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Microgrid operation modes:

Microgrid operation

Renewable

* Grid connected / energy sources
* Islanded I( PV Wind turbine p :
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Distributed loads
Typical structure of a flexible microgrid

18-Aug-11




Microgrid operation

Microgrid operation modes

Operation modes and transfers of the flexible microgrid and STS
grid status supervisory

Virtual inertias are often implemented through control loops
known as droop method.

Intelligent microgrids are required to integrate DG, DS, and
dispersed loads into the future smart grid.

Microgrids should be able to operate autonomously but also
interact with the main grid.

CSl units are normally used for PV or WT systems that require
maximum power point tracker algorithms.

VSI units are used for storage energy systems to support the
voltage and frequency of the microgrid in island mode.
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o ({L Microgrid operation

QGNMMJ-
Islanded / Grid-connected operation
* Operation modes and transfers of the flexible microgrid and
Static Transfer Switch (STS)
P=P": Q:Q* STS = OFF
Import/export
P/Q
Current/\oltage Grid

K Eblier ! Voltage E= V*

Source Connected Operation  ESIU(v-R =y

STS=ON

Synchronization E Vg

= C()g

From grid-connected an islanded modes, it is necessary a smooth transition
For both modes, the converters could work as voltage sources!
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o Microgrid operation

Islanded operation

 Preplanned islanded operation: If any events in the main grid are
presented, such as long-time voltage dips or general faults, among
others, islanded operation must be started.

 Nonplanned islanded operation: If there is a blackout due to a
disconnection of the main grid, the microgrid should be able to
detect this fact by using proper algorithms.
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Internal
combustion
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Microgrid operation

Islanded operation

Voltage and frequency management: The system acts like a
voltage source, controlling power flow through voltage and
frequency control loops adjusted and regulated as reference
within acceptable limits.

Supply and demand balancing: In grid-connected mode, the
frequency of the DG units is fixed by the grid. Changing the setting
frequency, new active power set points that will change the power
angle between the main grid and the microgrid can be obtained.

Power quality: The power quality can be established in two levels.
The first is reactive power compensation and harmonic current
sharing inside the microgrid, and the second level is the reactive
power and harmonic compensation at the PCC; thus, the microgrid
can support the power quality of the main grid.
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Microgrid Configurations

 AC-DC Hybrid Microgrid
Hierarchy of loads
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Microgrid Configurations

Connection interface (Cl)
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o Inner control loops
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({L« Inner control loops

o + Block diagram of the closed-loop VSI.
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G, (s)
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G, ()G, (5)Gpum o *es
LCs® +(Cs+G,(5))Gi(S)Gpuy +1 ' LCS* +(Cs5+G, (5))G; (S)Cpym +1

c =

Voltage tracking

Output impedance
Voltage control loop

Current control loop
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Inner control loops

o P
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O ptt Bode diagram of the tracking voltage transfer function Gv(s)
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closed-loop band pass filter characteristics with 0dB, 02
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Inner contro loops

Results

Fundamental (S0Hz) = 234.6 , THD= 1.44%
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& Control of parallel converters
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In this system is not necessary current sharing!
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((‘% Control of parallel converters

Q 4

Master-slave control

"
I |, l, | I
Voltage ) : ’ >N °
Source . Load
(Master)
Current Controlled
L Sources (Slave) )

Woo-Cheol Lee “A Master and Slave Control Strategy for Parallel Operation
of Three-Phase UPS Systems with Different Ratings”
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Active power P =—=sing  Reactive power 0 = S

X
- Frequencydroop Amplitude droop
@ E
a)*A * E*A *
Jd o=0 —mP 1 E=E -nQ

Pmax Qmax Q
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> Droop control for AC MGs

(8

o « Inertias in power systems

4A418®

* Synchronous generator

do
Equation of motion: J e T,—T,

Inertia constant: H = stored chergy _ E[S] with E = ZEJ(OZ
rating power P 2

+ T

™ a 1 A o, S Laplace Operator
— 2Hs Tm  Mechanical torque (pu)
T, T, Electrical torque(pu)

T, Accelerating torque (pu)
H Inertia constant (MW-Sec/MVA)

A@®, Rotor speed deviation (pu)

