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Modeling of synchronous generators for Stability Studies
* Synchronous Machine Modeling
 Simplified Models for Stability Studies
 Materials:
—Kundur’s Chapters 3-5
—Saadat’s Chapter 8
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Synchronous Generators

d (ilirect) axis Stator d (;hrect) axis
Salient-pole rotor “— @ ~—| Round (cylindrical) rotor
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P n

f= E X E (n: synchronous speed in rpm;  P: the number of poles)
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Types of Rotors

 Salient pole rotors
— Have concentrated windings on poles and non-uniform air gap

— Short axial length and large diameter to extract the maximum
power from a waterfall

— On hydraulic turbines operated at low speeds at 50-300 r/min
(having a large number of poles)

— Have a squirrel-cage windings (damper windings) embedded
in the pole-faces to help damp out speed oscillations

e Cylindrical/round rotors
— Distributed winding and uniform air gap

— Large axial length and small diameter to limit the centrifugal
forces

— Steam and gas turbines, operated at high speeds, typically
1800-3600r/min (4 or 2-pole)

— Eddy in the solid steal rotor gives damping effects
— 70% of large synchronous generators (150-1500MVA)

Round rotor generator under construction

(Source: http://emadrlc.blogspot.com)
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Stator and Rotor Windings Rotor position

* 0 is the displacement of d-axis from the axis of a-a’

Armature windings:

« Consider a reference frame rotating synchronously

e 2-3’, b-b’ and c-c’ windings with d and g-axes at speed o, (assumed to be
Rotor windings: along with the axis of a-a’ at t=0 in the figure)
e Field windings « 0 is the displacement of g-axis from the rotating
— Field winding F-F’ produces a flux on the reference axis
d-axis. Reference axis
e Damper windings !

— Two amortisseur/damper windings D-D’
and Q-Q’ respectively on d- and g-axes,
which could be actual windings or
effective parts of the solid steal rotor.

d (direct)
axis

— For a round-rotor machine, for symmetry,
consider two windings on each axis by
adding a second damper winding G-G’ to
the g-axis

Total number of windings:
e Salient pole: 3+3 (a, b, c, F, D, Q)
e Round-rotor: 3+4 (a, b, c, F, D, Q, G)

ANSI/IEEE standard 100-1977
defines g-axis leading d-axis by 90°

g (quadrature) /
axis ¥
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« The main objective of synchronous machine modeling is to find
by which voltage and flux equations are in the simplest form for desired accuracy.

« All windings are modeled as magnetically coupled circuits with inductances depending on 6.

e *
« Each stator winding (a, b, c¢)
ep=0 is considered a source in its
circuit having wand i in
opposite directions.
d dy,
e- =R.i. CliﬂtF e, =—R]I, + ”

Rotor self-inductances (lg, lpp , log) Stator self-inductances (I, Iy, lo)

Rotor mutual inductances (lgp, Ipg, Irg)  Stator mutual inductances (I, Iy, o)

Stator-to-rotor mutual inductances (l¢, lyp, |
© 2021 Kai Sun (L lop s lag)
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Variations of Self- and Mutual Inductances

Each winding is either stationary
(on stator) or rotating (on rotor)
together with the magnet:

N | x,ye{ab,c,FFD, Q}

Ly =N,xN, xP,, =1, (Symmetric)

N,xN, : effective coupling

P,, : permeance of the mutual flux path (mainly influenced by air gap)

Xy °

Va

Ve
Ve
Yb

What is each I, ?

- Stator self/mutual inductances (e.g. |,, and I,,): N,xN, is constant; 7, is a periodic

function (assumed to be cosine) of O with a period 180° due to periodic air gap changes

Py~ PtP(0+a) — | =l*l,cos2(6+a)

- Stator to Rotor Mutual Inductances (e.g. |.¢): 2, between stator and rotor windings is

almost constant; however, their effective coupling is a periodic function of 6 with period 360°; the

flux leakage can be ignored (1,=0).
N,xN, = Nocos(0+f) — |, =l,cos(6+p)

* Rotor Inductances are all constant using a reference revolving with the rotor
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Stator self-inductances (I, |,,, |..) and Mutual Inductances (I, |, |..)

