equal to

(I))* = A2 + B? (10.105)

Table 10.2 Peak values for the three-phase injected currents

Phase y Coefficients

i I o P I JETE

a Yy = B + « = 1+ Bi

5 oF|—|op”

I V=L2||+”/3 Ay =y cosy — g siny
By =—I;5cosy — I,ssiny

el
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By writing I », as simply I, denoting the maximum current admissible by the power converter,
and expanding (10.105), the following expression can be written:

P 2o P+ (= k)? - [ot ] + 2k (1 — k) cos 2y - ot - o7 |
B vt - o)

L K2 o+ (1 —k)? - [0 = 2k (1 — ko) cos 2y - o] - o7 |
o+ o ?
ro [(2k1 +2ky — dkiko) - ot - o | -sin2y:|

o+ - o=

(10.106)

The peak current for each phase, given by 7, can take three values, one for each phase, matching
the three possible values of the angle y according to (10.99).

The equation shown in (10.106) is a key expression, as it permits an estimation to be made
of the maximum value of the current that will arise at each phase under given grid conditions,
active and reactive powers references and control parameters selection, when implementing
the FPNSC strategy. It will be shown in the next section that this expression also allows
determination of the maximum active and reactive powers that can be delivered to the grid by
the power converter, under generic gird voltage conditions, without reaching the maximum
admissible current in any of its phases.

10.5.4  Estimation of the Maximum Active and Reactive Power Set-Point

In the previous sections, the equations of the FPNSC current strategy have been presented.
Moreover, the analytical relationship between the maximum current, the grid voltage compo-
nents and the control parameters have been determined. Hence, now it is possible to estimate
easily the maximum currents that will be obtained in the three phases of the power converter
under different operating conditions.

In PV and WT generators, a high-level control layer is normally responsible for set-
ting the reference for the active and reactive powers to be delivered by the power con-
verter. Therefore, it is very important to find an expression that allows setting the maximum
active and reactive power set-points that can be provided by the power converter, with-
out exceeding its nominal current ratings, when it works under unbalanced grid voltage
conditions.

In the following, two practical cases will be presented:

1. Simultaneous active and reactive power delivery. The power converter should deliver a
given amount of active power and maximize the injection of reactive power, and vice
versa.

2. Injection of maximum reactive power. The power converter should inject the maxi-
mum amount of reactive power to boost the voltage at the PCC under unbalanced grid
voltage conditions.
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10.5.4.1 Simultaneous Active and Reactive Power Delivery

Equation (10.107) can be found by operating the expression shown in (10.106). This expression
allows the power developed by a power converter to be maximized, while both active and
reactive powers should be delivered, being one of those two power magnitudes given as a
reference and having to calculate the maximum magnitude for the other power term, without
overpassing in any of the phases the maximum instantaneous current that can be drawn by the
power converter:

0=0 [ [0 [+ — ko) [v* [ = 2ka (1 = kn)cos 2y - [v"] - [0 ]
— PQ[(2ky + 2ky — 4kyky) - [v™| - |7 | sin2y]
+ P2 o [P (= k)2 [0 26 (= kpycos 2y - o] o7 ]
— Pt ) (10.107)

As an example, when the active power to be delivered is set to P*, the reactive power can
be found by solving the following equation:

0=02[B-|v [P+ k[ = 22 (1 = ko) cos 2y - [v*] - [v7]

a

— OP*[(2ky + 2ky — 4kko) - [v™] - [v™ | sin2y]

b

+ PR o [P+ (= kP [0 2k (1= kcos2y [0 o || = 72+ [P o

c

(10.108)

and
0=aQ*+b0+c (10.109)

The resolution of this system gives rise to three possible solutions, since the angle y can take
three different values, as indicated in the Table 10.2. Between these three values the minimum
one should be selected in order to give the final set-point for the power converter, i.e. P = P*
and Q = Opin (IA, P*).

In an analogous way, the same reasoning can be followed when the reactive power set-point
is given as a reference and the maximum active power to be delivered should be calculated,
without triggering the overcurrent protection in any of the phases.

10.5.4.2 Injection of Maximum Reactive Power

In this case, the objective is to inject into the grid the highest amount of Q, while setting the
active power reference equal to zero, without exceeding the maximum current admitted by the
power converter in any of the phases. Considering these constraints and operating (10.106),
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the following expression can be found, which allows calculation of the maximum value for the
reactive power to be injected, Q, as a function of the sequence components of the grid voltage,
the control parameters and the limit current in any of the phases of the power converter:

Pt P
Q=53 5 5 — (10.110)
k3 o=+ (1= ko)” - 0¥ = 2Ky (1 — kp) cos 2y - [v*] - [v7|

The value of [ in (10.110) can be changed according to the capability of the converter to
withstand transient overcurrents.

Considering that y can take three possible values, as shown in the Table 10.2, the expressions
(10.110) will give rise to three different values for Q. Therefore, the final set-point for reactive
power should be the minimum of the three possible values obtained by operating (10.110).
This minimum value will limit the maximum reactive power injected by the power converter,
for over this value of Q single-phase currents will trigger the overcurrent protection.

10.5.5 Performance of the FPNSC

This section presents the performance of the FPNSC strategy to generate the reference currents
for the power converters in a small power plant. In this application example, the power plant
has been modelled by using an aggregated model of its generators. Therefore, the whole power
plant has been modelled as a 10 MVA power converter connected to the grid. The electrical
network considered in this study case is shown in Figure 10.22.

In this network the unbalanced voltage at the PCC of the power converter arises due to
the occurrence of a phase-to-ground fault at the overhead line L,. After passing through two
transformers, this kind of single-phase fault becomes a type D voltage sag at BUS 2.

The 10 MVA power converter will inject only reactive power into the network during the
fault. The FPNSC strategy allows adjustment of the values of the k; and k, parameters to
set the ratio between the positive- and negative-sequence currents for given values of active
and reactive powers delivered to the grid. However, the parameter k; can be discarded in this
study case, since it only affects the active currents, which are considered equal to zero in this
application, since only reactive currents should be injected into the grid.

The value of k, plays an important role in this study case, as it permits setting the per-
formance, in term of sequence components, of the reactive currents injected into the grid.

L@+ HL
I T2 | BUS2

- = 10 MVA
30MVA 30MVA
132kV/33kV 33kV/690V
gecc =12% ecc =6%

Scc = 137TMW
(4.6 times Sr1)

Figure 10.22 Layout of the study case for evaluating the FPNSC strategy.
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Although the parameter k, can take different values, just three cases in the range of [0,1] will
be considered in this example:

® Case A. Injection of positive-sequence reactive power (k, = 1). Grid voltage support.

® Case B. Injection of negative-sequence reactive power (k; = 0). Grid voltage unbalance
compensation.

® Case C. Injection of simultaneous positive- and negative-sequence reactive power
(0 < k, < 1). Cancellation of active power oscillations.

In addition to implementation of these three strategies for generating the reference currents
in the system of Figure 10.22, the control algorithm also contains the equations for limiting
the maximum reactive power to be injected by the power converter in order not to trip the
overcurrent protection in any of the phases.

However, in order to make visible the influence of the FPNSC strategy, a particular sequence
will be applied to control the power converter in all the cases. Figure 10.23 shows a diagram
with the time sequence of the events considered in this study case, as well as operation of the
power converter in each period.

According to the time sequence shown in Figure 10.23, the power converter injects a certain
amount of active and reactive powers into the network at r = 0. After 400 ms, the unbalanced
fault occurs. However, the control mode of the converter does not change until # = 500 ms,
where the FPNSC is applied.

It should be pointed out that the following simulation results have been obtained working
with a realistic weak grid model, with a short-circuit ratio in the range of 4.5. Therefore, the
appearance of the fault will give rise not only to unbalance voltage components but also to
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0 0.4 0.45 0.5 0.55 0.6
Injection of P = 8.665MW Injection of Qax
A
Case Q =2.5MVar and =0
Injection of P = 8.665MW Injection of Qi
Case B Q=2.5MVar and k=1
Case C Injection of P = 8.665SMW Injection of Qnax
Q=2.5MVar and 0<k-<1

Figure 10.23 Control sequence of the power converter during the fault for different control strategies
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transient oscillations in the voltage, which are produced mainly by the dynamical response
of the weak electrical network. Regarding the operation of the power converter, it should be
mentioned that a current control structure based on resonant controllers have been implemented
in this study case.

10.5.5.1 Case A. Injection of Positive-Sequence Reactive Power

In the first simulation test, case A, the FPNSC is controlled in order to inject the highest
positive-sequence reactive current that the power converter is able to deliver. The plot of
Figure 10.24(a) shows the value of the grid voltage at BUS 1. On the other hand, the plot of
Figure 10.24(b) shows the performance of the grid voltage at the output of the power converter,
BUS 2, which is divided into its positive- and negative-sequence at the plot of Figure 10.24(c).
The instantaneous active and reactive powers delivered to the grid are shown in the plot of
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Figure 10.24 Positive-sequence Q injection during the unbalanced sag type D fault (k, = 1):
(a) grid voltage at the fault point, (b) grid voltage at the power converter, (c) positive and negative
voltage sequences at the power converter, (d) instantaneous active—reactive power delivered by the
converter and (e) currents injected by the converter
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Figure 10.24(d). Finally, the currents injected by the converter are shown in the plot of Figure
10.24(e). In this last plot, the two black dashed lines represent the maximum current that can
be injected by the converter according to its nominal ratings.

Figure 10.24 shows how the full injection of positive-sequence reactive current during the
fault permits boosting the voltage at the point of connection of the power converter, and hence
supporting the grid during the fault. As shown in the plot of Figure 10.24(c), the positive-
sequence voltage at BUS 2 increases from 0.4835 kV to 0.5337 kV. On the other hand, the neg-
ative sequence is not affected, as no negative-sequence reactive current is injected in this case.

The plot of Figure 10.24(d) shows the oscillations in the active and reactive powers, which is
produced by the interaction between the positive-sequence currents and the negative-sequence
voltages that exist in the grid during the unbalanced voltage sag.

One of the most relevant conclusions that can be obtained from this study case is reflected
in the plot of Figure 10.24(e). At t = 400 ms, the voltage sag occurs but the FPNSC, together
with the embedded current limitation algorithm, is not still enabled. At this time, the reference
currents are generated by a control algorithm that is focused on generating a set of positive-
sequence reference currents to maintain the prefault power delivery. Since the amplitude of the
grid voltage decreased during the grid fault, the reference currents provided to the current con-
troller by such an algorithm overpasses the limit value. At # = 500 ms, the FPNSC, together with
the embedded current limitation algorithm, is activated, which makes the currents remain below
the maximum admissible value, while the maximum reactive power is injected into the grid.

10.5.5.2 Case B. Injection of Negative-Sequence Reactive Power

In the second experiment, case B, the injection of only negative-sequence reactive current has
been considered (k; = 0). The performance of the different electrical variables in this case is
shown in Figure 10.25. As in the previous case, between ¢ = 0 s and # = 500 ms, the control
strategy that operates the power converter is focused on delivering a certain active and reactive
power set-point by injecting positive-sequence currents. After that, the FPNSC is enabled at
t = 500 ms.

In this study case, due to the injection of balanced negative-sequence currents, the voltage at
BUS 2 becomes almost balanced. This effect can be clearly noticed in the voltage waveforms
shown in the plot of Figure 10.25(b). This improvement in the voltage balance is due to
the reduction in the negative-sequence voltage at BUS 2. However, this feature is even more
noticeable in the plot of Figure 10.25(c), where it can be appreciated how the value of |v‘ |goes
down from 0.1272 kV to 0.02964 kV.

As a difference from the previous case, the value of ‘v+| drops a bit when the FPNSC
is enabled. However, this is not due to the injection of negative-sequence currents, but to
the cancellation of the injection of positive-sequence active current into the weak grid at
t = 500 ms, which was boosting the positive-sequence voltage at the point of connection of
the power converter.

Oscillations in the instantaneous active and reactive powers when using the FPNSC strategy
with k, = 0 are specially relevant, as shown in Figure 10.25(d). In this operation mode, as the
magnitude of both v* and i ~ are quite high, the oscillations are also important. Nevertheless,
this is the price to be paid when using a power strategy focused on balancing the grid voltage
at the PCC.
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Figure 10.25 Negative-sequence Q injection during the unbalanced sag type D fault (k, = 0): (a)
grid voltage at the fault point, (b) grid voltage at the power converter, (c) positive and negative voltage

sequences at the power converter, (d) instantaneous active—reactive power delivered by the converter and
(e) currents injected by the converter

In the plot of Figure 10.25(e), the current waveforms are displayed, showing again the
capability of the FPNSC for limiting the currents injected by the converter below a given limit.

10.5.5.3 Case C. Injection of Simultaneous Positive- and Negative-Sequence
Reactive Power

In order to show the performance of the FPNSC strategy when both positive- and negative-
sequence reactive currents are injected into the grid, the plots of Figure 10.26 show the effect of
injecting the maximum amount of reactive power into the grid when the parameter k, linearly
varies from 1 to O under unbalanced grid voltage conditions. When the FPNSC strategy is
started at + = 500 ms, the change in k, gives rise to a linear variation of the symmetrical
components of the voltage at the point of connection of the power converter. This can be
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Figure 10.26 Q injection during an unbalanced sag type D fault (0 < k, < I): (a) grid voltage at the
fault point, (b) grid voltage at the power converter, (c) positive and negative voltage sequences at the
power converter, (d) instantaneous active—reactive power delivered by the converter, (e) k, evolution and
(f) currents injected by the converter

noticed in the plots of Figures 10.26(b) and (c). It can be concluded from this figure that the
higher the value of k, the better for boosting the ‘v* ’Value while reducing it contributes to
attenuation of |v |

One interesting feature in this study case to be stressed is the cancellation of the active
power oscillation for a certain value of k. This point, which is highlighted in the plot of
Figure 10.26(d), can be found as a function of |
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10.6 Summary

The occurrence of unbalanced grid faults gives rise to the appearance of negative-sequence
voltages in the network that may affect the operation of grid-connected power converters.
As presented in this chapter, implementation of specific control structures, able to deal with
the injection of both symmetrical components of the current under unbalanced grid voltage
conditions, is a key issue.

In the framework of this chapter, different control structures oriented to achieve independent
control in the injection of positive- and negative-sequence currents have been presented.
Among the different controllers addressed in this chapter, those based on the implementation
of decoupling concepts have been studied in more detail.

On the other hand, the interaction of the symmetrical components produces active and
reactive power oscillations at the output of the converter, which should be carefully controlled.
In order to overcome this drawback, several strategies for creating the current reference to be
tracked by the controller, in order to manage the P and Q oscillations in different ways, have
been discussed.

As shown in this chapter, the behaviour of the currents depends on the selected strat-
egy, but the major part of them gives rise to unbalanced current references and even dis-
torted signals in some cases. This feature introduces an additional issue in the operation
of grid-connected power converters, which is the control of the maximum current drawn
at the output, which should be limited in order not to exceed the converter’s nominal
value. Moreover, the control of these currents should be carried out through the calcula-
tion of power references that consider the maximum current injection as a constraint. A
detailed study has been performed for the most generalized structure presented in the chapter,
the FPNSC.

Despite the fact that the presented methods can be extended, considering other control
constraints, and also new ones can be proposed, the presented strategies have pointed out the
main issues in the operation of grid-connected converters under grid unbalanced conditions,
which are mainly related to the structure of the current controllers and the calculation of
current reference, as a function of the desired power delivery performance and the ratings of
the converter.
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Grid Filter Design

11.1 Introduction

The role of the grid filters in VSC-based grid converter operation is twofold. On one side the
grid filter should have a dominant inductive behaviour to guarantee the proper operation of the
voltage source converter if connected to a voltage source type system such as the utility grid.
In this sense grid converters replicate the well-known behaviour of synchronous generators
and of transmission lines where the control of active and reactive power exchange is related
to the control of phase and magnitude of the electromagnetic force. On the other side, VSC-
based grid converters generate PWM carrier and side-band voltage harmonics. These voltages
may lead to current flowing into the grid, which can disturb other sensitive loads/equipment
and increase losses if proper grid filters are not adopted to prevent them flowing. A grid
filter made by a simple inductor is the simplest solution to comply with the two afore-
mentioned requirements.

For applications around and above several hundreds of kW, like the wind turbine systems,
the switching frequency is low, to limit losses. Hence to attenuate the harmonics in the current
enough to meet the demands of standards and grid codes the use of a high value of input
inductance could be not enough alone (Figure 11.1) and it becomes quite expensive to realize
higher value filter reactors and sometimes also the encumbrance of the inductor could be an
issue [1]. Moreover, the system dynamic response may become poorer.

For applications around a few kW, like the most widespread photovoltaic systems, the
switching frequency is higher. Hence even smaller inductors could help in meeting the re-
quirements, but the encumbrance of the inductors is certainly an issue since the converter and
its passive elements are integrated.

At a system level, like in the case of wind or photovoltaic parks, the main concern is related
to the disturbances produced by some specific harmonics. Hence a possibility is to use a
bank of tuned LC trap filters, which have the advantage to stop specific harmonics that could
deteriorate the voltage quality.

However, typically standards and grid codes recommend compliance with limitations that
are very stringent for frequencies above a certain threshold. Hence a low-pass filter attenuation
is needed and the preferred solution becomes the use of high-order filters like LCL, which
provide 60 dB per decade attenuation for the PWM carrier and side-band voltage harmonics.

Grid Converters for Photovoltaic and Wind Power Systems Remus Teodorescu, Marco Liserre, and Pedro Rodriguez
© 2011 John Wiley & Sons, Ltd
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Figure 11.1 Worst-case weighted harmonic voltage over the modulation index range (0.8-1.15) com-
pared to the German VDEW per-unit harmonic current injection limits (base voltage 3.3 kV, base power
6 MVA, SCR = 20, 1.05 kHz, 1 p.u. inductor)

With this solution, optimum results can be obtained using quite small values of inductors
and capacitors [2, 3].

A further issue for a VSC is high-frequency EMI (differential mode and common mode) [4],
which needs specific filters in frequency ranges above 150 kHz and rated at lower power levels.
Of course an LCL filter that is effective in the reduction of switching frequency harmonics
may also be effective for differential mode EMI if the filter inductors are built using chokes
that can mitigate high frequency (using ferrite cores, for example). Similarly for common
mode EMI, a common mode inductor could be included in the differential mode filter as
suggested in reference [5]. However, conducted EMI is a very complex problem: depending
on the frequency range it needs different solutions and specific designed filters. Hence, even if
filter integration is feasible in some cases, the use of one filter over a wide frequency range is
often too expensive since the same reactive element must be designed to work over different
frequency ranges and at different power levels.

A good criterion to choose filter parameters is to limit the size of the installed reactive
elements (these can result in a poor power factor) and the power losses (due to the passive
damping required to avoid resonance).

Hence in this chapter some design considerations on the filter are carried out, after having
first reviewed the main filter topologies. Then the problems arising from the interaction with
the grid and damping solutions are discussed. Finally, the possible nonlinear behaviour of the
filter (mainly due to saturation) is discussed.

11.2 Filter Topologies

As already pointed out in the introduction, the two most adopted approaches to reduce PWM
carrier and side-band harmonics are the use of a tuned LC filter (typically at a system level
to meet requirements related to the voltage quality) or a low-pass LCL filter. In the first case
a group of trap filters acts on selective harmonics that need to be reduced. This solution
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Figure 11.2 LCL filter (low-pass filter) and bank of LC filters (trap filters)

is particularly feasible for power converters switching at hundreds of Hz, producing PWM
harmonics that are at a frequency so low that it is difficult to tune a low-pass filter like the LCL
filter. This one acts on the whole harmonic spectrum and provides a 60 dB/dec attenuation
after the resonance frequency. Hence the resonance frequency should be far enough from the
switching frequency but not so much that it does not challenge the current control loop.

Figure 11.2 shows the two kinds of filter previously introduced. It is possible to have
different kinds of trap filters (obtained with an inductor and a capacitor in parallel) and several
other combinations of these two families of filters.

The design of the trap filter or of the part of the filter tuned to reduce a certain frequency
can be developed on the basis of robustness considerations as described in reference [6]. On
the other hand, the design of the low-pass LCL filter has some degree of freedom, as described
in the following.

11.3 Design Considerations

The voltage source converter needs both AC and DC passive elements, as shown in Fig-
ure 11.3. The passive elements, such as capacitors or inductors have both storage and
filtering functions.

The energy stored in the AC passive stage is usually less than 5 % of all the energy stored.
Thus the main storage element is the DC capacitor charged to a voltage that is able to ensure
the basic function of the VSC: the VSC can control the AC current i through the switching and
by acting as the current source. Then through the AC current control, the VSC can change and
control the DC value v, of the capacitor. Thus the filtering action, which is necessary because
of the fast-switching PWM, is done both on the DC side and on the AC side. The passive
elements are charged/discharged during the switching period, ensuring the smoothing of the AC
currents and of the DC voltage. This filtering action is also the basis of the control performed.

VSI
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Figure 11.3  Voltage source converter with a sketch of the desired grid current i, in phase with the grid
voltage e and of the desired DC voltage v,
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In fact, the dynamics of the AC current/DC voltage control depend on the time constants of the
two filtering stages. Generally, the overall design, which should include filtering and control
issues, is a trade-off between a high filtering and a fast dynamic performance.

Once clarified, the main function of the passive elements, some design rules regarding
capacitors and inductors can be introduced.

Thus the reactance of L;, X| = wL, of Ly, Xo = wL,, of Lg, X, = wL,, and of Cy,
Xc=-1 / wC, when reported in small letters, are considered in p.u. of the base resistance
R;, that represents the active power injected by the power converter into the grid. The power
converter is current controlled such as there is no displacement between the measured voltage
and the measured current.

