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Abstract—In the steady state stability analysis of power systems, an accurate modeling of a
generator gives an important effect on the result of eigenvalue analysis. This paper represents a
modeling of a synchronous machine infinite bus system for the more precise analysis of a generator
characteristics including not only seperated saturation effect but also cross magnetization effect. In
the process of reforming the flux linkage equations of the state equations which have both saturation
effects, the d - g-axis coordinated system of a generator is fixed so that the d-axis proceeds the g-
axis in 90° to accord with the generally accepted generator model used before. The simulation
results show that there are large differences of eigenvalue analysis between the two cases, neglecting
the generator saturation effect and including the saturation effect. The relations of d - g-axis current
values, saturation coefficients and flux linkages are investigated as the system operating condition is
changed variously.
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Fig. 1. Equivalent circuits of a synchronous machine.

AP A

)

w oy
$=0-a,
Do o
o= o5 Tn =T

& Te=ighy — i &)

W7t $04E Fal Fabedel QAT g 3
S A)(1)2) A7) FAHLE e o] AL

v, =~ Ksin(6— @) + Rei+Lei, + 0L
vq=Kcos(8— 0) + Reiq + L — wld,
o, K=3V_

o B Atz @

AW Gre ATEA el ARsete] BLE 1}
epue ohe3) ek,

Al 0 00 -0 0
A/_lps 0 00 0 o0]lfaL,
M 0 00 0 ofa4
M | | o 00 o of{d,
AL 0 00 0 o0l
A8 0 00 o0 o0j}Aak,
Aw -, [oX}
00 2= 90
6H 6H




axxE AAE a2 FrdAr] 28540 2dyel #¥ A7 103

~@t+R) 0 0 ~ol 0 Kcos(d-0) —(4,+Li,)
6 -, o 0 0 0 0
0 0-t, 0 0 0 0
oL, 0 0 -@+R) 0 Ksin§-0) 4 +Li,
o o0 o -1 0 0
0 ¢ 0 0 0 ] 1
B DT 0 0
6H 6
Aid 0
AlF AvF
Ai 0
x| W0 0)
AIQ 0
A8 0
Aw [
= AT,
2H "

Are ohest Aol e gRsee ek &
it

[AA] =[S]){4A] + [R][AI] + [B][AU] )

2-2. BUE HEO0| off ZaHRyY

WA 1] 23H5AS M o dubde s ey
oo} e Ale] o e A Bl K519 FHAS
3} 7)A1E Abel o] T3t AA = T 0 FUdT Aoz
HFect s e dE5AF Qe Agate] 23154
& Fig. 29} 2t}

Fig. 204 AT.= d& AFAEE] o3 712 &
o]n] 5}, Park's Transformationel] ]34 A7) 24
24 A9 dEA R AR F el 2 33| dF A
F3A BEe AR go xdgrh. 234
A ALH LG M BAAZ)7] S84 E B-Coll i
dhe 2FE AR o FFeler e A o
urt. 919 el 2L =79 d& A Feol Wl E£3}
ko] gl A5 A& aset 23t % 2}

Amdl

[Wb.TJ
No saturation
E
B d-axis saturation curve
Amas .
C

v

0 ATge D

AT4[AT]

Fig. 2. D-axis saturation curve of a generator.

»

Sa

1.0 \K
D

\\

3

0.0 ATgas ATq [A.T]

Fig. 3. D-axis seperated saturation coefficient S,.

242 ¥l E d& T3Pl S.2 A2 Egich
oldj ] E3lAel A% ARl A= ohgdt
Eige

Lits = Sq L
Lings = Sq Lmg ©

714 S} S, 22t d, qF E3pAS2A Fig. 3
3} gho] E3FEA o] vtelLlr] Alabshe E2H ol A FE
A 7187 & 2= Ao g Y=} o, o d3F}
gZoll4e] E3HEA-E Vel Al o).

