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1. Introduction
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1. Introduction

Control Structure for a Microgrid

A control system in a microgrid includes the control functions that define the
microgrid as a self-manageable system, capable of operating autonomously or while
connected to the grid, as well as the ability to connect and disconnect from the main
grid for energy exchange or provision of auxiliary services. It is the sole point of
interface with any device within the distributed energy resources (DER) or their
management system (DERMS), or the energy management system (EMS). It must
have real-time control and energy management functions that operate in the
following situations:

Operate in island mode or connected to the grid.

Automatic transition from isolated mode to grid-connected mode.
Resynchronization and reconnection from island mode to grid-connected mode.
Energy Management System (EMS) for the optimization of active and reactive
energy consumption.

Provide auxiliary functions, grid support, participation in the energy market, and
operation of the electrical system.

I[EEE Standard 20307=2017
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1. Introduction

Hierarchical Control Structure in a Microgrid

For the purposes of interconnection, a microgrid will appear to the connected
grid as a single controllable entity. The control system is the system that achieves
this objective. It meets the interconnection requirements using high-level,
central-level, or low-level functions within its operations.

e | Higher level functions - Supervisory / DMS / D3O level
E Operator interface Communications/SCADA
B | Gridmarket Optimal dispatch
IEEE Standard 20307 _2017
Microgrid | o Core level functions — Microgrid / POl level
control g Transition Dispatch
sys fam ﬂ {Connect/disconnect) (including simple rules)
Lower level functions - DER/ Load / Devices level

% Voltage/requency control Device specific functions
E Real/reactive power control
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1. Introduction

Hierarchical Control Structure in a Microgrid

e s Power flow control, Import/export from/to the-grid;

Control

f/V Restoration (Island), power quality,

Secondary Control .. .
/ Synchronization (Island to grid Connected mode)

Primary Control Inner loops + droop Control (P/Q Sharing)..

Physical Layer Hardware,

J. C. Vasquez, J. M. Guerrero, J. Miret, M. Castilla and L. Garcia de Vicuna, "Hierarchical Control of Intelligent Microgrids," in /EEE
Industrial Electronics Magazine, vol. 4, no. 4, pp. 23-29, Dec. 2010.
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2. Power Inverter.

Physical Layer
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2. Power Inverter.

Three phase line.
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2. Power Inverter.

Inverter.

An inverter is considered any circuit able to transform
direct current (DC) into Alternating current (AC).

Direct Current

Alternating Current [\j

AC

DC
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2. Power Inverter.

Inverter.

ﬁ

Direct Current

Alternating Current /\j

AC

DC

. IEEE 1547 *DC/AC Conversion.
Interconnection of  *Grid Current Control.
Distributed *Grid Synchronization.
*DC Voltage Control.
*Maximum Power Point Tracking (MPPT).
|slanding Detection.
*Ancillary Support.

Generation.
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2. Power Inverter.

Examples.

Wind turbine control structure:

O

Gear-box

©0@

Pixh acssaror
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2. Power Inverter.

Examples.

Y — — L
oy ; LCL ¢
c-ac

dc-dc Low Trafo

Panels boost PWM- &

008 ass .
String VSI £ Grid

filter |V | |

P WM TTPWM
L ———————————— g N
Current | P
Ver || Control Sym,hromzatlon Control | Ve

Basic functions (grid conencted converter) )
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2. Power Inverter.

Examples.

Transmission lines

Transmission lines
Fa-kq Power , Transformer
Magnetic A Conditioning
bearing _ | System

= -«—

Mator/Generator
unit i PR S

°
l — Charge

o
l, » Discharge

® Pb
®° Pbso.
® PbO:
® SO4%
® H0

Vacuum
chamber * I Vacuum

[* pump

o 2H

® 2e

Cathode Electrolyte Anode
(PbO2) H250s (Pb)

Nikolaidis, Pavlos & Poullikkas, Andreas. (2017). Journal of Power Technologies 97 (3)
(2017) 220-245 A comparative review of electrical energy storage systems for better
sustainability.
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2. Power Inverter.

