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Power System Stabilizer Using the Free Model

Hyun-Jong Kim

DEPARTMENT OF ELECTRONIC AND ELECTRICAL ENGINEERING
GRADUATE SCHOOL OF INDUSTRY
CHEJU NATIONAL UNIVERSITY

Supervised by professor Ho—-Chan Kim

SUMMARY

The free model concept is introduced as an alternative intelligent
system technique to design a controller with input and output data
only. The idea of free model comes from the Taylor series
approximation, where an output can be estimated when such data
as position, velocity, and acceleration are known. The parameters in
the free model can be estimated using the input and output data
and a controller can be designed based on the free model. The free
model thus developed is shown to be controllable, observable, and
robust.

The accuracy of the free model approximation can be improved
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by increasing the observation window and the order of the free
model. The LQR method 1s applied to the free model to design
power system stabilizers (PSS), and compared with the

conventional PSS.
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o, 71Ee] Bl 7ukete= Alo] 71 (model based
control scheme) H.Uh= F2]8F Aol dvka s 4= 9o} weba] vy
Alzsdlolan Bele] FEadoe] sk AR ede] :=FFHo] e A
&0 Aol ZAle] AH&olof R T Alxgol AbE Ale]r]e] B E
HZ 7] golstns PSSe| el Abg Zerds o] g8kt

SS= AHA T A= AT $29 #HHAE HHoE 5 A
A SHAA v FaF FXolth. AFH o= dvrAow 0.2[Hz]l
A 25[Hzloll o]=m =AA A3k A3} 52 (interarea oscillation)$} =]
A AF9 52 (local oscillation)® &1 AA3F AF9 T8+ =
el R Ay FEES AZAMAEE St HEANZL W TS AF

3 BeE wAzd AFd FAMZAA

.,

R EER LR
b AF FRE lmgeh ol @ AFs Ha WA Y T A
e wANzge HE APRE FYAY] Astel AW AF A% 24

Z=] (automatic voltage regulator, AVR)Z} o] zx}A] 28l (exciter system)2
2 93dte] ZHE L A (damping torque)’t FFA FHA7] wjiEolt) o]
Tav 2 AFol HA Frlstel Amde AEAE] ST
I g2 o] dojus B¢E Adnh

Lol A= Ak BHe A Ve S ARy S8 17]-FIdE
HAES YR FMBPSS (free model based PSS)9F CPSS

(conventional PSS)9] A5 vluegtl v E A3 e Zdo] Ao

e
2
N
k=)

e
rir

A
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7l AAIE 8l AFEEJAAR FMBPSS&E o8] 7h#] 9] Batxzda Jd =

& 34 g Al 2o AlE Abad dis] AAA (robust)S Ho] Ft}



gon 2o HAY ARA oA 2T nE e

wW(k+1)=Ay(k), -, k= N), u(k), -, u(k— M)) (1)

£
N

1 9(k= )% u(k—j), i=0,1,-,N, j=0,1,-+,M = 77 Add
I EFE AT ES e 2 (DA YEY AdE A5 ES o3
T 2 AAA}F (backward difference operator) (Phillips and Nagle,

1997; Ogata, 1995)5 Ah&sto] Uebid o533 2o}

8
)
2

i
rlo

AR =0 ""1RR)— 2" 1Ak—1), n=1
AR R) = A k)

A @9 AR ARAES olgate oA AzE (1D B YEuE o
23 2

(2)

wWk+1)= Ay(k), ry(k), =, 2 (R,
w(k), u(k—1), ru(k—1), -, 2 Mu(k—1))

(3)

21 (3)% 17 Taylor 52 g7ste] Yehgd

WD) = WD+ 2 as YD+ s uD+ 3 b, uk—1)+ )@

ojtt. o 71A,

p———Of . Of ., of
Toaniywk—1) 0 0 oulk—1)" T anu(k—2)



ol a1 O(k)t xS VERATE A (4)ol A y(k}a FHoz olEsd,
e thgs) ol mAHT.