In order to chose the LCL-filter parameters it is worth noting that one of the main concerns
is usually related to the possible power factor decrement due to the displacement between
the voltage and current caused by the reactive elements installed in the filter. However, the
equivalent impedance at the fundamental frequency at the PCC or at the converter terminals is
strictly dependent on the position of the voltage and current sensors, assuming that the current
control will guarantee that the current is in phase with the voltage.

In Figure 11.4 four cases are reviewed considering the equivalent vector diagram. On the
basis of these vector diagrams, it is possible to calculate the grid side z7iq and the converter
side Z7.ony p-u. impedance at the grid frequency. The impedances are calculated neglecting the
phase displacement introduced by the capacitor between the voltage drop on the grid side and
on the converter side.

If the capacitor voltage is sensed and the converter current is controlled to be in phase with
the voltage then

LTgrid = 1+ (X2 + xg —Xc)
LTconv = 1 +jxl (111)
If the capacitor voltage is sensed and the grid current is controlled to be in phase then

Zrgria = 1+ J (%2 + x;)
ZTconv = 1+ ] (xl - )Cc) (112)

If the grid voltage is sensed and the grid current is controlled to be in phase then
LTgrid = 1 + ng
ZTeomw = 1 + .] (X1 — X2 —Xg — xc) (1 13)

If the grid voltage is sensed and the converter current is controlled to be in phase with the
voltage then

Zrgria = 1+ J (xg — xc)
ZTconv = 1 - .] (xl +)C2) (114)
The main design rules for inductors are on the choice of the core dimension, material and

gap, and of the winding. The most used magnetic cores are ferrite, laminated steel and
powdered metal [7, 8] (Table 11.1). The required energy must be stored in a nonmagnetic gap
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Figure 11.4 Vector diagram of the grid converter depending on the position of the sensors: (a) with
voltage sensed on the capacitor and current sensed on the converter side, (b) with voltage sensed on the
capacitor and current sensed on the grid side, (c) with voltage and current sensed on the grid side and
(d) with voltage sensed on the grid side and current sensed on the converter side

distributed in the case of a powdered metal core or in a discrete gap in series in the case of a
ferrite core.

The maximum flux density B,,,, has to be in all operating conditions lower than the saturation
flux density By, of the core material for ensuring a linear behavior and a safe operation. The
power losses have to be limited and an efficient power dissipation has to be ensured to avoid
overheating of the inductor. In fact the thermal resistance between the core and the ambient as
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Table 11.1 Magnetic properties (content, permeability, saturation, resistivity, curie temperature) of
the most commonly used core materials

Material Iaminated FeSi Powdered iron Ferrites

Contents 3-6% Si 95% Fe resin MnZn, NiZn resin

ur 1000-10000 1-500 100-20000

B [T] 1.9 1-1.3 0.3-0.45

o [n2m] 0.4-0.7 10>-10* MnZN
107-10° NiZN

Curie temp. 720 700 125-450

well as the inner windings and the ambient is high, due to the fact that the electrical isolation
of the winding is also a not negligible thermal isolation. For differential mode filters materials
with a low permeability are beneficial. However for economical reasons also laminated steel
with a rather high permeability is used. Since this material can be processed in any shapes
one or more air-gaps can be realized with low efforts. Laminated steel or electrical steel is an
alloy of iron and silicon. To reduce the eddy current losses the core is made from stacks of
many thin laminations, which are electrically insulated from each other by a thin insulating
coating. For the core design it is important that the direction of magnetic flux is along the
lamination to utilize the full benefits. The advantage of adding silicon to the iron is to reduce
its conductivity and thus limiting the eddy current losses. Another point is the noise reduction
caused by the magnetostriction. To achieve even lower losses the orientation of the grain is
forced in a defined direction to achieve an anisotropic material there the losses are reduced
when the magnetic flux is in the direction of the lamination.

In order to tune correctly the LCL filter the starting point is the current ripple on the
converter side of the filter and the harmonic limit imposed on the grid current by the standards,
recommendations and utility codes. The converter-side inductance is designed in order to limit
the ripple of the converter-side current. Moreover, the inductor should be properly designed so
as not to saturate and hence the correct inductor choice is a trade-off between ripple reduction
and inductor cost. Accepting high values of the current ripple may lead to saturation problems
in the core and as a consequence to the use of a core that could be used also for realizing
higher value inductors. On the other side of the filter the grid pollution is evaluated in terms
of harmonics rather than in terms of ripple amplitude. Hence the LCLfilter effectiveness
in reducing them should be evaluated using a frequency domain approach. In brief, a time-
domain analysis (ripple evaluation) drives the choice of the converter-side inductor while a
frequency-domain analysis (harmonic evaluation) drives the choice of the LCL-filter resonance
frequency and, as a consequence, of some couples of values of grid-side inductor and capacitor
that could meet that requirement. The last degree of freedom in the choice among these couples
of CL values that meet the resonance frequency requirement is used to minimize the installed
reactive power of the LCL filter, evaluating cost, weight and encumbrances of the capacitor
and inductive elements, the robustness of the LCL-filter attenuation capability with respect
to the possible different grid impedance conditions and the effect of the damping resistor, if
used, on the filter attenuation capability.

As previously described, the LCL-filter design can be organized in three steps, described in
the following:
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1. Ripple analysis and converter-side inductor choice. A rough approximation of the LCL-
filter behaviour leads to a consideration of the capacitor short-circuit at the frequency of the
ripple. However it should be noted that in case MW power converters, since the switching
frequency is low and the resonance frequency should be even lower the approximation
lead to underestimate the value of the converter side inductor [1]. The smaller this value
the bigger will be the inductor cores of the filter and the lower will be the resonance
frequency needed to guarantee the desired attenuation of the grid current harmonics. The
ripple amplitude will depend only on the number of levels of the PWM voltage:

Alyax = 1 Vae
nlif
where n is a coefficient that increases with the number of levels of the voltage waveform.
The previous expression should be used to design the magnetic core in order to avoid
saturation for the high-frequency ripple.
2. Harmonic attenuation of the LCL filter and choice of the resonance frequency value.
Once the value of L; has been chosen according to the previous considerations the ripple
attenuation should be considered:

(11.5)

ig ((X)) _ Z%C
i@ |ge—o?

(11.6)

where a)%es = Z%c (Ll + L, + Lg)/Ll, ch = [(Lg + L2)Cf]71 and w is the frequency of
interest, which are used to verify the compliance with standards, recommendations and
grid codes. Equation (11.6), depicted in Figure 11.5, can be used to choose the resonance
frequency and as a consequence the product L,C.

150 T ! -

100+ : 4
=)
= 50F .

0 —J
Zic
_50 F.| e H H i i i i i i P
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Figure 11.5 Ripple attenuation as reported in (11.6)
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3. LCL-filter optimization and choice of grid-side inductor, capacitor and damping method
and value. The final optimization of the filter consists in the choice of the values of L, and
C and on the damping and its value. The following three criteria can be used:
¢ Installed reactive power of the filter. This can be computed by considering the p.u. value
of the impedance seen on the converter side. In other words, if the converter control
maintains a unity power factor between the grid voltage and current which is the amount
of reactive power that the converter has to manage? This p.u. value depends on the sensor
position, in case the grid voltage is sensed, and the grid current is controlled, which is

ZTconv = 1+ .] (xl — X2 — X¢) (1 17)

Hence L, and C contribute in the same way to the displacement between the converter
voltage and the converter current.

® Robustness of the resonance frequency, and as a consequence of the filter attenuation, to
the grid impedance variation:

1 1 1
AWy = ( — ) (11.8)
2C‘)rescf L, + Lgl L, + Lg2

From (11.8) it is obvious that the higher is the capacitor of the LCL filter the less influent
is the grid impedance on the system resonance.

® The influence of damping on the LCL-filter attenuation should be calculated with and
without damping.

11.4 Practical Examples of LCL Filters and Grid Interactions

The grid-filter design guidelines previously discussed are challenged by the large range of
possible grid conditions in terms of background harmonic distortion and stiffness. The situation
is particularly critical in rural areas where the distributed generation plant is connected due to
the good wind resources (in case of WT) or more in general due to the need to supply more
continuity to the local loads.

In Figure 11.6(a) a scheme of the grid connection to the PV home is depicted. The high-
voltage/medium-voltage transformer as well as a three-phase cable to the MV transformer
introduce only a small impedance. If the PV house is located in a remote area the medium-
voltage line can be very extended (hundreds of km) and its cables can introduce a relevant
reactive reactance [9]. The MV/LV transformer also introduces a reactance that could be
considerably higher in locations where the transformer-rated power could be considerably
lower. Then the low-voltage cable introduces a prevalently resistive impedance that varies
with the distance of the PV inverter from the transformer. Moreover, the presence of capacitive
loads (e.g. refrigerators) connected in the house could introduce a capacitive impedance that
can create low-frequency resonances [9].

In Figure 11.6(b) a scheme of the connection of the grid to a WT back-to-back system is
depicted. The system is similar to the previous one (hence also in this case a radial plant typical
of a rural zone can introduce a very high impedance) up to the MV/LV transformer, to which
the wind turbine converter is connected. Hence the impedance seen by the grid-connected
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Figure 11.6 Scheme of the voltage network from the high-voltage (HV) distribution system: (a) to the
home (which can be modelled as an RLC load) equipped with a PV inverter and (b) to a wind turbine
back-to-back system that can also supply domestic loads connected to the same transformer

inverter can be mainly inductive and can be different, depending on the plant configura-
tion. However, the system presents less interaction with domestic loads, avoiding possible
low-frequency resonances.

A step-by-step procedure to design an LCL filter for grid-connected inverters has already
been described in references [2] and [3]. This design procedure has been carried out in p.u.
values in order to make it independent of the system power level.

However, two examples, a 500 kW WT system and a 3 kW PV system, demonstrate also
how the power level and the type of converter play a role in the selection of the LCL-filter
parameters (more inductive in the first case, more capacitive in the second case). The two sets
of parameters found for a 500 kW WT plant and a 3 kW PV plant are respectively: 0.2 mH
converter side, 83 uF and 0.03 mH grid side; 0.4 mH converter side, 5 puF and 0.2 mH grid
side (Table 11.2). In the same table, typical grid impedance values have been added in the case
of weak and stiff grid conditions.
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Table 11.2 Parameters of the 500 kW WT and 3 kW PV LCL filters in absolute and p.u. values

500 kW WT system 3 kW PV system

LCL filter component ~ Boost inductance 0.2 mH 23% 04 mH 1%

Grid-side inductance ~ 0.03 mH 0.2 mH

Filter capacitor 83 uF 1% 5 uF 3%
Grid impedance Maximum value 0.03 10% 27241 % 15 %

(weak grid) (inductive) inductive)

Minimum value (stiff ~ 0.003 © 1% 04 Q 2 %

grid) (inductive) (resistive)

In the first case the resonance frequency is around 3.4 kHz while in the second case it is
6.2 kHz. This can be explained by the fact that higher power converters should adopt a lower
switching frequency and hence also the LCL-filter resonance should be lower in that case in
order to allow a better filtering property. Particularly, the 500 kW system was designed to
work with a 5 kHz switching frequency, while the 3 kW system was designed to work with a
17 kHz switching frequency.

However, this is not the only difference: while in the first case the LCL filter has been
designed with 23 % inductance and 1 % capacitance, in the second case the LCL filter has
been designed with 1 % inductance and 3 % capacitance. This is due to the fact that in the
high-power converters the inductance saturation and the need to limit harmonic propagation
in the plant are the most dangerous issues, while in the low-power mass-produced converters
the packaging and cost issues are the most stringent. This leads to more p.u. inductance in the
first case and, conversely, more p.u. capacitance in the second case (in order to compensate
for the presence of too-low inductive elements and to limit the LCL-filter resonance frequency
that otherwise would become too high).

Once these DG systems are connected to the grid, the resonance frequency of the LCL filter
can vary depending on the grid reactance. The effect of an inductive grid reactance (long cable
and low-power transformers) is a decrease of the resonance frequency, while the effect of a
capacitive reactance (e.g. a refrigerator in home applications) leads to the creation of other
resonant peaks in the LCL-filter frequency characteristic.

Hence the resonance frequency will be shown to vary as the grid inductance varies up to a
maximum 0.1 p.u. (which corresponds to a short-circuit ratio of 10) in both cases. If 0.1 p.u.
is applied to the 500 kW system it leads to 0.1 mH; if it is applied to a 3 kW system it leads
to 5.6 mH.

Figure 11.7 shows the results of the analysis demonstrating that the resonance frequency
can drop 40 % in both cases. The direct consequence of this reduction is that the LCL filter
is more effective in harmonic reduction and also that the resonance frequency falls into the
low-frequency domain. In this case the use of passive damping designed for the ideal condition
(stiff grid case) can be ineffective. On the contrary, if the passive damping has been designed
for the worst condition (weak grid case), there will be too high losses [3] when the system is
working in the stiff grid case.

Hence the use of active damping is definitively more flexible since the change of the
controller parameters, depending on the system inductance, is costless.
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inductance (%) of 5.6 mH (0.1 p.u. for a 3 kW PV inverter with an LCL filter) and of 0.1 mH (0.1 p.u.
for a 500 kW PV inverter with an LCL filter)

The next issue is to discuss the influence of capacitance impedance on the system and the
effect on the filter frequency characteristic. Figure 11.8 shows the frequency characteristic of
a 3 kW PV system with an LCL filter. From Figure 11.8 it is evident that the introduction of a
100 pF capacitance (cases C and D) generates an extra resonance peak while it attenuates the
principal one. Also in this situation the use of passive damping can be ineffective and the use
of a controller that actively damps the system is preferred due to its flexibility.

Magnitude [dB]

~100 1 I S S A i 1 TS T S L

Frequency [Hz]

Figure 11.8 Frequency characteristic of the 3 kW PV system with an LCL filter in the following grid
conditions: A: 0.1 mH, B: 3 mH, C: 0.1 mH, 100 pF, D: 3 mH, 100 uF
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11.5 Resonance Problem and Damping Solutions

The possible instability of the current control loop is caused by the zero impedance that the
LCL filter offers at its resonance frequency. A poor analysis made on qualitative considerations
could lead to excessive damping (unnecessary increasing of the losses) or insufficient damping
LCL filters have more state variables with respect to the simple L filter (as shown in Chapter
9, equation (9.9)). The proper damping of these dynamics can be achieved by modifying the
filter structure with the addition of passive elements or by acting on the parameters or on the
structure of the controller that manage the power converter. The first option is referred to as
passive damping while the second is referred to as active damping.

Passive damping causes a decrease of the overall system efficiency because of the associated
losses, which are partly caused by the low-frequency harmonics (fundamental and undesired
pollution) present in the state variables and partly by the switching frequency harmonics, as
will be shown in the following. Moreover, passive damping reduces the filter effectiveness
since it is very difficult to insert the damping in a selective way at those frequencies where the
system is resonating due to a lack of impedance. As a consequence, the passive damping is
always present and the filter attenuation at switching frequency is compromised.

Active damping consists in modifying the controller parameters or the controller structure
either by cutting the resonance peak and/or by proving phase lead around the resonance
frequency range. Active damping methods are more selective in their action and they do
not produce losses, but they are also more sensitive to parameter uncertainties. Moreover,
the possibility of controlling the potential unstable dynamics is limited by the controller
bandwidth. This is dependent on the controller sampling frequency. It has been demonstrated
that the sampling frequency should be at least double with respect to the resonance frequency
to perform active damping.

11.5.1 Instability of the Undamped Current Control Loop

In the following the analysis is developed in the synchronous reference frame. The cross-
coupling between the d axis and the ¢ axis is neglected and the current control loops are
decoupled and linearized. Therefore, all the scheme are referred equivalently to the d axis or
the g axis and the considered quantities like the converter voltage v, the filter capacitor voltage
v, the grid voltage e, the converter current i and the grid current i, could be d or g quantities.
Moreover, the reference signals are addressed with the “*” as usual.

The configuration of the filter should be taken into account when the stability of the system
is investigated. The design of the current controller has been done neglecting the zero and
poles introduced by the capacitor presence.

Now the study is carried out in Laplace domain, being s the Laplace operator. If the
whole LCL filter (Figure 11.9) is considered, neglecting all the filter losses and using for
simplicity L as the converter-side inductance previously indicated with L; and L, for the

grid-side inductance previously indicated with L, 4 L,, considering Z%c = [L <C f]71 and

W = LTZI%C / L, the transfer function is

res

_ i) 1 (s +zi¢)
Gr(s) = m = L_s—(sz +w%es) (11.9)
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Figure 11.9 Input filter single-phase equivalent and the model for the active rectifier, neglecting filter
losses

Thus the LCL filter has two zero and two poles more, in the open-loop transfer function,
compared those of an L filter.

If the closed-loop root locus is considered, with the PI regulator tuned neglecting the
capacitor Cy and considering only the total inductance L7, the new zero and poles can make
the system, shown in Figure 11.10, unstable if a proper damping is not adopted. The undamped
closed-loop transfer function H,, in the Z domain is

Gpri(2)G(2)

@) = G 06,0

(11.10)

where G ((z) is the zero-order hold (ZOH) equivalent of the G ¢(s) reported in (11.9) and
Gpi(z) is the controller designed neglecting Cy, and thus designed on a G f(s) in which
zre = 0. Figure 11.10 shows that there are always two poles unstable on the left part of the
plane and a resonant peak in the Bode diagram.
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Figure 11.10 Pole-zero and Bode plots of the LCL-filter transfer function (11.10)
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Figure 11.11 Input filter single-phase equivalent model: (a) for damping in series with the capacitor
and (b) in parallel with the grid inductor

11.5.2  Passive Damping of the Current Control Loop

The introduction of a resistor in series with the filter capacitor or in parallel with the grid-side
inductor can bring again the two unstable poles of the LCL-filter-based current-controlled
system in the stability region (Figure 11.11).

If the damping R; is connected in series with the filter capacitor, the plant transfer function
becomes:

2, Ra 2
i) 1 (S * LgS“LC)
Gy = _ 1 (11.11)
o) Ls (s2+ (L+Ly) &s 2 )

L Lg + wres

where the damping term R;/L, — 0 for R; — 0. The effects of the damping on the LCL-
filter transfer function are shown in Figure 11.12. It is possible to see clearly that the reso-
nant peak is reduced, leading to the absence of zero-crossing where the phase margin could
be critical.
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Figure 11.12  Effect of growing damping on the LCL filter G(s) transfer function (11.11)

The consequent losses can be calculated as

Py=3Ry Y [ith) —ig ()]’ (11.12)

h

If the damping R; is connected in parallel with the grid inductor, the plant transfer
function becomes

<s2 + ! s+ zic)
‘ 1 C/R
G(s):ﬂz— f7d (11.13)
v(s) Ls 24 1 s+l
CfRd res

where the damping term 1/CyR; — 0 for R; — oo. The consequent losses can be
calculated as

3
P, = = Xh: [ve(h) — e (h)]? (11.14)

The main terms of the sums in (11.12) and (11.14) are for the index / near to the switching
frequency and its multiples. In fact, the damping absorbs a part of the switching frequency
ripple to avoid the resonance. The losses decrease as the damping resistor value increases but
at the same time this reduces its effectiveness.

It is also possible to estimate the damping losses using only the converter voltage or the
converter current and considering that the inverse of both (11.13) and (11.14) represent the
LCL-filter impedance where the resistive part (and so the losses) is only due to damping.
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Figure 11.13 Selective passive damping

The selection of the best passive damping solution is a very challenging task when the
resonance frequency is very low and the damping has not only influence on the stability and on
the filter attenuation but also on the amplitude of the harmonics around the resonance frequency
and hence on the overall harmonic content and on the losses that those harmonics can cause.
The passive damping of a very low resonance frequency filter is a very nonlinear problem.

Both the losses and the harmonic content are strictly dependent on the voltage harmonic
spectrum produced by the converter and this is changing as the modulation index changes.
Hence a possible solution is to use selective high-pass damping and selective resonant damping
[1]. They are an attempt to emulate with passive elements the selective effect of active damping.
Two possibilities are considered: an inductor is inserted in parallel to the damping resistor
(as shown in Figure 11.13 in grey) in order to cancel its effects at low frequencies where the
inductor will be a short-circuit; an inductor and capacitor is inserted in parallel to the damping
resistor (as shown in Figure 11.13 in grey) in order to cancel its effects at low and high
frequencies where the inductor or the capacitor will be a short-circuit. In the first case it should
be considered that the passive damping losses at low frequency can be even half of the overall
losses, and hence the selective low-pass damping can cut the losses considerably. The second
case is an attempt to minimize the losses due to PWM switching and preserve the filtering
function that can be compromised by the impedance introduced by the passive damping.

From Figure 11.14 it is possible to note that the total damping has losses much higher with
respect to the selective passive damping, mainly due to the first harmonic, which in the case
of selective damping finds much higher impedance in the transverse row of the filter.

11.5.3 Active Damping of the Current Control Loop

Active damping methods can be classified in two main classes: multiloop-based and filter-
based. In the first case the stability is guaranteed via the control of more system state variables
that are measured or estimated [11]. Hence instead of a single current control loop, two or
even three control loops are adopted. Among the controlled state-variables, the capacitor
voltage can also be controlled in view of stand-alone or microgrid operation using droop
control as discussed in Chapter 9. This approach can be formalized within the more general
theoretical framework of the state-space control also using state-estimator [12]-[13]. A simple
and straightforward example is the use of the so called “virtual resistor” where the capacitor
current is feedback in the control loop multiplicated for a gain emulating the presence of a real
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resistor connected to the LCL-filter [14]. The approach is depicted in Figure 11.15, where

Hs) = <®) - _LeCrs”
i(s) 1+ L,Cys?

The second class of active damping methods is based on the use of a higher order controller
to regulate not only the low frequency dynamics but also to damp the high frequency ones
(Figure 11.16):

5?4+ 2D, w,s + w?