P. Kundur
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S Droop control for AC MGs
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Inertias in power system

Synchronous generator transient response

+ 60H, |

FREQUENCY

POWER

AP

TIME - SECONDS

There is a dynamic and a static droop. The static droop coeficient is AP/Af.
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((L% Virtual synchronous generators

Q 4

Synchronous Machine

d Synchronous Machine
- = - + Y
J ot -";n lr"; BU"I Motion Equation

Inverters that mimic synchronous converters
 Kawamura’s approach (2005)

Representation of a synchronous machine

Independent Control

ke
‘rm-.itf . )
; +  Limiter g To determine dv and As (amplitude
P v = g+ + @
1' - i Il — k(ll j'c _:,

variation and phase angle, respectively),
the controller computes the active

. k: — .
b] LPY L, "+ LR ?3‘* hs and reactive components (I, and [,
J.' g 4
ively) of f
Ly N respectively) of the output current |

Ar IEJ‘:"

High Reliability and High Performance Parallel-Connected UPS System with Independent Control
Eduardo Kazuhide Sato
20
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o ‘ Virtual synchronous generators
2 :

' ™
s Power generation /Electronic Converter
o % » - Pawer exchange
Distributed Poveer exchange . )
Generator
Caontrol signal .
o
stual grid veltage
Energy store VSG algorithm
L Virtual Synchronous Generator (VSG) y

Inertias means not only load-dependent frequency (droops),
but also local storage energy system.

European Project VSYNC: http://www.vsync.eu

18-Aug-11

21




UN,
*© L

0 S Droop control for AC MGs
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®enmat”  Droop control of AC systems

* Trade-off power sharing / amplitude - frequency regulation

w=w —mP E=E —nQ

W,
a)ol
600‘ I %)
o Aw m.
! P
Adf ~ .
m ! :
a)uv 1 E
h P

PP, P,

Phase droops are not feasible since the initial phase of each inverter is different!
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o ‘ Droop control for AC MGs
10({ \f Droop control of AC systems
PR Storage Generation
P<0 Q P>0

Capacitive load

Q>0
p

Inductive load
Q<0

A O AE

r0)* IAO) rE* IAE

storage | generation C load | L load
> >
-Pmax +Pmax -Qmax +Qmax
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o S Droop control for AC MGs
K

%ennaet  Generalized droop control

Study of P/Q flow in function of the output impedance

S=P+] — i
VvsI 7 <0 IJQ p:ﬂco3(9_¢)—|—v7cose
— | V<0°—= £
Q:ﬂsin(e—;ﬁ)—v—zsin&
E/ — Z V4

By using the Park transformation, the droop method functions become

w=aw —m(Psin@—Qcosb)

E=E —n(Pcos@+Qsinb)

The R —V virtual resistance in a DC microgrid can be see as Q —V droop in an inductive
AC microgrid. The o — P droop is added to synchronize the system.

18-Aug-11
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" Virtual Impedance

Bt Virtual Impedance concept

* Droop control in AC Z,(s) Z5(s)

Vo 1 Clnner loops !
Vv
Voltage Current ||1 .| PWM +UPS |
loop loop ! Inverter i ]
0
|____I________________I____1 _____ 1
: ZD(S) 1
|

_________________________

Reference : E P/Q :
1

generator 1 | Calculation and droop :

Esin(wt) |je @ control |

1

1

Objective: fix the output impedance
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Virtual Impedance

Soft-start operation

Initial PLL error

< Grid w
Output impedance

A

7 | Z(t)

> 1

Lo = Loy + (Lo, —Lpr) e

The virtual output impedance is a control variable.

Increasing the output impedance can reduce the initial current peak at the connection

18-Aug-11
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Virtual Impedance
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4 DG units microgrid

Distributed UPS inverters

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

prpa ] F'_-------- N .‘ L T -t
UPSHIY i UPs #2 i UPSH3 )
i H

Reg(s)+

Ry s+

!
:
[vv‘r i
1

.

Distributed loads

Before the connection,

a PLL have to synchronize the DG with the MG.

