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Intelligent Distributed Generation and Storage Units
for DC Microgrids—A New Concept on
Cooperative Control Without Communications
Beyond Droop Control
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and Josep M. Guerrero, Senior Member, IEEE

Abstract—Low voltage dc microgrids have been widely used
for supplying critical loads, such as data centers and remote
communication stations. Consequently, it is important to ensure
redundancy and enough energy capacity in order to support pos-
sible increments in load consumption. This is achieved by means
of expansion of the energy storage system by adding extra dis-
tributed energy storage units. However, using distributed energy
storage units adds more challenges in microgrids control, since
stored energy should be balanced in order to avoid deep discharge
or over-charge in one of the energy storage units. Typically, volt-
age droop loops are used for interconnecting several different
units in parallel to a microgrid. This paper proposes a new decen-
tralized strategy based on fuzzy logic that ensures stored energy
balance for a low voltage dc microgrid with distributed battery
energy storage systems by modifying the virtual resistances of
the droop controllers in accordance with the state of charge of
each energy storage unit. Additionally, the virtual resistance is
adjusted in order to reduce the voltage deviation at the common
dc bus. The units are self-controlled by using local variables only,
hence, the microgrid can operate without relying on communi-
cation systems. Hardware in the loop results show the feasibility
of the proposed method.

Index Terms—Cooperative control, dc microgrids, droop con-
trol, fuzzy logic.

I. INTRODUCTION

ITH THE increasing use of renewable energy sources

(RES), microgrids appear as a solution for integrating
distributed energy resources (DER), loads and energy stor-
age systems (ESS) as controllable entities, which may operate
in grid-connected or even islanded mode, either in ac or dc
configuration [1]. In fact, during recent years, the interest in
studying dc microgrids has increased considerably, since dc
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microgrids do not have issues associated with synchronization,
reactive power flows, harmonic currents, and dc/ac conversion
losses, which are inherent in ac microgrids [2].

On the other hand, the intermittent nature of RES, added
together with unpredictable load fluctuations, may cause
instantaneous power unbalances that affect the operation of the
microgrid. Hence, ESS are required to guarantee reliability,
security and power stability. In this sense, it is desirable to
have two or more distributed ESS for providing redundancy
and more energy support [2], [3].

Also, it is very important to coordinate RES and ESS units
in order to avoid that the power generated by RES may col-
lapse the system when ESS are full and there is a power
unbalance in the microgrid. In this sense, the RES may change
their control strategy from maximum power point tracking
(MPPT) to a control strategy for regulating the voltage on the
dc common bus. Moreover, the most effective way of charging
a battery is by means of a two stage procedure which involves
two different control loops [4]. Given the above points, the
operation of each RES and ESS in the microgrid should be
accompanied by a decision-maker strategy in order to switch
between controllers.

Apart from that, when a number of ESS exist in a micro-
grid, a coordination is required to ensure stored energy balance
among the units, in order to avoid deep-discharge in one of the
energy storage unit and over-charge in the others. Therefore,
during the process of charging, it is desirable to prioritize the
charge of the unit with the smallest state of charge (SoC), and
similarly, during the process of discharging, the unit with the
highest SoC should provide more power to the microgrid than
the others in order to ensure stored energy balance [5], [6]. In
other words, conventional control loops for current sharing at
each energy storage unit, may be complemented with stored
energy balance control systems.

Commonly, voltage droop control method has been used
when, two or more units are connected in parallel to the dc bus
through a dc/dc converter, in order to ensure a current sharing
feature among the units [3], [7], [8]. Droop method or, in his dc
version, virtual impedance ensures equal or proportional fixed
current sharing. However, this is not the best solution when the
power electronics converters are connected to different prime
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movers, for instance: photovoltaic systems or wind-turbines,
and energy storage systems, and particularly distributed battery
sets with different SoC.