Examples.

oL L

L‘E, ac Line Voltages OPWM
8
. 4@ L |uper Upce L i{}}_ m%i_
4 s
UsGereft o et | ’7 ’
j—? l_uDC-reﬂ UDC:%

Uaca | Uag reto

ac
ac + > Voltage
Voltage dec de Coentrol
Contral Voltage Voltage
PWI Control Control SR
o lI{;ﬂernal 6 6 Internal |4
urrent Prof1 F'IQE’C(O—P Current Arat2
qu’D Control O Control O~

Principle Control of HVDC-Light

“The ABC of the HVDC technology” |IEEE Power & Energy Magazine March/April 2007 Vol. 5
No. 2
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2. Power Inverter.

Power Inverter.

« Current Source Inverter (CSI).* Voltage Source Inverter (VSI).
— Supplied by a constant current. Supplied by a constant voltaje

' : source.
) L+r|1qe Qommutated switches Self-commutated switches (IGBT,
( y”?dtors)' MOSFET).
v pa P N
e ,* ™ s E_m_
g }S th1 AC Side ! *?S th3 g "”:ﬁigb” AASSZG g )-| ight4
D side Agd - DC side Q\'
C) vl \3/ C_) vsrc e | \J
g ?S th2 0 *ZS tha g %Kﬁugmz N -
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2. Power Inverter.

Thyristor Based Inverter

* SCR "
[] R L f—i—
' MW— T —
+
Vg (i) = +  —
Vo seMo)\Z Vo o Ve
+
Vi 51t wf =V, sen i
.I'rr.l‘
o T i
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2. Power Inverter.

Thyristor Based Inverter

g *? 4 2
a
)-ZS thi  AC Side \ tha ﬁ] ZE]
s [ |msl

AC Grid T
(o] 1
DC side i
(t) VSIci

®

Simulation1 File.
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2. Power Inverter.

Self-Commutated Switches

L
o = “, ry
g TA+ AC Side g \ TB+ —
AC Grid
DC side (i) . A
" U/ p
C) vsrci - Ca 1
_ .
— -uDE _ -
g )W TA- g \ TB- { 2 F Vo=Vc
s *, r Y
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2. Power Inverter.

A TN carrter

AV IN IV T A VN T

NERWINANAVAY RVANTR Y

AN Y AL AN VS + Output
o e ./ EETnETa e Reference SPWM
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2. Power Inverter.

PWM Modulation

g\ TB+

g\ TB-

g TA+ AC Side
\ AC Grid
DC side @
Ct) vsrc 1+ o =
g \ TA-
Bipolar
Reference
O

NV

Carrier

AN
;/,f“' Delay

Turn On

—* TA+ TB-

—[>07 Turn On

Delay

Inversor

— TB+ TA-
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2. Power Inverter.

PWM Modulation

i Lyracmrra
u’.‘}/-"' —
Mos Jin 6 /o
I

Py xm W o
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2. Power Inverter.

PWM Modulation

. \ TA+  ACSide

AC Grid
DC side m
vsrc +
- —i
g\ TA- g\ TB-
Unipolar
Reference
|: -
I — BRebrde . T
TAYAYS B
Crenemdor de Comparad Retardo —= TA
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2. Power Inverter.

PWMMMgﬂduIation

Positive semi
Cycle

jﬁ o 53 E

i

O3

Cycle

ud =

|;+ Ot 53 EE D3

“541 X D4

'l.lld —

52

jS D1 53 EE D3

W=l
D2 =4 FE D4
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2. Power Inverter.

PWM Modulation

> ——
=
g

=+

-
@)

.

{

]

BIPOLAR FIViA

Simulation2 File.
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2. Power Inverter.