GAD(S) S2 ¥ ZDPCU[,S + (,()%7
plant
———=—"=—=== :|I ___________ 1
i I g L
G, (5) G,(5) || G, (s) ,
I ! !
I i !
| controller R, || i :
with active e H(s) |
L damping |:. |

Figure 11.15 Virtual Resistor based active damping (neglecting the presence of grid voltage disturbance
and its compensation).
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Figure 11.16 Filter-based active damping (neglecting the presence of grid voltage disturbance and its
compensation).

Where D,, , and Dy, w,, are respectively the damping and frequency of the zeros and poles
of the filter. In case w,=wy, a notch filter is obtained (Figure 11.17).

The controller part responsible for active damping of the potentially unstable high frequency
dynamics can be seen as a filter [ 15]-[17]. The filter can be designed using different approaches:
two have been proposed in literature for active damping purposes. The first consists in designing
an analog filter, typically a notch filter, then applying analog-to-discrete transformation based
on a given set of specifications, called bilinear transformation [F]. In both cases this class of
active damping methods has the advantage that it does not need more sensors. However, only
in case of the first approach the straight forward physical meaning of "filtering” the resonance
is preserved. The effect of filter-based active damping in digital domain, using the Z-transform,
is shown in Figure 11.18, while the effect on the current in time-domain and frequency domain
is shown in Figure 11.19.

11.6 Nonlinear Behaviour of the Filter

When the inductance has a nonlinear behaviour a distorted current waveform is produced
(Figure 11.20); if the saturation is symmetric, it contains only odd harmonics. When an AC
current drives an inductor into saturation for part of each cycle, the inductor presents two
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Figure 11.17 Filter-based active damping: a) notch filter and b) generic biquadratic filter.
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values of inductance to the rest of the circuit, the rated value and the saturated value:

Lisyw 1> isar
0] (i) = sat(i) = | Li lsat = 1 > —igq (11.15)
_Lisat - isat >

In many cases an appropriate value of the effective inductance is replaced in the circuit and
it is sufficient to include the effects of saturation in the remainder of the examined system.

Distortion (Figure 11.20) caused by nonlinearities can be analysed in either time or frequency
domains depending upon the characteristics of nonlinearities in the circuits. Few studies can
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Figure 11.19 Effect of active damping in time-domain (a) and frequency-domain (b).
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Figure 11.20 Grid current (reference, actual and error) as a consequence of the saturation of the
inductor

be found in the literature that relate the output of a nonlinear circuit as a function of the input
signals spectrum [10].

The frequency-domain methods are based on generalized power series and are better suited
to study circuits containing a very limited number of nonlinear elements due to their high
computational effort.

The mathematical model of the nonlinear inductance based on Volterra series expansion
allows the frequency response of the nonlinear inductor to be derived and the harmonics
generated as a consequence of saturation to be identified. The effect of multiple frequency
input signals on the behaviour of the inductor can be determined.

The nonlinear inductance can be modelled as a nonlinear current-controlled source of flux:

o (1) = Li* (1) (11.16)
k=1

where ¢(¢) and i(¢) are the flux and the current of the inductor and L, are constants. The flux
in (11.16) is defined through the Taylor series expansion; it can be truncated to the fifth-order
term in order to simplify the analysis.

For example, Figure 11.21 reports the flux—current characteristic of the inductance for a
rated value of L = L; = 1.5 mH and the values of the parameters of (11.16) are defined in the
caption. They can be obtained using a trial-and-error procedure or an interpolation algorithm
starting from the experimental data.

The frequency behaviour of the nonlinear inductance shown in Figure 11.21 can be studied
by splitting the model into a linear part and a nonlinear part in accordance with the Volterra
theory. The Volterra series expansion of ¢(t) defined in (11.16) is

5
PO~y i) (11.17)

i=1
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Figure 11.21 Flux—current characteristic of the inductance defined in (11.16): L; = 1.5 x 1073 H,
Ly=1x10°%H,L;=-8x10*H L, =1x10°H,Ls =5x 107 H

where the series expansion is truncated up to order five since the first few terms are sufficient
to model the saturation of Figure 11.21; ¢,(¢) is the first-order response of the inductor,
which describes its behaviour in the linear case; ¢;(¢) is the nonlinear response of the inductor
obtained using an appropriate excitation:

@1 (t) = Lyi (1)

@2 (1) = Lyi? ()

@3 (1) = 2Loiy (1) i (1) + Lsi; (t)

@4 (t) = 2Loiy (1) i3 (1) 4 Lai3 (t) + 3L3i? (1) i (t) + Lai} (1)

@5 (t) = 2Lyi1 (1) ig (1) 4 3L3i? (1) i3 (1) 4 3Lsiy () i3 (£) + 4L4i3 (1) ia () + Lsi3 (1)
(11.18)

Equations (11.18) represent a set of current-controlled sources of flux. They allow the equiv-
alent Volterra circuit of the nonlinear inductor to be derived, as shown in Figure 11.22.

The proposed method allows the nonlinear element to be modelled as a linear element
plus a set of nonlinear sources, as shown in Figure 11.23. For i =2, ..., 5, the current i;(¢)
through the nonlinear inductor acts as an external source exciting the linear circuit and can
be represented as an external source of current which is connected to the system between the
converter and the grid.

The frequency domain response of the circuit is obtained by the use of the Fourier trans-
form and the output spectrum of the circuit can be expressed as a function of all sources.
Remembering that

15
i(t) = I} sin’ it = i (10sin w7 — 5sin 3wt + sin Swt) (11.19)
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Figure 11.22 Implementation of the nonlinear inductance model defined by (11.17) and (11.18)

it can be easily explained that, when a 50 Hz sinusoidal current is applied to the induc-
tance defined by equations (11.18), the first-, the third- and the fifth-order harmonics of flux
are generated.

Similarly, applying a third harmonic current, the nonlinear inductance produces a third, a
ninth and a fifteenth harmonic, which can be seen in the flux spectrum of Figure 11.24(a) and
(b). Moreover, if the inductor is excited with a fifth harmonic current, the fifth, the fifteenth
and the twenty-fifth harmonics are generated. Hence each current source i;(#) generates some
harmonics, which act on the plant of the system as external disturbances.

In addition, when two sinusoids of different frequencies are applied simultaneously, in-
termodulation components are generated. This substantially increases both the frequency
components in the response and the complexity of the analysis.

When considering applying simultaneously a first and third harmonic current of the same
amplitude, the flux spectrum exhibits intermodulation components. Other than the first, the
third, the fifth, the ninth and the fifteenth harmonics, the third-order intermodulation component
at w; + 2w, and the fifth-order intermodulation components at 4w, — w; and 4w; + w; are
not negligible, as shown in Figure 11.24(c).

L i i
YYY 2 —

+ @ lienin) | @i Goi) |02 (i)
n Ll 3 Ll

a

non-linear inductance

......

Figure 11.23 Volterra-based model of the nonlinear inductance connected between the inverter v and
the grid e
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Figure 11.24 Flux spectrum of the nonlinear inductance defined by equations (11.18) in the case of:
(a) input current at w; = 314 rad/s, (b) input current at w, = 942 rad/s and (c) input current at (w; + w,)

11.7 Summary

The chapter has discussed the need for a higher-order filter to connect the grid converter to
the utility. The design of the filter, the problems related to the variation of grid parameters, the
stability problems and filter saturation have been discussed.
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12

Grid Current Control

12.1 Introduction

When wind and photovoltaic systems are grid-connected using a voltage source converter as
the front-end, the grid current is usually controlled in order to control active and reactive power
exchange, as discussed in previous chapters [1]. The position of voltage and current sensors
can be different with respect to Figure 12.1, as already discussed in Chapter 11.

Moreover, in this chapter the influence of the Cy capacitor of the filter will be neglected
since it only deals with the switching ripple frequencies. In fact, at frequencies lower than
half of the resonance frequency the LCL-filter inverter model and the L-filter inverter models
are practically the same. The LCL-filter-based inverter (Figure 12.2 shows the frequency
characteristic i /v of the LCL filter) behaves as if the capacitor is not present, i = i, (hence in
the following i will be used in all the equations and schemes of the reviewed current control
techniques) and the frequency characteristic is equivalent to the frequency characteristic of a
filter made by the sum of the inductances downstream of the converter (L, L, and L,).

This chapter reviews basic current control techniques and modulation strategies. Only linear
controllers employing a separated pulse width modulator are discussed. The current control
will be discussed without making a distinction between single-phase and three-phase systems,
since similar control schemes can be adopted even if the implementation of a specific current
control strategy to single-phase and three-phase voltage source converters could present some
differences, which are highlighted at the end of each section of the chapter.

12.2 Current Harmonic Requirements

One of the demands present in all standards regarding grid-tied systems is the quality of the
distributed power. Demands are also made on grid-connected PV and WT systems to contribute
to the preservation of the power quality [2]. Power quality requirements have been mainly
developed in order to preserve the quality of the grid voltage waveform in amplitude, frequency
and phase. The main perturbation to the voltage waveform are due to system transient operation
(e.g. at startup) or to power fluctuations (due to the stochastic nature of the source). However,
the quality of the current is also of concern and in this sense the grid converter is the sole agent

Grid Converters for Photovoltaic and Wind Power Systems Remus Teodorescu, Marco Liserre, and Pedro Rodriguez
© 2011 John Wiley & Sons, Ltd
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Figure 12.1 Block diagram of a typical three-phase distributed inverter (in PV system L, is usually
not present)

responsible for compliance with power quality international recommendations and standards
as well as the requirements imposed by the transmission system operators [3—5]. Particularly
in WT systems asynchronous and synchronous generators directly connected to the grid have
no limitations with respect to current harmonics [5].

The injected current in the grid should not have a total harmonic distortion (THD) larger
than 5%. A detailed image of the harmonic distortion regarding each harmonic is given
in Table 12.1 as recommended by reference [3], which is valid for all distributed resource
technologies with an aggregate capacity of 10 MVA or less at the point of common coupling
interconnected with electrical power systems at typical primary and/or secondary distribution
voltages. Similar limitations are recommended for PV systems in a European standard [4].

As regards WT systems, European standards [5] recommend application of the standards
valid for polluting loads requiring the current THD to be smaller than 6-8 % depending on the
type of network [6,7]. A detailed image of the harmonic distortion regarding each harmonic

magnitude (Db)

10° 10
frequency (Hz)

Figure 12.2 Frequency characteristic (i /v) of the LCL filter
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Table 12.1 Distortion limits for distributed generation
systems as a percentage of the fundamental [3,4]

Odd harmonics Distortion limit
3rd through 9th Less than 4.0 %
11th through 15th Less than 2.0 %
17th through 21st Less than 1.5 %
23rd through 33rd Less than 0.6 %

is given in Table 12.2. In case there are several wind turbines connected to the same PCC, the
h™ harmonic can be computed as

(12.1)

where Bis 1 forh <5, 1.4for5 < 8 < 10 and 2 for & > 10.

As mentioned previously, one of the responsibilities of the current controller is the power
quality issue. Therefore, different methods to compensate for the grid harmonics in order to
obtain an improved power quality are addressed in the following section.

12.3 Linear Current Control with Separated Modulation

The AC current control (CC) has become very popular because the current-controlled con-
verter exhibits, in general, better safety, better stability and faster response [8]. This solution
ensures several additional advantages but optimal techniques, which use precalculated switch-
ing patterns within the AC period, cannot be used, as they are not oriented to ensure current
waveform control [8]. A classification of these methods is reported in Figure 12.3.

12.3.1 Use of Averaging

The AC current controllers that will be presented in the following are designed on the basis
of an average model [9] of the converter based on a continuous switching vector whose

Table 12.2 Distortion limits for WTsystems set by
IEC standard as a percentage of the fundamental [5]

Harmonic Limit
5th 5-6 %
Tth 34 %
11th 1.5-3 %

13th 1-2.5%
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Figure 12.3 Classification of current control methods

components are the duty cycle of each converterleg0 < d;(t) <1 (=a, b, c):

d(t) = = (du(t) + ady(t) + a?d.(1)) (12.2)

W N

where a = ¢/%7/3,

The separated PWM block is responsible for the transformation of the continuous switch-
ing functions back into the discrete switching functions usable for driving the switches of
the converter.

The AC voltage equations expressed in the dg frame, which is synchronous with the grid

voltage vector, are

dig(t) . 1 .

e wiy(t) = 7 [—Riq(t) — ea(t) + va(t)]

. (12.3)
di, (1) , 1 .

- + wig(t) = 7 [—Riy(1) — eq(1) + vg(1)]

The transformations from the natural frame abc to the synchronous dgq frame are reported
in Chapter 9. L is the overall inductance downstream with respect to the inverter. The current
controllers calculate the desired d and g components of the switching vector (dy(¢) and d,(t))
and a modulator selects the converter switching states and their time of applications. The
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average AC voltage produced by the converter (the voltage command for the PWM) can be
expressed as

V(1) = dy(t)vac(t)
{ vq(t) = dq(t)vdc(t) (12.4)

Equation (12.3) can be linearized by considering v .(t) = V. with V. constant:

R Vdc 1
i[id(ﬂ }Z -7 @ [id(z)}+ - 0 [dd(z)}r -7 0 [eda)}
dr | ig(t) o B Lo o Y | |dy(n o _L|le®
L L L
(12.5)

Then (12.5) is written in the form i = A -i +B-d + C - e, where the matrix B does not
depend on the system state and so (12.5) is linear.

The average model is useful for designing the controller for slow processes with a bandwidth
in the range of a few hundred Hz, like reactive power control and a stability analysis of WT.

12.3.2 PIl-Based Control

Classical PI control with grid voltage feed-forward (v,) [8], as depicted in Figure 12.4, is
commonly used for current-controlled inverters, but this solution exhibits two well-known
drawbacks: the inability of the PI controller to track a sinusoidal reference without steady-
state error and a poor disturbance rejection capability (Figure 12.5). This is due to the poor
performance of the integral action when the disturbance is a periodic signal.

The PI current controller G p;(s) is defined as

ki
Gpi(s) = kp + " (12.6)

G,4(s) is the 1.57; delay due to elaboration of the computation device (7;) and to the PWM

(0.5Ty), indicating with T the sampling period

1
Gals) = ——— 12.7
) = T 157 (127

e

2 G, (s) v Gd(s)g.é)-'c;,(s) !

Figure 12.4 The current loop of a PI controller: Gp(s) is the controller, G,(s) is the delay due to
elaboration of the computation device and to the PWM and G f(s) is the transfer function of the filter
(i.e. the plant of the control loop)
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Figure 12.5 Typical behaviour of a PI controller (without feed-forward): (a) for a step reference and
(b) for a sinusoidal reference

and G ;(s) is the transfer function of the filter (i.e. the plant of the control loop)

i _ 1
v(s) R+Ls

G(s) = (12.8)

Figure 12.6 shows the Z plane root locus and the Bode plot of the closed-loop PI-based
current-controlled system highlighting the bandwidth of the control loop.

In order to obtain a good dynamic response and improve grid disturbance rejection, a grid
voltage feed-forward is used, as depicted in Figure 12.4. This leads in turn to stability problems
related to the delay introduced by the filter usually adopted to measure the grid voltage.
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Figure 12.6 Z-plane root locus with the two poles optimally damped, i.e. ¢ = 0.707, and the Bode plot
of the closed-loop system (1/7; = 5000 Hz)
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Figure 12.7 Synchronous PI dq current control for three-phase voltage-source grid converters

In order to overcome the limit of the PI in dealing with sinusoidal reference and harmonic
disturbances, the PI control is implemented in a dg frame rotating with angular speed w, where
o = 2n f and f is the grid frequency. The scheme of the classical control in a rotating frame is
reported in Figure 12.7 and the rotating frame is defined as synchronous, as already pointed out.

If the dg frame is oriented such that the d axis is aligned on the grid voltage vector the
control is called voltage oriented control (VOC). The reference current d component is made
of two terms: one, ij,, can be used to perform the DC voltage regulation while the other, i}, is
in charge of active power control. The reference current ¢ component i is selected in view of
reactive power control (a unity power factor is achieved if i is zero). The dg controller core is

k
kp 4+ - 0
S

Gpi(s)ag = (12.9)

0 kp + —
A
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Figure 12.8 PI controllers considering both positive- and negative-sequence components (without
voltage feed-forward and cross-coupling compensation)

It should be noted that under unbalanced conditions, in order to compensate the harmonics
generated by the inverse sequence present in the grid voltage, both positive- and negative-
sequence reference frames are required (see Figure 12.8). Obviously, when using this approach,
double the computational effort must be applied.

In a single-phase system, the use of a rotating frame is not possible unless a virtual system
is coupled to the real frame in order to simulate a two-axis environment [10]. The advantage
is that well-proven PI controllers can be used, as DC variables need to be controlled and an
independent Q control is achieved. The solution is reported in Figure 12.9. A phase delay
block creates the virtual quadrature component that allows emulation of a two-phase system.
Alternative systems to create such a component are discussed in Chapter 4. Starting from this
point the controller behaves like a three-phase case and the vg component of the command
voltage is ignored for calculation of the duty cycle.

12.3.3 Deadbeat Control

The deadbeat controller belongs to the family of predictive controllers [8]. They are based on
a common principle: to foresee the evolution of the controlled quantity (the current) and on
the basis of this prediction to choose the state of the converter (ON-OFF predictive) [11] or
the average voltage produced by the converter (predictive with a pulse width modulator) [12].
The starting point is to calculate its derivative to predict the effect of the control action. In
other words, the controller is developed on the basis of the model of the filter and of the grid,
which is used to predict the system dynamic behaviour: the controller is therefore inherently
sensitive to model and parameter mismatches. Then the information on the model is used to
decide the switching state of the converter with the aim to minimize the possible commutations
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Figure 12.9 Synchronous PI dg current control for single-phase voltage-source grid converters (MPPT
is the algorithm adopted to extract the maximum power from the renewable source)

(ON-OFF predictive) or the average voltage that the converter has to produce in order to null
it. The controller is defined as ‘deadbeat’ where the error at the end of the next sampling period
is zero. It can be demonstrated that it is the fastest current controller allowing nulling of the
error after two sampling periods (see Figure 12.10).

During transient conditions typical of distributed power generation systems such as sudden
variation of the power produced by the source or voltage sag due to grid faults, the deadbeat
controller can be proven to have superior performances in limiting the peak current [13].
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Figure 12.10 (a) The deadbeat control scheme and (b) its control action nulling the error after two
sampling periods

The design of the deadbeat control will be developed on the basis of a single-phase equivalent
of the system. The single-phase circuit mathematical model is

di(t)
dr

__R. 1 12.10
_—Zz(t)—i—z(v(t)—e(l‘)) (12.10)

where i(¢) is the current, v(?) is the inverter voltage, e(¢) is the grid voltage and R and L are
the total resistance and inductance downstream of the converter.
The discretized solution (considering the sample delay due to the elaboration) results in

1
ik+1)=e ®RDLjk) — = (em®/DT — 1) (k) — e(k)) (12.11)
where T, is the sampling period. If we denote a = e~ ®/DT p = —1 (e~ R/DT: — 1) and
u(k) = v(k) — e(k) (12.12)

the following equation is derived:
itk +1)=ai(k)+ bu(k) (12.13)
From (12.13) and applying Z-transformation the following equation is derived:
1(z)z = al(z) + bU(z) (12.14)

Therefore:

-1

b bz
@)= —U@)=—""7U®© (12.15)
Z 1 z

—a
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so the plant transfer function is

1(z) bz ™!
Uiz 1—az!

Gz = (12.16)

In the following a simplified deadbeat control design is assumed. It is supposed that there
are no unstable poles and zeros in the plant transfer function.
The desired transfer function of the closed-loop system can be written as

1
Go(z) = = 7% (12.17)

where k is the delay of the closed-loop control system. The deadbeat controller aim is that the
actual current equals the reference at the end of two sampling periods, and hence k = 2. The
mathematical model of the controller results in

1 772
Gpz)1 —z72

Gpa(z) = (12.18)

Therefore, applying the controller design described by (12.18) at the plant transfer function of
(12.16), the controller transfer function results as

11—az™!
Gpp(2) = ——{1 (12.19)
b z—z2
and in the end results as
1
U@z =U@:" + A1)~ %AI )z (12.20)
Then the algorithm of the designed controller is
1
vk+1)=vk—-1)+ EAi(k) — %Ai(k —D+etk+1)—etk—1) (12.21)
In case the resistance R is neglected,a = 1 and b = T/L and
1
vk+1)=—v(k)+ ZAi(k)—i—e(kwL 1) + e(k) (12.21a)

However, this is not an acceptable approximation, especially in the case of a distributed
generation system connected to a single-phase transmission system where the resistance is not
negligible, as discussed in Chapter 11. Hence to neglect the grid-side resistance an error is
generated in the control action, as shown in Figure 12.11.
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Figure 12.11 Comparison between (a) (12.21) and (b) (12.21a) in the case (R/L)T, = 0.1; if the term
is equal to 0.01 the two responses are equal

The deadbeat current controller has theoretically a very high bandwidth since the closed-
loop transfer function given by (12.17) consists of two poles in the origin. Hence the tracking
of a sinusoidal signal as shown by Figure 12.12(a) is very good. However, if the PWM and
the saturation of the control action is considered (Figure 12.12(b)) the deadbeat controller
exhibits a slower response. One of the main problems of the deadbeat controller is related to
the parameter mismatches that generate a tracking error and also stability problems, as shown
in Figure 12.13 for the controller of (12.21) for the sake of simplicity. The use of an observer
may relieve these problems, making the controller more robust with respect to parameter
mismatches and controller delays [14].