Hot-swap capability

e

edances

H H Common ac bus

lo1 (A)

02 (&)

Virtual impedance

0.8 1 1.2 14 16 18 2

,,M««.v-.wl'l"\"."ﬂl{L’\d%'wﬁffﬁwrllﬁwljﬁww

06

DTB 1 1i2 1?4 1?5 1i8 2
time (s)
Output currents

A the connection the virtual impedance is high to reduce the initial current peak.

This capability allow us to connect DGs without stop the microgrid, for

mantainance reasons.
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S Low voltage ride-though
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Q 4

Low voltage ride-through

Reactive power control of a grid-connected DG.

_|_
Capacitive load | Inductive load N E ﬁRL
—TQ ;
_Qnom Qnom

Trade-off during voltage dips: 1) voltage follower (Q=0) 2) stiff voltage source (Q high)

18-Aug-11
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Low voltage ride-though

= Reactive power

¢ Low voltage ride-through

ontrol of a grid-co

ected DG.
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& e, Low voltage ride-though

Low voltage ride-through

Reactive power control of a grid-connected DG.

3 Ty

Active power remains constant (to the load). Reactive power is injected to mantain the
voltage inside the droop characteristic.




UN, . .

& Hierarchical control
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Hierarchical
Control
Principle
Import/export power
Restoration/Syncro. 4y rate); 1¢:)]
Inner loops

(droop,softstart) imary Control

Enterprise Software Solution for Power Systems
18-Aug-11

31




Hierarchical control

Droop control for three phase VSls

I°LPF. [V Iy Vel
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Hierarchical control

W, =Rl ~ oL
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Current P +
Resonant Controller

T

Voltage P +
Resonant Controller
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—Z_(9)I,
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o ., Secondary Control

Islanding microgrids

* Grid-connected microgrids operate synchronized with the grid
* Islanded microgrids:

=  Frequency and amplitudes are load-dependent
* Secondary control can contribute to:

=  Frequency restoration

= Amplitude regulation

=  Power quality (harmonics and unbalance compensation)

Energy management system can be used to:
 Load shedding

* Regulation of the generator’s consumption
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o* ((‘« Secondary Control in Electric Power Systems

Grid

i
I

Power
Controller

Power |
Controller

This area consists of DG’s with the
droop control. In island mode the
frequency can droop down!
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Secondary Control in Electric Power Systems

50.050 (-

fo=50010 ¢
f'l
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Source: UCTE. A1l — Appendix 1: Load-Frequency Control and Performance
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& Secondary Control for Microgrids
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Oep .
Secondary control action
f a
f
Permanent _ | Temporary Secondary
dropin [ Permanent dropin Tof % = response
frequency [*"""" " e increase in frequency [7°°° T Permanent
Brimary ¥ generation Primary =~ increase in
response g : response ; . ti
. 4_, : generation
— H n : P - » : P
Pscheduled Pref Pmax |:)scheduled Pref PmaX
a) b)
No secondary control Using secondary control
Primary control ensures P sharing by drooping the frequency
Secondary control:
* Restore the nominal frequency
* Cannot work localy, it needs to be centralized.
18-Aug-11
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) Secondary Control for Microgrids
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Secondary control Implementation

( )
v | Ene P
L measurements
————————————————— . V,
Low bandwidth . : 17 Inner loops !
communications P/Q Reference || 'ef | Voltage - Current J" E&'}g
N [® Droop [P| generator > loop loop " nverter U
VCL)MG r~ b control E sin(wt) - T___: IOI M
|
(f>_> G, P Zp(s)
® + D C
+ ! i : -
-~/ Primary control Virtual impedance r
* A,
(0} MG S 0
o g
= MG r
E o = S marioopst |
e SE v { nnerfoops 1 ° |
. Ge(s) P/Q Reference || T¢I 1 Voltage . Current J" Emg d
_/ > Droop generator JI'P |oop |00p 1 Inverter f
Frequency &\oltage control Esmwt) Y11 __ T . i
i (0]
restoration loop Zy(s)
Secondary control ) Primary control Virtual impedance

Secondary control is located in the Microgrid Central Controller measure frequency and
voltage. The output of the control is send through communications to adjust the reference
of the local primary controllers (droops).

18-Aug-11




o((‘ Microgrid synchronization with the grid

2001
n_..