n [3] a good stored energy balance has been achieved,
by adaptively adjusting the virtual resistance (VR) in droop
controllers. However, a centralized supervisory control is
used, and there is a single point of failure in the system.
Additionally, the voltage regulation is not strongly guaranteed.
Other authors have proposed algorithms for adjusting the
battery current based on a constant coefficient, whenever dif-
ferences are detected in the SoC among batteries [9]. However,
centralized controllers are required and the use of a con-
stant coefficient may cause slow approximation or oscillations
around the equilibrium point. Besides, in [9] voltage devia-
tion at the common dc bus is not taken into account. In [10]
a strategy for adjusting the droop controller based on the SoC
in a distributed ESS has been proposed. However, the strat-
egy proposed in [10] only takes into account the case when
the batteries are supplying power to the load. Additionally,
in [2] a gain-scheduling control in aggregation with a central-
ized fuzzy controller has been proposed in order to achieve
good voltage regulation and power sharing, as well as stored
energy balance in a distributed ESS. The solution proposed
in [2] uses the centralized fuzzy controller in order to modify
the voltage reference for balancing the stored energy.

In this paper, a decentralized and modular strategy based
on fuzzy logic is proposed for achieving good stored energy
balance among several ESS. In particular, one of the main
advantages of fuzzy logic controllers is that they can manage
different control objectives simultaneously [11]. Therefore, the
proposed fuzzy system adjusts the VR of the droop controllers
in accordance with the SoC at each ESS. Meanwhile, the fuzzy
inference system is able to adjusts the VR in accordance to
the common dc bus voltage, in order to reduce the voltage
deviation. Fuzzy logic control has been lately proposed for
energy management of ESS in microgrids thanks to its simplic-
ity in summarizing complex algorithms [5]. However, in [5]
just a single battery is analyzed.

This paper is organized as follows. In Section II the configu-
ration and operation of the microgrid under isolated operation
mode is described. Section III shows the design and opera-
tions of the proposed fuzzy controllers. Section IV presents the
results under different operation modes. The proposed method
is tested in a low voltage microgrid under islanded operation.
Hardware in the loop by using a dSPACE 1006 and the con-
troldesk shows the effectiveness of the proposed method and
its advantages in comparison to conventional methods. Finally,
Section V presents conclusions and perspectives for future
works.

II. CONFIGURATION AND OPERATION OF
THE DC MICROGRID

The dc microgrid under study is composed by two RES
[PV panels, and wind turbine generator (WTG)], dc loads,
and two banks of valve regulated lead-acid (VRLA) batteries,
as shown in Fig. 1. The microgrid is basically formed around
48V, common bus, these kinds of low voltage microgrids
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Fig. 2. Transition diagram between operation modes.

have been widely used for residential applications and for
supplying energy to computer equipment in communication
networks [12]-[14]. In particular, the microgrid will be ana-
lyzed under islanded operation mode since this mode is crucial
for remote applications, and the interaction of batteries with
RES plays an important role [15].

When the microgrid operates in islanded mode it is easy to
identify two different operation modes based on the kind of
distributed energy resource responsible of the dc common bus
regulation (see Fig. 2). To be more precise, the dc common
bus voltage can be regulated by distributed ESS (mode ) or
by distributed RES (mode I7).

Apart from that, the control strategy that governs each
energy storage unit, changes in accordance to the SoC
of the battery and the balance between the power gener-
ated by the RES and the power consumption. In the case of
the RES, the control strategy changes in accordance to the volt-
age in the common dc bus in the same way that changes the
operation mode of the microgrid [3], [16]. As a consequence,
each DER, including batteries and RES, requires at least two
inner control loops in order to operate under the two different
operation modes and control states [3]. Fig. 3 shows a com-
plete diagram of the microgrid with conventional inner control
loops (fixed virtual resistance at the voltage droop controllers).
In Fig. 3 it is also possible to see the block diagrams for the
inner control loops used in the batteries converters (voltage
droop control and constant voltage charger). Likewise, Fig. 3
shows the block diagrams for the inner control loops used at
each RES converter (MPPT and voltage droop control). Fig. 4
shows the equivalent circuit under each operation mode, which
will be explained in detail in this section.
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Fig. 3. Diagram of the dc microgrid with conventional inner control loops.

