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ABSTRACT

This research proposes the two-level hierarchical scheme which consists of wide area centralized

and local controls of the power oscillation damper (POD) equipped with the doubly-fed induction
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P DFIGi npd — F priGia T (npd — DdDF!Gi (235)
Tasit  nd Av 1IUVD DFIG
npd Ao T1OUYBIYAMIHITUYY DFIG

d pry; 10 HAANTINVIIOYNTIAVAN P,

gamoluaumsi - (2.33) T,, AannwosvoaamundIn [ e I=1,..,ntd uay
Y

S Y 1 a  owoA
annsaeu ey lugvesoynsumundinaall

(2.36)
Taof  ntd Ao SuIUE
de ﬁ'ﬂ A
b4
Tuaang o ladatl
(2.37)
Ay )
AL m L/ RS Y vasgns UAS Voo o
. 9 . A )}
AIUAAY) 2107 ‘F‘;-q Ay
VRGREGID ofed-loop system
matrix: 4, ) 1i/9 MY se
laquesst U, m1lann
N e (2.38)
O-m,sc + wm,sc
5 . o £
nntua v dwsadonldan
Yoo = |+ G XK () + KL ()| (2.39)

Tagh G, (s) uaz K. (s) Aogamsihnuii se laques G(s) uaz K.(s) muaau

S a = Yo w v - = Y ' ) v v v
wnansiiluenansianulidmsunisidanunenisiinyvingu ldeygaliilulddssleviaunism

Lidnsallagnsdu dnvivhuiilvidaudasion uavdesesdediadiveaenaisynasaninisiluly
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=) 1

O, W0 w,  AD d7U339 uazduiuanmvedlomung A flnuenisunde m

nt,sc¢ n,se

AUa1A L

= o

S aq 9 min "o B
Tunudsetam@ld 4™ uag ¢ Aofmgauazgagaund Voo HAE C, . AINAAL

o " m,sc

min

Ve = minimum(%o,sc )

max b (2‘40)

(m = maXImum(Cm,sc)
a a 1 - r 1
Elumsamswm*rnﬂﬁ CuAaLI T 1A uAIN U gaganendn T
GIATERY M fiadga vl

falinimaniaszning

(2.41)
(2.42)
max¥
7;\3},’&
T ax
& = ' ar
e RE uay RE, annsamldninmsiinisanaives Copee MAL Vo gpee AU
RF[ . ,Y;“;" /FYoo,sper:
(2.43)

RF2 = Cspec' / J:mx

~ 1 Ao i o w
Tagi Copec W10 flo ANMuUAYD ¢ a4 muaay

’Yoo,sp ec

os fio 11U THuAMTUATINAINTT 5% (0S = 6 Tnua)

wnanstluenarsnanulidmsunisldnuionisnwirinuu ldeygslmihluldusslemisnunisen

Lidnsallagnsdu dnvivhuiilvidaudasion uavdesesdediadiveaenaisynasaninisiluly
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K™ oz K™ fia e uazgagavessanuey K, sk,
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T wag T fle Adige tazigagavesrneivesna 7, . uaz 7, ,,
Y

=) @ 1

RE uay RE, fo @1019iWiinuoamauusn Lagmoanaadved (2.37) auaal

mmmzvesruladun ingszaan (2.41) Tavatiiaoo (Firefly algorithm) [23] &414

nanluiiedosdall

2.4.4 I5Hiavioy (Firefly algorithm)

sy a g g a = = a a

ATMININeY [23] W5pdanoin W}%q
. X - :
MaeuNHIZaY e uum WHT e

. 4= . y .
Fmsaldlumamhaen iumumtfaeuy ilihad oo 4] B¢l
:"gy
~ 1 o - T
AnITneALLY enctic-atgosithiny :”lfi GLN Part 251, [26]
P oo [d AP2YE NN v e
AU ngnavge Taeanosases Avoalagun

(2.44)

TEUTNITE

(2.45)

ada 9

1 3y '
iasnnisrartos Idszgndldlumsmmaeuvesaums (2.41) sadusdumia x, uag

3
x, Tdsznoudromisiiinofves POD uaz PSS amnsnuen ladatl

. cont,v cont.v cont,v cont,v cont,v T
xv - [Kslabc.smb[. jl-;C."IL T:?C,ZL T;C..’»L T:HZ'AL ]((nkr)xl)

(2.46)
' t, 3 A nt w T
X, = [K.ffa'éi:"fmu T;g':LW 7?3"5[" Tfé’f';f T4Ct‘:’,4r. ]((nkr)xl)
Taoh o,  feansidmesnldlumsgy