10 |AT,|<AT,
8.7 1.0~ a (AT, - AT,) |AT,|>AT,
10 |AT,|<AT,
80=11.0 - aAT, - AT,) |AT,[>AT, ™

714, ATi(= irtiatin): d5E] 7| A A B
AT(F igto): g% 2] 7|2 AR
AT,, AT,: Z3H5A o] vjehr] Aatshe
NEE SR
iy, iq: d, q& A EFH AF

TUE AR 27 TEHEAUSE e A+
Ahg el ok AFe) DAL che3h 2ok,
Ads Lds me Lmz 0 id
A‘Fs L.m LFs Lmd: 0 ip
A'Ds = Lmds ‘mds Lr)s 0 0 b (8)
Ags 0 0o o0 L,L, g
;LQs ¢ 0 0 Lm-;s Lr)s iQ

ANl E3pAsk @) A2 BLE st
34l chast 2wk

Energy Engg. J (1999), Vol. §(1)



104 A= B

Al

A4S, —-a, -0 —a;, 00 Ay

45,0510 0 0 -—a-af|% ©
Aiq
AiQ

a )L L, L o Al [i+i o

A L. L.l O A i+io0

M |-t L 1 o i 4], +i, 0 [im] (10)

M, 0 0 0 L, L. 4 0 i, "

MQS 0 0 0 L'"‘F" LOso AlO 0 l‘t‘

A10)e] AR HWEE A ©)2 AWl Ay B g3} 2L S} AFske] BAE e <
W gue 78 5 ok

A | | Lao- 0laa(in i} Lo - Odknalise + i) Lo = Oaoivo + i) 0 0 A,
A || Lo - 0L+ i) L= Ol + i) Lot = DLl + 1) 0 0 4,
M| = Lo - OeLie(ise + i) Lo = O # i) Lo - Ouliv + i) 0 0 Ay (1)
M, 0 0 0 Lao - Oulaiio Lngso - Oqlmgicn | | 4,
A 0 0 0 Logw - OLuglen Low -0 Luglee | | g

vb 77 S B3 3R A d4F] 9= rﬂ} d2, q& Abo|29] wabA}s}(Cross Magnetization) &3}

73T A @A A ae] dApei e 7R & Aefdle Aol wAy] 7w A% 29
th&-3h 3he] e Alc). A& At B 51z} et A 7)9] dE3 qF Aleld A
Wl lsien L L p ZHAE veblle 2AR)s) A4S ArtEle) A4S
& Gl L 1 0 0 d = & ° =
ar Lol L o o ||a A #Hw chga o] EE)
Mm = L\ L1 L|+1n Y 0 Ai.D (12)
M, 0 0 0 L+L+L L A, 4= 0.0 |AT,|<Cy
AL, 0 0 0 Lo L+l ]j4, W@ |y AT(AT, - Co) |ATy|>C,y
0:]7]/(%’ L1 =Lmdso_ adLmd(iFo+idn) 2= 0.0 |ATd|SC0d 15
L, = Lo - oL = |y AT(AT,~ C,) |AT,|>C,, (s)
At 4128 e~ $8e [Ly), [Ls'R} 8 A7V, Aay Aot d, q2-2] STAAIE} AP 52
H AHHZHE FUE AR 9% £3EAITS v Yoo Yot FLAFANEF A5
e -2 Ahdt A2 vhEs) Zo] "t Cuy Gt EARE7} S} 7] Al=bals 7]2}
; H3k
L. ={S][L.J[AI] + [R][Al} + [B]fAU 13
[Lss AL = {S][Lgs][AT] + [R][AL] + [BJ{AU] 13 (AT,-Coy 43 ZSHAE
H(13)ezry LAy FRuAA G e (AT,-C.): g5 EA =

& thg3} 7o) Faylch.

