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ABSTRACT

This thesis presents robust design for a frequency stabilizer of SMES based on H The
proposed frequency stabilizer of SMES can damp out the frequency oscillation when changes in
active power happen. In addition, there is the advantage in the high robustness as well as in the
good disturbance attenuation performance.  The proposed controller guarantee the higher
stability of system than the conventional controller against uncertainties such as system
parameters variations and changing load with the frequency in the vicinity of the inter-area
oscillation mode (0.2-0.8 Hz). Mathematical models, overlapping decomposition and robust

design based on H y, theory are applied in the design process.
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- dulsanue Af,

\f, (’ ri2 —AnAP, T23)

Ms +D
1 a
fz Mzs +D2 T12 Mzs +D2 T2
(D +Ms)Af2 APpj; —ayAP 5
M,sAf, =—APy, —D,Af, =0, AP 5
p 1 D a
Af, =—X4—2—APT12 ——AiAfz—ﬁ;—APrzs

-aausanue AP, ,,

27 27
APTza =T23(_—S—Af1 +—Afz)

27rT23

2T
APT23 R Afl =

Af,
APT 3= 2”T23Af1 v’ 2”T23Af2

-aanlsamue Af;

Afy = _—_"(aslAme + APy, +APSMES3)

D, + M;s
(D3 +M,s )Afs =ay APp3y + APy + APgps
D,Af; + MyAfy = ay AP, + APy, + APgrss
M, Af, = -D;ANf, +a, APpy, "‘APrza + APy 55
: a
Af ——_A/!_Afs A;l APy, +M3 AP, +

3 3

T
M, M, 12 Ty
1 1

"'"M’;Aprzs +—M:APSMESB

: D a T
Af, = -2 Af, +'_31—("'7_,iAP112 +

= APTZ?’
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(3.9)

(3.10)

(3.11)
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D a a.,T 1 1
ofy =2 ap, 4 Baln ap, | By L AR AP
f M3 f 3 M3T12 Ti2 ( M3T23 M3 J T23 M3 SMES 3
D a.T. 1+a,T,, /T 1
A, ==2Af, + 23LAP .+ 32378 AP +——AP,
f; M3 f; M3 T1 ) T12 ( M3 723 M3 SMES3

(3.12)

nnaumseyRussudui 1 luaumsi (3.8) - (3.12) aunsofvuldegluglves

nsna Ianail
B I O S £ -
Af, M, M, MT,, Af; ]
AP, —2xT,, O1 27rg12 2 0 AP, ,
=] o &= e A 0o | a
Afz M2 M2 1‘42 f2
AP,
APy 5 0 0 27T, 0 —27T,, | Ao
| A5 | 0 _ayly 0 1+a,75, /Ty, Dy | A5 |
L M3T12 M3 M3 a
e LT
M,
0 0 |-
APSMES]
+{ 0 0 AP
O 0 y SMES 3
By S
M3

(3.13)
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322 malszgnalinquimsusnuyuaufeaiu LFC 3 Wil

a A d a i
31]7! 3.3 HAAINITUDINUNAIUNHEYMTUINLVUATUING

a = - ~ <
Wlll'l’li]}J§]ﬂ15lwﬂLI.1J'1Jﬂ'I‘1JlﬂU'ﬂH?I’J‘UﬂYl 3.1 520U 5§ lusumsh (3.13) wnLen

4
ponllusT UYL 2 STUUARII

: I AD a,, +T, IT 1
N A /S 12 31412 WL,
5% f' = M M, g + M, APy
AP 1 1 AP 1
T12 |- 27T, 0 Ti2 0
- T APTIZ
0 0 N 3 0 Afz
+ MT,, A
N B2 97 10 2D T2
Af

(3.14)

uas
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~ _ (T o 2a1, 0 0o 1
AP,
N U O L
AfZ — M2 M2 Mz Afz
AP'TB 0 2aT,, 0 =277y | AP,
Af; _ayTy, 0 l+ayuTy, /Ty Ds Af,
) T\l MT, M, M;
[ T \
0 ~2aT, 0
0
0 0 Af,
+ AP, +
Ol SMES 3 0 0 ':Apm]
M, ) 0 0

(3.15)

’ H ' d ' v 1 '
AU (3.14) waz (3.15) mevdtegluaduiiussuudesionine) uazmeniiey

g LRI JUPN 4 a a4 dyy v ¥
vemaduiluszuudesneaiug anmguimsuenuuumunen Iduaasluiafe 3.1 ssuy
Vo4 o ¢ a nwyq & da P a
deuinumusaunsognondnlaludunsumsesnuuy wanfe ssuvhlFlunmsesnuuuesll

MWIZITUVIBEILINAYT Ataas luaun1sN (3.16)

. D a, +T., /T 1
| A D AABINAL LMD » =~
I: “.f' ]= M, M, I: i ]‘*‘ M, |APg s, (3.16)

Spy - AP AP 1
T12 ~27T,, 0 T12 0
IWag
\%sf 0 2aT;, 0 0 1
Ml [ B aw oy [APm
o 23 B R VA 72 M, &
b2+ Apm 0 2aT,, 0 —2aT,, AP, ,,
Af._,‘ _ a7 0 1+a,,T; /Ty __%_ Af,
L MT, M, M, i 3.17)
C 0
0
+ 0 APSMESS
1
_—Ms_

UM (3.16) 1AL (3.17) BNV APg, WY APg, I0sngegluszuy

v ~ ~ o a =] ¢ o~ a o o 0’: ~
dou 5, uag 5,, Awdwy seuldh 5, WuweSaduuia 2 x 2 Aaiu 5, Juminzay
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b.

{ u = a 1 o 3 <2
fozldlunmseenuuudmmuguiadosammienud SMES MU 1 Auil Seaunsaudan

y

a A o - { 4 9 a
amdssaiFlumsesnuuufimuguiadesnwnunand SMES fifui 1 1aluaumsy

(3.18)
x=Ax+ Bu
(3.18)
y =Cx+Du
Tagit
o, ]
%= = [APg Ly =[]
I:A})T12 SMES 1 1
uag
Dy a4, +T5 /T, .1
4= M M, B=|"m |,C=[t 0]D=0
~24T,, 0 0
minhmsitsufiamguinsunuuuanuney  udaginuuwilsduaadlugli
3.4