=200 1

—400 -

3.0 0.1

Wl #1:2 VR1 (Labels

l#1:1 VgR {Labels

3.0 0.1 0.2 0.3 0.4 0.5 0.5 0.7 0.8 0.8 1.0

Ml #1:1 emorsynch (Labels/emorsynch)

Synchronization is not necessary to be fast. Slow (to avoid unstability problems) but
well accurate (allowing seamless transition to grid-connected mode).
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Tertiary Control
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Tertiary control for AC microgrids
e Terciary control and synchronization control loops implementation

Distributed synchronization loop

P/ =
Gr% | .
calculation Synchron. v Lo
5 l | loop Pl <—Freezmg§
G ' :
. , - a— | In islanded
In grid connected mode | p: B grid connected > Ao, mode
P and Q from the MG to 'O_' Plp lsland] e+ @ secondary
. o= [ —e
the grid can be Q "™ E_ secondary | (ontrol fixes
. * — H n r I
controlled by tertlarly Qs + - grid connected — Tl S frequency and
control. 7 = g Island] 7% Eve amplitude of
Tertiary control ) ~ the MG.
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S Tertiary Control
(X

L
pA 80

Q 4

Tertiary control for AC microgrids

Low voltage ride-trough of the Microgrid

Freezing or disconnecting the integral term of the E —
Q tertiary control.

The Microgrid will work like a STATCOM

V

1.

Microgrid

18-Aug-11
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Microgrid example
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Islanding detection

frequency (Hz)

501

50 05

50

49 95

49 9

49 85

49 8

49.T5

49.F

___________________

_____________________

RS Voltage

230

225

220

205

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

...........

200 i

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

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

...........

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

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

Non-planning
Islanding

Islanding detection

STS open (protection)
Q integrators
disconnected
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Smart-Grids
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Q 3

Microgrids interconnection

Tertiary SG
Secondary SG

Primary SG/Tertiary Cluster
Secondary Cluster

+
ot

OStlffgrld

Primary Cluster
Tertiary -

Secondary

Primary

Q-{DPCC#Z

DG#3

Primary

DG#4
5
Primary

Clusterl

18-Aug-11

. Clusterll
J N




UN
(<} /
< g

Power Quality in Microgri
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Ao 4-* Mi id Load Non-linear
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Fuelcell  Source i 4 4:3‘ lﬁ} 1y § near
L ‘ﬁ} Bus f VLoad
T V i
c1—™ ™ PWM PWM 4T "c1
PV i t 4 Utility
i ‘I:} Intermediate 3l UPQC Controller . Connection
i Supply Bus UPQC “gag Bus
Utilit
Battery — @ Yy
__II__: {'} Utility
ﬁ L ﬁ g* Inverters
VS 1 and Loads
Vi—{pwm | [Pwm [+ I
t t oy
UPLC Controller IL
P— Upic  —Q’
Advanced Active Filtering in a Single Phase High Frequency AC Microgrid - Sudipta Chakraborty
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Power Quality in Microgrids

A118®

@

Q 4

Droop control allows P and
Q sharing, averaged over the
fundamental frequency.

It is not able to guarantee
harmonic current sharing!

Power Triangle

Displacement

Power Factor = Cos @ Reactive
A g| Power =
) c Vx ’Reacl

@ A

Real Power =V x I

D=S8*-P -0

Harmonic current sharing

Inverter
E— V'S o
L + 1
— C= v,
Ar 0 ﬁk A g
..................................................................................... oo pore
PWM A/D
Inner loops |VO Iy
[ PLL
. P -
Calculation |1g= ‘: < \ O «
)
Vref L o
Y 03
J JT N QT

18-Aug-11

45




@

Q

-

4
4

Q

UN,

0({“’@.@ Power Quality in Microgrids

-

Harmonics current sharing

* Control objective: Harmonic current sharing
proportional to the nominal DG power.