* | is equal to the ratio of flux linking phase a winding to current i,, with zero currents in all other circuits
(maximum £, at 0=0° or 180°)

0= 0°

AT

|,,.=L + L, cos20
l,=L; + L, cos2(6-120°)
|..=L, + L, cos2(6+120°)

L, >L,, =0 c

* |, <0 since windings a and b have 120° (>90°) displacement (maximum £, at 6 = -30° or 150°)

Iab = -M, - Lc0s2(0+30°) = Iba b
lpc = -M; - L,,c0s2(0-90°) =1,
= -M; - Lcos2(6+150°) = I,

Ica

M, ~ L/2

© 2021 Kai Sun



Stator to Rotor Mutual Inductances

(Lsg: Lie e 1 lap 1o Lo IaQ IbQ ICQ)

e The rotor sees a constant permeance if neglecting variations in the air
gap due to stator slots

e When the flux linking a stator winding and a rotor winding reaches the
maximum when they aligns with each other and is O when they are
displaced by 90°

~~

(maximum N_xNg at 6=0°) v C
e d-axis |- = Iz, = Mgcosf l.p = lps = Mp cosO
I, = Iz, = Mg cos(6-120°) l,p = lp, = Mp cos(08-120°)
l.r = . = Mg cos(6+120°) l.o = lp. = Mp cos(6+120°)

What if we define g-axis
lagging d-axis by 90°?

loo = lgec = -Mq sin(6+120°) (no negative signs)
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For Salient-pole Rotors

STAToE  SELF JMBDUCTANCES

STATOR MUTUAL (NDULTANCES STATOR - TY- FOTOE.  MUTUALS == D-AXIS
Lag | _ | Lay o ur | |
laa=lstlpes?o | o : L. : Lap=lra= M, s @ H |
|
[}

Ladslpa= Mycos® H

L Ls}Lm : .
=1 - = . | | ' N
ARSI V2 \ N
: o / Loy =Ly, = ~Mg-Lon tos 2(5+Z) # 2 \/ \/ (=
— -0 . _
o T o : -

: |
4 =£5 .{ML'JSZ(Q‘EF H l
by = Ls+ ) | Lip=lg = Mp Cos(e-%2) 4 .

I o
*%“' | 4 4 Linow = M cos (- ZE)
| = — . - l . a ;
. | Lyl =ML to52 5-%) zf, .
A -5 ' /
e 7 o ; ) - .

o= vl s 210+22) H

Ly,

3T

Ljag 3

r~—
o~
n

—————1ad

s

H_..___“\‘q

- I..__

Leg . Lep=lye= Mp cosle+ %

™
S wig L

Vo

h/—\(/ﬂl\/\'/- | | -%_]Abf_\vﬂ\_/\h__ _0 /l\ /\ma‘-%m@m}

| ’ .' l _ Leg Lacs —M;-L.,.casz(m-___f;’i} \/
L JE' z;'r 6 E :

For round rotors, which of the curves will be different?
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Rotor Inductances (Lgg: ¢, lop, loor Ikp: Iror Ino)

e They are all constant

— Rotor self inductances

e = Le
DDéLD
00 = Lo

— Rotor mutual inductances
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|:‘|’abc :| _ |:Lss
Vepo Ligs

LSR :| _iabc
. Lss =
LRR lFDQ

51 m 2n
-M,—L,cos2| 0+ 3 -M, - L,cos2 (9 - E) L+ L, cos2(0+ ?)

m 5\ ]
Ly + L, cos2 -M,—L,cos2 (9 + 6) -M, - L,cos2 (9 + E)

T 2n n
-M_—L,cos2 (9 + E) L,+L,cos2(6— ?) -M_ —L,cos2 (9 - E)