AREA 1
ISMES ll AREA 2
Fast Load
Change
AY yA
\

Fast Load
Change

a v A 4 a = o &
zﬂ" 34 “ﬁﬂ‘ifﬂiuquuﬂﬂ'luﬂqtlgﬂ'ﬁuUﬂuUUﬂ’lUlﬂU'Jiuaﬂzﬂ“uunuq

] 1 4
szuu § lusumsi (3.13) segauoneenilusyuudes 2 syuudail
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4 ([ DL antTy /Ty 0o —_lu T-A
Afl M, M, MT, i
5 APT'12 _|{—24T, 0 27T, 0 AP,
Afz 0 - _1__ _l_)l. 9n Af,
| APy | M, M, M, | APr2
\L 0 0 27T, U (3.19)
[_ 1] 0 0
M,
0 0 AP,
+| 0 APy |+ i
0 0 0 Af,
o0 ) 0 -2aT,
(Has
: [ 0 — 27T, 0
S, 3[APT-23] =|{1+ayTy /Ty D, [APT23]+ _ 2 |APggss
Af. oo gt (9
3 B M3 M3 3 M3
# L Af, (3.20)
0 0 27T, 0 AP
*lo _ayl;, 0 .
Af.
’ M, 7
APy

a d & ' A i
MNAUMIA (3.19) 1ag (3.20) mevdieghaduiiiuszuudesusniae uazsmendieg

o 1 i o ¢ A U 4 o o
uﬂﬂ']ﬁlaﬁlﬂu53ﬂu00mﬁﬂ']wuﬁ lﬁﬂf’)ﬂﬂllﬂﬁigﬂnﬂ’JUﬂu 53ﬁﬂﬁﬂﬂlﬁﬂqwu531u15ﬂQﬂUﬂ

@n 14 wafife szuvdevazeglugy

. A D, a, +T5, /Ty, 0
A’.fl M, M,
5 | A | |21 0 24T,
Af, 0 - L - &_
et o 0 272{;
E
M,
+| 0 |APg,
0
0

Has

Ty 1 -
MT, | Y
0 APT]Z
_ a_23_ Af 2
M, LAP T23
0 (3.21)
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~ AP
5py [AP 7.23} ={1+ayT5, /Ty, Dy [ ”3]+ 1 AP s (3.22)
Af3 1\43 M3 Af3

1 o P 14
uaZIBWALINU 1NN (3.21) Uag (3.22) MONUDY AP, 10T APg, 1A

] 1l ~ ~ o w =1 91~ a J o n’;’
Usingeglussuntes 5, uaz 5, muddu wwiu1dh 5, dumaiaduuia 2 x 2 faiy

4
[ Y

~ & 4 o - 4 a4 4
S ps iNmmz’du'nw“l‘l’f"lumsaaﬂunnmmnqmﬂmjimwmammn SMES 14N 3 a3UU

» [
4 o

SeeunsauaamaudessilFlunsesnuuudiniuguiaiossmmnisnnud SMES fiftui 3

1&8luaunisn (3.23)

Xx=Ax+ Bu
(3.23)
y =Cx+Du
Taoi
AP,
X =[ A}:B]’u =[APsmss]=y =[Af3]
IHas
0 —27T,, 0
A=|1+ayTy /T, D, |B= ___l_.,C:[O 11D=0
M, M, M,

4 [ o & H i é H Y
WouNuAMISTImes lua1s e 2.1 a7 qunsh 3.18) Fudluaunisnldeonuuuda

a 4 44 4 : 24 ] v
AILRUIEBEsNINNIANMD SMES Hiufl 1 uazaunish (3.23) Futluaumsildeonuuud

» ¥

AIVAUIADITNINNNAIND SMES Ui 3 anansanans 18 luaunisi (3.24) uag (3.25)

f —0.03 1248437 A -5
Spr :[ A.f‘ ]=[ i ]+[ ]prm (3.24)
AP, | |~0.9990 0 |AP, 0
AP 0 —0.4021T AP, 0
Sppi| P = gl s APgrsy  (3.25)
Af, 21.5729 -0.0333 | Af, —6.6667

v . a & - : 4 °
wazilounua s iiwmes uasen 2.1 asluaunisf (3.13) Fwnuuusiaos

14 ’ ]
LFC 3 WuineugnUszynd ldmgqufimsusnuvuaune urasluaums (3.26)



[ Af, ] [ -0.03 124843
AP, | [-0.9990 0
Af, |=| 0 —59.8802
A})1‘23 0 0
A ] L 0 -82809
-5 0 ]
0 0 |
+| 0 0 APSMI;‘SI
0 0 _APWES:s
| 0 —6.6667]

0
0.9990
—0.4988
0.0402
0

|

—-61.7187
0
-11.9760
0
212.3958

0

0

0
—-0.0402

-0.0333 ]

o

AP T12
&of,
AP, T23
A

-
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(3.26)

VINAUMST (3.24) B9 (3.26) ANNTOUTAANSI ASATIAIUMSUANT) (damping

. ' sd o o 2 Vo ~ "
ratio) tazAMeSIFUAvETOIBIYAGIYA (Maximum overshoot) 1AAIMIT19N 3.11AuMEAT

dumsuandaansomidnnids damp Tultsunsy MATLAB uazaAwlefiGuduesle

J 9 1 o [} o P
nesyagegam Idnamdasndiumsuauiduiasluaumsi (.27)

M, (%) =10 100

(3.27)

Tagh M, (%)dlusalesidudvesleneigageqa uoz ¢ Wumdandaums

lmll‘ﬂ



46

4 1 1 o 1 J 3 o o v
ﬂ'lfN’?I 3.1 UHAAUDIEN ﬂ1ﬂﬂ51ﬁ3uﬂ1illﬂu'ﬂ uﬁxﬂ'lll]ﬂil“]fuﬂ'llGQTOI'J?Ji‘gﬂQ'QfIﬂﬂﬂN

[ 7q ¥ P} -
llazﬂfoTli1.]53Qﬂﬂi‘l’“ﬂqyi;]ﬂ']'ilwﬂllﬂﬂﬂ'llllﬂﬂq

AuMshuan A9 Adasrdaums Anlesidudue
uawd) Tenesyngega
aunsii (3.24) -1.50e-2+ 3.53i 4.25¢-3 98.67
-1.50e-2 - 3.53i 4.25¢-3 98.67
aumsii (3.25) -1.67e-2 + 2.95i 5.66e-3 98.28
-1.67e-2 + 2.95i 5.66¢-3 98.28
aun1s i (3.26) -2.52¢2 +3.27i 7.72¢-3 97.60
-2.5%¢2 - 3.27i 7.72¢-3 97.60
-8.41e-2 1 0
2.14e-1 + 8.40i 2.54e-2 92.33
-2.14e-1 - 8.40i 2.54e-2 92.33