PWM Modulation

Bipolar PWM Unipolar PWM Hybrid PWM
51+ 54 and 52 + 53 are switched Leg Aand B are switched with high Leg A is switched with high frequency and
complementary at high frequency frequency with mirrored sinusoidal ref Leg B is switched with grid frequency

T e e
* 53

S e
S

™ -5
_/_/ = 5
L}—"SE

— = 52

L = 53 L, :_ 83
W? ? Sohri Um@ ? Wi 6;[/ ? “hri .
Bipolar PWM Unipolar PWM Hybrid PWM

Fafaranes and Camar Ecrls Foafaranos and Camar Signals Foaranos and Camar Sigrals
T T T T T T T

.: 'Inl' A |||||' |
\'{ I i|'i A'

o GIZ-1 s GD.'E‘ IZ-IZ'E‘-E. GII-!- IZ-IZ-!. =1 o ouos a0l Qus ool IZ-I'.'E‘E. GE-!- IZ-II-!. [E1e2] o outes Qo o0s G0 OO 003 OO0

Oulipast wg-'. Dn.:p-\.l: w;r. D\.rp-\.l: wg-'.

I e B

1 1
o IZ-II-'E- Gl:-1 IZ-IZ-1-5 Gl:v.? IZ-I.‘E-S- Gl:-!- C-E-!- [=Te2] o oues acd IZ-IZ-1-5 GD.’? l:-l'.'E-S- GIZ-!- l:-t-!- [T ] o s GD.’Z‘ l:-L‘E-S- GIZ-!- l:-':-!- [=1e2]

Power Electronics for Renewable Energy Systems Course, Aalborg University
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2. Power Inverter.

Three Phase Inverter

Formas de opdas

PUENTE TRIFASICO
l t T -"_ I -H:-.:r:i'_'l ¥ :-a::a'_ﬂ
- Ty XD, Tae Dy, Teot,  BDo
? @ 11 @I iy i;__
_ G
-, Ty KD Tery Ep,  To &b

J senrral C

% " Voltaje de Fase Van(t) en eII VSC | E 2ﬂg | | Voltaje de II:ESE Van(t‘} | | _

A e o .
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S 500 | . Voltaje de ITinea Vab(tl} | S w0 | | | Vaoltaje de IIinea Vab(t‘} | | |

E 0 20

* Moo om om0 _oms oo 00% 00 ooss 008 | | 8 e e e o 0w D
Tiempo (<) ' ' ' ' Tierr}po (s) ' ' ' ' '

Voltajes de Fase del VSC

= 200 Voltajes sobre la carga

\HHHHHHHH O e N = 7

= 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 % 200 | |
Tiempo (s) =7 0005 001 0015 002 0025 003 003 004 0045 005

Tiempo (s)

Simulation3 File.
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2. Power Inverter.

Filter

.,n,:J— .:) ZE D1
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2. Power Inverter.

PejQc Ps+Qs

Js
-
\Q c
I
@ P= Ve Vs sin ()
Vs |0
Ve (—VS +V, cos(go))

X
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2. Power Inverter.

ﬁ 600
P-Q DTAGRAM s
[P m | . = 400
c \
b _C \ - 95 150+ -
\1§ \&(D . . o= 95 s B sonml
) & (grados)

\ =450

J—

Simulation4 File.
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2. Power Inverter.

Syncronization.
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2. Power Inverter.

Synchronization is an adaptive process in which an
automatic system generates an internal oscillator at the

frequency and phase of the system it is interconnecting
with.

Synchronization handles two main processes:
Frequency tracking.
Phase tracking.
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2. Power Inverter.

(Phase Locked Loop) PLL

A PLL is a feedback system that includes a phase detector, a
low-pass filter, and a voltage-controlled oscillator (VCO). Its
main purpose is to compel the VCO to replicate the
frequency and phase of the reference within the loop.