Current [A]
Current [A]

1 H i i i i i —60 i L

—60 L H L 1 1 L L i i
0.04 0.042 0.044 0.046 0.048 0.05 0.052 0.054 0.056 0.058 0.06 0.04 0.042 0.044 0.046 0.048 0.05 0.052 0.054 0.056 0.058 0.06
Time [s] Time [s]

(@) (b)

Figure 12.12  (a) Tracking of a sinusoidal signal without PWM and (b) with PWM and considering the
saturation of the control action
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Figure 12.14 The current loop of an inverter with a P4resonant (PR) controller

12.3.4 Resonant Control

The tracking of periodical signals and the rejection of periodical disturbances are problems
familiar to experts in mechanical system (such as pendulum or robots) control [15]. The
inverter control has been traditionally developed as a direct extension of the control of electrical
motors and of DC converters. In both cases the set-point is a constant signal as well as the
main disturbance. In particular, the use of a rotating frame has allowed the control of the AC
current to be treated as the control of DC virtual currents (the projections of the AC current
vector in a frame that is synchronous with that vector).

However, it is possible to avoid the use of frame transformations using a controller developed
on the basis of the internal model principle (the theory is reported Appendix C). This principle
states that it is sufficient to include the model of the disturbance within the controller in order
to ensure perfect rejection.

The more straightforward implementation of the internal model principle is the second-
order generalized integrator (GI) [16]. The theory beyond this is discussed in Appendix C.
The GI is a double integrator that achieves an infinite gain at a certain frequency, also called
resonance frequency, and almost no gain exists outside this frequency. Thus, it can be used
as a notch filter in order to compensate the harmonics in a very selective way. The current
loop of the inverter with a proportional plus resonant controller is depicted in Figure 12.14.
It is possible to note that the grid voltage feed-forward action is no longer needed. This
solution has been successfully applied to single-phase PV inverters [17]. However, its three-
phase implementation allows an interesting consideration with respect to the use of the PI
controller in a synchronous frame.

The proportional plus resonant controller can be obtained through a frame transformation.
The PI controller (12.9) implemented in a synchronous frame and denoted here as Gpc(s)
can be transformed into a stationary frame through a frequency modulated process that can be
mathematically expressed as

Gac(s) = Gpc(s — jw) + Gpels + jo) (12.22)

where G4¢(s) represents the equivalent stationary frame transfer function. Therefore, for the
ideal and nonideal integrators of Gpc(s) = k; /s and Gpc(s) = k; /(1 + (s/w.)) (kj and w, <<
w represent the controller gain and cutoff frequency respectively), the derived generalized AC
integrators G4¢(s) are respectively expressed as follows:

Y(s)  2kss
Gacls) = 2 8) _ k15 12.23
ac(s) Eo) - P ta? ( )
Y 2k; (w, 2 2k;we
Gacls) = L) _ Hos o) 108 (12.24)

E(s) s 4 2wes + (@2 + w?) T2y 2w.S + w?
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Figure 12.15 Bode plots of (a) ideal and (b) nonideal PR compensators withkp = 1, k; = 20, w = 314
rad/s and w, = 10 rad/s

Equation (12.23), when grouped with a proportional term kp, gives the ideal PR controller
with an infinite gain at the AC frequency of w (see Figure 12.15(a)) and no phase shift and gain
at other frequencies. For kp, it is tuned in the same way as for a PI controller, and it basically
determines the dynamics of the system in terms of bandwidth, phase and gain margins. To
avoid stability problems associated with an infinite gain, (12.24) can be used instead of (12.23)
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Figure 12.16 Response of the resonant controller (12.23) when excited by a sinusoidal input whose
frequency matches the controller resonant frequency

to give a nonideal PR controller and, as illustrated in Figure 12.15(b), its gain is now finite,
but still relatively high for enforcing a small steady-state error. Another feature of (12.24) is
that, unlike (12.23), its bandwidth can be widened by setting w, appropriately, which can be
helpful for reducing sensitivity towards (for example) slight frequency variations in a typical
utility grid. (For (12.23), k; can be tuned for shifting the magnitude response vertically, but
this does not give rise to a significant variation in bandwidth.) It has been demonstrated that
the same results using PI controllers in a synchronous frame can be obtained using generalized
integrators (which offer infinite gain at a certain frequency) in a stationary reference frame.

Figure 12.16 shows the time-domain behaviour of a resonant controller (12.23) when excited
by a sinusoidal input whose frequency matches the controller resonant frequency.

A PI controller in a synchronous frame plus a PI controller in a counter-synchronous frame
(a frame that rotates in the opposite direction with respect to the VOC dg frame previously
defined in Figure 12.8) is equivalent to a P4resonant controller in a stationary frame as
demonstrated in reference [16] and reported in Appendix C.
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Figure 12.17 Stationary P+resonant o8 current control for three-phase voltage-source grid converters

The scheme of the resonant control in a stationary frame in the case of a three-phase system
is reported in Figure 12.17. It can be observed, comparing Figure 12.17 and Figure 12.7, that
the complexity of the calculations has been significantly reduced as there is no more need for
the grid voltage feed-forward and cross-coupling terms. Moreover, in order to have a perfect
equivalence the scheme of Figure 12.7 should be used twice (one for the positive sequence
and the other for the negative sequence), as reported in Figure 12.8.

12.3.5 Harmonic Compensation

The decomposition of signals into harmonics with the aim of monitoring and controlling them
is a matter of interest for various electric and electronic systems. There have been many efforts
to approach scientifically typical problems (e.g. faults, unbalance, low-frequency EMI) in
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power systems (power generation, conversion and transmission) through harmonic analysis.
The use of multiple synchronous reference frames (MSRFs), early proposed for the study of
induction machines, allows compensation for selected harmonic components in the case of
two-phase motors, unbalance machines or in grid-connected systems (see Figure 12.18).

The harmonic components of power signals can be represented in stationary or synchronous
frames using phasors. In the case of synchronous reference frames each harmonic component is
transformed into a DC component (frequency shifting) [18]. If other harmonics are contained
in the input signal, the DC output will be disturbed by a ripple that can easily be filtered
out. The filtered signal can be transformed back and the result is that the harmonic whose
pulsation is the frame angular speed passes through the process while the others are stopped.
The result is a very selective action obtained with a first-order low-pass filter implemented
in a synchronous frame; it can be demonstrated that the same result can be obtained with
a higher-order digital filter in a stationary frame. The use of a synchronous frame has been
very successful in controlling power electronic and electric drive systems and can be correctly
interpreted as a frequency shift. Hence the detection of many harmonics can be performed
using MSRFs.

Then a PLL system can be used to detect the frequency and phase of the harmonic in order
to select the proper speed of the synchronous frame. Hence the reliability of the harmonic
detection still relies on the PLL behaviour.

If the current controller should be immune to the grid voltage harmonic distortion (mainly
the 3rd and 5th in single-phase systems and the 5th and 7th in three-phase systems), then the
major possibilities are based on low-pass and high-pass filters. In the first case it is possible
to compensate selectively each harmonic using a frame rotating at a speed multiple of the
fundamental one or a nested multiple frame rotating at reduced speed, or to use resonant filters
in the same stationary o8 frame [19].

In the following the approach based on low-pass filtering, both with synchronous dq frames
and stationary o8 frames, is discussed, since the approach based on high-pass filtering is used
more for active filters.
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12.3.5.1 Harmonic Compensation by Means of Synchronous dg Frames

As already pointed out, there are two possible approaches employing rotating frames and
low-pass filtering. The first (shown in Figure 12.19) is to consider one frame for each har-
monic; hence if the harmonic controller is designed for an active filter application that should
compensate the 5th and 7th harmonics generated by a phase-controlled thyristor bridge or
diode rectifier. Then two controllers should be implemented in two frames rotating at —5w
and 7w (because the 5th harmonic generated by that load is an inverse sequence and the 7th
is a direct one) (see Figure 12.20). The second possibility is to consider nested frames, i.e. to
implement in the main synchronous frame two controllers in two frames rotating at 6w and
—6w (see Figure 12.21). It should be noted that it is not possible to use only a 6w rotating
frame to compensate both the 5th inverse and 7th direct sequences, on the basis of the idea
that both generate a 6th harmonic in the synchronous frame, because —5» — w = —6w and
Tw — w = 6w. Hence they generate six-order harmonics of different sequences. As a conclu-
sion both solutions are equivalent also in terms of the implementation burden because in both
cases two controllers are needed.

12.3.5.2 Harmonic Compensation by Means of Stationary o8 Frames

Besides single frequency compensation (obtained with the generalized integrator tuned at
the grid frequency), selective harmonic compensation can also be achieved by cascading
several resonant blocks tuned to resonate at the desired low-order harmonic frequencies to
be compensated. As an example, the transfer functions of an ideal and a nonideal harmonic
compensator (HC) designed to compensate for the 3rd, 5th and 7th harmonics (as they are the
most prominent harmonics in a typical current spectrum) are given as

2k1hS
Gu(s) = E — (12.25)
h=3,5,7 s+ (ho)
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2k1ha)cs
Gi(s) = 12.26
w(s) h;7 §2 + 20,5 + (hw)? ( )

where & is the harmonic order to be compensated and kj, represents the individual resonant
gain, which must be tuned relatively high (but within the stability limit) in order to minimize
the steady-state error. An interesting feature of the HC is that it does not affect the dynamics
of the fundamental PR controller, as it compensates only frequencies that are very close to the
selected resonant frequencies.
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Figure 12.22 shows the resonant compensators as well as the Bode plot of the closed loop.
It has been shown in Figure 12.13 and commented in the text that as @, gets smaller, G (s)
becomes more selective (narrower resonant peaks). However, using a smaller o, will make the
filter more sensitive to frequency variations, lead to a slower transient response and make the
filter implementation on a low-cost 16-bit DSP more difficult due to coefficient quantization
and round-off errors. In practice, w, values between 5 and 15 rad/s have been found to provide
a good compromise.

Figure 12.23 shows the harmonic compensation that is possible to achieve with the res-
onant harmonic compensators; similar results can be achieved with compensation using the



Grid Converters for Photovoltaic and Wind Power Systems

334

ks
s+

(@

ok

closed loop

10°

10
Frequency [Hz]

[ap] epnyubep

E=F=F =
r 1
I #
- 4
L i
I I
r T
I/ [
||||| FT T
7 S I B
s i i)
I | |
I | |
O | T i
[
al | | m.
B | e Lol
€3 I -3
e I I|SE
£S - L Yez
£= — 4+ — Y=}
s2 . _UFe
c2 P el
33 —~& = d5xt
3 Y O O ]
“_ I
i (it | LS|
; [ T T
- ath Bl it bt iy
) T T R B
Lt _L_1_
] T T T T
| | I I | I
I I I I | |
| S | T Tl B RS LA |
I | T T R B
I | T T R B
I | | I | | |
I | I I | |
| 1 I | | |
J.n o o o o o o
¥ ¥ @ @ ©

(b)
Figure 12.22 Resonant filter for filtering 3rd, Sth and 7th harmonics: (a) block representation and (b)

Bode plot of the closed loop



Grid Current Control 335

Tek Run__| [ o) Trigd  TekRun | 5

_y W
L ]

@ 200V [Ch2 2.00V MA4.00ms A Line 5 3.96V [@{] 2.00V |Ch2] 2.00V |M4.00ms A Line = 3.96V

2
ch3| 2.00V Ch3[ 2.00V
i/50.00 % | i1[50.00 % |
Tek Roll | =) Tek Roll ¥
Y T b4

A i

| I
i ! VG |

Maha
Vi

Ipa A |
- af Y A o e A A e A
Wy il |
M40.0ms A Line S 3.96 V| M40.0ms A Line /& 3.96V
MEOE [ 10.0dE  50.0 Hz| EENE [ 10.0dB 50.0 Hz

Figure 12.23 Harmonic compensation of the 5th and 7th harmonics in the grid current, showing time
domain (top) and frequency domain (bottom)

synchronous dq frames. A third option that can give similar results is to use resonant compen-
sators in dg frames [20].

12.4 Modulation Techniques

The most widely used open-loop pulse-width modulation methods are carrier-based where the
pulse widths are determined by comparing a modulating waveform and a triangular carrier.
Characteristic parameters of these strategies are the ratio between amplitudes of modulating
and carrier waves (called the modulation index M) and the ratio between frequencies of the
same signals (called the carrier index m). These techniques differ for the modulating wave
chosen with the goal to obtain a lower harmonic distortion, to shape the harmonic spectrum and
to guarantee a linear relation between the fundamental output voltage and modulation index
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in a wider range. The space vector modulations are developed on the basis of the space vector
representation of the converter AC side voltage. While the carrier-based representation can
be adopted for both single-phase and three-phase converters, the space vector based one can
be adopted only for three-phase converters. Since a complete review of modulations, already
proposed in reference [21], is beyond the scope of this section the carrier-based approach will
be adopted in the following in order to offer some basic concepts useful for single-phase and
three-phase grid-connected converters.

According to the adopted implementation, analogue or digital, the modulations are defined as
natural sampled or regular sampled methods respectively. Regular sampling can be symmetric,
when the modulating wave is sampled at a frequency equal to that of the carrier wave, or
asymmetric, when the modulating wave is sampled at twice the frequency of the carrier wave.

Among these techniques we can also mention the suboptimal and flat-top modulation strate-
gies, only for three-phase converters, where the asymmetrical sampled modulating wave is
derived from a procedure of optimization of a particular performance factor, e.g. the mini-
mization of the output current THD. This procedure results in a modulating wave composed
of a sinusoidal fundamental component with a zero sequence signal that allows the linear
operating range of the modulation to be extended. Thus in the overmodulation range the use
of particular shaped modulating waves allows better performances to be obtained with regards
to both signal quality and control effectiveness [8].

As these improvements of the PWM low-frequency range are obtained by modifying the
modulating signals, improvements in the PWM carrier and sidebands harmonics (above the
switching frequency) can be obtained by acting on the carrier signal. The resulting modulations
are called random modulation techniques. Their aim is to modify the harmonic spectrum of
the standard PWM voltage signal, characterized by some dominant harmonics grouped around
multiples of the switching frequency. These harmonics produce an annoying noise that can
disturb people near the PWM electric drives (e.g. the workers of a factory or the passengers
on a metro train). Random modulations can guarantee a reduction of the noise but have never
been employed in industrial mass-produced drives. Moreover, the spread of harmonics in the
PWM spectrum makes it more difficult to design the grid filter. For these reasons the random
techniques are not discussed in this chapter.

The pulse-width modulation strategy has a deep impact not only on the quality of the grid
current but also on the design of the grid-connected power converter and on the grid filter.
In fact the chosen PWM determines the converter current ripple and hence the design of the
inductor with respect to the saturation level of the magnetic core. Moreover, depending on the
produced current ripple and on the current ripple acceptable by the grid it is possible to design
an LCL filter to connect the converter to the grid, as discussed in Chapter 11.

The PWM techniques can be compared on the basis of range of linear operation, switching
losses and produced harmonic distortion. The first parameter is the range where the control
characteristic (fundamental voltage as a function of the modulation index) of the PWM
technique is a linear function (Figure 12.24). It is recommended that the PWM converter
operates within this range in order not to introduce a nonlinearity in the control loop. Hence
the maximum fundamental voltage that the PWM converter can produce operating with a
linear behaviour is usually considered in the converter design process. If this voltage is
not equal or higher than the grid voltage, it is needed to increase the chosen DC voltage
level. Hence a modulation with an extended range of linear operation needs a lower DC
voltage level.
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The second parameter, the switching losses, depends on the chosen modulation technique
that determines the carrier and sideband harmonics. The switching losses are an important part
of the overall converter losses and have an impact on the overall efficiency.

The third parameter, the produced harmonic distortion, certifies the harmonic quality of the
PWM techniques. For example, it can be used for the weighted total harmonic distortion:

00 2
2 5
n=2 N
WTHD = —— (12.27)
Vi

The first two parameters have a strong influence on the converter design.

In the following, single-phase modulations (unipolar and bipolar types) and three-phase
suboptimal modulations are briefly reviewed. Then for higher power applications or for ap-
plications characterized by several separated sources, they are typically adopted for more
complex power converter configurations (e.g. neutral point clamped) or for the use of cascaded-
connected converters or parallel-connected converters. The multilevel modulation, for the first
two cases, and the interleaved modulation, for the last one, is briefly reviewed. The section is
closed by a discussion on the operating limits of the grid converter, which are functions of the
chosen AC voltage control.
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12.4.1 Single-Phase

The basic single-phase inverter topologies can be half-bridge and full-bridge (Figure 12.25).
The main elements for a comparison, in the case of grid-connected applications, are:

® The number of bidirectional switches (two for the half-bridge and four for the full-bridge).

® The switches voltages (double of the rated line voltage for the half-bridge and the rated line
voltage for the full-bridge).

® The capacitor current, which also has a fundamental frequency component in the case of the
half-bridge.

® The number of sensors (the half-bridge topology also needs one voltage sensor more to
manage the balance between the two capacitor voltages).

® The algorithm complexity needed for the two converters (the half-bridge also needs a
controller for the DC voltage balance).

¢ The modulation (the half-bridge allows only a bipolar PWM while the full-bridge allows a
unipolar PWM with a better harmonic content).

In the case of asymmetrical sampling (sampling of the modulating signal on both the carrier
edges), the produced bipolar voltage (shown in Figure 12.25) is

o(t) = 4ch i i 5]" (q%M) sin ([m + n] %) cos (mw.t 4+ nwot) (12.28)

where M is the amplitude modulation coefficient, w, is the pulsation of the modulating
signal, w, is the pulsation of the carrier signal, J, is the Bessel function of order n and
q = m + n (wy/w.). In the bipolar PWM signal reported in (12.28) the odd harmonic sideband
components around the odd multiples of the carrier fundamental and even harmonic sideband
components around even multiples of the carrier fundamental are completely eliminated as
well as even low-ordered baseband harmonics.

In the case of the full-bridge it would be possible to modulate the two legs together to obtain
a bipolar PWM signal or to adopt the unipolar modulation where, as shown in Figure 12.26,
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the two legs of the bridge are modulated with opposite modulating signals. In the case of
asymmetrical sampling, the produced voltage is

v(t) = 2V, .M cos (wot)

8
+

Vie v w1
nd o 5= ont (T M) cos (Im + 1 = 1]7) cos 2maet + [2n — 1] wot)
m=1n=—00

(12.29)

Due to the unipolar PWM the odd carrier and associated sideband harmonics are completely
cancelled, leaving only odd sideband harmonics (2n — 1) terms and even (2m) carrier groups
(Figure 12.27).

12.4.2 Three-Phase

The basic three-phase modulation is obtained by applying a bipolar modulation to each of the
three legs of the converter. The modulating signals have to be 120° displaced. The phase-to-
phase voltages are three levels of PWM signals that do not contain triple harmonics. If the
carrier frequency is chosen as a multiple of three, the harmonics at the carrier frequency and
at its multiples are absent. Figure 12.28 summarizes the previous considerations. Moreover,
in Figure 12.28 the DC current and the transistor/diode current are also reported.

In the case of three-phase modulations it is possible to increase the range of linear operation
and decrease the switching losses with respect to the single-phase case by adding a zero
sequence signal to the modulating signals. This zero sequence signal has no influence on the
grid due to the fact that the neutral is not connected.

Practically, depending on the form of the zero sequence voltage added to the modulating
signal, there are six to seven methods of interest (Figure 12.29). The classical sinusoidal
modulation, indicated with SPWM (sinusoidal PWM), has no zero sequence components.
Then there are continuous and discontinuous modulations.

The continuous modulations reported in Figure 12.29 are:

¢ Sinusoidal PWM with the third harmonic injected (THIPWM). If the third harmonic has an
amplitude of 25 % of the fundamental the minimum current harmonic content is achieved;
if the third harmonic is 17 % of the fundamental the maximal linear range is obtained.

¢ Suboptimum modulation (subopt). A triangular signal is added to the modulating signal. In
the case where the amplitude of the triangular signal is 25 % of the fundamental the modu-
lation corresponds to the space vector modulation (SVPWM), with symmetrical placement
of the zero vectors in the sampling time.

The discontinuous modulations formed by unmodulated 60° segments reported in Figure
12.29 are:

* Symmetrical flat top modulation, also called DPWMI.
o Asymmetrical shifted right flat-top modulation, also called DPWM?2. It is worth noting that
there is also the ‘asymmetrical shifted left flat-top modulation’, called DPWMO.

The use of unmodulated segments aims to obtain lower switching losses (average 33 %).
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Figure 12.30 Three-phase neutral point clamped multilevel converter

12.4.3 Multilevel Modulations

Multilevel voltage source converters have been introduced for MVA applications, but their ap-
plication has also been extended to very low power level cases such as audio amplifiers. In fact,
the use of multilevel converters allows not only reduced stress for the semiconductor devices,
greatly reducing failures and significantly extending the life of the converter, the possibility
to avoid step-up/step-down transformers and/or stacks of series-connected semiconductors,
but also lower harmonic pollution and hence smaller AC filters. As a consequence, even if
the dominant use of multilevel converters is to deal with high-voltage conversion, the correct
design of the multilevel modulation also allows the harmonic content of the voltage waveform
to be reduced and hence smaller AC filters can be adopted.

The neutral point clamped multilevel converter (Figure 12.30) is one of the most successful
converters in high-power wind turbine systems, as described in Chapter 6. The multilevel
configuration weak point, the presence of many DC voltages, can be turned into an advantage
in the case where many low voltage DC sources are available, as in the case of PV strings
(as discussed in Chapter 2). Hence the use of a cascade-bridge multilevel configuration, as
reported in Figure 12.31, can solve the problem of connecting many low-voltage PV strings
with different irradiance/temperature conditions and leaving the possibility of managing the
different power transfer without DC/DC converters. Moreover, in case electric isolation is
needed (as requested by some national grid codes) it is possible to use transformers with
different turn ratios to increase the number of levels that it is possible to obtain by one DC
voltage source [22].