P A o L= = (A sd o 4
vnmsei 3.1 sedlunistudunguinmsuenuumuinvrhnuesiSudveslenes
1 P [ Jq 9 = P P
YAPITAYBITTVUdRtIENIALINAINTUsgnd lamgunmisusnuuua e luaunish
(324) uaz (3.25) fimindifvsiuaulesiaudvesTeneiyagegavesszuuiAn  Aouns
o $ i a v
Uszgnaldmgufnsusnuuunudeiluaunsii 326)  Suilumstuduldhaumma
a ot { ° @
adinenaas luaumsi (3.24) uoz (3.25) annsminniflumseenuuudimuguiadosamw

N19A1UD SMES unuaumsi 3.26) 1a




un"n 4
~ g o o LY o d
Tlt]‘lslQW‘H@'I‘MF;TTVITUﬂ]iﬂﬂﬂ!tﬂﬁﬂ?ﬂ?ﬂﬂﬂiiﬂﬁﬂ

=
IaenguMsMIUANUYY Ho

4.1 Y5z IRYLINQUMIAYUUVY H

1Tl .61, 1981 G. Zames ARAAUFATVOMAURMIAIANUVY Hop Hundausn 3
FumseonuuudaniuguluTannuenud (frequency domain) deinuil af. 1987 B.A.
Francis ld@oumbdeinzinssuanmsfunsisianingy B, fesnuiumsesnupuda
auguiuTamunandisui  udmadialumsesnuuudamuguii dndn lumisdeve

S H a NS - I
B.A. Francis 11 1dn/ouanifaunsSnma (Riccati equation) ¥aimsesnuuylulammves

1787 (time domain) 4MINUNTBNTWARBNITHAIUINITEBNULLAINILAN He THTalmIM

@ 9 < (Y dyd a o o/

unzdadludrunnneasasudanniuil fiv MU3Tvves 1.C. Doyle uazanizluniseanuuuds

¥y
L . 4

aunudwdsiezdsantlasszuyldeglugdinumnasgu GD (Glover Doyle) duilugiuuy

nasguiignAnfdulae K. Glover 1y J.C. Doyle tiazzdeamis y filianioufigaiivhid

px ¥.)<y* Tavi y Wuansseuzlumsasneudyapasuaiunaneusn p(X.Y,)

Husunesenfisgegaues(X.Y,) X, dlusiii ldninmsudaumsSamavesdanaugu

waz Y, dumnldnanmsudaumsinmavesiaduna (observer) a1smaa1 ¥ i ldlag

fmualdt y fisgeneu udraamassu'himutouly p(x.Y.) <y asinhidl ae. 1993

. o o a ] ° o 4 T o o
X.P. Li 482 B.C. Chang l8viuduesanesiy (algerithm) dmsuman y 8d15a37 mld
o ' 1 o 4 o [} °
dsgndanmlumsmidr y ednlsfau msmar ¥ A3smsdedu dalianansodimua
' b 4 b 4 o 3 1 = ng K 9
A1y Temwanudesms anlum y SeiuegiuTaseadnueessuy
aa o a y v O R =i

Fmssonuuuiniuan He Anavundnduimua  dalldnnsanmsnlaou

o [4 1 4 ° a wva ° o a

wlasveamanidiwes Selimingienh 1 lumal§id dededrdalumsldamlumedj

1A SaligimsNeszuuitimslinesidsuntos Suninlull ae. 1990 P.P. Khargonegar

-3 _a W 4 = i e { A A

uazanz ldihmsiteszuuhtimnidinesnldounlas 2 42 s 4, B uldsumlas dadieldh

Fuyasuiianmsesnuuudnugulsed B, Jynuadesamlsvasgnudilanidnitng

3
Ao 1muen (Lyapunov) AniuSsenuisaudllgmdrengquinmsaiuguuuy H,, 14d0 ndenn

ﬁ’l’ ' o o o ' o  d
uu‘lllu']u L. Xie llﬁzﬂﬂlz‘lﬁ’ﬂ'}ﬂ'ﬂnﬁuwuﬁ53"11\1ﬂ'liﬂ'n.lﬂilllUﬂTiﬂﬂﬁllﬁzﬂ‘liﬂ'J'ﬂf}u
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Y g d' a Jﬂ 1 I
WY Hyp TﬂUlm’ﬂ\ﬂﬁL'H'N')'lﬂ'lilﬂﬂﬂu!Ll]ﬂ\i‘“ﬂ\i‘ﬂ'ﬁ'llllﬁﬂﬁl UTIUVDINTAIVAULDU 15

o

a@ wazmIMiameNYeIMIsUAIUNAMoUBARTUEINYBIANIAIANIB H,p tazluns
av yv ° Y 9 1 4
Woetidsannsofmuaaussous lumsaanaunissununnamousn  y  ldasmimeld
a = o o o '
nsifdoumlasveawiniiines  mssenuuudmmuguiilumstleundumaening wazqa
9 =t Y <& o o et o o Y
el af 1994 K. Gu lafnsanfessuuniuguuuuTstad A, flinsilimesynda
i P @ o = o o’o’: ar
nasundos Fszyuaiuguuuy Tsiad Hy, Insilinesveanauaniimua 9 @2 fe 4, B,

B,,C,,Cy. Dy, Dy, Dy W03 Dy,

4.2 myveANULMINILANI TR lAEe N ENERM ANV H

° 3 v Al s v ¢
4.2.1 Yot muatannsoszyldveslaniusaleusevidilavesianruguisianuuy
He
v v 4 " Aa Y o 4 Y o i ay
ludetvznanddedmuanaunsossy ldndwiniissuulidamuauuuy Hy
Su ' LY 4 o
Wanduselouvesssuunoulidaniugulag Sonn Ansumsawlousevnuila (open-
o { o o da
loop transfer function) ttazndesNiszuuiimstleundudlsiniugn Heduawloulas
¥ 1 v
swanuaGund HedduaieTeuseuasila (closed-loop transfer function) Jofmuni
S 1 o
annsoszy lAesdngansinasuniaflendudislsuseunda unumwuaenialvesszuy

awnuloundunaatlugilii 4.1

Ym

4 o @
31 4.1 wamamunwudonvesssuuniuguiloundy

wnglii 41 G(s) Wunwmudiignimualdifuguvialy (generalized plant) y (fiu
Lm'vf‘v!mﬁgﬂﬁ'amﬁ (observed output)  1Hudayaiad1aBe (reference signal) K (s) 1ilusn
ATUAY (controller) u HudaygnainIugy (control input) AN 4 Hudyanusy
AINIINABUBN (disturbance) TBUNAYEY G (s) n dudygnasunufiianndsul