/\ e - e
\/ W
g ™ € pd Vir | Voltage ,
F}Pp?ff;r g Iﬁﬁfa[: — Controlled -V
o Oscillator

Teodorescu, Liserre, Rodriguez, Grid Connected For Fotovoltaic and Wind Power Systems
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2. Power Inverter.

(Phase Locked Loop) PLL,

PD LF VCO

k,+k |

ﬂr

cos(x)

Phase Detector Loop filter VCO

H(s) =T(s)/[1 + T(s)]

His )= ¢Gur _ K D,K O:F (s)/s |
Qﬁ’m I—I_KDK-QFKSJE P

V'
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2. Power Inverter.

Phase detector based on Quadrature Signal

Generator.
F sinf coff + gh)
"@‘ cos(y [«
o LF VO
F sinl e
sin(ax +¢) Quadrature - R o o1 ;
- —=  Signal _ ft'.,[ 1+ — ! 1 .
> ¥, sin(kat +¢,) Cienerator L Ts) 5
s ﬂ_lc
sin()

—F cos(ax + ¢)

The Quadrature Signal Generator must produce two signals phased 90
degrees apart from a single signal. v=Vsin(@) =V sin(wt +¢)

[vﬂ,_' { sin( @t + @) —l [ sin({) —l
Viag) = =F =}

Vg —cos(mt +¢) —cos(@)
Then:

&, = Vsin(art + g)cos(@'t +¢') -V cos(ar + ¢) sin(@'t +¢') = i*’sin{l[rd— ru']r+|[;z5—;ﬁ']_] =Vsin(6-60')

Teodorescu, Liserre, Rodriguez, Grid Connected For Fotovoltaic and Wind Power Systems
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2. Power Inverter.

Quadrature Signal Generators

* T/4 Delay
% Vv,
1;!'
Delay | B
T/4
 Tuned Filter
v v,
r Wy — S
v, H(up) = ——
H(Vm) Wy + s
Hilbert
transform

Facultad de Ingenieria
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2. Power Inverter.

Park Transformation

* Once we have the pase a quadrature signals:

Vv, sin( &
v (0)

V, .=
(@ Vg —cos(0)

* The Park Transformation allows transforming time-varying signals into
constant signals in a synchronous reference frame (SRF):

Hﬁ
. . 4 =V sin(#
v, cos(@') sin(@) || v, v 5111(9—9’) § e ©)
v = = ] = ﬁ-—— ‘Ir’
(e v, —sin(@') cos(@") —cos(0-6") P
PD S y i 9’
v, v, ’ 4 ,, 1 V4
—> : = |
V,, |Guadrature af N v, |
—= Signal ) i
Generator | ¥a dg Ve o
] aking

ﬂ -
Teodorescu, Liserre, Rodriguez, Grid Connected For Fotovoltaic and Wind Power Systems
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2. Power Inverter.

SRF PLL

PD
v, v, = 1f=| =V
v, Quadrature| | @P LF FPG
——=| Signal J , r_g ¥
Generator | Vp Ve 1 Vs a1 ¢'=0 7
| >/ 4 k| 1+ — — 2
Ts J
S‘T @,
- LF FPG
¥ Vi ]-"l? 1 '|-'.II.- - .&}r 1 ﬂr
L — _||:: 1+ — + |— — ——
'ﬂrﬁ P T.\' + 5
vy : @
| Delany | 70 Vi
= Ta ™ dyg - v,

o'l

Teodorescu, Liserre, Rodriguez, Grid Connected For Fotovoltaic and Wind Power Systems
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2. Power Inverter.

Excersice

Simulation2, 4, 5 File.
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2. Power Inverter.

Control and Topological Operation
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2. Power Converter.

Inner Control Loops

» Grid Forming Controls:
« Voltage Control. (VCM).
* Frequency.
« Power Sharing.

» Grid-Following Controls:
e Curent Control (CCM)
 Power Export.
 Power Dispatch.

« Reactive power support
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2. Power Converter.