=1 L] 1 1 =
rand B MFUTTNIN0 DA 1
wnansihluenarsianulidwsunisldnuiiensfnwmintu ldeugaliiluldusslosisunisd

Lidnsallagnsdu dnnainudlvidaudasilon uagdesdsdadiadvasenarsynasainisiiluly
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B, femanwdgefidunis £ =0

€ fio mdulszinimsganiuue

X, fedurialnives x,

r, Ao ssszmesevieiiodes v ez witdumia x, uay x, awdwey

A J a o o 1 ! @ o ]

x,. WAz x, Ao Mwndmesiumie z ¥od POD ¥ie PSS fiasaruduiaved
X, Uag x, AuaALY

o 9 M oA 1 = Zd o ' o

AIM0Y v Iag w 1D ABAIWITIUABTNALHUY X, 1Az X, MudIAll

o 9 :{ a ar
108 conr A0 POD W3 PSS Mivinzay (51unelurade 3.2)

nkt ﬁﬁ) TM'JMW'ITIM@'IEJSWQWMQVWIENﬂ'l?"rﬂﬂ'lcl.ﬁl‘lfiﬁﬂuﬁil

S a = Yo w v - = Y ' ) v v v
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aoenalaq Areaums (2.45)
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51/ 2.10 Flow chart %0435 10
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Y o ]
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Centralized
POD and
PSS = z =] (=335

w
=N

------------------------------------------------------------------------- "--—.&."—‘ﬂ.-‘..------n-----n---
«--p Wide-grea controbsignal”==--» Suitable gutpat signal
<-=p [ ocal control-signal = Transformer

51 3u'5g111) New England TEEE, 39 bu§ A4 tun)efinm

3.1 szuunlylumsanen

¥
aw A

Taymmsundaluauised 18711520 New England TEEE-39 bus [27] Fanansdagl
fi 3.1 @0 Base 100 MVA 60 Hz luszuuiiinsostuiialiihdadania sG1-sGo fisrandlas
wusiaesdudud dw sGlo ihmihidhusdestuiiallihddedsdaaniiosgeiigalu
svuv inseaduiia liih3eTanda SG1-SG10 18AARITEAL Turbine governor TEEE type IT 1A
Automatic voltage regulator TEEE type III [14], [15] Lﬁ‘alﬂumimmnmmﬁ ua:ﬂumqé’uma&

s2UU auEay uenniasessutia Wi mitenimsinuayriadeuseania DFIG
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a & a 4 1

HazAATIEHADETAINNA IR (Small-signal stability analysis: SSSA) 1ﬁasﬂmmwma az Tuuams

'
UAI9YDITEUVL
¥

a3 AnsIzr SSSA Tauaasdan1s19f 3.2 Tuszuuilil leinuing (Bigenvalue) Fansaiy
4 1 v
Truanisundananua 9 Tuuanauls (eglusaniud 0.2-2.0Hz) 18isoonilu Truan1suni
& o ; W
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oscillation modes ~ 0.2-0.8 Hz) A0 Tvun 7-0 :1nMan1s i 121 SSSA 1ed ld Tnuamsuniadi 3 4
67 1az 8 HAIAUNLI () AN 5% c??a“lmwu‘iﬁ”ﬂf’:“lﬁﬂgaTwmﬂﬁuﬂiamdwﬁ‘[ﬂﬂ%"ifﬁ'ms
Geomeltric controllability and observability [27-30] "Tnﬂiwzﬁtﬁamﬁmwﬂeﬁmmmnsum DFIG tiag
SG ez 19niansunteves nuamani 1ded1eiils dntaa m%m?}mﬁ’uﬁtgmuml%uwﬂﬁ
minzauEeia Tag PMUs 180 POD we4 DFIG ag PSS 484 SG #a'ldaT1nesluidadesdaly

a d 4
3.2 M3@eNduNA tazMuANMINz A

@ o i . a { EY
WAIDINNT Linearization $UaUN15 (2.1) ilﬁﬁuﬂi?ﬁi‘ﬁ SSSA ‘U@di&’ﬂﬂﬁl“ﬁﬂuﬂﬁﬁﬂﬂ“m'}
1 ¥ o & o 1 a 3’; - o @ A& o o
a1 lavhmsidendniadnda POD wag PSS itminzaud msy DFIG uag SG IMoianasnin
dl o 1 .:; o —A = n va e
wmsaﬂuiwmﬂmmmwau% Tﬂamtmummmzﬁu‘um BEIG LAY SG 1@]Wﬂ13m11ﬂﬂﬁﬁ
. r i © n o= 3’; { 1 Y o
Geometric measure of controllability e taehimiaRe Ay POD way PSSz auudl ae lu'lav
A o @ = MR #»d a 1 Y & W
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5 | £ LW : Vo
Geometric measure/of controllability and ebservability [27-30] wamldaai)