(noise) itoningaves G (s) Handuswlouseurdlanlflunseenuuuiiog 2 Haddudie
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< ana y . P do 1 [ 4
HafFuasuFain (sensitivity function) Fuilufledgumelousewrdann d 1 y awin
P P { aaa. 4 . A
uerasluaumsi 4.1) uasfendunsundnumIsudaIn (complementary function) Faily
s . @ H H 0 o’
Hasdudrolousevrdann » luday awdvandlumumsi @.2) uazwasauvesaifledsu

a a 2 ' -
Tuaums (4.1) uaz 4.2) a2 1l urmSnavilan1iag (unity matrix) awaunisdi (4.3)

I
= 4.1
I1+GK “.D
= GK 4.2)
I1+GK
S +7T =1 4.3)

I ° o ° '
WATUANIZIMIBBNUUUMNNENNIAIUAUUVY Hop szdpsinsilasiieglugy

Y09 G (s) unumwudonves G (s) uanalugiin 4.2

d /ARNe, n v

i
u X vy
|+L 2 + I

L e e e S S S ———

gﬂﬁ 42 UTAAUINUNIHLAONYUDY G (s)

7 42 uandldiunh G () Yszneudan P(s) dhuwadfignsy (nominal
plant) 7, HhiilefSunisaraimiinnginssy (performance weighting function) W, 1iutler
Fumstraimiemsndsuauy it Tnseada (uncertainties weighting function) u,
uazy Lfluﬁ'q;npmmmﬂmmﬂﬁ"au (error signal) Y89 W, uag W, awdau

: . ’

P(s) dlummudvesileiFuswTouseaudafivermsoonuuy  Seezgdaai
minaay W uaz Wy udnhmsudaslagiudinsddiesinsasuiansudwosudu
(linear fractional transformation) 1ﬁaiﬁti‘luwmumugﬂ G (s)

Tunmseonuuy K(s) Bidedmuadmiuileisudiolouseunsida § waz T

AUANNTSN (4.4) uag (4.5)
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1
S(jo) < ———,Vo 4.4
[sG) W, (o)

IT(jw)| < (4.5)

L SR
|WT (]a’)l

422 Wandudwlevvesiaugulsiaduuy H,
o 9 d" [ =S a 9 o v ) o o
luidelisznandsaumsinlduaasilanguais Touvesiniugulstaiuuy  Hy,

o Y o So o @
nmmnsswamﬂuﬂ*\lmﬁan%umﬂeusamﬂﬂ lLN‘Nﬂ']W]Jﬁﬂﬂ‘ﬂ’Jum‘UﬂQﬂ'liﬂ'J‘UﬂllTi

ol uaaslugaldi 43
4% z
—> F———
& |, Ay
i N

4 - o ar
q1lfi 4.3 uanawunmudenia ldvesmsnaugu Tstad

Tuunuamudenialdvesnsniugulstadiuaacluzld - 43 dszneudoudon
G(s) K(s) wozdygnm o uag y amiadeiiumn w dudyanasuniunng
(exogeneous input) ﬁﬁwanizwndeizunmnf]u Falsznoudin d uay n 1u§1J~7; 4.2 uag
z dhueninafignaiuny (controlled output) Fetiszneudae u, uaz v lugulil 4.2 15ud

o =3 A a 1
51N 4.4 ugauRUMIWUABNUBY G (5) magnwmsmmunaamﬂumu

LY
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w + z
> - GZW —»@_:——————»
> Gyw A
~ Gzy
u + X+ | Y
> > Gyu —_’O__>

51U 4.4 HAAILAUNTNDADABY G (s) Lﬁagﬂﬁmmuwﬂaamfludau

Taofi G ifunndaeTeunn w 1w 2
G, Huuaingawlousnw llds y
G,, Wlumaindaolounn o 11 2z
G,, Wumasngawlounn u Tuds y

o o ] o 1 Y
Hansuoe louvosszuudsdueou lddese T
z=G, w+G,u
y= Gyww + Gyuu (4.6)

u=XKy

Handumelousoundasenin z uaz w semldlasunua o =Ky luaums

o o 1 [ 3 - 4
dmSuma y andueeld
y= Gyww+ GWKy 4.7
b4
nasnniudagdaumsdmivm y Indez18daunts (4.8)

y={-G.k)'G,w . @8)
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3 oy é [}
Taod 1 WuninSndnilamioo
dounu y fldasdluu =Ky w2ld
1
u=K(I-G,K)'G,w 4.9)
4 < < ¥ ¥
wazilounuaumsh (4.8) uazaumsi (4.9) asluaums z udaezld

2=G,w+G,K(I-G,K)'G ,w

(4.10)
fuiu aumsoielouseunstlasening z uag w sstiauily
T, =G, +G,k(I-G,K)'G,, @.11)

1 1 i A LY o
Taoit z =T, w aumsowleuseunilai ldGonhddisfursasudansudvesw
& & aa 1 1 s 9 o o
Fu FIITmsmmaumsnis louvoszuunil 2 mudieenawanaslugli 4.3
flammsauny He, dmiugii 4.3 fie desmsmdniugu K(s) dmiuwama
i o v o o o dar ' o 3
G (s) Nl mesueuA (infinity norm) vosfsnduawlousoustla 7,, imdnn y
A J J G’l’
gy Dauiluyin lumsesauuuszuunIugN He Wi dgmimsaiugy Hye unsgi

&
(standard H ., control problem) affe

Find |, |<7 (4.11)

K stabilizin g

o)

E 4
wagilamimIniug He inasguilinsznulumsihhh/ssgndldaussa

Hardudwlon G(s) awnsagaifouliedlusdwainddaunmsii 4.12)

A B, B,
G(s)=|C, 0 D, (4.12)
C, D, O
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] o o LY 4 4 1
ﬂau'mmsfmnumm'mmf]uTsuﬁﬂazﬁ’l’amﬂﬁanszuumm‘q‘auhmm v G(s)

‘DQ
=1,

(4,B,) musogaaiugu’ld (controllable) uaz (C,,4) awsamadiduna
‘14 (observable)
(4,B,) annsavildiadios’]d (stabilizable) Uz (C,,4) annsagnasivaey

14 (detectable)
Dy, [Cl Dy, ] = [0 I]

MK

Taut daun ﬁﬂﬂﬂﬂ!‘ﬂﬁﬂﬂﬂﬂglﬂﬁﬂﬂﬂ“ﬂﬂﬂ (complex conjugate transpose)

wenaniiudr Hdeulvnandiien 2 fo 1fude D, =0 uaz D,, =0uaf
D,, =0 dhilsihuilygmiddey maz D, aunsedaguuuliiiugud1dlaeisamiod
ilsaduiansudvesusuiivaniugy K (s)