Ay(k+1)= aid “Yk) + byr u(k) + 2 b~ u(k—1) + O(k)

i M

A7|A 223 O(k)S FASH, TR by Zo] A # Ut
~ N . M ]
AYk+1) =20 ais B+ bysulh) + 2 bs ulk—1) (5a)
s AS=E Oo]:%% qlltnd

N . M .
WEk+1)= ZlaiA’_ly(k)—i—bou(k)wL Z:}lblAl_lu(k—l) (5b)

ojth, oA7IA N 2 747 48 2HES 93 ZE|Rde] Aot =
RIS 9o F 71X HHE FAET & Uk drtdlow Zrd A
FE O N=MoE JHES WS g, by, b, © HA2ASH  (least
squares method)s = ©|&3slo] A3 4 <t} (Phillips and Nagle, 1997,

Ogata, 1995). H&As A= ot 28 5434 (object function) J &

# 23}sh= Aot

7= min zi:l(y(k—z'ﬂ)—}(k— i+1)° (6)

[UO

ANA ()% F(He AA FAE FEI Add Zerde FH& g
dok 2 6 HasA71E ZErde] vifussES oo @A A
T8 4 9t} (Phillips and Nagle, 1997; Ogata, 1995).

Y=PX, P=[P, P,)] (7)
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agla p e p(rtD@NtDolm

X=1[a, - ay by by - bN]TER(2N+1)X1

V=1 y(kt1) - w(ktl-m] R
ofth. olm] N Z RS AFoli e WML E a7 S8 AL
dolele] & et olu) zmele] WS X tg Aozt

SR

-1 ply (8)



o

M. ZELds o] &3 A|o7] 44

ZE RS ol gste] Aloj7|E AAlste WHE 75 AF HA A7
AA BHE FAGel A ) HEHSE A HEE] AHostH ZER
2! A vebd F oW 7]EY Aoy AANES 4

A A& F Ak & =FoAe Zg2dS LQRY 4 8&3¢ FMBOC (free
model based optimal controller) #|o17]| & AAstE5E sty WA g

= A9 Aeet 2dz Wgshy] e ted 22 A9 W] e

[kl
t
m‘Ll

gso®2 LOQR AA WHol HLHT (Yu et. al, 1970; Anderson and
Moore, 1990). J e F5 &3 2ol o3t}

x1(B= 2y(k)
xy(R)= AR+ Bioul(k—1)
x3(B)= 239+ Byrsulk—1) + By 2 2u(k—1) (9)

B = AR+ By 1 cu(k—1) + -+ B o™ u(k—1)

21 (9ol AoH AHHFEE ALgeH Zyrde g e Ay Ay
FF B GEd gl
x(k+1) = Ax(k) + BAu(k)
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A y(k) = Cx(k)
o 71 A



a, a, - ay by

A=|a"l a Ctoan| = byt B
a1 a—1 - ay byt B+t By
C=[10 0]
b1 a; as v ay o b,

[3.)2 — 6{3 4.4 O b.z

Byl lax 00 0] |y,
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u(k)=— Kx(k) (11)
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o

V. A

W

AE A3 AR A AFE AEHA

1. A8 AF A3 AR AAE A% 5712d7] 2L HAA

g2 dytxor
I Qd+= 17]-F 3 E A (one machine infinite bus, OMIB) A%
ow HAY Azgolw ejgto] EA st Alzdlolty WA Aol ik A
Be st7l flete] tiE AYASe $HANRE Foto] AAEHo] TH =
HH7E AvE u, AA AEAEY FE7F A =S qf R H| 5k
- Avka Zpgetd sl Al ade] FEfe] o] A YAl Hle]

Ao gL B4 Gy FYs Fig 19 2L ]-Ragmd e

Fig. 19 2 17]-7a0wde d44% ©
A% 98 9 AgHel @ muEH R ERAE AR g5Eol

Table 13} o] Folx QIvpal 7H4g g

E

t

EB
@ Zp Ilz Rk

Z, =R, +jX;

Y,

Y, =G, +jBg

Fig. 1 One machine infinite bus power system.
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Table 1 ‘Transmission line data.

Variable Parameter
R 0.03
Impedance "
Xz 05
G 0.249
Admittance BZ 0.262

Fig. 18] dE€Ale S xdste 34 Rd2 O A5 4o we} w5
el Al A= (Kunder, 1994), 2 =woAl= dut¥ o=z - w2do|g

A EYAE v 22 WY 3RES A sl

o = A T=Tu(8.¢,)= Tp} Lpus] (12)
0 = wy(w—1) [rad/s] (13)
éq' _T]do_,{efd—(xd—xd')id((?, eq')—eq'} (14)

2 (12)¢F (13)2 HdAre E9 A HIPFEHE Hd= WA
A (14) = HAd7] A AR At (field voltage)d] 542 X ds=

Holth. 7 Ao AR AHUEE, o 5 o o oMk wE e

Lo

o % AR [pulS YErAT el 9 ASdA AleE ZE ALs

Jofb & =&olA AEHE FtES Table 20 LY

~
&
R
=
R
Q‘\
Lo
Lo
=}

qom g, = 7NE AEER T %E 1907 (rad/s)ol T

A (12 7,2 7IAH oA d¥oln HoulolA gHE st

-11 -
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T, = 7 (Fyu,—T,) (15)
. -1
u, = Tg[Kg(a),—a))—ug] (16)
K, Ug
Wref — -
- 1+5T,
w

Fig. 2 Governor model.