&, (1) =eas(ai(y, \Be)) = lm ” ”BT” (3.47)

; |G
gah(m) N Cos(n(quﬂch)) > 2:,
2alic, |
Taoi 8., (m) Ao AT T0 T ATINIURN(Geometric'measure of controllability)
=] : aye
g, (m) A ANt aluasue i (Geometric measute\of observability)
A @ A = <5 &
B, AD van g Y0I0UMILAT N B
C, fio U0 A VeusINHALATAH-C
A A i . v s 9
b, uaz ¥, Av lonunnmeiNIau (Right eigenvector) tag lotnunnmoInaae(Left
eigenvector) Y94 IHUANTUANN m AINEIAL
cos(a(1,,, B, ) AD yuse gnialenunninesmadheves Tnuamsundsit m uas B,
1 a ' |
cos(n(¢,,C,)) flo 3411szmw"lamunmmsmw’maaTﬂmmmmaﬁ m Wag C,

| | wag || | fle Arduysel uazAlszsuwngada addy (Modulus and Euclidean norms

of matrix)
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H = d
M3199 3.3 HANTIATIZH Geometric measure of controllability

Geometric measure of controllability g, ()

(=3

THuanNITUNI m
- 3 6 7 8 9
msoariia Wi

SG1 0.0153 | 0.0784 | 0.1508 | 0.0074 | 0.0823 | 0.0669
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SG3 0.0124 | 0.0279 | 0.0998 | 0.1205 | 0.0623 | 0.1518
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SGS5 0:2579 0.2472 0.'3‘041 0.0529 | 0.0060 | 0.0240
SGb6 0.0081°\\0.0508 /0.0526 | 0.0514%| 0.0778 | 0.0514
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SG9 01808 #{ 00420012229 |-D.1864,0:1062, | 0.0088
W1 0.0004 |.0:0L39 '[-0.1572 [10.0062°].0.0582 | 0.2881
W2 0.02386 |0:0596 [\0,0801 1 0.0166 10.1224 | 0.2664
W3 0.0294 10,0566, 10.0820_4 00165 9/ 0. 1223 [10.2661
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o gl i
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D

10 20 30 40
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H a a . o
gﬂﬁ 3.2 HAN1TAATIZH Geometric measure of observability

() Tnua 3 () Tnua 4 (@) Tnua 6 (3) Tvua 7 () Tvua 8 waz (1) 11ua 9
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3.3 HAMINATIUAINILAN
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Power System Oscillations Damping by Robust Decentralized DFIG

Wind Turbines

Tossaporn Surinkaew' and Issarachai Ngamroo*

Abstract — This paper deals with the modified modeling of PV system based on the PSCAD/EMTDC
and optimal control method of customer voltages in real distribution system interconnected with the
photovoltaic (PV) systems. In order to analyze voltage variation characteristics, the specific modeling
of PV system which contains the theory of d-g.transformationg.current-control algorithm and
sinusoidal PWM method is being requiréd. However, the conventional modeling of PV system can
only perform the modeling’of small-scale active power of less than 60 [kW], Therefore, this paper
presents a modified modeling that can pecform the large-scale active power of moregthan | [MW]. And
also, this paper proposes the optimal operation, method of step voltage regulator (SWR)'in order to
solve the voltage variation problem When_the PV.\systéms afe intereoninected with the'distribution
feeders. Fromythe/simulation results, it i§ confirmed that this paper is-efféctive tool for voltage analysis
in distribution system with PV systems.

Keywords: PV system, distribution system, PSCAD/EMTDC,, d-q transformation, Current-control
algorithim, Step voltageregulator, Voltage regulation

1. Introduction

It is well known that the advantage of power system
interconnection is the augmefitation of system reliability
economics and security( ete, _However, the <inevitable
problem in longitudinal interconnected power systems.-is
the low frequency intef-arca oseillation with poor damping
[1]. Under the heavy“power. flow condition and weak tie-
line, the inter-area oSeillation mode may be unstable.
Moreover, when the severe short Girénits occur ip-the
system, the inter-area oscillation may cause|the, system
instability. To damp out the isiter-area oseillation, the powen
system stabilizer (P8S) hasbeen'successfully applied {2,
3]. Nevertheless, the PSSumay cause the negatiye impact
to the voltage control of autematic voltage regulator (AVR)
{41,

At present, the wind genegators have been installed
widely in power systems. In [5], an impact of wind power
integration on generation dispatch in, power systems! ig
investigated. As sharing of wind generations inerease,
they should not only generate electrical power, but.also
contribute other functions. Especially, the damping of
power system oscillation is significantly anticipated. For
instance, the ability of power oscillation damping is
included in the new Spanish grid code for wind power [6].