Tumsosnunudanugy A,  wesnuuylasldaunsinni Sedanugy H,
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Wszana 1.2 - 5 imRgudednd) aniu Ssaunrsimsfieundudremnauguitaansosili
HandumeTeusoundaiidunuaaasludunrmdaind st mualuaunsi @.4)
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aAuNISN (5.4)

K ) 34s3 +781s% +1379s —157
SMES1 ™ ¢4 11295 +1279s + 24735 +159

(5.4)

derhdaniugy K (s) Alduiduddleunduluszuy fHidudiwlousoullaila

aumoduduanugndssnudefmualuaunts @4 uaz @.5) WWlugin s.4une 5.5



58

10 H T Y E T T
i H 1i
3 i i L, (L s
° AR
TRV LE T
sl N - i)
\ s
. e i evcrapEbtgTerey - some ;
%@‘YS e 141 i % irubetion €S) H
251 h il -~ 3
£0 o
’35 - _' % z —d
!
16% 10" 10° 10' 16°

e seby

X o’ 3 a1
31 5.4 namanamstudunnugndssmuiton Tvvesaunis (4.4) Tumsesnuuuilsndueie

Tousoustlavesaunisi (3.18)

TTITIW T
Pisy H
40 ez rerer crdrrir ;" bk i 8. = i A
: ‘ --,..\“\MM
ol Pl Lol Lo :
: TG
{ A TIEN
A"’-OA—M e o \.A 2 X \ / k : 2]
B corpliohskitary o Br ¢ ;
E, sonsitiviEty funcgitm.
20 {(ERYo3ig 25 S i
20 ISl ; Nk
' ;A/y- A
i85 N
-0 o8 h
hiz // . T s
10° 10" et 10' 10°
frequengyiind/sec)

U7 5.5 ugasmamstuduanugndesnuiou lvwesaums @.5)lunsesauuuilassuiy

Tousovatlavesaunmsn (3.18)

] y ¥ ]
Tumsesnuuumniuguiadesniwmenud SMES fivufi 3 szldmquimsusn
o o da 3 o 4 ac g
uvumufisanugdil 3.4 auasiilflumsesnuuuiiumuaunsi 3.23) FliTuandon

vosilandumsareTeusewnadla P (s) nanluziii s.6



59

50 : : r
i 1
A0 : ot
& T ¥ 2 it
20 E Bipie / \ ; 3
" . i
__1of et TN -
he o 3 . M
& 10 RIBP 51 e \ cchmibi
F P ’ ";»,_\ 3
20 TNt B R T R . o i.“.é»z& |
30 Bl i i
AT : !
40 | N 1
" 3
i
1w 10" 10° 10’ 107
fregUtency(radisec).

1111 5.6 Tuanfeavesilsdsualeussusadla P (s) muaumsi (3.23)

= =Y LY N o 4 a
Tudnorinusatiuil lddenfeddu w, awaunisi (5.5) uasHaROUAUBUT

audveal, " uaaslugln (5.7)

AT 2s+10

S (5.5)
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T1Jsun 5% hinf_design.m

%H-infinity SMES 1 Design

D1=0.006; M1=0.2; al2=2; T31=0.079; T12=0.159;
A=[-D1/M1 (al2+T31/T12)/M1;-2*pi*T12 0];
B=[1/M1 0];

C=[10];

D=0,

[a,b,c,d]=linmod(design SMESI1");

G=pck(a,b,c,d);

seesys(G);

ny=1; nu=1; Gam_min=0; Gam_max=10; tol=0.1;
[K,Tzw,Gam_subopt]=hinfsyn(G,ny,nu,Gam_min,Gam_max,tol);
[Ak,Bk,Ck,Dk]=unpck(K);

fprintf("\nTransfer Function of Stabilizer of SMES]1 is\n');
[numK,denK]}=ss2tf{Ak,Bk,Ck,Dk)

w=logspace(-2,2,1000);
P=ss(A,B,C,D);

K1=0;
Pl=feedback(P,-K1);
[M,Pp]=bode(P1,w);
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Mdb=20*log10(M(1,:));

K=ss(Ak,Bk,Ck,Dk);
sys=feedback(P,K);
[Mc,Pcl=bode(sys,w);
Mcdb=20*log10(Mc(1,:));

figure(1),semilogx(w,Mdb,'k',w,Mcdb,'k";
axis([1e-2 1e2 -60 60])

grid

%H-infinity SMES 3 Design

T23=0.064; a31=2.5; T31=0.079; M3=0.15; D3=0.005;
A=[0 -2*pi*T23;(1+a31*T31/T23/M3) -D3/M3];

B=[0 1/M3];

C=[01];

D=0;

fa,b,c,d]=linmod('design_SMES3");

G=pck(a,b,c,d);

seesys(G);

ny=1; nu=1; Gam_min=0; Gam_max=10; tol=0.1;
[K,Tzw,Gam_subopt]=hinfsyn(G,ny,nu,Gam_min,Gam_max,tol);
[Ak,Bk,Ck,Dk]=unpck(K);

fprintf("\nTransfer Function of Stabilizer of SMES3 is\n');

[numK ,denK]}=ss2tf{Ak,Bk,Ck,Dk)

w=logspace(-2,2,1000);
P=ss(A,B,C,D);
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K1=0;
Pl=feedback(P,-K1);
[M,Ppl=bode(P1,w);
Mdb=20*log10(M(1,));

K=ss(Ak,Bk,Ck,Dk);
sys=feedback(P,K);
[Mc,Pcl=bode(sys,w);
Mcdb=20*log10(Mc(1,:));

figure(2),semilogx(w,Mdb,w,Mcdb);
axis([1e-2 1e2 -60 60])

grid
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Out2

s+5
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State-Space

Out3
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MANUIN V.

wamsoanuuunnIdsuns hinf design.m

» hinf_design

-1.0e+001 0.0e+000 0.0e+000 0.0e+000 | 1.0e+000 0.0e+000 -1.0e+000
0.0e+000 -3.0¢-002 1.2¢+001 0.0e+000 | 5.0e+000 0.0e+000 -5.0e+000
0.0e+000 -1.0e+000 0.0e+000 0.0e+000 | 0.0e+000 0.0e+000 0.0e+000
0.0e+000 1.0e+000 0.0e+000 -2.5¢+000 | 0.0e+000 1.0e+000 0.0e+000