, AN Az g3 AFAEA 27T dF2] 24
(AL = [L T {IS[L] + [RIHAT + [Ly T [B](AU] B2 oulsln, Ay dE ABA R 27 q=e] A}
= [AgllAl] + [Bg][AU] a4 S nsE ofvlgieh. fe] F Aoty wapaist &
Aoz ¥ /AN & o AgHshe o Sl

2-3. WRIXFS 0N 2IE T5HmA A8 712 AR o £ L= vl &

2 Aellde A2 A E dMARE 2] A 2 T otk A (15 AR o Agsta Fabel o
719 £35S FUF Aol 2T x5l oh ato] Ay stebd o537 2ot

oflix|Z3t ®8AH 1E 19994 2%



EESER EE

qu(iqn - Coq) qu(iqn - Coc) qu(iqn - Coq) qu(ido + iFo)
Yaalao Yigiqo Yaqlqo

AL, =[
ALy

2 T 2aEAde mgel Ag A7

Vaq{lgo + ira - Cod) qu(ld(w + ipo -

N6 AAB e G ASHTSE B, g2e] |

AAEMaE sk Weko R Ahgab, ol 3
dxgAe ohgat 3l
Mds Ldm Lmdsu Lmdm 0 Y Aid
AAFS Lmdﬁ“ LFso Lmdm 0 Aip
AZ‘D* = LmdSO Lmdm I‘[)so 0 0 Ai[)
Ay 0 0 0 Ly Luogl| 4
AA’Osl 0 0 Y l—’mqso L AiQ
iFo + ido O A),dq
iFo + ido 0 AL s Aldq
+ |, + iy, AO AlL,,|~ A4, a7
0 igo A/‘Lq |
LUNE PR AL

N6 AR AR A5H 20T A7)l
Saisted el ohes) 2o,
M| L+, L1 2 Ly ][4
AA, L, L+ L L, L, || 4,
A/‘LDS =| L, L L+ 1y L, L, A, | (18)
Al Ly Ly L, L+l L, ||4
A}tOs_ L, L, L, L, L +1,||4,
0#7}/"] ’ Ll = Lmdso -Ki- 'Yqu(iqn - Cuq)

Lo = Lo = Ky = Yoslivo + 1o - Coa)
Lz = - Yoo + 1a0)

Lo = - Vi lgo

K = 0 Lung(ir + is0)

K =0, Lo i

MBI A AR 2|3 29548 2 A4
ARz o] vt Eg 847} 00] ohd g v
e g 5 ok w3, @R o)) $44
Sl FIEA A= gle Aol 2G4 uge

)

Aabwl 3 e chewt ek,
A},’m L+1+L L L‘ le n Ai-d
AN " L L+l L L, L, A;'F
x| = L, LoL+l - L, (|4, | (9
Ax, L, L, L, L+l+L L, |4,
Ak L, L, L L L+l ||a

105
A,
Yaa(igo + iro) A‘l ¥
« AlD (16)
| a4
4i,
A8y A1(19)9] el A -8 [Le], [Ladl2t 3}

WA @R mAse] S8 XEAE Ttk
7Age) et WG4 L The s o] Heh,

[Ley AT =

Ao eye w7 FRedAEe Ayl
& chg s} o] Tt

(SHLe\](AY] + [R][AL] + [B][4U] (20)

T'[B][4U]
@n

(A1) = [Ley TSIy + [RIMAL + [Ley,
= [AcpllAl] + [Bg, |[4U]

3. A

W77 $HA-E BalA TR dds] gle
7ol tate] ek wsiA-g %}%irﬂr ch&3} o]
A7) 288 BAIshs A9l BUS AR 23 =
3habg sejshe A9 28w Lx}x}i}ﬂl 23 x35Hd
g wE g Aol el Aelslag PS4
A& slgrt WAzl E AR AgsidT AE
EA3 Ak Ed Anidie e AHsigied, =
A= AR ghg Abgslalct.