Among of wind generators, the doubly-fed induction
generator (DFIG) wind turbine has been extensively used
t  Comesponding Author: Dept, of Electrical Engincering, King

Mongkut's Institute  of Technology Ladkrbang, Thailand.
(tsurinkacw(hotmadl com)
*  Dept of Electrical Enginecring, King Mongkut’s Institate of
Technology Ladkrabang, Thailand. (ngamroot@hotmail.com)
Received: August 11, 2013; Accepted: October 13, 2014

[7]. Since the-active and-reactive pewer outputs of DFIG
can, be controlled independently by the.power converters
based" on \vector control {87, flux ‘magnitude and angle
contral  [9),\ the, DFIG can | be |applied. tojstabilize the
pawer_oscillation . The power oscillation damper (POD)
is equipped with the DFIG, wind Awbine with the same
funetion as PSS, The PODs with various inputs such as the
angle 'variation| [4], the slip of DFIG [10] etc., havg been
presented and successfully damp out the power oscillation.
Besides. the PODs _are tuned “in the smallsignal stability
model of the power system'by, particle swarm optimization
[11], bacterial foraging {12] and differential/ evolution
{1350 | that the dynamic performance and fault ride
through, ‘capabilityof DFIG are, improved. In power
systems; however, there aresvarious/ uncertainties e.g.
loading conditions, wind pattems, unpredictable network,
variation of system parameters.and severe disturbances
etc. The PODs proposed insprevious works which have
béen designed “withoutfaking system uncertainties into
account may notsbe abie to handle the system stability.
The'POD with-high robustness against such uncertainties
is'significantly required.

In [14], the robust control design of POD for DFIG has
been proposed. The POD parameters optimization problem
is formulated based on a mixed Hy/H, control using linear
matrix inequalitics (LMI). Simulation results in single
machine infinite bus guarantee that the robusiness and
performance of the proposed POD is superior to the
conventional POD, However, there are some limitations of
the study in [14] as follows.

1) Since the objective of POD design is to stabilize the
local oscillation mode in the single synchronous
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Hierarchical Co-Ordinated Wide Area and Local
Controls of DFIG Wind Turbine and PSS
for Robust Power Oscillation Damping

Tossaporn Surinkaew and Issarachai Ngamroo, Member, IEEE

Abstract—In this paper, the fwo-level hierarchical scheme,
which cousists of wide area centralized and local controls of the
power oscillation damper (POD) installed with the doublysfed
induction generator (DFIG) wind turbine and the power system
stabilizer (PSS) has been proposed for robust power escillation
damping. In the wide area level, the centralized POD and PSS
has received the input signals from synchronized phasor.measuye-
ment units (PMUs). The geometric measiires of controllability and
observability have been applied/to select the suitable DFIG and
synchronous generator (SG) for stabilizing the-target oscitlation
modes, the proper input signals of the centralized POD and PSS,

and the location of PMUs. In the local levely the suitable DFIG-

amd SG have heen equipped with POD. and “PSS, respectively.
In the parameters optimization of POD and| PSS; the practical
issues such as damping performance, controller structure, com=
munication latency, and robustaess againsi system uncértaintics
have been considered, The“controller efficiency and resiliency of
the proposed controller have been evaluated in comparison with
other controllers by eigenvalue analtysis and nonlinear simulation
for a wide range of operating condifions, line outage contingencies,
severe faults, and commumication failure,

Index Terms—-Doubly fed induction generator wind- tarbine,

power system oscillations, power system stabilizer, robust confral,
system uncertainties, wideatea stability control.

[.AINTRODUETION

OWADAYS, a massive inctease in the eneegy consump-

tion not only forces-power systems 10, _operate elose 10,
their stability limits, but also extensively gscalates, the intér-
connection among powet sysiems. These scenarios. may, invoke
undamped power oscillation medes with frequency between.2
and 2.0 Hz, i.e. inter-area and local oscillatory modes [1].,0n
the other hand, large wind farms with the doubly fed indugtion
generator (DFIG) have been vastly insialled in powersystens
due to practical benefits suchias low installation cost, and
controllability of output power [2].

Nevertheless, the high penetrationvof DFIG wind farms
in power systems may adversely impact on,thesdamping of
oscillation modes due to the reduction of systemwinertia, the
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interaction among DFIG converter controls, the less synchro-
nized coupling. and the displacement of synchronous genera-
tors (SGs) f3)=These situations cause the complicated power
oscillations preblem which may lead to wide area blackouts.
Under these scenanios“the cenventional power system stabi-
lizer (PSS) may not be able tothandle the power oscillations [4].
To augment_the PSS effect, the caordinated power oscillation
damper(POD) isstgmificantly anticipated.