-7.0e+000 0.0e+000 0.0e+000 0.0e+000 | 1.0e+000 0.0e+000 -1.0e+000

0.0e+000 5.0e-001 0.0e+000 1.3e+000 | 0.0e+000 5.0e-001 0.0e+000
0.0e+000 1.0e+000 0.0e+000 0.0e+000 | 0.0e+000 1.0e+000 0.0e+000

Resetting value of Gamma min based on D_11, D_12,D_21 terms
Test bounds:  1.0000 < gamma <= 10.0000

gamma hamx_eig xinf eig hamy_eig yinf eig nrho_xy p/f
10.000 7.3e-001 9.8e-004 2.5¢+000 0.0e+000 0.0059 p
5.500 7.2¢-001 9.9¢-004 2.5¢+000 0.0e+000 0.0196

3.250 7.0e-001 1.0e-003 2.5e+000 0.0e+000 0.0578

2.125 6.5e-001 1.0e-003 2.5¢+000 0.0e+000 0.1441

1.281 4.6e-001 1.2¢-003 2.5¢+000 0.0e+000 0.5028

p
P
p
1.563 5.6e-001 1.1e-003 2.5¢+000 0.0e+000 0.2962 p
P
1.141 3.5e-001 1.2¢-003 2.5e+000 0.0e+000 0.7232 p

P

1.070 2.6e-001 1.3e-003 2.5e+000 2.2¢-017 0.9171



Gamma value achieved: 1.0703

Transfer Function of Stabilizer of SMESI is

numK =

1.0e+003 *

0 0.0342 0.7811 13794 -0.1569

denK =

1.0e+003 *

0.0010 0.1287 1.2792 2.4732 0.1590

-1.0e+001 0.0e+000 0.0e+000 0.0e+000 | 1.0e+000 0.0e+000 -1.0e+000

0.0e4+000 0.0e+000 -4.0e-001 0.0e+000 | 0.0e+000 0.0e+000 0.0e+000

0.0e+000 2.2e+001 -3.3e-002 0.0e+000 | 6.7¢+000 0.0e+000 -6.7¢+000
0.0e+000 0.0e+000 1.0e+000 -5.0e+000 | 0.0e+000 1.0e+000 0.0e+000

-6.0e+000 0.0e+000 0.0e+000 0.0e+000 | 1.0e+000 0.0e+000 -1.0e+000

0.0e+000 0.0e+000 5.0e-001 2.5e+000 | 0.0e+000 5.0e-001 0.0e+000
0.0e+000 0.0e+000 1.0e+000 0.0e+000 | 0.0e+000 1.0e+000 0.0e+000

Resetting value of Gamma min based on D_11, D_12, D_21 terms

Test bounds:  1.0000 < gamma <= 10.0000
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gamma hamx_eig xinf eig hamy eig yinf eig nrho xy p/f
10.000 5.3e-001 4.3e-003 1.8¢+000 0.0e+000 0.0071 P
5.500 5.2¢-001 4.3¢-003 1.8e+000 0.0e+000 0.0238 p
3.250 5.0e-001 4.4e-003 1.7¢+000 -5.6e-018 0.0705 p
2.125 4.7¢-001 4.5¢-003 1.7¢+000 0.0e+000 0.1779 p
1.563 4.0e-001 4.7¢-003 1.7e+000 -5.6e-018 0.3731 p
1.281 3.3e-001 4.9¢-003 1.6e+000 1.1e-017 0.6508 p
1.141 2.5e-001 5.2¢-003 1.6e+000 0.0e+000 0.9646 p
1.070 1.9¢-001 5.4e-003 1.6e+000 0.0e+000 1.2577# f

Gamma value achieved: 1.1406

Transfer Function of Stabilizer of SMES3 is

numK =

1.0e+004 *

0 0.0193 0.3800 1.3869 -0.0842
denK =

1.0e+004 *

0.0001 0.0422 0.5586 1.7645 0.0678
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Robust Decentralized Design of H.-based Frequency
Stabilizer of SMES

C. Vorakulpipat M.Leelajindakrirerk 1. Ngamroo
Electrical Engineering Department Electrical Power Engineering Program
King Mongkut’s Institute of Technology Sirindhorn International Institute of Technology
Ladkrabang, Bangkok, Thailand Thammasat University, Pathumtani, Thailand

Contact person : Chanon Vorakulpipat
Electrical Engineering Department, King Mongkut’s Institute of Technology Ladkrabang Bangkok,
10520, Thailand, Tel/Fax: 66-2-3264550, e-mail: chanonv@rocketmail.com

Abstract: This paper presents a new robust decentralized design of frequency stabilizer for
superconducting magnetic energy storage (SMES) based on an H. control. As an
interconnected power system is subjected to load disturbances, system frequency may be
severely disturbed and oscillate. To stabilize frequency oscillations, the active power control
by SMES installed in a power system can be applied. The proposed decentralized control
design translates interconnected power systems installed with SMESs into a Multi-Input
Multi-Output (MIMO) control system. The technique of overlapping decompositions is
applied to extract the decoupled subsystem with Single-Input Single-Output (SISO) from an
MIMO system. As a result, a frequency stabilizer of SMES can be independently designed to
enhance the damping of the inter-area mode embedded in the decoupled subsystem. In
addition, to guarantee the robust stability of system against uncertainties such as system
parameters variations etc., the multiplicative uncertainty model is also incorporated.
Consequently, H., control via a mixed sensitivity approach is applied to design the robust
frequency stabilizer of SMES. Study results explicitly show that the robustness of the H.-
based frequency stabilizer of SMES is superior to that of the PID based stabilizer under
various load disturbances and negative damping.

Keywords: Decentralized control, System uncertainties, Robust stability, Superconducting
magnetic energy storage, Frequency stabilization, Overlapping decompositions, H., control

1. Introduction

Nowaday, various kinds of apparatus with large power consumption, such as, a
magnetic levitation transportation, a large scale accelerator, a testing plant for nuclear fusion
etc., tend to increase significantly. When these loads are concentrated in an interconnected
power system, they may cause a serious problem of frequency oscillation. Especially, if the
frequency of changing load is in the vicinity of the inter-area oscillation mode (0.2-0.8 Hz),
the oscillation of system frequency may experience a serious stability problem due to an
inadequate damping. Under this situation, the conventional frequency control, i.e. a governor,
may no longer be able to absorb the large frequency oscillations due to its slow response [1].
In order to compensate these sudden load changes and stabilize frequency oscillation, an
active power source with fast response, such as SMES [2], is expected as one of the most
effective countermeasure.
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In the literature [3-5], a SMES is proposed for investigating its application to
frequency control. It has been observed that a SMES can effectively reduce frequency and
tie-line power oscillations following sudden load disturbances. Nevertheless, system
uncertainties such as changes in system configuration due to unpredictable disturbance,
system parameters variation and modeling errors, etc. have not been considered in these
literatures. The frequency stabilizer of SMES that are designed without taking system
uncertainties into consideration may not guarantee a robust stability of the system.