A. Operation Mode I

In this operation mode, both RES operate under MPPT, and
they can be seen as a constant power source (CPS) [17], [18].
Meanwhile, the converters of the batteries operate under volt-
age droop control and they are responsible of regulating the dc
bus voltage. Fig. 4(a) shows the equivalent circuit under this
operational mode in which a CPS is represented by a resis-
tor in parallel to a constant current source, and the voltage
source in series with the resistance (Rd) represents a battery
operating under voltage droop control [3], [16].

Normally, under this operation mode the SoC of the bat-
teries is maintained between 60% and 100%, the batteries
will be charged or discharged depending on the power gen-
erated by RES and load consumption [9]. Then, a prolonged
unbalance between available and consumed power will lead
the batteries to deep-discharge levels (below 50%) [4]. At this
point, it is important to implement proper schemes for load-
shedding in order to avoid deeper discharge and reduce the
battery lifetime [3], [9]. Load-shedding is out of the scope of
this paper, but simple schemes based on voltage threshold can
be seamlessly applied [19], [20]. On the contrary, when the
power generated by RES is higher than load consumption, the
batteries will be charged.

The most effective way of charging a VRLA battery is by
a two stage procedure, current-limited followed by a constant
voltage charger [3], [4]. During the first stage of charge, the
current is limited by droop control loops. Subsequently, when
the voltage per cell reach a value of 2.45 4 0.05 volts/cell the
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Fig. 4. Equivalent circuits of the proposed microgrid under (a) operation
mode 7 and (b) operation mode /1.

voltage of the battery should be kept constant by the charger.
This value is known as a float voltage (Vjqr). At this stage,
the current at the battery will approach to zero asymptotically,
and once it falls bellow a certain value, the battery may be
considered as fully charged [4], [21].



DIAZ et al.: INTELLIGENT DISTRIBUTED GENERATION AND STORAGE UNITS FOR DC MICROGRIDS

Vbal:Vﬂoal
Sz‘ate1 N State2 \
Voltage Droop :‘ Constant Voltage |
. Control . Charger
Ve <0957,

Fig. 5. Transition between inner control loops at each energy storage unit.

When the voltage of each battery reaches the reference value
(Vfioar) the control of the converter switches to a constant
voltage charger for the battery, in which, the battery draws as
much current as needed to keep its voltage at Vyq [3]. When
both batteries reach the float voltage, the RES continues oper-
ating in MPPT until a voltage threshold (Vg = Vi, - 1.05)
is reached in the dc bus. Then, the RES changes their inner
control loops from MPPT to a voltage droop control in which
the power drawn from the RES is limited to the power con-
sumption of the microgrid. At this moment, the microgrid is
under operation mode /I [see Fig. 4(b)].

B. Operation Mode 11

In this mode, the RES are responsible for dc common
bus regulation, since both batteries are under constant volt-
age charge. For that reason, the batteries will only take, as
much current as necessary from the microgrid for keeping the
batteries voltage regulated at (Vjo4). Then, batteries can be
represented as constant power loads (CPL) [3], [22]. Fig. 4(b)
shows the equivalent circuit under this operational mode.

The microgrid continues operating in this mode until a volt-
age threshold (VL = Vs -0.95) is reached at the dc bus. This
may occur whether the consumption of the load is bigger than
the power generated by the RES. At this point, the microgrid
changes to operation mode .

C. Transition Between Controllers

For the transition between controllers, decentralized finite
stated machines whit two states are used at each unit. In the
case of the ESS, the transition from voltage droop control
(Statey) to constant voltage charger (State;) is decided by the
battery voltage when Vpy = Vjjoqr. On the contrary, the tran-
sition from constant voltage charger (State,) to voltage droop
control (State) is decided by the voltage on the dc common
bus when Vpc < V. Fig. 5 shows the finite state machine that
represents the transition between inner control loops at each
energy storage unit.

In the case of the RES, the transitions from MPPT (State;)
to voltage droop control (Statey) and from voltage droop con-
trol (Statep) to MPPT (State1) are decided by the voltage
on the dc common bus, when Vpc > Vg and Vpe < V.
respectively. Note that the transitions defined for the inner con-
trol loops at RES are basically the same defined for microgrid
operation modes. It is important to say that smooth transitions
between control loops, is achieved by means of enforcing ini-
tial conditions of inactive PI controller to the value of the

2479

V21057,
y Sz‘ate1 State2
; _ Voltage Droop
e S N ~ Control ’
Vpc<0.95V,

Fig. 6.
source.