Inner Control Loops

AC side Filter
‘ S1K Jt k] SP.‘K T D&
DC side Filter 7 f ;
k=] L A P .-'ﬂ
',,.IIE.: L Coo Lee *IL m Rl
X L - TC
ﬂt\ 5 08 = I\ in Ol

The Dynamic response depends mainly on the AC and DC Filters.
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2. Power Converter.

fim[&‘] Load current
variaiion
Y
0,(5) = Z s (5)
acline || "(J}
varriation
Pulse-width
Compensaior modulator -
v5) v, (s) v.(s) dis i(s)
A G — + ® Ll 6.9 >
Reference Error M __1Dury cycle Output voltage
input signal variation varialion
Converter power stage
H(s)v(s
(5)9(s) HEs) |
Sensor
gain
1 Ti(s) Ug(s) iLoad
proN o _ g oa
(5} _I'Tff(s} +

H(s)1+T(s) 1+T(s) 1+T(s)

Once the Dynamic model is defined The negative feedback Control
loop Will make the system to follows the reference

Erickson Fundamentals of power electronics
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2. Power Converter.

Current Control Vc . :
5 I L-C Filter
: DC ‘ :
P | g
K i v v | 1 fu
— MG, (8)p> G oy > Om >

AEsssSSsESESESSESESEESESEEEEEaEsEEEEEEESESsEEEEEESESEsEaEEassSESEEEESEsEEEaEEEsEsEsEEsEaEEEEEsEsSEREREsEEssanenssel

Simulation6 File.
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2. Power Converter.

Grid-Following
_Iliﬁl PCC Microgrid

)

Grid-Following

§
” Grid-Forming

Ling —
&
w e .
o = ¥ [
W 3 P \ 1id-
o CP% b CPL J,_.i__‘;nd
e _— - —

- Bower Control
v, Current Conirol i Conversion
Stage

: L-C Filter

Simulation? File.
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2. Power Converter.

Grid-Forming
Grid-Forming — Microgrid
- . w0
EL"H’H }amm’ é Line3
—I—l:l—| 5
® T vmiri 5 GP#
. )Grid-Following 1 ) 4 ) Grid-Following /\Grid-Following /

...........................................................................................
..............................................................................
B e e e e e e e oL H

v
' +

. re

6.

1
................................................................................................................................................

Voltage Control Mode (VCM)

Simulation8 File.
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2. Power Converter.

DC Voltage Control

G (5)

L
G (s)

.............................

- Gab ]

.................................................................................................

Simulation8 File.

D |3

.................................
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2. Power Converter.

Three Phase Inverter Control

The question is:

Is it necessary to have a contro
lopp per pase in a Three pase
system?
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2. Power Converter.

ABC
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2. Power Converter.

a
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2. Power Converter.

ABC-af
(7 cos(0)
Vabc = <Ub>=vm cos(0 — 27r/3)
Ve cos(0 + 27™/3)
0 = wt + 90
va
va
[v ]=[Clarke Matrix] | Vb
B v,
>
_1 L 1] v
[va » 2 2 v‘;
Ve V3 31|,
O _ —_— Cc
i 2 2
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2. Power Converter.

/\ B 1 1_

| [va =K b2 72 FZ]
/ UB 0 \/_g _E Ve
| -2 2 |
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2. Power Converter.