However, the solution is still limited by the high conduction losses (the same current flows
through many semiconductors) as well as control and modulation problems. The control
problems are generated by the fact that many DC voltages have to be controlled by the same
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Figure 12.31 Five-level single-phase series-bridge cascaded inverter

current [24,25] and modulation problems are related to the difficulties in minimizing the
harmonic content if the DC voltages are different [23].

The first multilevel converter has been the neutral point clamped type, designed to supply
an induction motor drive. Later on other topologies have been introduced, such as the flying
capacitor and the cascaded H-bridge, based on the use of series-connected H-bridge cells.

A complete study of the multilevel modulations is beyond the scope of the book and
hence mainly the multilevel modulation for cascaded structures (Figure 12.32) will be briefly
discussed. In fact, in this case it is straightforward to demonstrate that by adopting unipo-
lar asymmetrical modulation for each bridge (as the one discussed in previous chapters) a
proper displacement among the carrier minimum WTHD is achieved. The produced PWM
voltage is [21]

v(t) = NV .M cos (wpt)

4
+

Vi e 1
N
Zcos Cmwt + [2n — 1] wot + 2mb;) (12.30)

i=1

where N is the number of cascaded converters and 6; is the relative phase of the carrier signal
applied to leg A of each converter. If the carriers are displaced as

(- Dr

0;
N

(12.31)
forVm # kN, k =1,2,3, ..., it is possible to achieve harmonic cancellation up to the 2Nth
carrier multiple. In case the DC links are different (this can happen frequently if the PV arrays
are under different irradiance conditions) it is possible to modify this technique in order to
optimize the WTHD, as discussed in reference [23].
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Figure 12.32 Five-level multilevel PWM generated by a single-phase series-bridge cascaded inverter
(m=15M =0.8)

Figure 12.33 shows a five-level single-phase neutral point clamped inverter. Basically there
are three possible NPC modulations:

¢ Alternative phase opposition (APOD) where carriers in adjacent bands are phase shifted
by 180°.

® Phase opposition disposition (POD), where the carriers above the reference zero point are
out of phase with those below zero by 180°.

® Phase disposition (PD), where all the carriers are in phase across all bands.

Figure 12.34 shows the results of a single-phase bridge (Figure 12.33) where each leg is
modulated using the PD strategy capable of obtaining the best WTHD.

As regards the current control, the NPC and the cascaded structures differ. In the case of
the NPC there is no substantial difference with respect to what was presented in the previous



346 Grid Converters for Photovoltaic and Wind Power Systems

["Neutral point clamped |

| |
T :
Vie i i i L
A LT o | *
n T o1V ¢
W AF L -
I
|
.

Figure 12.33 Five-level single-phase neutral point clamped inverter

sections since all the reviewed strategies are based on the use of the average model, which
remains unchanged. In the case of the cascaded structure, the main difference is that several
bridges are connected in series, sharing the current, and hence the current controllers should
be coordinated [24,25].
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Figure 12.34 Five-level multilevel PWM generated by a single-phase neutral point clamped inverter
(m=15,M =0.8)
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12.4.4 Interleaved Modulation

In the case where two or more converters are connected in parallel in order to increase the power
rating of the overall conversion stage, as described in Chapter 6 for high-power converters,
or to exploit several independent sources, as described in Chapter 2 for photovoltaic systems,
shifting the carrier signals (interleaving modulation) reduces the harmonic content in the
current using the same principle that leads cascaded converters to have a reduced harmonic
content of the voltage. In fact, in both cases the harmonic signatures of the voltages produced
by the converters are equal in magnitude but have phase differences generated by the fact
that the carriers are shifted (see (12.30) and (12.31)). However, while in the case of cascaded
converters the voltages are summed and hence the phase opposition of some harmonics leads
to their cancellation in the overall voltage, in the case of parallel-connected converters the
currents are summed and hence the obtained phase opposition of the harmonics leads to a
reduced harmonic content in the current. Of course, in order to achieve the desired result in
the case of parallel connected converters, each of them needs to have an inductance before
it is connected in parallel to the others. In fact, since the harmonic cancellation can only be
achieved in the current it is needed to transform voltage sources in current sources in order to
parallel them safely.

Figure 12.35 shows the effects of interleaving modulation in the case of two parallel H-
bridges, as shown in Figure 12.36. The ripple of the current can be reduced to 1/4.

12.5 Operating Limits of the Current-Controlled Converter

The current control methods have been reviewed under the assumption of an ideal behaviour of
the grid-connected converter, without considering its physical nature (transistor and antiparallel
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Figure 12.35 Interleaved inverters
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Figure 12.36 Two H-bridges (a) without and (b) with interleaved modulation

diodes) and the power rating. In the following some issues related to a real grid-connected
converter will be discussed.

The grid-connected inverter has to produce an AC voltage at least equal to the grid voltage
in order to control the injected grid current. In case of a fault on the grid the inverter may
remain connected while not contributing with its current to the short-circuit current. Obviously
this feature depends on the capability of the WT to limit or dissipate the produced power. In
any case the control of the injected current to zero is indispensable in allowing an effective
current control. The possibility of producing an AC voltage equal or higher with respect to the
grid voltage depends on the modulation techniques and on the chosen DC voltage level. The
natural DC link voltage, defined as the voltage obtainable if the transistors are not operating
and their freewheeling diodes make the bridge act as a standard diode bridge, isv/2E for
the single-phase case and +/6F for the three-phase case. If this condition is not fulfilled full
control of the grid current is not possible.

However, to keep the switching losses down, it is desired to operate with a DC link voltage
as low as possible. Typically the reference for the controlled DC link voltage is chosen as
5-10 % above the natural DC link voltage (e.g. 600V, on a 400V, grid). If a unity power
factor is obtained:

Vi=E*+V} (12.32)

The voltage drop across the inductor (V) depends on the reactance of the inductance at the
input frequency and upon the input current. The magnitude of the switching voltage vectors
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depends on the DC voltage level. This means that the maximum AC voltage (V) the inverter
can generate in the linear PWM region also depends on the DC link voltage. The higher the
DC and thus the possible converter voltage, the higher the voltage across the inductor can be
obtained. As this inductor voltage is driving the current, this means that the higher the DC
voltage, the higher the input power (for a given inductance).

Once defined, the modulation index M is

M =22 4 (12.33)
dc

where V. is the average DC voltage. If a sinusoidal modulation is used the maximum modu-
lation index in the linear region is Myax = 1; thus the maximum RMS fundamental voltage
that is obtainable in the linear region, if the DC link is charged to 600 V, is Vyjax = 212 V. If
a space vector modulation is adopted, Myax = 1.154 and Vyjux = 245 V.

Assuming the grid side resistance to be zero and neglecting the converter losses:

\%
P =3El=3E-% (12.34)
wL
Substituting (12.32) and (12.33) in (12.34) gives

(M2V3/8) — E?
P =3E (12.35)
wlL

This means that the higher the DC voltage and the smaller the inductance, the higher is the
power rating of the converter.

Another important limitation is related to the sharing of the current between the transistor
and the antiparallel diode. This depends on the displacement between the grid voltage and
the converter voltage and on the modulation index. The cosine of the angle between the grid
voltage vector and the converter voltage vector is

E 1
Ccosd = —

- - (12.36)
Voo e vy I+ /B

At unity power factor the angle § equals the angle between the converter fundamental voltage
and the current. This angle influences the conduction ratio of the diodes and the transistors.
The modulation index has influence too. From (12.32) and (12.33):

2 VER+VE 2 J1+(V,JE)
v 2 d 2 V1+(V4/E) (12.37)

\/§ E kboost B \/§ kbonxt

where kp,05 15 the gain respect to the natural DC voltage and if the p.u. notation for L is used,
L=V,;/E.

If the inverter is generating power the transistors will conduct the major part of the time.
Assuming that M = 1 and § = 0, the conduction ratio of transistors to diodes would be 0:1.
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From (12.36) and (12.37) result that the product of the modulation index M and the cosine of
the displacment will always be constant:

2
\/gkbooxt

M cosé = (12.38)

This factor is a good approximation to the current sharing ratio of transistors and diodes.
The transistors are conducting about 93 % of the current while the load on the diodes is very
low. In this situation the load on the transistors is slightly higher than for normal inverter
operation on an induction motor. This is due to the small displacement angle § of the grid
inverter compared to a typical phase angle of the stator current of an induction motor.

12.6 Practical Example

It is requested that the current control, implemented on a digital system, should be designed
for a three-phase converter connected to the grid.

Data

(a) LCLfilter parameters

(b) AC line-to-line grid voltage amplitude
(c) DC bus voltage

(d) Sampling frequency

(e) Switching frequency

Required steps for design/simulation

1. Choice of the modulation. The ratio of the natural DC voltage to the actual DC voltage
determines the required maximum needed modulation index (neglecting possible grid
overvoltage) and whether a zero sequence injection is needed in the modulating signal to
increase the linear operating range of the PWM.

2. Choice of the current control PI in a synchronous dg frame.

3. Design of the current control:

(a) Compensation of the cross-coupling terms wLig(¢) and wLi,(t) that make the two
current equations not independent (see (12.3)).

(b) Feed-forward of the grid voltage dg components e;(¢) and e, (t).

(c) Once the compensation of the grid influence and of the cross-coupling effects are
completed, the controllers for both d and ¢ axis currents can be designed on the basis
of the following plant transfer function:

1/R
14+Ts

G(s) = (12.39)

The two current loop controllers could be designed on the basis of the same time
constant T = L/R. Two PI-based controllers can be used to perform the control action.
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They have the following form in the S domain:

D(s) = w (12.40)

with kp the proportional gain and 7; the time constant of the integrator. The delays
present in the current control loop are the modulator delay and the processing delay.
The modulator has a time constant that is usually settled to half of the sampling period
(Ty = T,/2) because this is the average time of the modulator to produce the desired
voltage (chosen by the controller). Then there is one processing delay 7, due to the
computational device. The two delays can be grouped together and the time constant
is the sum of the two time constants.

Choosing the PI integrator time constant 7; equal to the plant time constant 7', the
current closed-loop transfer function in the S domain is

2k p
H(s) = 3L (12.41)
2 + 2 s+ Zk_P
MY Y
This means that
o 2k
ST“IL (12.42)
Sy = 3Ts

Choosing to have a system optimally damped (i.e. with a 5% overshoot) leads to
¢ = 0.707 and thus to

(12.43)

If the current control loop is adjusted to be optimally damped the following first-order
approximation can be useful when calculating the bandwidth of the system:

1
Ho(s) ~ ———— 12.44
(s) 15 3Ts ( )

and the bandwidth frequency f;; is

Joi = A (12.45)
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(d) The digital implementation of the PI-based regulator obtained with the backward dis-

cretization rule is

<1+TS> 1
L
T,

D(z) =kp—~—-11

(12.46)
z—1

However, in order to limit the integral action and to apply a suitable anti-wind-up
system for the integrator, the term 1/s is discretized separately and the controller can
be written in the time domain as

up(k) = kpAi (k)

u (k) = %up(k)Jru,(k— 1) (12.47)
1

upr(k) = up(k) + ur(k)

Anti-wind-up can be designed to limit both u#; and up; with the same saturation values
or by adding the following term to u;:

uaw(k) = [(Ai(k) > Urmax)(Uppax — Ai(k))
+ (Aik) < —Upmax)(—=Ujmax — Ai(k))]/ T (12.48)

Moreover, (12.47) should be rewritten for the d and g axes considering the cross-
coupling terms:

upq(k) = kpAiy (k)
T
upg(k) = FuPd(k) +uratk —1)
7

upra(k) = upq(k) +uzq(k)
Vg,av (k) = eq (k) — uprqa(k) + wLi, (k)
(12.49)
I/tpq(k) = kpAiq (k)
T,
ulq(k) = Fqu(k) + “Iq(k -1
i

uprg(k) = upy(k) + uq(k)
Vgq,av (k) = €q (k) — uqu(k) — wLiq (k)

Required steps for laboratory setup

1. Before starting the system:
(a) Check the correct wiring of the system and of the coordination of sensors and PWM

signals. (Are the current sensor of the phase ‘a’ and the voltage sensor of the phase ‘a’
on the same wire? Is the PWM driving signal of phase ‘a’ connected to the converter
leg of phase ‘a’?) If ‘no’ then modify the wiring.
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(b) Check the synchronization of the inverter grid. Is the duty cycle commanded by the
control in phase with the grid voltage? If ‘no’ go to 1.a.

(c) Is the duty cycle in saturation ? If ‘no’ check the anti-wind-up (12.48).

2. Starting up the system for the first time. Use a four-channel oscilloscope with two AC
voltage probes (one for the grid and the other for the converter voltages), an AC current
probe and a DC voltage probe (for the DC voltage) in the single acquisition mode with a
trigger on the grid current. If overcurrent is found at startup:

(a) Is the AC voltage a PWM signal ? If ‘no’ check the PWM and the control signal
(saturation) and go to 1.b.

(b) Is the DC voltage increasing ? If ‘yes’ check the current sensor’s positive terminal
connection.

3. Verify the system performance:

(a) Are the d/q currents tracking their references ? If ‘no’ check the integral action and
the saturation of the controller.

(b) Is there any evidence of resonance? If ‘yes’ detune the current controller,
check inductance values and consider inductor saturation or LCL filter resonance
(Chapter 11).

(c) After programming a step in the d reference current, is the actual current response
characterized by an overshoot in accordance with the designed system damping? If ‘no’
check the inductance values and consider inductor saturation or LCL filter resonance
(Chapter 11).

12.7 Summary

This chapter closes the book by discussing some basic concepts on modulation and current
control of grid-connected converters. In fact the modulation and the current control are the
core of the grid-connected converter and the actuators of the active/reactive power control.
The chapter has been structured to present some of the possible alternatives in the choice of
the PWM and current control strategies.

The main modulation techniques (bipolar/unipolar, single-phase/three-phase, multilevel and
interleaved) as well as the basic mathematical elements to deal with them and their harmonic
content have been presented.

As for the current control: the main dg frame implementation (PI and deadbeat) and the
emerging resonant controller base approach in the o8 stationary frame have been considered.
Finally, harmonic compensation strategies have been considered.

A practical example of how to design and implement a three-phase converter grid connected
has been presented.
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Appendix A

Space Vector Transformations
of Three-Phase Systems

A.1 Introduction

A generic three-phase electrical system consists of a set of three voltages and three currents
interacting with each other to deliver electrical power. A practical three-phase system cannot
be considered as the simple addition of three independent single-phase subsystems. Actually,
particular relations exist between the phase variables of a three-phase system, such as those
resulting from the Kirchhoff laws or regarding phase sequences, which invite the application
of certain space vector transformations to obtain a more elegant and meaningful representation
of its variables. Generally, the control system of a power converter connected to a three-phase
system is based on these transformed variables. This appendix reviews the most commonly
used space vector transformations and highlights their applications in control grid-connected
power converters.

A.2 Symmetrical Components in the Frequency Domain

In 1918, a young engineer from the Westinghouse Electric and Manufacturing Company in
Pittsburgh, C. L. Fortescue, proposed a method for analysing unbalanced polyphase networks,
which offered a new point of view in the analysis of three-phase systems and soon became
known as the method of symmetrical components [1]. In simple mathematical terms, this
method consists of a system of Lagrangian reference frames following the different sequences
existing in a generic polyphase system, which results in a coordinate system especially suited
to analyse all types of polyphase problems. The symmetrical components method allows
decomposition of the steady-state phasors of an unbalanced three-phase system into a set of
sequence components, namely the positive-, the negative- and the zero-sequence components.
This new approach not only offered an elegant and systematic method for analysing polyphase
systems under unbalanced sinusoidal conditions, but also allowed a rigorous explanation, with
mathematical and physical meaning, of the phenomena that take place under such operating
conditions.

Grid Converters for Photovoltaic and Wind Power Systems Remus Teodorescu, Marco Liserre, and Pedro Rodriguez
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Figure A.1 Unbalanced three-phase system: (a) instantaneous voltage waveforms and (b) phase voltage
phasors

The steady-state voltage waveforms of a three-phase unbalanced system together with their
phasor representation on a Gauss plane are shown in Figure A.1.

Applying the symmetrical components method, these three unbalanced phasors representing
the three-phase voltages can be transformed into a new set of three phasors representing the se-
quence components of one of the phases of the three-phase system. For example, the positive-,
negative- and zero-sequence phasors of phase a (V,", V.~ and V) can be calculated by the
following transformation matrix:

Vi—o@ = [T+-0] Vape (A.1)
with
v, vV, /6, v Vr/6F
Vae=| Vo | =| Vb | |, Viow=|Vs |=]| Va4t
Ve Ve Z6, Vo V9,60
1 a o
[Tiol=4|1 & @ (A2)

where o = ¢/>"/3 = 1/120° is known as the Fortescue operator. The phasors representing the
sequence components for phases b and c are given by

Vi =V V =aV
. ~ - 3 (A3)
Vi=aV}f; Vo=daV,
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The inverse transformation to pass from the phasors representing symmetrical components of
phase a to the phasors representing the unbalanced phase voltages is given by

Ve = [Tr—01"" Vi—ow (A.4)
with
1 1 1
[Tisol '=|a® a 1 (A.5)
o o? 1

As an example, the phasors representing the sequence components of the unbalanced voltages
of Figure A.l, together with their corresponding instantaneous waveforms, are shown in
Figure A.2.

A.3 Symmetrical Components in the Time Domain

Lyon extended the work of Fortescue and applied the method of the symmetrical components
in the time domain [2]. When the Fortescue transformation matrix of (A.2) is applied to the
following set of three-phase unbalanced sinusoidal waveforms:

Va
Vape = Ub = v;:bc + v;bc + vgbc
Ve
cos(wt) cos(wt) cos(wt)
=Vt | cos(wt — %”) 4+ V| cos(wt + 2?”) 4+ VO | cos(wt) (A.6)
cos(wt + &) cos(wt — &) cos(wt)

the resultant instantaneous variables are given by

vy 0= [T1—0] Vape (A7)
T Lvteiot 4 Ly=e-iet

vi o= |1 | =]|3Vie U +ivel (A.8)
0 VO cos(wt)

It is worth mentioning that the Lyon transformation is usually defined by the following
normalized matrix:

) 1 o o
[T 0] = V3ITec0l = 2 ! alz “ (A9)

where [Tfr—o]_l = [TL—O]T'
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Figure A.2 Sequence components of the unbalanced three-phase system of Figure A.1: (a) positive-
sequence phasors, (b) negative-sequence phasors and (c) zero-sequence phasors
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1
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v,— - av, LPF(s)=—2n

in r T in (S 4 , )2
LPE

Figure A.3 Simple implementation of the a operator in the time domain

From (A.8) it can concluded that, independently of the scale factor used in the Lyon
transformation, the resulting vector consists of two complex elements, v and v, plus a
real element v*. The complex elements v and ¥~ can be represented by instantaneous space
vectors, having the same amplitude and rotating in opposite directions. Therefore, v+ and
v~ should not be mistaken for the positive- and negative-sequence voltage vectors v:bc and
v_,.- The real element 1° is directly related to the zero-sequence component of the original
three-phase voltage vector.

To calculate the positive- and negative-sequence voltage vectors, v/, and v, , from the
unbalanced input vector v, ., it is necessary to translate the Fortescue operator, o, from
the frequency domain to the time domain. This translation can be performed by using a
simple time-shifting operator, provided the frequency of the sinusoidal input is a well-known
magnitude. In such a case, a 23T time-shifted sinusoidal signal, with T the signal period, can
be understood as a 120° leaded version of the original sinusoidal signal. This operator in the
time domain is named a in this appendix. Since o = —1 / 243 / 2, the a operator can be
implemented by using a proper filter to generate the 90° phase-shifting associated to the j
operator [3]. As an example, Figure A.3 shows a simple implementation of the a operator
based on a second-order low-pass filter (LPF) tuned at the input frequency with a damping
factor & = 1. The a? operator can be implemented by multiplying the output signal of the LPF
by —1.

Therefore, the following expressions can be used to calculate the instantaneous positive-
and negative-sequence components of v, :

v 1 (1 a a? [ v, ]
Voo = (T4 vapes | vy | = 3 a* 1 a||w (A.10)
vc+ a1 Ve
i v, ] . 1 a®> a][ v ]
Vope = [T-] Vapes | Vp | = 3 a 1 @ Up (A.11)
- 2
v a a 1 Ve

A.4 Components ¢80 on the Stationary Reference Frame

Since the complex elements v and v~ in (A.8) are not independent from each other, only
three independent real components can be found among the elements resulting from the
transformation of (A.7). Therefore, a possible set of independent elements can be defined
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from (A.8) as {SR (5*) , 3 (T)*) , vo}, although other combinations are also possible. At this
point, the following real transformation matrix can be written:

R@H) 1 Ne) R?) Vg
I(@H) =3 0 () ?) v (A.12)
0 1 1 1 Ve

A similar reasoning caused Clarke to reformulate the Lyon transformation and to propose the
following transformation matrix [4]:

Vopo = [TaﬂO] Vape (A.13)
1 1
=3 =
Vo Ua
2 V3 3
v == 0 X2 X2 A.14
/ 3 2 2 b (A1)
Yo 1 1 1 Ve
NN NG

—1 T
where [TaﬁO] = [Taﬁ()] .

It is worth remarking here that the input and output vectors have the same norm when the
normalized transformation of (A.14) is applied, i.e.

ve 4+ U5 + v =0l + ) + 0] (A.15)
As a consequence, when the normalized transformation of (A.14) is applied to the voltages

and currents of a three-phase system, power calculations will give rise to equivalent results for
both the abc and the a 80 reference frames, i.e.