Transition between inner control loops at each renewable energy

output of the active one [3]. Fig. 6 shows the finite state
machine that represents the transition between controllers at
each renewable energy source. The following sections, will
be focused on explaining the operation of the voltage droop
controllers and the fuzzy adjustment of the virtual resistance.

III. FuzzYy ADJUSTMENT OF THE VIRTUAL RESISTANCE

The main objective behind the design of fuzzy systems
for adjusting virtual resistances, is ensuring stored energy
balance among distributed energy storage units, and conse-
quently avoid deep discharge in one of the batteries. Apart
from that, another control objective is added into the fuzzy sys-
tem in order to reduce the voltage deviation in the common dc
bus. Finally, the proposed strategy is designed to be decentral-
ized, since only local variables are to be used for performing
the adjustment of the virtual resistances. Taking into account
that voltage droop controllers are used by ESS and RES at
different operational modes of the microgrid, a different fuzzy
controller may be designed for ESS and for DER.

A. Fuzzy Adjustment for Battery Charge and Discharge

When batteries are in the process of charge and discharge,
the power balance is managed by droop control loops [3].
Therefore, the output voltage is given by the following
equation:

Ve = Vier — I1i - Rd; (D

where Rd; is the virtual resistance at each droop control loop,
Vpc is the voltage at the common dc bus, V. is the voltage
reference of the common dc bus, and /7; is the output current
at each converter. In consequence, the battery with the lowest
Rd will inject/extract more current in order to keep the power
balance in the microgrid [23]. For that reason, the battery with
the lowest Rd will be charged or discharged faster than the
other.

In light of the above, it is desired that the battery with the
lowest SoC is charged faster than all the others for ensuring
stored energy balance. Then, a smaller Rd should be assigned
to that battery. Likewise, when batteries are supplying the
microgrid, it is desired that a bigger Rd is assigned to the bat-
tery with the lowest SoC, in order to prevent a deep discharge
and balance the stored energy.

What is more, to prevent high voltage deviation at the dc
bus, a smaller value for Rd is desirable when (Vpc) is far from
Vrer. On the contrary, when the voltage at the dc bus Vpc is
near to V. it is expected the highest value for Rd.
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Fig. 7. Control diagram of the proposed fuzzy-based virtual resistance for
ESS under operation mode /.

In particular, a fuzzy inference system (FIS) can easily sum-
marize all the qualitative knowledge, expressed above. Indeed,
a fuzzy controller can easily deal with different control objec-
tives at the same time which are, in this particular case, stored
energy balance and dc bus voltage deviation. In other words, a
fuzzy inference system can use the experience and the knowl-
edge of an expert about the expected behavior of the system
in order to work out the virtual resistance at each control loop.

Given the above points, a Mamdani FIS has been proposed
for adjusting the resistance Rd at each battery-converter sys-
tem [24]. The FIS uses the SoC and the voltage error (V)
expressed in (2) as the inputs, and the VR Rd as the output.
The SoC is estimated by ampere-hour (Ah) counting method
expressed in (3)

Verr = ref — Vbpe (2)

t
I
SoC = SoC(0) — / bar (7)
0 bat

dt 3)

where SoC(0) represents the initial SoC, Cp,s is the capac-
ity of the battery and Ip, is the current of the battery [4].
Fig. 7 shows the diagram of the fuzzy controller used for the
adjustment of the virtual resistance Rd. To be more precise,
the fuzzy control is only used under operation mode /, when
the battery is under voltage droop control in State;.

Fig. 8 shows the control surface of the proposed FIS,
which summarizes the behavior of the fuzzy inference system,
where, the virtual resistance is adjusted based on the expected
behavior explained before.

To put it in another way, Fig. 9(a) and (b) shows the Fig. 8
split into two figures that represent the process of charge and
discharge respectively. Fig. 9(a) and (b) makes evident that
the voltage deviation takes an important role into the perfor-
mance of the system that is why the FIS tries to reduce the
voltage deviation but it does not try to eliminate the voltage
deviation. Hence, bus signaling takes an important role in the
performance of the system [16].