£ 1 Ty
Mr +%_ 1+5T,
th
Ug

Fig. 3 Turbine model.

2 (124 7,2 A71H B3 &¥el™ per unit B9E AHEE A
T.,=P,/w< #AAl AHsARE yx] olgt= 7Hetl T7,=p, 2 3t

23 a9 p, o @e tew pol AgHn.

TezPe: Udid+ quq (17
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Table 2 Parameters of Generator

Variable |Parameter
Moment constant M 9.26
Damping coefficient D 0.01
d-axis transient open-—circuit time constant Ta 7.76
d-axis component of machine reactance Xa 0.973
g-axis component of machine reactance Xy 0.55
g-axis transient reactance X 0.19

)

ANA v, v, iy i, 5 A% GAAG p, D @R AR dF L 0F A

2o e, o5 Aow veud ter 2.

d

ig= Yge, — %(Rgsin&F X, co0s0)

i= Yo, — %21(— X,sind+ R, cosd)

V= X, (18)

9 HEdAd ASE 24E AREe e gol Felwt

1+ 2Y=C,+ G
Z2=R\R,+ X, X,
(19)
Ya’: (C1X1 - CZRQ)/ZZe

Y,=(C\R, + C,X,)| 7%

o)
=

_13_



Rl R— szd

RZZR_ szq
X1:X+ Clxq
X2=X+ Clxd'

aela, z9 Y= Fig. 19 zp¢% Yo & 9véH, v s Rpeotk X

247t Rpst Xp, G BE 44 Gp ¢ BpE dEHTh

s

4 12elA 7,5 BHESAE tehha ok pe—1) (D= B4
FIE FolA, A (14)lA AH8E o = AVR B ojx7]e] S, o
A ARETE A (12)~14)e] A dF2Ee s7|EH7|e TEHoE A&
HE A wete] o0 TEAS Fdse A2 S dXE AVR
2 gx7e] TRl wE 247 o2 el A4S A "k B =EoA
+ Fig. 49} o] ¥dy+= 71 1+dkdt Fejel Atolg]4~E (thyristor) EFY
o] oA 2~®Q1 IEEE type 19 o AA] ¥l (IEEE Standard Board, 1990)
= ARERIT L 7 ekinh Fig. 4ollAe ARAI ="l FHE el AgHY)

(limiter)7} F-2r=]o] glom Z=o] Agtr]e] Wete] A+ Aol ths
3 e BEgoz mAUTE A4 Q0% Fig 4904 o, = A9AE @
s} A9 =¢& on| gt

éfd: T {Ke(vref_vt_upss)_efd} (20)
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eﬁl,max

- > —»e,
1+5T A

u e fd ,min
pss

Fig. 4 The block diagram of static exciter.

Fig. 59 22 &2l AVRS Al&do]AddlA ALgst3it.

1+ T s
.+ LA -
Ua = 1+ TBS(U’ v) @D

e

WA om wol A4

s

PSS+ Fig. 63 o] FoX &= X4 BHA7]

o

(lead-lag compensator)©] il A}-&

)

wj R F=ES Table 33 2t} Fig. 72

T

Al

=

= al

i Slstel ASE HIIMATIY A NEK] FEE e

==

=
ALgE 2+ A5 Table 49] Fo] 2t

3 1+ T,s
+ A
Vyor %é—» D

1+ Ts

AL

Fig. 5 The block diagram of AVR.

Aw + ol " T
wref ch STI "
’ +ST2 1 +STW

w

Fig. 6 Conventional power system stabilizer model.

_15_



Table 3 Parameters of PSS.

Variable |Parameter
Time constant (sec) T, 0,685
Time constant (sec) T, 0.1
Wash-out Time constant (sec) T, 3
Gain K. 7.091

Bus

Turbine
Governor

Fig. 7 Synchronous machine control scheme with PSS.
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Table 4 Parameters of synchronous machine control scheme with PSS.