To solve this problem, this paper proposes a new robust decentralized design of
frequency stabilizers for SMESs based on an H., control. The multiplicative uncertainty
model is employed to represent all possible uncertainties in interconnected power systems.
The H., control based on mixed sensitivity approach is applied to design frequency stabilizer.
The robustness of designed frequency stabilizer is evaluated in the three-area loop
interconnected system.

The organization of this paper is as follows. Section 2 provides the motivation of the
proposed control. Next, Section 3 explains the proposed design method. Subsequently, the
simulation study of designed PSSs is given in Section 4. Finally, the outcomes from this
paper are summarized.

2. Motivation of The Proposed Control

Fig. 1. Three-Area Loop Interconnected Power System with SMESs

A three-area loop interconnected power system [6] as shown in Fig.1. is used as a
study system. It is assumed the large loads with sudden change have been installed in areas 1
and 3. These load changes cause severe frequency oscillations in both areas. To solve this
problem, SMES1 and SMES3 are placed in areas 1 and 3 respectively. Here, the frequency
stabilizer of each SMES is designed by the proposed control.

3. Proposed Control Design

3.1 Coordinated Control of SMES and Governor

The response of SMES is extremely rapid when compared to the conventional
frequency control system, i.e. a governor. The difference in responses signifies that the
SMES and governor can be coordinated.

When a power system is subjected to a sudden load disturbance, the SMES quickly acts to
damp frequency oscillation in the transient period. Subsequently, the governor continues to
eliminate the steady-state error in frequency oscillation. As the periods of operation for the
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SMES and governor do not overlap, the dynamic of governor can then be neglected in the
design of frequency stabilizer for the sake of simplicity.

3.2 Linearized Power System Model

The power system shown in Fig. 1 can be represented by a linearized power system
model, as shown in Fig. 2. Note that the governors are eliminated in this system. The SMES
model is represented by the active power controller [7]. The dynamic characteristic of SMES
is modeled as the first order controller with a time constant Ty, =0.03 sec. The linearized

state equation of Fig. 2 can be expressed as

Load Change
in Area 1 ARy

Load Change
inArea 3

Af. K 1

svES Tast!

SMES BLOCK DIAGRAM

A a, a, & a, G| M
APy, ay Gy Gy Gy Gy || ARy,
S M | = |9 82 9 G 9y 4,
APy Gy Gy Gy A G || Dfry 1
Afs as, G5 4dg ds,  Gss of; )
b, by
by by

B
i 6

2

S S

2

where a;; = -Di/M,, aiz = (ariz+Tsi/Ti)/M,, ars = -T3/MiT2s, azp = -27T15 a2 = 27T, as;
= -1/My, as3 = -Dy/Ms, azs = -arsy/My, ags = 2aT23, ags = -27123, asz = -ar3 T 31/M3T2, ass =
(1+ars;Ts1/T23)/Ms, ass = -Dy/M;, by = -1/M, bsy = -1/M5, the others are equal to 0
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The variable APF,,, is represented in terms of AP, and AF,,, by

T;I T;l
SBLAR. + ZLAP 2
2—;2 Ti2 T23 r23 ( )

AP, = -

Thus, AP, has disappeared in (1). This system has two conjugate pairs of complex

eigenvalues and a negative real eigenvalue. The former corresponds to two inter-area

oscillation modes, and the latter the inertia center mode. Based on the mode controllability

matrix, the inter-area modes between areas 1 and 2, and areas 2 and 3 are controllable for the

control inputs AP, and APy, respectively. Accordingly, the design purpose of
frequency stabilizer is to enhance the damping of the mentioned inter-area modes.

3.3 Overlapping Decomposition

Since the system (1) is a Multi-Input Multi-Output (MIMO) system, it is not easy to
design both frequency stabilizers simultaneously and directly from the system. To simplify
the design process, the technique of overlapping decompositions [8-9] is applied to reduce the
system (1) to a subsystem embedded with only the inter-area mode of interest. The original
system (1) is referred to as the system S.

% —An 4, 45| x
S Y= 4n A Azx
X3 (4 A4y A% 3)
FBn B, '
+ | B, B, [ ']
U,
| By By,

The sub-matrices 4, and B,, (i, j=1,2,3) have appropriate dimensions identical to the

corresponding states and input vectors. According to the process of overlapping
decompositions, the system S can be expressed as

4y Ay O 4
S",Z.I_A21A220A23zl
a4 0 4y 4z
4 O 4, 4,
-Bn ®
B, [“1]
+
By |Lu,
| By

where z, =[x,’ X ]T and z, =[x2’ X ]T. Subsequently, the system S can be decomposed into

two interconnected overlapping subsystems, i.e.
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U b4 AP

0 4 B ®)
ST
. R
2 3 31 (6)

0 B
.\ [Aﬂ ]z’ N [ zx]ul
ASI 0 B3l
The state variable x, is repeatedly included in both subsystems, which implies
“Overlapping Decompositions”.

For system stabilization, two interconnected subsystems S, and S, are considered.

The terms in the right hand sides of (5) and (6) can be separated into the decoupled
subsystems (as indicated in the parenthesis in (5) and (6)) and the interconnected subsystems.
As mentioned in [8-9], if each decoupled subsystem can be stabilized by its own input, the
asymptotic stability of the interconnected overlapping subsystem §, and S, are maintained.
Moreover, the asymptotic stability of the original system S is also guaranteed. Consequently,
the interactions of the decoupled subsystems with the interconnection subsystems in (5) and
(6) are regarded as perturbations. They can be neglected during control design. As a result,
the decoupled subsystems of (5) and (6) can be expressed as

‘§Dl tg o= I:A“ A‘Z]z] + [B“}ul @)
Ay Ay B,
w5 [ Sl o

By regarding the power deviation between areas 1 and 2 (AF,,) as the overlapped

variable for design of frequency stabilizer of SMES]1, the subsystem embedded with the inter-
area mode between areas 1 and 2 can be expressed as

G || = [ Cormm ] ©)
M,
+ [ 0 ]AP&MESl

Next, by considering the power deviation between areas 2 and 3 (APR,;) as the

overlapped variable for design of frequency stabilizer of SMES3, the subsystem embedded
with the inter-area mode between areas 2 and 3 can be expressed as

G. - Ai)rzz - 0 —27Ty, ]I:Apru:|
2 Af; 1+a,Ty) [Ts /M, -Dy/M, || Af;

L e
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Equations (9) and (10) are used to design SMES1 and SMESS3, respectively. It should
be noted that after the process of overlapping decompositions, the original MIMO system (1)
are divided into two decoupled Single-Input Single-Output (SISO) subsystems ((10) and
(11)). Accordingly, each frequency stabilizer can be independently designed in the decoupled
subsystem.