Furthermore, the range of the output (Rd) in the FIS can
be established by analyzing the circuit in Fig. 4(a), where a
general expression for a general number of ESS and RES oper-
ating in MPPT may be expressed as shown in the following
equation:

Vs
R;Z, + Icps
Vpe = )
Rdeq Rioad Rcps
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where R;., and Rcps are the equivalent VR and the equivalent
resistant of the RES, seen as CPS, respectively [3]. Icps is the
equivalent current of the CPS. Rcps and Icps can be well
approximated by

V2
Reps ~ -2 (5)
Pcps
Pcps
Icps ~ 2—— (6)
Vbe

where Pcps is the total power generated by RES. By replacing
(5) and (6) in (4) it is possible to obtain the following equation:

1 1
Vbe ( + ) —Pcp ——— =0 @)
Raeq  Rioad Rieq

from (7) gives a solution for the common dc voltage
Vet

Vref 2 1 1
Rieg © \/ (=) +2pers (m; + )
Vpe = (

®)

1 1
Rdeq + Rlnad)

where the value of the power generated by RES is taken as
positive. Thus, just the positive solution is viable in this case,
since the voltage of the common dc bus has to be positive.
Then, when a maximum voltage deviation is defined, it is
possible to solve (8) in order to determine the maximum and
minimum value for Rd.
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B. Fuzzy Adjustment for Voltage Regulation Under Mode 11

When the system operates under operation mode /7, the RES
are responsible for dc bus voltage regulation. At this point,
both RES are operating under droop control loops (State;), as
can be seen in Fig. 3. Similarly, the virtual resistance Rd at
each unit can be adjusted for reducing the voltage deviation.

For that reason, an iterative adjustment of the virtual resis-
tance has been proposed for obtaining good voltage regulation
as well as good power sharing at the same time. The adjust-
ment of Rd is based on a fuzzy inference system of which
output is an incremental signal (ARd). Then, depending on
the voltage error (Ve,r = Viwer — Vpc), the virtual resistance
will be increased or decreased. Fig. 10 shows the diagram of
the control loop used for the adjustment of (Rd) at each RES
unit. At this point, the microgrid is under operation mode I/
and the control loops are in State;. The controller comprises
a FIS and an integrator. Fig. 11 shows the control surface of
the fuzzy inference system.

IV. HARDWARE IN THE LOOP RESULTS

The performance of the microgrid using the proposed fuzzy
methods has been tested in simulation by using a dSPACE
1006 and the controldesk. The performance is also compared
with a microgrid in which a fixed virtual resistance (Rd,om) 18
used in the droop control loop. Table I summarizes the main
parameters of the system.

The first comparison in the performance of the system is
shown in Figs. 12 and 13 with fixed VR value and with fuzzy
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TABLE I
PARAMETERS OF THE MICROGRID

Parameter [ Symbol [ Value
DC bus voltage reference Vier 48V
Maximum power from RES Pynaz RES 300W
Maximum power in the load | Proadmas 250W
Float voltage Viiloat 54V
Nominal virtual resistance Rdpom 0.8Q2
Low voltage threshold Vi 45.6V
High voltage threshold Vi 50.4V
Nominal Battery Capacity Chat 0.02(Ah)

adjustment of the VR respectively. An initial SoC of 75%
for battery 1 (batl) and 58% for battery 2 (bat2) has been
established. Each figure shows the voltage at the batteries, the
SoC of battery 1 SoCp1 and the SoC of battery 2 SoCpgs2, the
current at battery 1 I, and the current at battery 2 Ip,., and
finally the voltage in the dc common bus Vpc. The simulation
time is split into four stages in order to indicate the behavior
of the system clearly.