Recently, the-DEIG wind turbine which is equipped with the
POD has been applied 1o suppress the power oscillatons based
on the activeland reactive putput power control of the DFIG
|83 7\ This makes the pessibility of the coordinated control of
POD and PSS for the stabilization of power oscillations. In [8].
the optimized partial eigen-stiiicturg assignment for the design
of the combified PSS and POD fs-proposed. Additionally, the
toordinated POD and PSS considering outpur power variation
is presented.in [4]. The coordinated robust gontrol of the DFIG
wind wrbing and-ihe-PSS for-sabilizalion of power oscilla-

‘tiops-considering systenvuncenainties is proposed in [9]. Study
results indicate that the cootdinaled PO and PSS provide bet-

ter damping, effect than the. individual centrol of POD or PSS.
However. the POD and PSS in these ‘works that use the local
inptit signals may lack the globalebservation of the inter-area
maodes. Aceordingly, the?selection of Stitable input/signals is
highly required F10], [1 1]

To deal with'the inter-area’vscillations{ the wide area stabil-
ily control based on/synchiwomized phaser measurement units
(PMU) hasbeenapplied to the POD design. dn 11], the wide-
area centralized POD.of the DFIG wind fafm with compensa-
tion‘for the communication lateney is proposed. The proposed
POD._can’damp-out power aScillations effectively under var-
tous communication deldys, In [12]. the coordinated control
of DFIGwind power plants with wide-area POD is presented.
Study résalts shaw that thesystemn stability enhancement can be
obtained when multiple wind farms are appropriately controlled
by-thescentralized POD control using wide-area measurement
system. The observer-based state-feedback approach is used
to design the POD. In [13]. the hierarchical wide-area control
of PSS and POD of wind farms, and FACTS devices for the
frequency regulation and the inter-area oscillation damping is
presented. The control strategy of this research shows a good
performance and robustness for different operating conditions
of power systems,

To cope with all issues mentioned above, this paper focuses
on the hierarchical coordinated wide area as well as local
controls of DFIG wind turbine and PSS for robust power

1949-3029 © 2015 IEEE. Personal usc is permitted, but republication/redistribution requires IEEE permission,
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Design of Optimal SMES Controller Considering
SOC and Robustness for Microgrid Stabilization

Issarachai Ngamroo, Member, IEEE. and Sitthidet Vachirasricirikul

Abstract--The microgrid with wind and phofovoltaic (PV)
power sources unavoidably encounters the power fluctuation prob-
lem. To solve this problem, the superconducting magnetic energy
storage (SMES) can be used. Nevertheless, large power fluctuation
from wind and PV sources, and severe system faulis may cause
the overcharge or deep-discharge state of SMES, These abnos-
mal states highly degrade the dynamic performance of the SMES.
To handle these sitnations, this paper concentrates on {he new
SMES power controller design considering state-of-charge (SOC),
robustness, and optimal inductance of the'supercondueting eqil for.
microgrid stabilization. The activé and reactive power coitrollers
of SMES are represented by the proportionat-integral (PI) coutrol.
The SOC deviation control and'the mixed H, /H.. control dre
proposed to optimize the SMES coil inductance and PI parame-
ters. Simulation study is pecformed fo signify tive-cotitrol effect of
the proposed SMES.

Index Terms—Microgrid, power fiactuation, eptimization,
state-of-charge (S0C), superconducting magnetic energy storage
(SMES).

1. “INTRODYCTION

ICROGRIDS with wind add-phoioveliaic{PV) power
M sources have been-anticipated 25 the key components of
the smart grid for serving the remote-areas without gnd coir~
nection [1]. However, the infermittent powesr outputs 6f wind
and PV sources may dégrade the stability of the- miciogrd.
To diminish the power fluetuation, the' superconducting mag-
netic energy storage (SMES) which ¢an quickly exchange an
electrical energy with the system®has been implemented
121, (3].