P = Vgp0 - iozﬂO = Vabe * Labe (A16)

The transformation [Taﬁo] can be rescaled as shown in the following equation when the
amplitude of the sinusoidal signals on the abc and the oS0 reference frames should be equal,
i.e. when V,, = V,:

1 1
=5 =
Vy Vg
2 V33
v — _ 0 - - v A]7
2 3 7 > b ( )
Yo 1 1 1 Ve

V2 V2 V2

The o B0 reference frame is graphically depicted in Figure A.4. In this figure, the o 8 plane holds
all the symmetrical vectors, i.e. those v,g vectors with no zero sequence (v, + vy + v, = 0),
whereas the 0 axis is aligned with the space diagonal of the abc reference frame.
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Figure A.4 Graphical representation of the o 80 reference frame

A.5 Components dg0 on the Synchronous Reference Frame

Any voltage vector rotating on the & 8 plane can be expressed on a synchronous reference frame
by using the Park transformation [5]. As depicted in Figure A.5, the synchronous reference
frame, also known as the dq reference frame, is based on two orthogonal dg axes, rotating at
frequency w, which are placed at the & = w ¢ angular position on the «8 plane. Thanks to its
rotating character, this transformation has been extensively used in the analysis of electrical
machines.

The transformation matrix to translate a voltage vector from the oS0 stationary reference
frame to the dg0 synchronous reference frame is given by

Va0 = [Tug0] vapo (A.18)

o — [ plane

Figure A.5 Graphical representation of the dg0 reference frame
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Vg cos(8) sin(@) O Vy
vy | = | —sin(@) cos(@) O vg (A.19)
Vo 0 0 1 Vo

-1 T . .
where [quo] = [quo] . Therefore, the transformation matrix to translate a voltage vector
from the abc stationary reference frame to the dg0 synchronous reference frame is given by

Vg0 = [To] vape (A.20)
cos(9) cos(f — ZT”) cos(f + ZT”)

Vg 2 G o _2n o 2 Vg

v, | = \/; sin(6) sin(6 3 ) sin(6 + 3 ) o (A21)

Vo 1 1 1 Ve

V2 V2 V2
where [Tp]17! = [T,]".

The normalized transformations shown in (A.14) and (A.21) allow the norm of the voltage
vector to be conserved in all the reference frames; thus

vﬁ—l—vs—i—vé=v§+v§+v§=vfl+v§+vf (A.22)

Expressing voltage and currents using space vectors allows instantaneous phenomena in three-
phase systems to be studied using an efficient and elegant formulation. This formulation is
particularly useful to control active and reactive power components in three-phase systems.
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Appendix B

Instantaneous Power Theories

B.1 Introduction

Accurate knowledge of the currents to be injected into the grid for delivering a given power
under generic grid conditions is a critical matter in the design of grid-connected power
converters. The interaction between the power converter and the grid depends both on the
power exchanged between both systems and on the strategy applied to determine the waveform
of the injected currents.

Conventional definitions of active, reactive and apparent powers are based on theories
developed and adopted in the 1930s. Such definitions have been applied successfully by
electrical engineers in regular three-phase systems where voltages and currents were sinusoidal
and balanced. However, changes that occurred in power systems throughout the twentieth
century gave rise to a deep debate about the calculation of power components in such systems.
Some factors causing such discussion are:

1. Currently, there is widespread usage of power electronics in power systems and it is expected
that there will be a massive integration of this technology in future electricity networks.
Currents and voltages associated with these equipments are not always sinusoidal and
power flows should be properly calculated.

2. Intensive studies about power definitions in three-phase systems have been carried out in the
last 30 years [1] and higher attention is currently paid to effects related to currents flowing
through the neutral conductor, which has originated in an extension of the conventional
instantaneous power theories in three-phase systems. New power measurement standards
reflect this trend by including new definitions for such cases in which currents and voltages
are not balanced sinusoidally [2, 3].

3. Traditional instrumentation is designed to work with sinusoidal waveforms at 50/60 Hz
frequency and is prone to mistakes when waveforms are distorted and/or unbalanced.
Moreover, advances in microprocessors allow new measuring equipments to be more
flexible and precise, which are able to calculate electrical magnitudes based on complex
mathematical models.

Grid Converters for Photovoltaic and Wind Power Systems Remus Teodorescu, Marco Liserre, and Pedro Rodriguez
© 2011 John Wiley & Sons, Ltd
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4. Power quality has been an issue of increasing interest over the last few years. Correct quan-
tification of power flows is necessary in order to know accurately the costs of maintaining
high-power quality rates.

5. New grid codes regulating the connection of renewable energy sources to the grid, mainly
wind turbines and photovoltaics systems, pay especial attention to the active and reactive
power to be delivered to the grid for supporting the grid frequency and voltage in the steady
state and for improving the stability of the system during transient faults [4, 5].

Instantaneous power theories are a relevant issue in the design of power converter controllers
for integrating renewable energies into the electrical grid. Although the first power definitions
in the time domain came from the 1930s [6], it was not until the 1980s that Akagi stated an
instantaneous power theory (p-g) that was well adopted by researchers and engineers working
with power converters connected to three-phase three-wire systems [7, 8]. Later, in the 1990s,
new theories appeared, dealing with three-phase four-wire systems [9-12]. In spite of some
criticism, all these theories awoke a big interest among engineers and offered them a new tool
for controlling grid-connected converters and analysing their interaction with the electrical
grid.

The growing interest aroused in this area during the last few years should not induce one
to think that the study of the active and nonactive components of the current in multiphase
systems is a recent issue. In the early 1930s, Fryze set the basis of instantaneous active and
nonactive current calculations in the time domain for single-phase systems. It was in the 1950s
when Buchholz made a very transcendent contribution about the decomposition of currents in
a generic multiphase system [13]. Later, in the early 1960s, Depenbrock extended Buchholz’s
work and proposed the FBD method — in honour of Fryze, Buchholz and Depenbrock — to
calculate instantaneously the active currents in a generic multiphase system [14].

In the studies conducted by Buchholz and Depenbrock, they considered that the power
was transferred from a source to a load by using a generic multiphase system, in which all
of its conductors have the same capability for transporting electrical energy. When the FDB
method is applied to a three-phase three-wire system, the resultant active currents match
those calculated using the p-g theory — proposed by Akagi later. Actually, the expression
determining the active currents in the p-g theory is a particular case of the FDB method.
However, the conceptual contribution performed by Akagi goes further than a simple current
decomposition. Akagi introduced the imaginary power concept, which explains, clearly and
with physical meaning, that the instantaneous exchange of energy occurred between the phases
of a three-phase three-wire system as a consequence of the nonactive currents flowing through
its conductors.

When working with three-phase four-wire systems, the active currents resulting from the
FBD method differ from those obtained applying the instantaneous power theories proposed
in the 1990s [15]. This is because both formulations stem from different approaches. While
Depenbrock proposed the FBD method from a formal analysis based on the Kirchhoff laws
of a generic multiphase system, most of the other theories come up from the mathematical
updating of the p-g theory originally proposed by Akagi.

The aim of this appendix is to make a short review of the most relevant theories on both
instantaneous power calculation and current decomposition in order to acquire the necessary
knowledge to calculate the reference currents for implementing advanced functionalities such
as instantaneous active/reactive power control or harmonics compensation in grid-connected
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power converters under generic grid conditions. Taking into account that there are excellent
books specifically focused on the instantaneous power theories [16], the number of power
theories reviewed in this appendix has been limited to:

1932 — Fryze. Single-phase power definitions in the time domain.

1950 — Buchholz. Active currents in multiphase systems.

1962 — FBD method by Depenbrock. Calculation of power currents (instantaneous) for

generic multiphase systems.

1983 — p-q theory by Akagi and others. Introduction of the instantaneous imaginary power.

Generalization and modification of the p-¢ theory.

0 1992 — Willems. Calculation of the current active component in multiphase systems (with
a neutral conductor).

01994 — Nabae and others. Reformulation of the p-g theory for three-phase four-wire
systems.

01996 — Peng and Lai. Vector formulation of the instantaneous imaginary power theory for
three-phase four-wire systems.

B.2 Origin of Power Definitions at the Time Domain for
Single-Phase Systems

Fryze can be considered as the main precursor of the modern power definitions in the time
domain [17]. Power formulation proposed by Fryze was not based on the Fourier analysis,
which made its practical application simpler since equipment like modern real-time spectrum
analysers did not exist at that time.

From two generic single-phase voltage and current signals, v and i, Fryze dealt with the
following magnitudes in his power calculations:

® Rms voltage:

1 T
V= —/ v2de (B.1)
T Jo
® Rms current:
1 T
1=/~ / P2dr (B2)
T Jo
® Active power:
1 [T 1 [T
P:—/ pdt:—/ vidt (B.3)
T Jo T Jo

® Apparent power:

S=VI (B.4)
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® Reactive power:

Q=452 p? (B.5)

® Active power factor:

h, =L (B.6)
[l_S .

® Nonactive power factor:

)\,1:‘/1—,\32% (B.7)

Fryze verified that A, reaches its maximum (A, = 1) if and only if the instantaneous current i
is proportional to the instantaneous voltage v. He laid the foundations of the method to divide
the instantaneous current i into two instantaneous orthogonal components, namely the active
current i, and the nonactive current i,.

The instantaneous active component of the current, i,, must develop the same active power
as the original current i, which means that

1 (7 1 [T 1 [T 1 (7
P:—/ vidt:—f viadtz—/ v(Gv)dt:G—/ v’dt = GV?, (B.8)
T Jo T Jo T Jo T Jo

where G can be understood as the equivalent conductance of the system averaged over the grid
period T. Therefore, the instantaneous active current can be calculated by

. P
i.=Guv; GZW (B.9)
and the instantaneous nonactive current is given by
in=1—1I, (B.10)

The orthogonal relationship between both current components implies that

1 T G T G T
7/0 iai,ldtz?fo vindtz?/o v(i—i)dt=0 = I*’=I*+1> (B.11)

where I, and [, are the rms values of the active and nonactive components of the original
current respectively.

B.3 Origin of Active Currents in Multiphase Systems

In 1950, Buchholz extended Fryze’s work to systems with multiple phase and conductors
[13]. According to the Buchholz’s approach, this kind of system can be represented by a
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Figure B.1 Multiphase system

homogeneously structured circuit in which none of the conductors is treated as an especial
conductor. In this homogeneous circuit, the voltages of the m conductors are referenced to a
virtual node ‘0’:

m

1
Uk0 = Vkr — Vo v0r=—§ Vs kef{l,....m} (B.12)
n k=1

where vy, is the voltage of the kth terminal measured with respect to the physical reference
node ‘r’, which can be arbitrarily chosen. Hence, the v, voltage is the floating voltage of the
virtual node ‘0’ with respect to the arbitrary physical reference node ‘r’.

Applying the Kichhkoff laws to the m-terminal circuit of Figure B.1, it is found that

m

i vo=0; Y ix=0 (B.13)
k=1 k=1

Expressions of (B.13) are always true, independently of the values of the phase voltages and
currents and the node ‘r’ chosen as a physical reference.

The instantaneous power collectively developed by the m phases of the system is independent
of the node chosen as a reference for measuring the phase voltages, i.e.

m m m m m
Pz = E Vkrik = E (Vo + vor) ik = Vkolk + Vor E i = E Vkoik (B.14)
=1 =1 =1 k=1 =1

———
0

As the instantaneous active power is a single value describing the energy consumption rate of
a multiphase system, the collective value concept was introduced by Buchholz to represent
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collectively the voltages and currents in a multiphase system. These voltage, vy, and current,
iy, instantaneous collective values are respectively defined as

(B.15)

Buchholz also defined the rms collective value of voltage and current in multiphase systems,
which are suitable for calculating powers under steady-state sinusoidal operating conditions:

1 (7 1 (7
Vs = ?AI%M Is = TAiﬁz (B.16)

Buchholz studied multiphase systems in detail much earlier than he determined their instanta-
neous active currents. Actually, it was in 1922 [18] when he proposed the following expression
for calculating the apparent power in a multiphase system:

Sy = Vsl (B.17)

The modern standard IEEE Std 1459-2010 [3], which pretends to arrive at generalized def-
initions for the measurement of electric power quantities under sinusoidal, nonsinusoidal,
balanced and unbalanced conditions, adopts Buchholz’s definition for the apparent power,
renaming it as the effective apparent power, S, and textually states in its introduction that:

For sinusoidal unbalanced or for nonsinusoidal balanced or unbalanced situations, S, allows ratio-
nal and correct computation of the power factor. This quantity was proposed in 1922 by the German
engineer F. Buchholz and in 1933 was explained by the American engineer W. M. Goodhue.

Taking into account the fact that the collective active power of the multiphase system can
be calculated by

1 T
Py = —/ px dt (B.18)
T Jo

there exists a nonactive power, Ny, that is defined in the IEEE Std 1459-2000 as N, which
verifies that

S2 = P2 + N (B.19)

From these definitions, Buchholz stated that the instantaneous current in each conductor of a
multiphase system, i, can be divided into an active component, i, and a nonactive component,
ink, according to

. Ps
. . X lak = Gaka; Ga =32
I = ok + ink Vs (B.20)

Ink = ix — gk = ix — Gapo
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In (B.20), G, can be considered as an equivalent active conductance of the multiphase system.
The nonactive current of (B.20) does not contribute to the averaged collective active power
P Y, i.e.

" . m 1 T 1 T m
pza:zvkolaszango = ?A pzadt:Ga?/O ZU(%](C]JZGQV§=PZ
k=1 k=1 k=1
(B.21)

Therefore, in terms of the net energy transfer, the nonactive current i,; can be cancelled out
by a suitable compensator, which allows the collective rms value of the total current flowing
through the conductors to be reduced and the generation and transmission capacity of the
power system to be increased.

Buchholz proved that, based on Cauchy—Schwarz inequalities:

® ps, is a function of time.

® ps, is a constant if and only if vy is a constant as well.

® The set of instantaneous active currents, iy, has permanently the smallest possible in-
stantaneous current collective value, iy, to supply the instantaneous collective active
power psg.

® For a given collective rms value of the multiphase voltage, Vy, the set of active currents, iy,
leads to the smallest possible current collective rms value, I5, to supply the collective active
power Psy.

B.4 Instantaneous Calculation of Power Currents in
Multiphase Systems

In the formulation proposed by Buchholz, the equivalent active conductance G, cannot be
calculated without introducing a certain delay, since the values of py and vy cannot be
properly determined until a certain time interval necessary to averaging them has passed.
Therefore, the instantaneous active currents defined by (B.20) can only be properly identified
in real time if steady-state conditions are assumed, i.e. if it is possible to predict the values
adopted by the voltages and currents in each period. This assumption cannot be applied in
practice and the conductance G, should be permanently recalculated after varying the system
operating conditions. In most cases, this calculation takes at least one grid period. Thus, a
really instantaneous calculation of the active and nonactive current components is not possible
using the expressions of (B.20).

In his PhD dissertation published in 1962 [14], Depenbrock introduced an instantaneous
formulation to calculate a new set of active currents, defined as power currents, in generic
multiphase systems. This formulation, named the FBD method in honour of Fryze, Buchholz
and Depenbrock, was not presented at a German scientific event of wide resonance until 1980
[19], and the first complete and detailed presentation of this method was not written in English
until 1993 [20]. Maybe for this reason the FDB method did not have the same repercussions
as other theories formulated later.
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According to Depenbrock’s approach, the instantaneous current in each phase of a multi-
phase system, i, can be divided into two instantaneous components, namely the power current,
ipk, and the powerless current, i, which can by calculated by

i grVro; & Px
. . . pk — 8pUk0> P = "5
ik = ik + i v3 (B.22)

e =ik — Ipk = Ix — &pUk

Currents of (B.22) can be calculated instantaneously, without any delay, even under nonperiodic
conditions. The powerless currents, i, do not contribute to the instantaneous active power,
Py, collectively delivered by the phases of the system. This means that the instantaneous
active power supplied by the multiphase system is the same when the currents flowing by the
conductors are either the power currents, i, or the original currents, i, i.e.

m m m
Z Vkolpk = Z ko 8pVk0 = &p Z Voo = &pV% = P (B.23)
k=1 k=1 k=1

Depenbrock demonstrated that, for a given collective voltage, vy, the power currents, iy,
permanently present the lowest collective value, i,5, to supply the instantaneous active power,
J2>8

Depenbrock introduced a new set of currents, defined as the variation currents, i,;, which
relates the power currents, i, with the active currents, i, previously defined by Buchholz.
The variation current in each conductor of the multiphase system can be calculated by

Ly = ipk — gk = Ink — izk (B24’)

The variation currents are zero only if g, = G,. In the rest of the cases
m m m
> voive = Y vokipe — P Vokiak = Ps — Pxa # 0 (B.25)
k=1 k=1 k=1

However, it is always true that

1 T m 1 T 1 T
— e dt = — dt — — dt =Py — Ps =0 B.26
T/o ;UOklk T/o 12> T/o 2> s s ( )

The expression of (B.25) implies that the variation currents, i,;, generate instantaneous ex-
changes of energy between the source and the load. However, as the expression (B.26) shows,
these currents do not give rise to any net transfer of energy over a grid period.

As demonstrated by Buchholz, the active currents, i, present the lowest rms collective
value, I5,, supplying the active power demanded by a load, Py. Therefore, it is always true
that

DiZ=>"i% & s>l (B.27)
k=1 k=1
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B.5 The p-q Theory

In 1983, Akagi and others proposed an instantaneous power theory for three-phase three-wire
systems [7, 8], which was based on expressing voltages and currents as space vectors by using
the Clarke transformation, which is defined by (A.14) in Appendix A. This theory is commonly
known as the p-q theory. Later, Akagi extended the use of this theory to three-phase four-wire
systems [21]. Therefore, in the p-q theory, the phase-to-neutral voltages and currents can be
writen as

Vapo = [Tupo] Vave:  Tapo = [Tupo] iabe, (B.28)

where vyp0 = [V, Vg, Uo]T andiqgo = [ia, ig, io]T. Using these variables on the o 80 reference
frame, Akagi defined the following instantaneous powers:

Pap Vy vg 0
dop | = [Mapo] Papo, [Mapo] = | —V8 v« O (B.29)
Po 0 0 Vo

The power p,g term (named p in the original formulation) was defined as the instantaneous
real power and the power term py was defined as the instantaneous zero-sequence power. The
addition of both powers gives rise to the instantaneous active power delivered collectively by
the three phases of the three-phase system, pz4, i.e.

D3¢ = Pap + Po = Vala + Vgig + Volo = Vaiq + Vpip + Vele. (B.30)

Logically, the unit for pqg, po and p34 is the watt (W).

The real contribution in Akagi’s power theory was the introduction of the imaginary power,
quop (named ¢ in the original formulation). The imaginary power results from the product of
voltage and currents from different phases of the 80 three-phase system (gog = voig — Vgia).
Consequently, the unit for the imaginary power should not have to be either W or VA or var.
Akagi proposed to use the volt-ampere imaginary (vai) as a valid unit for this power [16].
Over time, however, this power has been commonly known as the instantaneous reactive
power and its unit has been the volt-ampere reactive (var) in many publications. Likewise, the
instantaneous real power, p, has been eventually known as the instantaneous active power.

Aredes presented in 1996 a clear interpretation of the physical meaning of the power terms
resulting from Akagi’s power theory when it is applied to three-phase four-wire systems [22].
Aredes concluded that the instantaneous real power, p,g, and the instantaneous imaginary
power, gqp, resulted from the interaction of voltages and currents with positive and negative
sequences; i.e. the zero-sequence components of voltages and currents do not contribute to
Pap and gqp. Moreover, these powers can consist of constant and oscillatory terms, namely

Pap = Pap + P (B.31)
Gap = qup + Gap (B.32)
Po = Py + Po (B.33)
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The constant power terms p,g and g, result from the interaction between positive- and
negative-sequence voltages and currents with the same frequency and sequence, whereas
the oscillatory power terms p,g and gog result from the interaction between positive- and
negative-sequence voltages and currents with either a different frequency or sequence. On the
other hand, vy and i, represent AC single-phase voltages and currents respectively, and their
interaction always gives rise to power oscillations, pg, which can be accompanied by a certain
mean different to zero, p,. Aredes stated that the total energy flow per time unit, p3, resulting
from the interaction of voltages and currents in a three-phase four-wire system, is always equal
to the sum of the real power, p,g, and the zero-sequence power, py, as indicated in (B.30). He
also stated that the imaginary power, g, g, represents an energy quantity that is being exchanged
among the phases of the system. This means that g, g does not contribute to the energy transfer
between the two systems at any time. The term ‘energy transfer’ should be understood in a
general manner, referring not only to the net transfer of energy from one system to another but
also to the energy oscillation between them. Akagi, in a paper published in 1999 [21], ratified
Aredes’ interpretation of the p-q theory power terms in three-phase four-wire systems.

By inverting the matrix [M,g0] in (B.29), it is possible to find the currents to be injected into
the grid, under generic voltage conditions, in order to deliver given values of instantaneous
real and imaginary (active and reactive) powers set as references, i.e.

P:;ﬂ | Ve —Ug 0

ok -1 * —1

ing0 = [Mapo] | dap | 5 [Mapo] = | 0 (B.34)
2 T Lo 0 1/u

The voltage matrix of (B.34) shows a singularity in the formulation of the p-q theory when
applied to three-phase four-wire systems, since the calculation of i§ presents discontinuities
if vo = 0. By removing the third row and column of [Maﬁo]“, the zero-sequence current
to be injected into the grid is forced to be equal to zero. In such a case, the positive- and
negative-sequence currents to be injected into the grid to deliver a given active and reactive
(real and imaginary) power setpoint, [pys, g1, are given by

i 1 Vo —Ug p:
it = Y= — ap C 2, = 2 + V2 B.35
wei]-mmln W] weied e

The active currents calculated by using (B.35), i.e. those currents obtained by making g, = 0
in (B.35), match the ones calculated by using the expression (B.22) of the FDB method for a
three-phase three-wire system.