During the first stage (T1), the microgrid is operating under
mode /, combined RES generate 290W and the batteries are
being charged. It can be seen that in the system that uses the
fuzzy controllers (see Fig. 13) the SoC of battery 2 approaches
the SoC of battery 1 asymptotically. At the end of T1, bat-
tery 1 reaches its float voltage, therefore, battery 1 changes
its inner control loop from voltage droop control (State;) to
constant voltage charger (Statey). It is possible to see the volt-
age deviation is only incrementally smaller in the system with
fuzzy controllers (less than 48.5V in Fig. 12). However, the
priority at this point is to balance the stored energy.

During the second stage (T2), battery 2 reaches its float
voltage (Vfoar). Hence, it changes its inner control lopp from
(Statey) to (Stater). It is possible to see that despite battery 1
is charged faster at the beginning in the microgrid with fixed
virtual resistance (see Fig. 12) the total time of charge of
both batteries (T1+T2) is less in the system with fuzzy con-
trollers (see Fig. 13), thanks to the approach in the SoC of
both batteries.

During third stage (T3), both batteries are under constant
voltage charge and the RES are still in MPPT control (Statey).
At this point, the voltage in the dc bus (Vpc) increases. After
a while, Vpc = Vpy and the system changes to operation
mode /I (T4). In the transition from T3 to T4 it is possible to
see big spikes in the battery currents when the microgrid uses
fixed virtual resistance (see Fig. 12). These big spikes are due
to the fixed value in the virtual resistance. On the contrary,
the microgrid with fuzzy adjustment of the virtual resistance
(see Fig. 13), slows down the transition in the dc bus voltage
and eliminates the big spikes in the current of the batteries.

During forth stage (T4), batteries are under constant volt-
age charge and RES are under voltage droop control (States).
Then, the current that they draw decrease exponentially. At
the same time, it can be seen that in the system with fuzzy
controllers the voltage deviation is smaller than in the system
with fixed virtual resistance. In short, it may be seen that by
using the FIS it is possible to assure stored energy balance
and additionally to reduce the output voltage deviation.



2482
T1 T2 7;3 T4

SE ................................. B R L]
[7C B EEEE R PR

- Voan

Z €3
gaf|...... Db iionsinnnmnnn ifoiis| o timnni wen s main

g

g

gfz AAAAAAAAAAAAAAAAA B s o s ke o ss Sewies s

SoC (%)

Current (A)

0 10 0 20 40 S0
51 ........................................................
<0 W R R MR A R N TN , ,,,,,,,,,,,,,,,,,,,,
: Voe :

E Fi-2 I EERERERES Lo \‘ 4444444444444444 3 R Fa A Y

£ 3 :

2 : : Vg

= ’ :

E ol ] PO DS
PPY [ T U T o b
45 ¢

0 10 20 30 0 S0
Time (s)

Fig. 12. Simulation result when the microgrid changes from operation mode /
to operation mode /I with fixed virtual resistance value at the inner control
loops.

Figs. 14 and 15 show the performance of the microgrid
when the power generated by RES varies during the time,
with fixed virtual resistance value and with fuzzy adjustment
of the VR respectively. Then, it is possible to see the perfor-
mance of the proposed solution under charge and discharge
of the batteries. In this scenario, the microgrid is operating
under mode / mainly, and consequently, the inner control loop
at each ESS and RES unit are in State; until the end of T3.
Figs. 14 and 15 show the power generated by combined RES,
the voltage at the batteries, the SoC at both batteries, the
current at the batteries, and the voltage at the common dc bus.

To start with the analysis, during the first stage (T1) the
power generated by combined RES is 300W. For that reason,
both batteries are being charged, it may be seen in Fig. 15 that
the SoC of battery 1 approaches the SoC of battery 2. On the
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to operation mode /I using the proposed fuzzy-based virtual resistance.

other hand, in Fig. 14 it can be seen that the unbalance in the
stored energy never changes.

During the second stage (T2), the power generated by RES
is less than the load consumption (175W), therefore the bat-
teries are discharged for supporting the unbalance between
consumed and generated power. During T2, in Fig. 15 the
unbalance in the stored energy is also reduced. On the other
hand, in Fig. 14 the unbalance in the stored energy remains
constant. At this point, it is important to say that if the batteries
continues being discharged, battery 2 will be under deep dis-
charge (below 60%). In fact, at the end of T2 in the microgrid
with fuzzy controllers the charge of battery 2 is 18% higher
than in the system without fuzzy controllers.