Cte. Transf. Inversa Potencia instantanea trifdsica Escalado
p(t) g(t)
r N
T.Clarke T™'=T P = Vglg + vgig q = Vgly — Vgl "-."Ef3
J2/3
I Park =7 p = v4iy Vi, g = Vyly — Vyi, v.“g},.fg
N |
~ ~
I'.Clarke T—-]_ _ 3.]..1 _ 3 L § . _ 3 . L I
2/3 =3 p—E(t.utcr+Lﬁtﬁj q —E(Lﬂia — Vglg)
. Park T-1 = 3]..1 _ 3 3 . _ . . I
_E P _E{LJI:! +I"|:|l1q|;| q _E[uqid_l’dlq}
N >
T Clarke 2 2 2 1/2
1A arke - : : ; P ML
r : T™i= ET* p= E[I}HI[!’ + vgig) q= E(vﬂta — Vglg) :
Park - 2 ' - 3/2
S T =T | p =§f1’d1:! T vgiq) 1

i =§[qu:.r — Vyqig)
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Same Power
Value in af3 and
abc

Same voltaje and
current value in
o3 and abc




. Power Converter.

E—

Vb

afy

Ve
—

/ dq

PLL

w'’

» Pl

i’

Facultad de Ingenieria



2. Power Converter.

afs Control
- N .
1 Ly
4, % '
_ﬁcff_{vvv\
L
Power F
\ Converter y

SVM

Simulation8 File.

i ~
<
£ \
LL.oad
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2. Power Converter.

ap-DQ
B d| cosf  sin# o
g A g| |—sinf cosf . p
F] = [Park Matrix] x [ﬂ}
q| ' B
d . . A
g = [Park Matrix] x [Clarke Matrix] x | B
C
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2. Power Converter.

ABC-DQ

B - T _
cos(ax) cos(ar——mx) cos(ax+—m) || [,

3 3 - 'f;'
—sin(@¥) —sin(a¥ — =) —sin(ax +—T)
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2. Power Converter.

DQ-Control
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2. Power Converter.

In a Three pase system we need

three signals for the SPWM. What
to do?

1 1
Son(t) = 5 + Sm sin(wt + @)

1 1 | 2m
6bn(t)=§+§m*sm wt—?+<p

Ocn(t) = % + %m * sin(wt + 2m/3 + @)

Inverse transformation
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2. Power Converter.

ABC-af-DQ- ap-ABC

R.Y, B Frame
Clarke
Matrix Inverse
Clarke

v Mﬂ E”x

Clarke (o, B) Plane

Park
Matrix Inverse
Park
v Ha

Park (d-q) Plane
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2. Power Converter.

Inverse Tranformation

e N R LR 1 I 5

[ﬂr] = [Inverse Park Matrix] x [dj|
p q

| |cost —sinf d
[ﬁ} B [sinH cos @ ] * |;:,=}

! 0 1
. 1. 1 V3
fape(t) =T Viapy(t) = | 73 7 1
1 1.."?
-3 —=7 1

ig(t)
ig(t)

1y (t) |
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2. Power Converter.

Cte. Transf. Inversa Potencia instantanea trifdsica Escalado
p(t) q(t)
T.Clarke | T =T P = Vglq + Vgip q = Vgly — Valg J2/3
J2/3
T.Park =T P = vgiq + v, q = Vyly — Vgl v2/3

I.Clarke -1 3 i 3 ; ; 3 . . I
2/3 = =T | p=5Wic+Vglg) | q =§(l’ﬁia — Vqig)
T.Park -1 = 31.1 _ 3 . y _ 3 . . I
_E P _E(Lrﬂ:! +]'r.|liq|j q _E[uqid - LLIIEJ'}
T ol 2 2 2 219
’ S T_i ZETL P =§U"u£:r + vﬂfﬂj q =§(uﬁia _I'Juiﬁj e
| "'.”'I" N 2 2 N N B R 1:
S Tt =§Tl p =§(Fulct + Vi) | 4 =§[1‘?qi:! — Vyly) 1




2. Power Converter.

ld_mead W med

O - AaBC
|y _pmend
_larer ], P = (S .
ld_mad*ZL
‘a ref
Raef

3 PWM [ -

Wi_ref

-t o ref

Simulation 10, 11, 12 File.
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2. Power Converter.

Interaction of Power Converters
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2. Power Converter.

—1

YLme—Gﬁfd
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2. Power Converter.
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2. Power Converter.
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