* Trade off: harmonic current sharing/voltage THD

i

f\
=

=5

}>

Sy sy

o
)\
A J\“U\

Voo Vo
Vop N
V v

==

gﬁ\
5

Source: Y. E. Wu
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Power Quality in Microgrids

Harmonics current sharing

|L__________________I1 IL________________Trl
| |
| E11¢1 ZOl :' ZLinel 0 ZLine2 : ZOZ EZZ¢2 :I
| I VZO I L
(DT L)
: I ) I/, |:

| | |
L _Dbes N ﬂzmad l,, \___DG#2 |

For Z;; ., # Z;;,.,, harmonic current sharing is not possible
Harmonic virtual impedance can enhance sharing

Zh =Vh/lh
Trade off V;,p and harmonic current sharing.
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Droop control

Virtual Output Impedance with harmonic current sharing loop

G,(s)

P&Q
calculation

Q

= r D

()

A 4

Voltage | v,
Reference

o

>

Virtual output impedance loop 4

+
E*

- Gyls) ™ E ) z, ]_[ J\_}

" )
Vol i
—> i;zge C‘ir;%l;\joo Inverter
E-sin( wt) Vol P

v~

A

BPF

Harmonic current sharing loop

Inverter #i

Selective harmonic selection: fundamental and each of the harmonics can

have different output impedance.

v
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o « Harmonic current sharing

GNMFQ

: 2k,s”
H,(s) = 2k Zy(s) =1L, =

s - 5 2 2
s*+2k;s+ @’ "+ 2ks + o
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0 / N\
/ﬂs 11
—~ -20 t \ |
g o AN
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E -60 — S~ I L—é”:>¢ -
= I I T 1 01
g © I | .
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-100-— | e 1
10 10° 10*
Frequency (rad/sec)

18-Aug-11




o Wy

mf({‘«% Power Quality in Microgrids

o « Harmonic current sharing

Fundamental

|~ | — @
—_— WV, 148 -—
L e L The
Whole frequency range
v ] o,

7,
S-EE— - E-EO
— .

7. Harmonics

|
ML¢ Vi, h
I /, .
v gjhh
TNV ; INV2

-————- load ===

| Veo1 b Ry | | Rn Vcnz,::
']!  — M i!'
L 8.h | L Bzh_ _

Parallel Control of the UPS Inverters With Frequency-dependent Droop Scheme
S. J. Chiang and J. M. Chang
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Droop method with virtual output impedance and selective harmonic

' Band-pass Wireless power-sharing controller
filters bank TMS320C6711 DSP board

Ry 2sky,
524 2k, s +112@?

n harmonic

Ry 25k, j Harmonic power-sharing loop
52+ 2kys + 30? ;

i —— Resistive virtual impedance loop
R, - +—\:|—

RD fo

4

II‘IIII-.IIII‘IIIIll..l.llll....ll‘llll.l‘%

Q-sharing loop

|

S+

v,” = Esin(a)

B NN NN NN NN EE NN RN NN

DSP implementation is appropriate for the multi-loop droop framework
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OeNMA‘,j-
Droop method for resistive output impedance
Stopped 3 2005705719 22:22:43 Stopped 3 2005705419 222353
CH1=2v & CHz=2v : : . Bms/div CH1=5Y : CH2s5V : : . Bms/div
DC 100:1 : pDC 100:1 : : : © o (5msydiv) DC 100:1 : DC 100:1 : : : © o (Bmsydiv)
TR T NORMZOOKS/s | | s RO,
Fracel= Rm?s 1.é||;:;|\|r : : : =Trace?1= Rm?s 2.5?;39\! avg —23!?].9m\|"
1022y ¢ SAmy : : =Trace2= Rms  2.860V @  Avg 248.0mV @ o
: - i e
CHZ V/DIV | : : : : v/ D5wv
YAR
(a) (b)
(a) Nonlinear load, Y: 2 A/div, X: 5 ms/div;
(b) Resistive // nonlineal load, Y: 10 A/div, X: 5 ms/div.
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Voltage harmonic reduction by using current harmonics
injection
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®enmat”  Decentralized voltage harmonic reduction in an islanded
microgrid
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®enmnae”  Decentralized voltage harmonic reduction in an
islanded microgrid

Before Compensation After Compensation
THD% 5t %% 7" % THD% 5t %% 7 %
Voltage DG1 3.8 2.9 2.0 1.2 0.6 0.5
DG2 2.9 2.1 15 11 0.5 0.4
Load 5.3 4.2 2.8 3.2 2.3 2.0
Current DG1 58.6 53.7 229 87.6 75.2 44.1
DG2 45.8 415 18.8 445 38.1 22.5
Load 52.2 45.6 20.9 66.1 56.7 333