During third stage (T3), the power generated by RES is
275W, consequently the batteries will be charged until the
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Fig. 14.  Simulation results for showing the process of charge and discharge
of batteries when the microgrid operates under mode I with fixed virtual
resistance value.

voltage of battery 1 reaches Vj,,. Since, the process of charge
is faster with the fuzzy controllers, the transition to operation
mode II (T4 + TS + T6), can be seen in Fig. 15 but not in
Fig. 14. The transition from operation mode I to operation
mode /I was explained in detail in Figs. 12 and 13. In fact,

2483

400

o
w

Amplitude (V)
[

o
=<

o
(=]

100 ...... :. ......

S0C (%)

Current (A)

50

'Y
©

.
@

Amplitude (V)

-
~

L
[=2]

Time (s)

Fig. 15.  Simulation results for showing the process of charge and discharge
of batteries when the microgrid operates under mode / using the proposed
fuzzy-based virtual resistance.

after T4 in Fig. 14 the response of the system is similar to the
behavior shown in Fig. 12.

In Fig. 14 it is possible to see that the droop controllers
ensures an equal current sharing for both batteries, when a
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Fig. 16.  Simulation results when the microgrid change from operation

mode /I to operation mode /, with fixed virtual resistance value.
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Fig. 17.  Simulation results when the microgrid change from operation

mode /I to operation mode /, by using fuzzy controllers.

fixed virtual resistance is used. Meanwhile, In the case of
using a fuzzy based-virtual resistance (see Fig. 15) the current
sharing is decided by the SoC at each battery.

Finally, the last comparison is shown in Figs. 16 and 17.
These figures show the behavior of the microgrid when it
changes from operation mode /I to operation mode I, with
fixed virtual resistance and with fuzzy adjustment of the virtual
resistance respectively.

IEEE TRANSACTIONS ON SMART GRID, VOL. 5, NO. 5, SEPTEMBER 2014

In Figs. 16 and 17, during the first stage (T1), the batter-
ies are under voltage regulation mode, and then, the dc bus
is regulated by RES which operate under voltage droop con-
trol (State;). Moreover, in T1 the batteries are almost full
charged, and it can be assumed that both batteries have the
same state of charge. For that reason, the current in the batter-
ies is virtually the same. It is possible to see that the voltage
regulation is considerably better in the response of the system
which uses fuzzy controllers (see Fig. 17). Before the end
of T1, a sudden drop in the power generated by RES (from
300W to 175W) causes a fall in the dc bus voltage. After a
while, when the voltage in the dc bus is less than the voltage
threshold V; the microgrid moves to operation mode /.

During the second stage (T2), in Figs. 16 and 17, the bat-
teries are in charge of the regulation of the dc bus voltage,
because of this, batteries are operating under voltage droop
control (Stater), and the virtual resistance Rd is adjusted
by means fuzzy controllers (see Fig. 17). On the contrary,
Fig. 16 shows the response of the microgrid with fixed virtual
resistance. It is possible to see that the voltage deviation is
smaller when the fuzzy adjustment is used.

V. CONCLUSION

The proposed adjustment of the virtual resistance by using
a fuzzy inference system, assures good storage energy bal-
ance and low voltage deviation. Additionally, this strategy is
absolutely modular, expandable, and it is not required a cen-
tralized control. As a matter of fact, it can be used directly
when a new energy storage unit has to be added to the micro-
grid without any modification. Likewise, the proposed method
shows a faster charge in the batteries compared to traditional
methods. In addition, it is shown that the priority of the fuzzy
controller is the stored energy balance, and once the stored
energy balance is achieved, the fuzzy controller keeps regulat-
ing the voltage deviation. It is important to say that a steady
state error is always desired in the dc bus, since the dc voltage
is used for bus signaling.

In general, the FIS proposed in this paper has shown
its advantages in dealing with different control objectives.
Another advantage of the fuzzy controller is that the same
FIS can be easily scaled to different values of Rd. On top of
that, the microgrid can operate in a stable way under different
scenarios without using communications.
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