When it is assumed that vy = 0, the currents calculated by (B.35) satisfy the instantaneous
power conservation principle, i.e.

(v +v3) (ig +i) = Ivlg lilss = 5> = p3y +dgp (B.36)

In (B.36), |v|qg and |i|,p can be understood as instantaneous collective values for voltage and
current in the o8 domain. According to Buchholz’s power definitions, the product of both
instantaneous collective values gives rise to the instantaneous apparent power, s. As in the
conventional power theory, any increment in the instantaneous imaginary power g, entails
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an increment in the instantaneous apparent power s as well, but it does not result in any
instantaneous energy transfer between the two systems linked by v, and iyg.

In the moment vy # 0, the instantaneous collective value of the voltage will increase and
hence the value of the instantaneous apparent power s will increase as well. In such a case, the
p-q theory gives rise to the following inequality:

(2 +vp +v3) (i3 + i) = vlago liles = s> # 3y + a2 (B.37)

This incoherence in fulfilling the power conservation principle under generic voltage conditions
gave way to new formulations of the p-g theory. In this appendix, just three examples of such
modified formulations will be presented in the following. However, instantaneous power
definitions in three-phase four-wire systems are still nowadays a source of controversy and
new formulations are constantly proposed [23, 24].

B.6 Generalization of the p-qg Theory to Arbitrary Multiphase Systems

In 1992, Willems extended the p-g theory to generic multiphase systems [9]. According to
Willems’ approach, the voltages and currents in an m-phase system could be represented by
using m-dimensional instantaneous vectors, v and i. Thus, the instantaneous active power
delivered by the systems might be calculated by means of the following dot product:

Pmp =V -1 (B.38)
In his formulation, the instantaneous active current vector, i,, can be calculated by projecting

i over v. He arrived at this point by setting the condition that the instantaneous current vectors
i and i, should deliver the same active power, i.e.

pm¢=v-i=v-ip (B39)
which explicitly implies that
v-i D¢ Dm¢p ¥ AR
i,=——F - v=—7% -v=— -—=[i|-v (B.40)
P |v|? vl vl

where |v| and ¥ represent the length and the unit vector of v respectively. The current and
voltage vectors of a three-phase four-wire systems are graphically depicted in Figure B.2.

Therefore, the instantaneous active current vector i, is codirectional with i. On the other
hand, the instantaneous nonactive current vector could be calculated by

i, =1i—1p (B.41)
This reactive current vector v is orthogonal, such that

vi,=0 (B.42)
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A0
equipower
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active current
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unit voltage
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power current
a vectors

Figure B.2 Multiphase system

Therefore, the instantaneous reactive power could be associated with
g =1v|- i, (B.43)

According to Willems’ formulation, as opposed to Akagi’s p-g theory, the zero-sequence
currents affect the calculation of both the active and the reactive powers. The currents calculated
using Willems’ formulation to deliver a given active/reactive power set-point only match the
ones calculated by Akagi’s p-g theory in the case of three-phase three-wire systems. Otherwise,
the currents resulting from both methods are different. Likewise, and considering a general
case, the active currents calculated from Willems’ formulation do not match the ones calculated
from the FDB method. This discrepancy stems from the different conceptions of the role of
the neutral conductor to power delivery in both methods.

B.7 The Modified p-q Theory

In 1995, Nabae and others, by using an appropriate algebraic formulation, modified the original
P-q theory to make it suitable to be applied to three-phase four-wire systems [25]. Starting from
the voltage and current vectors shown in (B.28), this modified theory proposed the following
expression to calculate instantaneous real and imaginary powers:

P3¢y i Vo Vg Vo
o _ ’ e . ’ _ 0 —Vo Ug
p I 7 8 I 7% B e O IR S

o
q0 —Ug Vo 0
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In (B.44), the instantaneous imaginary powers gqo, gg and go result from calculating the
cross-product of vqgo and iggo, i.€.

4o
q=|4gp | =Vapo X igpo (B.45)
q0

In this theory, the systematic algebraic formulation to study the interaction between the
voltage and current vectors is not accompanied by a circuital analysis that allows the physical
meaning to be revealed of each imaginary power term, as it is very difficult to identify the
energy exchanges associated with each of these power terms in the actual three-phase system.
Moreover, these three imaginary power terms are not linearly independent, given that

0 —-v, Ug
vy, 0 -V, | =0 (B.46)
—Vg Vg 0

Therefore, there are only two characteristic terms in the set of instantaneous imaginary powers
formed by ¢q., gg and go. The explanation about the physical relationship between these
imaginary power terms is not a trivial issue, however, as their interdependence turns into
evidence when the expression (B.44) is analysed. For given grid voltage conditions, this
expression reveals that there are only three degrees of freedom for the currents to be injected
into the grid, i.e. iy, ig and ip. Therefore, only three power terms can be independently
controlled by using these three independent currents. As the instantaneous real power, p,g, is
the power of interest, only two additional independent power terms can be defined, either to
deal with real or imaginary powers.

Even though ¢4, g4 and g are not independent, the set of currents to be injected into the grid
to deliver a given real and imaginary power set-point under generic grid voltage conditions
can be calculated by

iy . ve 0 vy —ug p3f
. . q
=i | =— vg —vg 0 —v, Sl Iwleggo=/V2+ vé +v? (B47)
s |v|aﬁ0 qp
iy v vg —vy O i
h)

If it is set as a condition that g5 = gz = g5 = 0 in (B.47), the instantaneous active currents
to be injected into the grid match the ones calculated by using the expression (B.40) from
Willems’ formulation.

Finally, it is worth pointing out that the formulation proposed by Nabae and others always
accomplishes the instantaneous power conservation principle, i.e.

5% = 10lopo liligo = P3p + 40 + a5 + 45 (B.43)
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B.8 Generalized Instantaneous Reactive Power Theory for
Three-Phase Power Systems

In 1996, Peng and Lai proposed a generalization of the instantaneous reactive power theory by
using a very elegant vector formulation [26], in which they conferred a vector connotation to
the instantaneous reactive power of a generic three-phase system. Akagi had already treated the
imaginary power as a vector in his first studies and stated that the imaginary power vector was
always orthogonal to the o8 plane. Peng and Lai extended this approach to generic systems
and defined the instantaneous reactive power vector ¢ by means of the following cross-product:

q=vXxIi (B.49)
This definition for the reactive power vector is independent of the reference frame used to

express v and i, provided that it is an orthogonal reference frame. In (B.49), Peng and Lai used
the natural abc reference frame, so the instantaneous reactive power vector was defined as

T
} (B.50)

a 0 —Uc Ub lg
q=1|49 = Ve 0 —Vq ib (B51)
qc —Up Vg 0 ic

Analysing (B.51), it is observed that

0 —-v v
Ve 0 Vg | =0 (B52)
—Up U, 0

which leads to the same conclusions as in the presentation of the modified p-g theory proposed
by Nabae and others, namely that this algebraic formulation results in a set of three instanta-
neous reactive powers that are not independent from each other, being difficult to explain their
relationship and physical meaning.

From the following real magnitudes:

ol = Vv v =2+ v} 4+02, li|=Vi-i=,i2+i]}+i2

P =v-i, q=1/q2+q;+q? (B.53)

Peng and Lai proposed the following expressions, where i, and i, are the instantaneous active
and reactive current vectors respectively, s is the instantaneous apparent power and A is the
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instantaneous power factor:

_ P . _4XY.

. P3¢
p = v, ig=—>; s=|v|]i]; A=— (B.54)
lof? |v|? 5

Even though some of these expressions had already been proposed in previous formulations,
the definition of i, is actually a novelty in this generalized approach of the reactive power
theory.

Peng and Lai stated and justified four theorems that collect the main properties of the
instantaneous components of the current and the power in three-phase systems. These theorems
are adapted to the nomenclature used in this appendix as follows:

Theorem 1. The three-phase current vector, i, is always equal to the sum of
the instantaneous active current vector, i,, and the instantaneous reactive current
vector, iy, i.e., i =i, +1i,.

Theorem 2. The instantaneous reactive current vector, i, is orthogonal to v and
the instantaneous active current vector, i,, is parallel to v, namely, v - i, = 0 and
v x i, = 0, with x and - as the cross and dot products respectively.

. .12 .2 .

Theorem 3. |i|> = |i,| +|i,|", s*= p§¢ +4¢% and |i|* = (p§¢ + g%/ |v)%,
where ‘i p| and |iq‘ represent the norm, or collective values or ‘length’, of the
instantaneous active and reactive current vectors.

Theorem 4. If i, = 0, then the norm of i, namely |i|, becomes minimal for
transmitting the same instantaneous active power and the maximal instantaneous
power factor is achieved, namely A = 1.

B.9 Summary

This appendix has presented a short review of some of the instantaneous power theories used to
determine the reference currents for power converters connected to three-phase systems. The
appendix did not aim to provide an exhaustive study on the instantaneous current components
and power definitions. For this reason, many of the theories and methods used in applications
such as power conditioners or power analysers have not been mentioned for the sake of not
extending this appendix unnecessarily.

The current analysis proposed by Buchholz, and its subsequent extension proposed by
Depenbrock through the FBD method, leads to the maximum efficiency in delivering instan-
taneous active power in a generic multiphase system in which all the electrical conductors
are treated as equals, including the neutral conductor. It is worth remarking here that this is
not the case in most actual electrical networks, where the neutral conductor is considered as
an auxiliary conductor with a lower section than the phase conductors and devoted to reduce
voltage transients and allow the flow of current during asymmetrical faults. Medium voltage
distribution systems and high-voltage transmission systems do not have any neutral conductor
but their phase voltages are referenced to earth potential. Therefore, asymmetrical faults will
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result in currents flowing through the earth circuit, which does not present the same impedance
as the phase conductors.

The p-g theory proposed by Akagi is suitable to be used in three-phase three-wire systems
and in four-wire systems in which, as a condition, the neutral current is set equal to zero. The
concept of the instantaneous imaginary power meant a significant contribution to the study
of three-phase systems in the time domain. The extrapolation of this theory to three-phase
four-wire systems resulted in some singularities that gave way to the proposal of new theories
and methods.
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Appendix C
Resonant Controller

C.1 Introduction

The resonant controller can be obtained either by applying the internal model principle or by
using the coordinate transformation. The two methods are briefly described in the following.

C.2 Internal Model Principle

The internal model principle states that if the models of the reference and of the disturbance
are included in the feedback control loop a good reference tracking and a good disturbance
rejection capability is ensured. If the goal is to track and reject periodic signals that can be
decomposed into sinusoidal components (harmonics), this procedure results in the design of
controllers that have a pair of poles on the imaginary axis at the frequencies of the harmonics
to track and/or to reject. In fact, the Laplace transform of a sinusoidal signal as the normalized
grid voltage, i.e. a disturbance in the current control loop as shown in Figure C.1, is

w

E(s)= 5——
(s) Tr o

(C.1)

The transfer function (C.1) will be used to demonstrate the effectiveness of a resonant controller
tuned on the fundamental frequency to null the error due to the grid voltage.

Considering the block diagram as depicted in Figure C.1, the current, the consequence of
the disturbance, will be defined as

G(s)

O = 6,064 6.0)

E(s) (C2)

Considering that

G(s) = (C.3)

Ls+ R
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e

2 G.(s) v Gd(s)aé—»G,(s) i

Figure C.1 The current control loop of an inverter: G.(s) is the controller, G,(s) is the delay of PWM
and of the computational device and G ;(s) models the filter and the grid

E(s)= —2 C4
)= 5o (C4)
kpS2 +k1S +kp(1)2
Guls) = (©5)
1
Gys)= —— C6
)= A3Tys 71 (€.6)

where L and R are respectively the total inductance and resistance of the grid and the filter, T
is the sample time and kp and k; are the proportional and resonant gain. kp is tuned in order to
ensure that the overall system has a damping factor of 0.707. A high k; is usually adopted in
order to obtain sufficient attenuation of the tracking error in case the frequency of the grid is
subjected to changes. However, a high k; can cause too high an overshoot. The optimum gain
k; can be adopted considering that the grid frequency is stiff and it is only allowed to vary in
a narrow range, typically = 1 %
(C.2) results into:

AI(s) (s* +@?) - (0.5T;s + 1)
E(s)  (Ls+R)-(s2+ @?) - (0.5T,s + 1) + (kps? + ks + kpew?)

(C.7)

It can be proven that (C.7) is zero for s = jw.

C.3 Equivalence of the PI Controller in the dg Frame and the
P+Resonant Controller in the a8 Frame
The process can be derived by inverse transforming the synchronous controller back to the

stationary a8 frame G4,(s) — G,g(s). The inverse transformation can be performed by using
the following 2 x 2 matrix:

Gog(o) = 1 |t ¥ G TS = IO C8)
ap 2| =JGu G Gup +Gup -
Gy = Gy (s + jo) (C.9)

Gup =Gy (s — jo) (C.10)
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Given that Gy,(s) = k; / s and Ggy(s) = kg / (1 + (s / a)c)), the equivalent controllers in the
stationary frame for compensating positive-sequence feedback error are therefore expressed
respectively as

2k]S 2k1a)
. 1 S2 + (1)2 s2 + (1)2
Gap () =3 o 2kys (C.1D

S2+CL)2 S2+CL)2

2kiwes 2kjw.w
524+ 2wes + w? 524 20,5 + w?
2kjw.w 2kjw.s
24 2005 + @2 52+ 2005 + P

G* () ~ & (C.12)
af 2 :

Similarly, for compensating negative sequence feedback error, the required transfer functions
are expressed as

2kys 2kw
1| 240 s2+a?
Gop (8) = 2| 2k 2kys (C.13)
s2+w?r s+ w?
2kiwes 2kjw.w
11 $24 20 + 0?52+ 2005 + 2
Gop ()~ 2 2kjw.w 2kjwes (C.14)

§2 4 2wes + 0?  §2 4 2w.5 + 0?

Comparing (C.11) and (C.12) with (C.13) and (C.14), it is noted that the diagonal terms
of G;Lﬁ (s) and G4(s) are identical, but their nondiagonal terms are opposite in polarity. This
inversion of polarity can be viewed as equivalent to the reversal of rotating direction between
the positive- and negative-sequence synchronous frames.

Combining the above equations, the resulting controllers for compensating both positive-
and negative-sequence feedback errors are expressed as

2k1S
1| 2 T o? 0
Gup (s) = 3 2k;s (C.15)
L s+ w?
2kwes
L 524 20,5 + w? 0
Gyp (5) & 3 ()L 2k wes (C.16)
L §2 4+ 2w.8 + w?
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Bode Diagram

Magnitude (dB)

Phase (deg)

1

790 H HR H . H
~10* -103 102 -10! (HZ)

1

L

102 103 104

10!

Figure C.2 Positive- and negative-sequence Bode diagrams of a PR controller

Bode plots representing (C.15) are drawn in Figure C.2, where their error-eliminating
ability is clearly reflected by the presence of two resonant peaks at the positive frequency w
and negative frequency —w. Note that if (C.11) or (C.12) ((C.13) or (C.14)) is used instead,
only the resonant peak at w (—w) is present since those equations represent PI control only in
the positive-sequence (negative-sequence) synchronous frame. Another feature of (C.15) and
(C.16) is that they have no cross-coupling nondiagonal terms, implying that each of the o and
B stationary axes can be treated as a single-phase system. Therefore, the theoretical knowledge
described earlier for single-phase PR control is equally applicable to the three-phase functions
expressed in (C.15) and (C.16).
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for PV 37-8, 37, 38
current injection, control structures for
unbalanced 243, 244-56
decoupled double synchronous reference
frame (DDSRF) 245-51, 245, 247,
248, 249, 250, 252
resonant controllers for unbalanced
251-6, 253, 255
current limitation, flexible power control
with 269-85
current vector
locus of under unbalanced grid conditions
270-2, 271
current-stiff (CSC) 129, 130, 131-2, 135

damping 296, 299-304
active 210, 300
instability of the undamped current
control loop 300-1, 301
passive damping of the current control
loop 300, 3014, 302, 303, 304
Danfoss Solar 23, 27
DC bypass (DCBP), full-bridge inverter with
17-19, 17, 18, 21
DC current injection
grid requirements for PV 37, 37
DC voltage control (WTS) 205, 210-19
cascaded control of through AC current
213-15, 213,215,216
management of 211-12, 271
PI-based voltage control design example
217-19, 218, 219
tuning procedure of the PI controller
216-17
deadbeat control 320-24, 322, 324, 325
decoupled double synchronous reference
frame (DDSRF)
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current controller for unbalanced current
injection 245-51, 245, 247, 248,
249,250, 252
decoupled double synchronous reference
frame PLL (DDSRF-PLL) 186-95,
202
analysis of 189-93
decoupling network 187-9, 188, 189, 193
double synchronous reference frame
(DSRF) 186-7, 186
relationship between DSOGI-FLL and
198-200
structure and response of 193-5, 193,
194
Denmark
Grid Codes (GCs) 147, 148
power curtailment requirements (WTS)
153, 153
reactive power control (WTS) 156, 157
wind energy penetration 2, 3
diode bridge 138
direct power control (DPC) 205, 221, 226-7,
227,228
direct torque control (DTC) 137, 226
disconnection times
for frequency variations 36, 36
for voltage variations 35-6, 35
discrete Fourier transform (DFT) 44, 48-50,
49
distributed power generation systems
(DPGSs) 93
Distribution System Operators (DSOs) 145
DKE 31
DOE (US Department of Energy) 2
double second-order generalized integrator
FLL see DSOGI-FLL
double synchronous reference frame (DSRF)
186-7, 186
current controller for unbalanced current
injection 245-50, 245, 248, 249
doubly fed induction generator (DFIG) 124,
126, 126, 138-9, 139, 141, 146
dqO0 on the synchronous reference frame
359-60, 359
droop control 212, 231-3, 232, 233, 234

DSOGI-FLL (double second-order
generalized integrator FLL) 195-202
relationship between DDSRF-PLL and
198-200
response 200-2, 201
structure of 197, 197
use of FLL 200, 200
dynamic hysteresis 52

effective apparent power 366

Electromagnetic Compatibility (EMC — low
frequency) (IEC 61000) 34, 38, 38

EMI 290

EN 50160: Public Distribution Voltage
Quality 34-5, 35

Enercon 146

enhanced PLL (EPLL) 70-2, 71, 80

ENS safety device 33

Euler formula 47, 66, 67
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(EWEA) 2, 165, 166

external switched capacitor (ESC) detection
97

fast Fourier transform (FFT) 49-50
fault ride-through (FRT) 146, 165
FBD method 362, 367-8, 375
Federal Energy Regulatory Commission
(FERC) 150
field oriented control (FOC) 137, 138
filters 289-308
AC and DC passive elements 291, 291
adaptive see adaptive filtering
conventional 68
damping 296, 299-304
active 210, 300
instability of the undamped current
control loop 300-1, 301
passive damping of the current control
loop 300, 3014, 302, 303, 304
design considerations 291-6
harmonic attenuation 295
influence of capacitance impedance 299
installed reactive power of 295-6
low-pass LCL filter 289, 2901, 291
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nonlinear behavior of 305-8, 305
practical examples of grid interactions
and LCL 296-9, 297, 298, 299
and resonance frequency 295, 296, 297,
298-9, 298
ripple analysis and converter-side
inductor choice 294
role of 289
rules for capacitors and inductors 292,
293,294
topologies 290-1
tuned LC filter 289, 2901, 291
finite impulse response (FIR) filter 65
flexible positive-and negative-sequence
control see FPNSC
flexible power control with current limitation
269-85
FLL (frequency-locked loop 45, 80-9
DSOGI see DSOGI-FLL
SOGI see SOGI-FLL
Fortescue transformation 195, 354, 355
Fourier analysis 45-51, 64, 363
Fourier series 44, 45-7, 46
Fourier transform 307
discrete (DFT) 44, 48-50, 49
fast (FFT) 49-50
inverse discrete (IDFT) 49
recursive discrete (RDFT) 44, 50-1, 51
FPNSC (flexible positive-and
negative-sequence control) strategy
267-85
estimation of the maximum active and
reactive power set-point 277-9
estimation of the maximum current in
each phase 274-7, 274, 276
instantaneous value of the three-phase
currents 272-4, 273
locus of the current vector under
unbalanced grid conditions
270-2
performance of 279-85, 279
injection of negative-sequence reactive
power (Case B) 282-3, 283
injection of positive-sequence reactive
power (Case A) 281-2, 281

injection of simultaneous-and
negative- sequence reactive
power (Case C) 2834, 284
frequency control (WTS) 154-5, 154
frequency deviation
and grid requirements (WTS) 151-2, 152
and grid requirements (PV) 36, 36
frequency deviation detector 108
frequency domain
symmetrical components in the 353-5,
354
frequency-domain detection methods 44,
305-7
discrete Fourier transform (DFT) 44,
48-50, 49
Fourier series 44, 45-7, 46
recursive discrete Fourier transform
(RDFT) 44, 50-1, 51
frequency drift methods 104—10
active frequency drift (AFD) 104-5, 105,
108, 120
active frequency drift with pulsating
chopping factor (AFDPCF) 107-8,
107, 120
General Electric (GE) frequency shift
(GEFS) 108
reactive power variation (RPV) 108, 110,
120
Sandia frequency shift (SFS) 106, 107,
120
slip-mode frequency shift (SMS) 105-6,
105,108, 120
frequency-locked loop see FLL
frequency monitoring 98-9
frequency/phase-angle generator (FPG) 61
full-bridge (FB) inverter 7-11
bipolar modulation (BP) 7-8, 7
with DC bypass (FB-DCBP) (Ingeteam)
17-19, 17, 18, 21
hybrid modulation 9-11, 10
unipolar (UP) modulation 8-9, 9
full power converter 141-2, 142
back-to-back 127, 127
full-bridge zero voltage rectifier (FB-ZVR)
19-20, 19, 20, 21
full-scale converter (FSC) 146
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Gaia project 229-30, 230
gearboxes, reduced 128
General Electric (GE) frequency shift
(GEFS) 108, 108, 120
generalized integrator (GI) 75-7, 326
generator-side control (WTS) 136-9
doubly fed induction generator (DFIG)
124, 126, 126, 138-9, 139, 141, 146
squirrel cage induction generator 1267,
126, 136-7, 137
synchronous 137-8, 137
Germany
frequency control requirements (WTS)
154
frequency and voltage deviation (WTS)
151-2
Grid Codes (GCs) 147, 148-9
grid disturbances 158-60, 159
power curtailment requirements (WTS)
153
reactive power control (WTS) 155, 156,
157
wind energy penetration 2
Grid Codes (GCs) 3, 434, 93, 145-51, 158
China /47, 150-1
Denmark 747, 148
development of 145-6
evolution and factors influencing 146-51
and filter design 289
general message of 146
Germany /47, 148-9
harmonization of 164-5
importance of 145
and inertia emulation (IE) 149, 165-6,
166
Ireland 747, 150
and local voltage control 165
and power oscillation dumping (POD)
166
requirements expected to be included in
future 165-6
Spain 7147, 149, 165-6
UK 747, 149-50
United States 147, 150
grid converter control (for WTS) 205-34
AC and DC voltage control 205, 210-19

cascaded control of the DC voltage
through the AC current 213-15,
213,215,216
management of the DC link voltage
211-12, 211
PI-based voltage control design
example 217-19, 218, 219
tuning procedure of the PI controller
216-17
direct power control (DPC) 205, 221,
226-17, 227,228
and droop control 212, 231-3, 232, 233,
234
mathematical model of L-filter inverter
207-9, 207
mathematical model of LCL-filter
inverter 209-10, 210
and stand-alone or micro-grid operation
228-31, 229, 230
voltage oriented control (VOC) 219-26,
220, 319
stationary frame
PQ closed-loop control 224, 225
PQ open-loop control 222, 224
synchronous frame
PQ closed-loop control 222, 223
PQ open-loop control 221, 222
virtual-flux-based approach 234-6,
236

grid converter control (under grid faults)