3.4 H,, Control Design

+ y=4f
us=AP |~
f K -

Fig. 3. H., control design

In order to design the controller based on H., method, each decoupled subsystem can
be formulated into Linear Fractional Transformation model in Fig.3. [10]. The multificative
uncertainty is used to model all possible perturbed plants. For the system notations, P is the
interconnected system which consists of nominal plant G, i.e., a transfer function of a
decoupled subsystem, performance weighting function Ws and uncertainties weighting
function W7, y is a measurement plant output, u is a control signal, w; and w, are disturbances
at plant input and output, respectively, z; and z, are error signals of Wy and Ws weights,
respectively. The H,, controller is represented by controller K. It utilizes the frequency
deviation 4f; of the controlled area as the feedback signal input.

To achieve robustness, the controller must be obtained satisfying inequality (11) and
(12) for the control system

Io,, <|w> llw ay
Il < 1)
o0 T Lo

where S is the sensitivity transfer function (7+GK)™) and T is the complementary
sensitivity transfer function (GK(I+GK)™). According to inequalities (11) and (12), The Wy is
selected in form of low pass filter as

s+5
s 2545

(13)

For all frequencies, the relation of S + 7 = I is held. Thus, Wr is selected in form of
high pass filter as

(14
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As aresult, the H,, -based frequency stabilizer of SMES in an area 1 is

345% + 78152 413795 - 157 (15)

K =
SMES 1 4 | 12953 41279 52 + 2473 5 + 159
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Fig. 4. Bode Plot of S and W
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Fig. 6. Bode Plot of subsystem (9) (Before and After Applying H., SMES)

Fig.4. and Fig.5. confirm that the conditions in (11) and (12) are satisfied by the
designed controller Ksus;. In addition, The control effect of H., -based stabilizer is clearly
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shown by bode plots of designed model in Fig.6. The H., -based stabilizer is capable of
reducing the peak resonance in the frequency of inter-area oscillation mode.

The same strategy is used to design the H., -based stabilizer in area 3. Ws and Wr are
selected as

s+10
wo = (16)
2s + 20
s+ 4 an
w =
T s+10
As a result, the H., -based frequency stabilizer of SMES in area 3 is given by
X 19353 + 380052 + 138695 — 842
SMES3 4 1 42253 + 558652 +17645s + 678
(18)

4. Simulation Results

In simulation, the designed H, -based stabilizer is compared to the PID- based
frequency stabilizer. Based on the same first overshoot of frequency oscillation against 0.01
pu.MW step load increase in areas 1 and 3, The PID-based stabilizer are given as,

1

K ) gy = 007 + : +0.05s (19)

1
KSMES3 = 0.15+;+0.10s (20)

In addition, the governor is included in a linearized power model in a simulation
study, as shown in Fig.7.

Fig.7. Linearized model with governor
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Simulation studies are separated to 3 cases as shown in Fig.8.

Fig. 8. Case studies for Three Area Loop System

Figures 9 and 10 show the dynamics responses for 0.01 pu.MW step load disturbance
in areas 1 and 3. H, -based stabilizers provide better damping effects on frequency
oscillations 4f; and 4f; than those of PID-based stabilizers.

CYATAXATAT
------ No Controller
Helnfinity SMES
0,020+ L PID SMES
0025 5 16 15 20 25
time (sec)

Fig. 9. Frequency Deviation of Area 1

0.01

0.005

__-0.005
5-0.010
------ No Controller
——— Hnfinity SMES
Mo T ----- - PID SMES
R 5 L) 15 20 25

time (sec)

Fig. 10. Frequency Deviation of Area 3

0.006} — PSMESS(MAX) =0.,0062

%: 0.004] — PsmEs) (MIN) = 0.0044
s
f

----- 5MES 1 Power Output
— SMES 3 Power Output

06 20 36 40 56 60 Jo 80 80 100
time (sec)

Fig. 11. The active power output of H., - based stabilizer
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Fig. 12. The energy deviations of H., - based stabilizer

Fig.11. shows the active power outputs of H,, - based stabilizers. The MW capacities
of SMES are evaluated from the peak value of power output of the SMES. The MW
capacities of SMES1 and SMES3 are 0.0044 and 0.0062 pu.MW, respectively. Fig.12. shows

the MJ energy deviations of H.- based stabilizers that evaluated from

=[AP

SMES SMES @1

Necessary MJ capacity of SMES can be calculated by

3/ c 22
MJ Capacity = AE SMES(MAX) AESMES(MIN ) 2

As a result, MJ capacities of SMES1 and SMES3 are 0.0261 and 0.0265 pu.MJ,
respectively.

Next, the load changes applied to areas 1 and 3 are assumed to be A4P;; = -0.002
sin(3t) + 0.004 sin(6t) — 0.007 sin(9t) and APr3 = -0.001 sin(1t) + 0.004 sin(5t) — 0.005
sin(71), respectively. Suppose that the system is in unstable state so that the system damping
coefficient D; and D3 are -0.3 [puMW/Hz]. As shown in Figs.13 and 14, the power system
with PID-based stabilizer completely loses stability, frequency oscillations in areas 1 and 3
severely fluctuate and finally diverge, On the other hand, frequency oscillations are
effectively stabilized by H, - based stabilizers. These results confirm that the robustness of
the H., - based stabilizer is superior to that of the PID-based stabilizer.

Fig. 13. Frequency Deviation of Area 1
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i

Fig. 14. Frequency Deviation of Area 3

5. Conclusion

This paper focuses on the new robust design of frequency stabilizer of SMES by
taking system uncertainties into consideration. The overlapping decompositions technique is
used to extract the SISO subsystem embedded with the inter-area oscillation mode of interest
from the original MIMO system. As a result, each frequency stabilizer can be independently
designed in the decoupled subsystem. By including the multiplicative uncertainty model in
the decoupled subsystem, the H,, control via mixed sensitivity approach can be applied to
design frequency stabilizer of SMES. The resulted H., frequency stabilizer is low order
controller. In addition, it used only a frequency deviation of the control area as a local signal
input. Experimental studies have confirmed the high robustness of the designed frequency
stabilizers against various load disturbances with changing frequency in the vicinity of inter-
area mode and negative damping.
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