In [4]-[6], the SMES has been efficiently-adepted to smooth
the power variation in the mierogrid including wind-and PV
sources. In these works, the, state=of-charge (SOE€) is| not yet
investigated in the design of SMES powergontroller. Under the
severe power produced by wind and PV sources, the operation
of SMES may reach the over-charge or deep‘discharge state,
Especially, under the occurrence of shorteircuits/the service life
and technical performance of SMES may be.deteriorated [7]:
To tackle this problem, the authors propose thepowercontroller
design with the SOC deviation control [8]. Nonetheless, to make

Manuscript received Mareh 09, 2016; accepted July 29, 2016. Date of publi-
cation August 02, 2016; date of current version August 11, 2016. This work was
supported by the King Mongkut’s Institute of Technalogy Ladkrabang Rescarch
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the-SMES controller more rohust to various wind and PV power
patterns and faulis it is necessary to consider the robustness in
the SMES/ pawer (ontroller design. Besides, to guarantee the
satisfactory charging and discharging:perations of SMES, the
optimalinduciance of the SMES coilis essentially anticipated.
The aim-of this paper is (o present/the’ new optimal and
fobusteontrol design of the power controller considering SOC,
robustness, and optimal, superconducting coil inductance. The
study systemrariodéling, contré! design method, and simulation
results are explained.

[STUDY MICROGRID AND SMES MODEL

Fig. I shows the study microgrid which consists of a genera-
tor, wind and PV power sources, and a load [4)]. The 3rd-order
imodel is used 1o represent the generator including a governor
and an automatic voltage regulator [9]. The wind and PV gen-
erators are represented by intermittent power sources [10}. To
smooth the power variation, an SMES which is located at bus 3
is applied.

Fig. 2 illustrates a concurrent active and reactive output
power model of the SMES [4]. Kp(s) and K (s) are ac-
tive {P) and reactive (Q) power controllers, respectively. The
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Two-Level Robust Coordinated Stabilizing Control of
PSS and DFIG Wind Turbine for Enhancing Grid
Resiliency

Tossaporn Surinkaew and Issarachai Ngamroo
Department of Electrical Engineering, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand
Emails: tsurinkaew(@hotmail.com, knissara@kmitLac.th

Abstract—Under the disruption of communication” system, the
wide area controller may fail to stabilize power ascillations. As a
result, the power grids may be jeopardized due to the undamped
oscillations. To improve the grid resiliency, a new design method
of the two-level robust coordinafed stabilizing contrel of power
oscillation damper (POD) of wind turbine with. doubly-fed
induction generator (DFIG), and power systémrstabilizer (PSS)
is presented in this paper. Thie two-level control.of POD.and PSS
consists of centralized and local levels. As'the main controllers;
the centralized POD and PSS arc.applicd to damp out poyer
oscillations. When the,/communication failure-occurs, the local
POD and PSS act/as/the backup contrallers to stabilize powen
oscillations instcad (of thesceniralized POD and PSSi.The
geometric measures of controllability and observability -avre
adopted to determine the suitable input signals of POD and PSS,
The structure of POD and PSS is represented by a practicsl.2™-
order lead/lag compensator. The control paramecters of POD
and PSS of each control level are separately. optimized wnder
various operating conditions so that the damping effect and
robustness can be guaranteed. Simulation study is conducted to
show the stabilizing effeet of the proposed contreller on the
enhancement of grid resiliency againsi-Severe short circuirs, line
outages, various power fow levels, wind, speeds, variable
communication latency, and communieation failure.

Index Terms— grid resiliency, doubly-fed induction genevatar
wind turbine, power pscillation damper; power system stabilizer,

I. L INTRODUGTION

Nowadays, power ) grids are-confronted with ' extreme
weather, natural disasters;, sceurity <threats, and-eyber
intrusions. These events 'may. dissupt the communiCation
system of the wide area stabilizing controller. Consequently,
the wide arca controller may, fail to damp®the power
oscillations. This incurs the system instability and catastrophic
events such as wide area blackouts, damage costs, and social
risks ete. To augment the grid resiliency, “the_newssobust
stabilizing control which makes the power grids. less
vulnerable to such events is essentially required [1].

This work was supporied by the King Mongkut's Institute of
Technology Ladkrabang Research Fund no. A118-59-006

Recently,., the “proliferation of wind generators has
extensively escalated, in ‘power grids. Especially, the wind
turbine with doubly fed induction generator (DFIG) which is
able 10 /viéld the ability of outputipower control has drawn
attentions Sigti fieantly, With thetactive and reactive power
output controf, the- DFIG wind turbingwhich is equipped with
the power oscillation damper (POD) can be applied to damp
power systeyoscillations {2}~ The power escillation damping
function not only provides the new application of the DFIG
wind'fturbine, but also.contributes thenew ancillary service to
power systems. Besides, thie DFIG wind turbine with POD can
be coordinated with other stabilizing.devices such as power
system| stabilizer (PSS) and flexible ac transmission systems
(FACTS)devices,

In previous works, the cooperative controbof degentralized
POD ‘and PSS designed by the probability function is
proposed [3] Nonetheless, 'the decentralized eontrollers with
tocal (input| signals may lack the observability“of inter-area
oscillation modes. [n [4], the ¢eatralized POD lof DEIG wind
turbine_based on wide area Signals considering, the variable
communication lateney” is propesed 10 dempeout inter-area
oscillations: In {5], {6]. twe-level control designs of PSS and
POD of thyristor, controlled serieseapacitor (TCSC) based on
wide area signals considering signal transmission delay are
presented. Novertheless, (he communication™failure’ of wide
aréa signals is nol corSidered in [4-6]. To tackle the
eommunication failure problem, two-leyel contfol designs of
centralized ~and) ‘loeal/ controllers of ‘FACTS /devices are
proposed | in (7], [8] Research works“about the two-level
coordinated control “of ' DFIG _wind turbine and other
stabilizing devices considering important issttes in the control
design are significantly anticipated.