237-85
control of active rectifiers 23943,
239
control structures for unbalanced current
injection 243, 244-56
decoupled double synchronous
reference frame (DDSRF)
245-51, 245, 247, 248, 249, 250,
252
resonant controllers 251-6, 253, 255
flexible power control with current
limitation 269-85
estimation of the maximum active and
reactive power set- point 277-9
estimation of the maximum current in
each phase 274-7, 274, 276
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grid converter control (Cont.)
instantaneous value of the three-phase
currents 2724, 273
locus of the current vector under
unbalanced grid conditions
270-2,271,272
performance of the FPNSC 279-85,
279
and grid synchronization system 244
overview of for unbalanced grid voltage
conditions 238-44
power control under unbalanced grid
conditions 256—69
average active-reactive control
(AARC) 262-3, 264-7, 265, 266
balanced positive-sequence control
(BPSC) 263-4, 264-7, 265, 266,
267
flexible positive-and
negative-sequence control
(FPNSC) 267-9
instantaneous active-reactive control
(IARC) 258-9, 262, 264-7, 265,
266
positive-and negative-sequence control
(PNSC) 260-2, 264-7, 265, 266
grid current control 27, 313-51
classification of methods 376
deadbeat control 320-24, 322, 324, 325
harmonic compensation 329-35
harmonic requirements 313-15, 315
linear current control with separated
modulation 315-35
modulation techniques 335-47
interleaved 347, 347, 348
multilevel 343-6, 343, 344, 345, 346
single-phase 338—40, 338, 339, 341
three-phase 340, 342
operating limits of current-controlled
converter 347-8
PI-based control 317-20, 317, 318, 319,
320, 321, 328
practical example 350-51
resonant control 3269, 326, 327, 328,
329
use of averaging 315-17

grid disturbances 99
grid fault(s)
and Grid Codes 158-64
grid converter control under see grid
converter control (under grid faults)
phase-to-phase 173-4, 174, 175-6, 175,

176, 177

three-phase voltage vector under 169-70,
171-80, 1670

unbalanced grid voltages during a 175-7,
175

voltage sags 158, 177-80, 178, 179, 180
grid filters see filters
grid impedance estimation (GIE) 110-14
by active reactive power variation
(GIE-ARPV) 113-14, 113
by harmonic injection (HI) 111-12, 712,
113,120
grid monitoring 28, 44
grid requirements (for PV) 31-41
abnormal grid conditions 35-7
frequency deviations 36, 36
reconnection after trip 36, 36
voltage deviations 35-6, 35
anti-islanding 28, 38-41
defined by IEC 62116 40
defined by IEEE 1547/UL 1741
39-40, 39
defined by VDE 0126-1-1 40-1, 41
harmonization of 41
international regulations 32-5
power quality 37-8
average power factor 38
current harmonics 37-8, 37, 38
DC current injection 37, 37
grid requirements (WTS) 145-66
active power control in normal operation
152-5
frequency control 154-5, 154
power curtailment 153—4, 153, 154
behaviour under grid disturbances 158—
64
frequency and voltage deviation under
normal operation 151-2, 152
future trends 165-6
Grid Codes see Grid Codes
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harmonization of Grid Codes 1645
reactive power control in normal
operation 155-8
grid-resident detection 967, 97
grid synchronization (single-phase systems)
43-89, 244
frequency-domain detection methods 44
discrete Fourier transform (DFT) 44,
48-50, 49
Fourier series 44, 45-7, 46
recursive discrete Fourier transform
(RDFT) 44, 50-1, 51
PLLs based on adaptive filtering 68—80
PLLs based on in-quadrature signals
59-68, 60
and SOGI-FLL 80-9, 82, 86
grid synchronization (three-phase power
converters) 169-202, 244
decoupled double synchronous reference
frame PLL (DDSRF-PLL) 186-95,
202
double second-order generalized
integrator FLL (DSOGI-FLL)
195-202
synchronous reference frame PLL
(SRF-PLL) 180-6, 183, 185, 202
three-phase voltage vector under grid
faults 169-70, 170, 171-80
usage of advanced detection systems 170

H-bridge based boosting PV inverter
with high-frequency transformer 25, 26
with low-frequency transformer 25, 26
H-bridge converters 6-21, 7
full-bridge (FB) inverter 7-11, 7, 9, 10
full-bridge inverter with DC bypass
(FB-DCBP) (Ingeteam) 17-19, 17,
18,21
full-bridge zero voltage rectifier
(FB-ZVR) 19-20, 19, 20, 21
HS5 inverter (SMA) 11-12, 11, 12, 14,
21
HERIC inverter (Sunways) 13-14, 13, 14,
15, 20, 21
REFU inverter 15-17, 15, 16, 21
summary 21

HS inverter (SMA) 11-12, 11, 12, 14, 21
half-bridge inverter, NPC 21-3, 21, 22, 25
harmonic attenuation, of LCL filter 295
harmonic compensation 329-35
and stationary frames 330, 331-35, 334,
335
and synchronous frames 330, 331, 331,
332
harmonic detection (HD) 99-103, 102, 103
harmonic injection (HI) 111-12, 712, 113,
120
HERIC inverter (Sunways) 13-14, 13, 14,
15, 20, 21
Hilbert transform 64-5, 65
hold range 58
hybrid modulation 9-11, 10
hysteresis 244

IEC 61000: Electromagnetic Compatibility
(EMC — low frequency) 34, 38, 38

IEC 61727: Characteristics of Utility
Interface 33, 35, 36, 36, 37, 37, 38

IEC 62116: Testing Procedure of Islanding
Prevention Measures 33, 40, 41

IEC (International Electrotechnical
Commission) 31, 166

IEEE 929-2000: Recommended Practice for
Utility Interface of Photovoltaic (PV)
Systems 32

IEEE 1547: Interconnection of Distributed
Generation 32-3, 35, 36, 39-40,
390

IEEE 1547.1: Conformance Test Procedures
for Equipment Interconnecting
Distributed Resources with Electric
Power Systems 32, 33

IEEE 1574 37, 37, 38, 41

imaginary power 362, 369-70, 372-3,
375-6

impedance emulation approach 233

in-quadrature signal generation

phase detection based on 59-63
some PLLs based on 63—-8

inertia emulation (IE)

and Grid Codes (GCs) 149, 165-6, 166

Ingecon™ Sun TL series 19
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instantaneous active-reactive control (IARC)
258-9, 262, 26417, 265, 266
instantaneous power theories 205, 206, 219,
240, 256, 361- 76
instantaneous value of three-phase currents
272-4,273
intelligent power modules (IPM) 29
Interconnection of Distributed Generation
(IEEE 1547) 32-3, 35, 36, 3940, 39
interleaved modulation 347, 347, 348
internal model principle 326, 379-80
international regulations
and grid requirements for PV 32-5
see also Grid Codes
inverse discrete Fourier transform (IDFT)
49
inverse Park transform 65-8, 66, 69
inverter-resident detection 98
Inverters, Converters, and Controllers for
use in Independent Power Systems (UL
1741) 32, 33, 39-40, 41
IPG series 25
Ireland 165
frequency control requirements (WTS)
154, 155
frequency and voltage deviation (WTS)
151
Grid Codes (GCs) 147, 150
power curtailment requirements (WTS)
154
reactive power control (WTS) 157, 158
wind energy penetration 2
islanding
definition 38
islanding detection 93—121
active methods 98, 104-20, 120, 121
frequency drift 104-10
grid impedance estimation 110-14
PLL-based 114-19, 115, 116-18, 119
voltage drift 110
external switched capacitor (ESC)
detection 97
grid-resident detection 96—7
inverter-resident detection 98
nondetection zone (NDZ) 94-6, 95, 99,
100

passive methods 98-103, 121

evaluation 103, /103

harmonic detection (HD) 99-103, 102,

103

OUF-OUYV detection 98-9, 103

phase jump detection (PID) 99, 103
see also anti-islanding requirements

islanding detection algorithm 119, 7179

L-filter inverter 313, 314
mathematical model of 207-9, 207
Laplace transform 54-5, 66, 73, 75, 254
LC trap filters 289, 290, 291, 291
LCL filter 290, 291-304, 313, 314, see also
filters
LCL-filter inverter
mathematical model of 209-10, 270
least-mean-squares (LMS) algorithm 70, 70
linear current control with separated
modulation 315-35
local voltage control
and Grid Codes (GCs) 165
lock range 58, 60
lock time 60
loop filter (LF) 53, 55
low-pass filter (LPF) 467, 66 see also LCL
filter
low-voltage ride-through (LVRT) 239
Lyon transformation 195, 355, 357, 358

matrix converter topology 128
maximum active and reactive power
set-point, estimation of 277-9
maximum power point tracking (MPPT) 28
medium-power converter (WTS) 131-2, 132
micro-grid 228, 229, 231, 231
mini central inverters 5, 26
Mitsubishi 29
modulation techniques 33545
interleaved 347, 347, 348
multilevel 343-6, 343, 344, 345, 346
random 336
single-phase 338—40, 338, 339, 341
symmetric and asymmetric sampling 336
three-phase 340, 342
module-integrated inverters 5, 6



Index

393

MOSFET technology 5
multicell (interleaved or cascaded) 1334,
133,134
multilevel modulations 343-6, 343, 344,
345, 346
multiphase systems
active currents in 364-7, 365
instantaneous calculation of power
currents in (FBD method) 367-8
and p-q theory 371-2, 371
multiple synchronous generator /27, 128
multiple synchronous reference frames
(MSRFs) 330, 330
multistring inverters 5

National Electric Code (NEC) 32
NDZ (nondetection zone) 94-6, 95, 99, 100
negative-sequence reactive power
injection of in FPNSC 282-3, 283
neutral point converters see NPC
neutral point multilevel converter 343, 343,
344, 345-6, 346
nondetection zone see NDZ
NORDEL 2
notch filter (NF) 248, 249
NPC (neutral point clamped) converters 4,
21-5
conergy NPC inverter 23-5, 23, 24
half-bridge inverter 21-3 21, 22, 25
summary 25

open-loop phase transfer function 44, 217
OUF-OUYV detection 98-9, 103
over/under frequency (OUF) 98-9
over/under voltage (OUV) 98-9

P and Q limitation during faults and
recovery 158, 160, 162
p-q theory 363, 369-71, 375-6
and arbitrary multiphase systems 371-2,
371
modified 372-3
Park transform 59, 61, 62, 65-6, 80, 115,
172, 180, 181, 243, 246, 254
inverse 65-8, 66, 69
passive damping 300, 3014

passive islanding detection methods 98-103,
121
evaluation 103, /103
harmonic detection (HD) 99-103, 102,
103
OUF-OUV detection 98-9, 103
phase jump detection (PJD) 99, 103
peak currents
estimation of in each phase 274-7, 274,
276
permanent magnet machines 128
phase detector (PD) 52-3, 54, 55
in-quadrature 59—63
phase jump detection (PJD) 99, 103
phase-locked loop see PLL
phase-to-phase grid fault 1734, 174, 175-6,
175,176, 177
photovoltaic see PV
PI controller
tuning procedure 216—17
PI-based control 317-20, 317, 318, 319, 320,
321,328
PI-based voltage control design example
217-19, 218, 219
plant monitoring 28
PLL (phase-locked loop) 45, 51-80, 99
based on adaptive filtering 68—80
enhanced PLL (EPLL) 70-2, 71, 80
second-order adaptive filter 72—4, 73
second-order generalized integrator
(SOGI) 74-80, 76, 79
based on in-quadrature signals 59-68, 60
Hilbert transform 64-5, 65
inverse Park transform 65-8, 66
T/4 transport delay techniques 634,
64
basic equations for 53—4
basic structure of 52-3, 52
block diagram elementary 53, 53
decoupled double synchronous reference
frame (DDSRF-PLL) 186-95, 202
and islanding detection 114-19, 115,
116-18, 119
key parameters of 58, 59
linearized small signal model of 54-6, 55
and phase jump detection 99
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PLL (phase-locked loop) (Cont.)
pulling process of 59, 59
response 56-8, 57
synchronous reference frame (SRF-PLL)
180-6, 183, 185, 202
and zero-crossing detection method 51-2
point of common coupling (PCC) 151, 176-7
polynomial regression analysis 49
positive-and negative-sequence control
(PNSC) 260-2, 264-7, 265, 266
positive-sequence reactive power
injection of in FPNSC 281-2, 281
power currents
instantaneous calculation of in multiphase
systems 367-8
power curtailment (WTS) 1534, 153, 154
power factor
and grid requirements for PV 38
power oscillation damping (POD) 149, 166
power quality requirements
PV 37-8
WTS 313-14
powerless currents 368
PQ closed-loop control
stationary frame VOC 224, 225
synchronous frame VOC 222, 223
PQ open-loop control
stationary frame VOC 222, 224
synchronous frame VOC 221, 222
predictive digital filtering algorithms 52
proportional resonant (PR) controller 76,
251, 253-5, 255
Public Distribution Voltage Quality (EN
50160) 34-5, 35
Public Utilities Regulatory Policy Act
(1978) 32
pull-in range 58
pull-in time 60
pull-out range 58
pulse-width modulation (PWM) 336-7,
337
PV (photovoltaic) inverter structures 5-29
categorization 5
control structures 27-8, 27
functions 5
future trends 28-9

grid requirements for see grid
requirements
H-bridge 6-21, 7
full-bridge (FB) inverter 7-11, 7, 9, 10
full-bridge inverter with DC bypass
(FB-DCBP) (Ingeteam) 17— 19,
17,18, 21
full-bridge zero voltage rectifier
(FB-ZVR) 19-20, 19, 20, 21
HS5 inverter (SMA) 11-12, 11, 12, 14,
21
HERIC inverter (Sunways) 13-14, 13,
14, 15, 20, 21
REFU inverter 15-17, 15, 16, 21
summary 21
H-bridge based boosting PV inverters 25,
26
NPC (neutral point clamped) 4, 21-5
conergy NPC inverter 23-5, 23, 24
half-bridge inverter 21-3 21, 22,
25
summary 25
three-phase 26-7, 31
PV panels
capitance to earth 6
cost of 4
lifetime of 6
structure 6
PV power
development 3—4
worldwide cumulative and annual
installed 3, 3

Q requirements 155-8
quadrature signal generator (QSG) 45, 60,
62,62-3,62, 63, 63,74, 197
SOGI- 77-8, 78, 79, 80, 81, 82, 84, 88,
89, 197, 200

reactive current ellipse 273-4, 273
reactive current injection (RCI) 158, 160,
162-3, 162
reactive power control in normal operation
155-8
reactive power set-point
estimation of the maximum 277-9
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reactive power variation (RPV) 108, 110,
120
reconnection after trip 36, 36
recursive discrete Fourier transform (RDFT)
44,50-1, 51
reduced power back-to-back converter 124,
126-7, 126
reduced power converter 141-2, 142
reference currents, determining 256, 258—-64
REFU inverter 15-17, 15, 16
RefuSol® 17
resonance frequency
and filters 295, 296, 297, 298-9, 298
resonance problems, damping solutions to
see damping
resonant control/controller 246, 326-9, 326,
327, 328, 329, 381-84
proportional (PR) 76, 251, 253-5, 255
for unbalanced current injection 251-6,
253,255
resuming active power 158, 160, 163
ripple analysis 294
rotating frame 208, 208

Safety (VDE 0126-1-1) 4, 334, 35, 36, 36,
37,37,40-1,41, 110

Sandia frequency shift (SFS) 1-7, 106, 120

Sandia voltage shift (SVS) 110, 120

SCADA (supervisory control and data
acquisition) system 97

Scherbius drive 138

second-order adaptive filter 724, 73

second-order generalized integrator see
SOGI

selected harmonic elimination (SHE) 132,
133

Semikron 29

short term interruptions (STI) 160

SiC diodes 28

SiC MosFet 28

Siemens 146

simultaneous active and reactive power
delivery 278

simultaneous-and negative-sequence reactive
power

injection of in FPNSC 2834, 284

sine/cosine basic functions 467
single cell 129-33, 130
current-stiff (CSC) 129, 130, 131-2, 135
high-power converter 132-3, 133
medium-power converter 131-2, 132
voltage-stiff (VSC) 129-30, 7130
single-phase modulation 338—40, 338,
339
single-phase power definitions
in the time domain 3634
single-phase systems, grid synchronization
see grid synchronization (single- phase
systems)
sinusoidal integrator 75
sinusoidal signals
and second-order generalized integrator
74-7
slip control 138
slip-mode frequency shift (SMFS) 105-6,
105,108, 120
SMA 11, 26, 29
smart micro-grid (SMG) 93
SOGI (second-order generalized integrator)
74-8
SOGI-FLL 80-9, 82, 86
double (DSOGI-FLL) 195-202
equations for 82-5
and FLL gain normalization 86-7, 86,k 88
response of 83
SOGI-PLL 78-80, 79
local dynamics 84-5
SOGI-QSG 77-8, 78, 79, 80, 81, 82, 84, 88,
89, 197, 200
space vector transformations (of three-phase
systems) 353—-60
[30 on stationary reference frame 357-9,
359 [add symbol]
dq0 on the synchronous reference frame
359-60, 359
symmetrical components in the frequency
domain 3534, 354
symmetrical components in the time
domain 355-7, 356
Spain
frequency and voltage deviation (WTS)
151
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Spain (Cont.)
Grid Codes (WTS) 147, 149, 165-6
grid disturbances 160-3, 161
power curtailment requirements (WTS )
153
reactive power control (WTS) 156,
157
wind energy penetration 2
Spanish Wind Association (AEE) 149
squirrel cage induction generator 126-7,
126, 136-7, 137
stand-alone system 228-31, 229, 230
main technical difficulties with
228
reasons for 228
STATCOM
performance of reference current
determining strategies 264—7, 265,
266
stationary frame VOC see voltage oriented
control (VOC)
stationary frames 208, 208

and harmonic compensation 330, 331-35,

334,335
stationary reference frame
string inverters 5
SunnyBoy 4000/5000 TL 12
Sunways 13
switching frequency 4
symmetrical components
in the frequency domain 353-5,
354
in the time domain 355-7, 356
symmetrical optimum, method of 216
synchronous control systems 52
synchronous frame VOC see voltage
oriented control (VOC)
synchronous frames
and harmonic compensation 330, 331,
331,332
synchronous generators 146
multiple /27, 128
synchronous generator control 137-8,
137
synchronous reference frame

dq0 on 359-60, 359
multiple (MSRF) 330, 330
synchronous reference frame PLL
(SRF-PLL) 180-6, 183, 185, 202

T/4 transport delay technique 63—4, 64
TC-82 Committee on Solar Photovoltaic
Energy Systems 33
Testing Procedure of Islanding Prevention
Measures (IEC 62116) 33, 40, 41
three-level voltage source converter 132,
133
three-phase currents
estimation of maximum current in each
phase 274-7, 274, 276
instantaneous value of 2724, 273
three-phase modulation 340, 342
three-phase power converters, grid
synchronization see grid
synchronization (three-phase power
converters)
three-phase PV inverters 26-7, 31, 40, 41
three-phase systems
space vector transformations of 353—
60
three-phase voltage vector
under grid faults 169-70, 170, 171-80
time domain
simple components in 355-7, 356
single-phase power definitions 363—4
time-domain analysis (ripple evaluation)
294
time-domain detection methods 445 see
also FLL; PLL
total harmonic distortion (THD) 314
transformerless PV inverters 31, 37
Transmission System Operators (TSOs) 145,
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