Control )
Variable Parameter
scheme
Exciter time constant T 0.05
) Exciter gain K, 25.0
Exciter
Output upper bound € /4 max 40
Output lower bound € fd, min -4.0
) Turbine time constant T, 0.1
Turbine . )
Turbine gain Fy, 1.0
Governor time constant T 0.1
Governor ' ¢
Governor gain K, 10.0
AVR time constant T, 0.1
AVR 3
AVR time constant Ty 0.2
Output upper bound U o 0.2
PSS
Output lower bound U min -0.2

-17 -



Do
o

FH AlEdolA

B =xolA = AE FMBPSS B3-S A8l fste] A43 Ae

(Sauer and Pai, 1998; Srivastava and Srivastava, 1997, Larsen and
Swann, 1981). Fig. 82 w4l H3} ZHsteAe Als =€y Zegnd
=99 zolE HoFth AEY A7FE 0.01[seclelar A A 100 7He] A
E2 Abgste] 24 Zemde WARSE HAASES St e

o] Ak

m

a;=0.9961, a,=0.9987, b,=2.7261x10 ~*, b,=—3.3148x10"".

w-wref

Free model output

0 1 2 3 4 5

Time(sec)

Fig. 8 Comparison between the system output and the free model output

(data n=100, order N=2).
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Zrdo] AA AHASS dviyt Aot R =AE FHET

$ste], @219 A& (root mean square, rms)S TS} o] A o] Fhu}

Error=¢ _]7; lZi‘.l(y( ) — () (22)

AN e ABAT AT y()% HHE A4 AYAT Y} Tew

Table 5 Rms error of the free model (x1( ).

Data N=2 N=3 N=3 N=4
Case a 100 1.0030 0.9690 0.8440 0.7870
Case b 180 0.2674 0.2593 0.2464 0.2459
Case c 260 0.2334 0.2270 0.2221 0.2218
Case d 340 0.2230 0.2172 0.2148 0.2146
Case e 420 0.2186 0.2130 0.2115 0.2114

A 9] zbekstk (simplicity)©] 7] wj&-oll, Table 194 7} 7Fek3k Z 7ol A,
= a2k N=20]aL HolH O] Mg 542100014 ZY RS AA sl Ao &

K

[—44.0 —2154.91°] T}
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w-wref

Time(sec)

Fig. 9 Outputs of the CPSS and FMBPSS in the normal loading

condition.

w-wref
o

P T O N "FMBPSS ' |

Time(sec)

Fig. 10 Outputs of the CPSS and FMBPSS in the heavy loading

condition.
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w-wref

Time(sec)

Fig. 11 Outputs of the CPSS and FMBPSS in the three-phase fault

condition.

Fig. 9, 105} 112 =Zgrdo] 7|23 d=HA%E 4Agst A (FMBPSS)<]
S 719 PSS (CPSS)9l &< WEhar gtk Fig. 9= dwbAel #
sF sl ool 93 Ee A7 HAF (torque angle deviation)7} &
ek ufe] Ajolar,

AT o Aot 2¥3 Fig. 112 34 ©@ehata zxstdlAMe] $H<

% FMBPSS7F CPSS ®ub #4 $-5

Fig. 102 F53 =135t A e 22 Eeazt Hxrt

f
&
M
o
w
)
N,
on
o

ot

2
olr
filo
f

el A dojzl Algd ol Aap= o] 7HA 23 FolA T AU AR
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" Agwe Bt a2y o A A 238 e 2 Afel d
A T2 Thed AlolvlE AAsE Aol weEA stk ol & &, dubA<l
ek oA AAlE FMBPSS Aloi71E F4-sk 2319 3 wEr ARk
DA Aol H8skeivh Fig. 129 132 Albgk FMBPSSe] Ad4S W
o}Eth Fig. 12014 &7 O F48 zdslelA 748 FMBPSSE ‘e
Wi &5 @ dubA<l Feh zx8telA A7AE FMBPSS 495 uEhd

ok EF Fig. 13914 % O 33k zAstelA AdAE
FMBPSSE detdla &8 @ dubHel Rs xzistea  AdAd

w-nref
o

Time(sec)

Fig. 12 Robustness of the FMBPSS for heavy loading condition.
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w-wref
! o

Time(sec)

Fig. 13 Robustness of the FMBPSS for three—phase fault condition.
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