This paper focuses ofva new design method of the two-
level robust coordinated stabilizing control of the DFIG wind
turbine-with \POD, ‘and PSS. As the first level control, the
centralized POD and PSS are primarily used to damp power
oscillations..nder the“occurrence of communication failure,
the Tocal POD=and PSS act as the second level control to
eliminate power oscillations. The suitable input signals of both
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Abstract—This  paper /proposes the prototype
development of power gscillation damper (POD) for wind
turbine with doubly fed induction generator (DFIG) by
field programmable gate array (FPGA). The POD structure
is specified as the propertional integral (PT) controller. The
PI parameters are (uned” by the particle swarn
optimization so that the ntegral absolute error.of the'power
oscillation  is | minimum. / Simulatien- studv. by
MATLAB/SimPowerSystems is conduacted to confirm the
effectiveness of the developed POD preototype.

Index Terms—Doubly fed induction | generator wind
turbine, power oscillation damper, field programmable gate
array, particle swvarm optimization.

I "INTRODUCTION

An interconnected power system not only increases power
system reliability but also-benefits economics. Conversely, the
interconnection might cause the inter-area oseillation) problem,
Under heavy power flow and severe faults,/the ‘undamped
power oscillation may eccur and result in the unstable system
[1].

Recently, large amount of wind turbines have-been instatied
in power systems. Especially; a doubly fed induction generator
(DFIG) wind turbine which hasthe abilityof detive and reactive
power output control. This enables the. DFIG wind turbine to
damp out power oscillations by equipping Power Oscillation
Damper (POD). In previous studies [2, 3];a POB is installed in
the DFIG wind turbine to control the output reactivé power so
that the power oscillation can be stabilized. Howeverpin these
studies, the POD design and the evaluation of the POD
performance are conducted by the computer simulation.

This paper proposes a development of POD prototype for the
DFIG wind turbine to stabilize power oscillations by a Field
Programmable Gate Array (FPGA). The FPGA is a widely-
accepted device which is accurate, fast and applicable [4]. In
this study, the POD structure is set as a proportional integral
(PT) controller. Selecting PI paramerers can be carried
out by the optimization based on the minimization of power
oscillations. The test of the POD developed by FPGA is

conducted-under-différent disturbances and compared to the
POD-developediin the Simulink program,

1L "STUDY SYSTEM

Al Testing System

Fig. 1. shows the study.2-area A-machine system [1]. DFIGs
(DFIG, DFIG2) are instakled at bus 12 and bus 13, In this
study, itassumed thatthe power flow in two tie=tines {Pyinc)
between bus Tand'bus9 are in heavy conditiomand the system
disturbances such as fatits-have-beenoecurred. These situations
cause the power/oscillation withypeoer damping."Without any
controller, ‘the ‘system may lead to foss the'synchronism, To
damp ot this system, DFIGsarelused with installation ofPODs
(POD1,POD2). Py is used as'an inputsignal of both PODs
and:_putput signal of these [PODs s FVeoniiand Fpop:
respectively.

B DFIG Strtieture

Fig: 2. depicts the’DFIG wind turbine model consisting of
the gnd side/converter and.the rofor side conyerter. Where, 6,
and @mis pifch-angle aind rotor speed, va, #, ve, id’, i and i." is
voltage and current of phase AyB and C,'va- and vgr are d and q
stator and rotorvoltages, iz, iy, is @nd i, areld and q rotor
currents d and q.reference rotor currents respectively.
Thesstudy results in [2] showthat the control via the rotor