A 1 A7) BdE walyAel wxiais gake

B F-AEE A (o, o= 0.0, Yap, Yoo = 0.0)

AR 2: Wb re) B &Ate] EaheAbat weE A

F(Yoor Yoo = 0.0)
AbEl 30 FdEel xallAba) @At dAke
T aegt 4%
Table 18 frEA o] 1.0 pue| 3L & &o)
A 752 AgEe A 265
_17-rr?‘] E[lsec] &9 & vehlglen, B
FoB g ofulgh],

Table M]/H 4 AEL e E A3t YA e
E AL 5HA oAV 27 ol whE A s
x:} 4 41%5'_5_{- 1.472 Hzel| 4] 1.487 Hz Alo]g} &

5 Zhe AlSol Baklk A 7AY AFrsoly,
RéEH"J"é A A F8 Bl HE AT
o]t} Table 1e)|4] Wh71e] 348 wajabx] ge 7
8 IRA7E 7 QAL A oR A" uide] A}
29} A 39] afAle Rl b sl Al
A= et & by o] 23EA S meER] g A
+ A E A HFrr) anE dolRE AL

=
0.85 x| A=

ehdich.

=2
=
429 A9E

Energy Engg. J (1999), Vol. 8(1)



106 7

o

Table 1. Eigenvalues of the synchronous machine infinite bus system.

44
E A 1 A 2 Al 3

A5y s H5r A%y R
1 -13.54605 376.32610 -13.55722 376.31430 -13.55723 376.32060
2 -37.52639 0.0 -38.04001 0.0 -38.10396 0.0
3 -47.24751 0.0 -48.39123 0.0 -50.94065 0.0
4 -0.35504 9.34380 -0.30141 9.25121 -0.30530 9.25165
5 -0.20211 0.0 -0.27043 0.0 -0.27464 0.0
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in the lagging condition).
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Table 2. Saturation coefficients.

(a) Power is constant and PF is in the lagging condition

PF #4221

PF=0.5 PF=0.6 PF=0.7 PF=0.8 PF=0.9 PF=10
AT, 1.36100 1.26959 1.18655 1.10153 0.99865 0.72593
AT, 0.41655 0.48471 0.55346 0.62670 0.71336 0.90244
S, 0.83565 0.85603 0.87455 0.89351 0.91645 0.97727
S, 1.0 1.0 0.99756 0.98994 0.98093 0.96127
Aac 0.0330 0.04463 0.05476 0.06375 0.07164 0.07404
Aq 0.11361 0.12068 0.12585 0.12865 0.12736 0.09712

(b) Power is constant and PF is in the leading condition
PF A4 24

PF=0.7 PF=0.8 PF=0.9 PF=1.0
AT, -0.20286 0.02972 0.29665 0.72593
AT, 0.97887 1.04727 1.04891 0.90244
Sy 1.0 1.0 1.0 0.97727
S, 0.95332 0.94620 0.94603 0.96127
Agy -0.02317 0.00372 0.03721 0.07404
Ags 0.0 0.0 0.0 0.09712
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Table 3. Saturation coefficients.

=

o

(a) PF is 0.85 lag and Power is varied from 0.2 to 0.7

PF=0.85 lag

P=02 P=03 P=04 P=0.5 P=0.6 P=07
AT, 1.10721 1.09284 1.07916 1.06791 1.05966 1.05441
AT, 0.27780 0.37270 0.44659 0.50476 0.55121 0.58884
Sq 0.89224 0.89545 0.89850 0.90101 0.90285 0.90402
S, 1.0 1.0 1.0 1.0 0.99779 0.99388
Agq 0.00227 0.01883 0.03135 0.04097 0.04852 0.05463
A 0.05744 0.07567 0.08908 0.0920 0.10715 0.11366

(b) PF is 0.85 lag and Power is varied from 0.8 to 1.2

PF=0.85 lag

P=08 P=09 P=1.0 P=1.1 P=12
AT, 1.05192 1.05190 1.05404 1.05805 1.06368
AT, 0.61978 0.64556 0.66730 0.68585 0.70182
Sq 0.90457 0.90458 0.90410 0.90321 0.90195
S, 0.99066 0.98798 0.98572 0.98379 0.98213
Agq 0.05971 0.06405 0.06785 0.07124 0.07434
Aqa 0.11923 0.12419 0.12874 0.13304 0.13716
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