400

T

=]

Load Voltage (V)
(=)

=]

-200 -

-300

-400 L L
0.25 0.3 0.35 0.4

Time (zec)
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®enmnt”  Secondary control for voltage harmonic distribution
in islanded microgrids
AC Bus Non
DGH#1 * ?“F_Lﬂ Linear Load
i 1002
' 84uH Secondary Control
dq a,BF_ —ow oth % A Harmonic
P PLL “ dg Deadband Controller
-
DG#2 [ V.| 1 HGw(s)
, 7 | _5a) -
O_ \/\/\/\/_ 5% Harmonic
af _ e
A S0 7t" Harmonic

4 Low Bandwidth

Communications
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s, S€condary control for voltage harmonic compensation in
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islanded Microgrids

5
p A 80
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DG Power Stage
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It | o~~~ a
PG
Iob | Zf V.
0 : A~ b Point of Common
i Z Coupling (PCC)
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I LPF
__aEC_ ______ _abe, g
[ pLL [Z r >
-5 7
\/ V7 LBCL Secondary Controller
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DG local controller (primary level)
| Labc Voanc 'oabe
Gate Signals w
m io
! ap
@E | Powers Calculation
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Virtual |«

‘ abc B Impedance
Loop |+
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Test system for secondary harmonic compensation

Nonlinear
Load

L|;near i
Load

z z
1 PCC (2
Zn Zpp
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Zn 2y
AN Y I o
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Secondary control for voltage harmonic compensation

(a) Before amplitude restoration and harmonic compensation

300
200f
= 100 /A \/\ﬂ \\/\f Y
8 o/ / I \ /\ \#\/\—
£ 400 VIAVA/AVI\VAVAVIAVA
200 A A AAAAA
300 VoV V

194 195 196 1.97 198 199 2
Time [s]

(b) After amplitude restoration (no harmonic compensation)

300 A A VAN AWAN

20
B AVATARYIINAVATATA

Pl IERINEEN

P VAVAVIVAVAVAVAVAY,

3.44 3.45 346 3.47 3.48 3.49 35
Time [s]

—L |

Vpce [V]

(c) After amplitude restoration and harmonic compensation

IASUSSURE

R AW IWAAW WATAW /WA
PR AVILVAVRVINVATRVILVA!
ool
ool WAVAWAWAVAW/ WAVVA,

\v4

[

Vpce [V]

544 545 546 547 548 549 55
Time [s]
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S%enunet  Voltage unbalance definition

Voltage unbalance factor (UF) is considered as the index of unbalance.
UF can be defined as follows:

— +
WhereVCaﬂ,rms and VC of,rms &€ IMS values of negative and positive

sequences of the DG output voltage.
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o ¢« Unbalance compensation for a grid-connected DG
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S%evunet  Decentralized unbalance compensation for a microgrid
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o « Decentralized unbalance compensation for a microgrid

Unsymmetrical line

Voltage after and before compensation
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4 « Secondary control for unbalance compensation in

islanded Microgrids
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e BEFORE COMPENSATION AFTER COMPENSATION
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Three-phase voltage waveforms
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o M Conclusions

* Voltage harmonics in microgrids can be reduced by injecting current harmonic
or adjusting harmonic voltage in the DG terminals

e Secondary control can be used to close the loop of the harmonic voltage
compensation in the microgrid

e Tertiary control can be used to reduce the current harmonics injected by the
microgrid to the grid

A ponderated trade off between the secondary and tertiary controls have to be
designed

* Unbalances in microgrids can be reduced by injecting a voltage negative
sequence in the DG proportional to Q negative sequence

e Secondary control and tertiary control for unbalance compensation can be
used for islanding and grid-connected microgrids.

e Reactive power have to be limited and ponderated for harmonics and
unbalance compensation.
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Distributed Energy Storage in Microgrids

Adaptive droop control:

DC: V=V* - (k/SoC)lo

AC: o=0* - (k/SoC)P

Extended Kalman Fiters are used to obtain the SoC of the batteries.
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