side converter provides/better damping effect on the power
oscillation” than theocontrol via the grid side converter.
Therefore, this study focuses onthe control via the rotor side
converter which_consists_ef a speed control and a voltage
control. In this study;a POD is installed in a voltage control
Toop te control the output reactive power so that the tie line
power oscillation can be stabilized. The POD structure is set as
a PI controller as illustrated in Fig. 3.
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Abstract— Inter-area oscillations are associated with
machines in one part of the system oscillating against machines-in
other parts of the system. They are caused by two or more groups
of machines that are interconnected by weak ties. Tosdamp out
the inter-area oscillations, this paper. proposes the mnew
application of wide area stability control for robust centralized
power oscillation dampers (PODs) design'of doubly-fed induction
generator (DFIG) wind turbines. The POD with~2*-order
lead/lag compensator structure for each DFIG Wwind-turbine is
located at the control center, To stabilize.the target inter-area
mode effectively, the geometric measures of controllability and
observability are used to choose the suitable' DFIG wind turbine
for stabilizing the target oseillation mode, the preper input signal
of POD, and the location of phasor measarement units (PMUs).
The input signal of each POD.is-obtained from PMU while the
output signal is transmitted to the rotor.side converter voltage
controller of DFIG. As a result, the reactive power omtpat of
DFIG can be modulated to-damp out inter-area oscillations, In
the POD par 3 opii ion, the wide range of power
output fevels of DFIGs and-synchronous generators, time defays
due to wide area communication, and. unstructured system
uncertainties model are takew intg account se that the damping of
inter-area modes and the systém robust stability margin against
uncertainties can be guaranteed. Solving’ the prohlem by the
firefly algorithm automatically, the optimal parameters of PODs
can be achieved. The stabilizing performance and robustuess of
the proposed robust centralized POD aré evaluated in the IEEE
New England 39 bus system by eigenvalue analyses and nonlinear:
simulation in scenarigs ‘with $¢vere short ¢ircaits, -1 outage
contingencies, heavy power flows, and line tripping.

Keywords— inter-area oscillations wide area stability_control;
robust control; doubly-fed induction generator; wind turbine

I. INTREDUCTION

Currently, the proliferation of'wind power generation into
power systems greatly increases. By the end of 2020, the
installed wind power capacity in Europe is. about 230 GW [1].
However, the escalating wind power sourees negatively
impact on the inter-area oscillation because of the diminishing
system inertia, the intermittent wind power, and the dynamie
interaction from converter [2]. Moreover, the increasing power
demands and the system interconnections result in the inter-
area oscillation with 0.1-0.8 Hz [3]. The power system
stabilizer (PSS) with local input signal may no longer be able
to deal with these scenarios due to the lack of modal
observability of inter-area oscillation modes in the local signal
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[4]. Additionally, the quality of terminal voltage control of
synchronous‘generator may be deteriorated by the PSS [5].

In the fitture; the wind power generation is anticipated to
contribute ancillary serviceswsuch as frequency and voltage
regulations, / in power systems. Especially, the power
ascillation’damping supported by, wind power generation is
significantly required {6]. Among of wind turbines, DFIG is
gaining prominence due-te-many advantages, e.g. low power
rating of converter and.low installation cest {2]. Particularly,
the' ability, of independent active and reactive power controls
leads ‘to the ‘possibility of ‘power-system Sstabilization. To
implement this concept, the POD can be equipped with the
speed contreller and the voltage conteoller to modulate active
and reactive'power outputs, respectively. The BOD structure is
the sume | as 1 corventional PSS which is a 2™-order lead/lag
compensator with logal input signal. For the POD in the active
power control foop, the phase compensation designs which use
local' vinput), signals./such .ds the rotar/ speed/slip (5], the
electrical stator/ powet [7], have been proposed. ‘On the other
hand, the POD in the reactive power control loop with local
mput_ signals, ‘e.g. the speed of voltage angle {8] has been
presented. Nevertheless, the local“input signals may lack a
good-observation of inter-area oscillation mades, the POD
with tocal input signal may fail to stabilize-the inter-area
oscillations. To“overcome this problem, the wide area signals
obtained |from-PMUs | which)are synchronized by global
pesitioning system (GPS), ean be employed [9].

This paper focuses on ‘the” wide area“robust/centralized
PODs"design'of DFIG wind turbines for'stabilization of inter-
area oscillations, The-centalized PQD structuré is a 2™-order
lead/lag compensator with single.dnput. The controllability and
observability are“used to detcrmine the suitable DFIG and
input signal of POD fofceffectively stabilizing the target
oscillation. mode, The stabilizing signal from POD is added to
the rotorside converter voltage eentroller of DFIG so that the
modulation of reactive’power output can be used to damp out
the oscillation. To_augment the system damping and robust
stability -margin against system uncertainties such as line
outage contingencies and various power flow levels, the POD
parameters are optimized by firefly algorithm considering a
wide range of power outputs of synchronous generators and
DFIGs, and time delays. Simulation study exhibits the
superior stabilizing effect and robustness of the proposed
robust POD over the conventional POD.

18" Power Systems Computation Conference

Wroclaw, Paland - August 18-22, 2014