M cos6 M cosb —M ysin
Mycos (-2 Myeos(6-25) —Mysin(0- ) be Mg 0
Lgg = |9 3 ptos 3 ot 3 Lrs=LTsg Lepp=|(Mr Lp O
M cos (9 + %) M cos (9 + %) —M sin (9 + ?) 0 0 Lg
Further thinking:

* Ly 1s constant because 1t 1s in a reference frame rotating with the rotor

* Lgs and Lgg are 0(t) dependent due to variations of N,xN, or P, caused by the
rotation of the rotor relative to the stator

WVEpg ™ - Lips(0) x igp, + Ligg X IkpQ

Only Lg, (0) 1s explicitly dependent of 0

< Ligg(0) X iz = -Wepot+ Lgg X ippg  RHS is in the rotor reference and independent of 6.

© 2021 Kai Sun

LHS = [Lgs (0) P1(0)]x[P (0) igpc] & Lgg x i’
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- . i 2 27, |
080 cos(@—z?ﬂ) cos(9+2?ﬂ) M:cosé M, COS(Q_T) M. cos(0+7)
Me 2 2 | L. =| Mycos® M,cos@—25) M, cos(@+F
L. (O)xi, - M, cos cos(0-=)  cos(@+2) [ rs = | Mp cos p@P==5) Wipes®==75)
M i 2 2
Q I . . .
_sin0 —sin(@—27) —sin(0+2?7z) —Wgiine AlgEn(==r5) =Wgtms=5
I, cos O+, cos(0—-2)+ I, cos(@+=) | T~ i
M F 3 3 /' d sin cos f+sin(a —%) cos(f —2—7[) +sin(x +%) cos(f +%)
: . 2. 2 3 3 3 3
= M, I, cos @+1, cos(6——) +1, cos(0+—) | 4 4
M 3 3 :E[Sm(m B)+sin(c— ) +sin(a + ,B—?)+sin(a— B)++sin(or+ ﬂ+?)+sin(a— ﬂ)}
© . . 2r. . . 2 i
—[la sin@+1, s1n(c9—?7[)+lC sm(9+?ﬂ)} > Iq zésin(a_ B)
2

* For balanced steady-state conditions:
I,= 1, sinwt, 1,=1_ sin(ot-2n/3), i.=1,sin(ot+2n/3), G=ott+tén/2, o=o,

I, cos @ +1, cos(€ —277[) +1, cos(6 + 277[) =1 sinwtcos@+ 1| _sin(wt _T) cos(é —2?) + 1 sin(ot+ 2?) cos(f + 2?7[)
~ N 31, ~ id
I, sin@+i, sin(67—2—37z)+iC sin(6’+2—3ﬂ) = 51nwtc0s(0——)+l s1r1(a)t—2?)cos(¢9—2—37Z ——)+I s1n(a)t+2?)cos(¢9+2?ﬂ—z)
—%sm(a)t t9+—) =37msin(a)st—a)rt—5+7r) z%siné‘ ~ iq
© 2021 Kai Sun ia * ib " iC =0 ~lo 13



Park’s (dg0) Transformation

—Pi, | Ky I 1 LR K K, Ky
Lo =k s cos(0—27/3)  cos(0+27/3) | | |=| k,c0s0 K, cos(0—-27/3) K, cos(O+27/3)
i | | k|| —sin@ —sin(@-27/3) —sin(@+27/3)] |i, | | K sin@ —k,sin@-27/3) K sin(@+27/3)|

For balanced steady-state conditions: 5= Ky I sin(ogt-0)><3/2 =Ky I, cos6><3/2

I,= |, sinat

I,= |, sin(at - 27/3) _

i.= | sin(agt + 27/3) 1,=0

0= t+6-11/2. ®.~0 All constant currents!
r 2 r S

4= -Kq Iy cos(wgt-0)><3/2= -k I, sind><3/2

* If we expect the transformation to be power invariant:

P3¢ :eaia +eoib +ecic :e-;bciabc — (P_le()dq )T P_liodq eOqu P lOdq _eOIO—i_edId_i_e |

P-TP-'=1 —P-'=PT or PTP=I (orthogonal matrix) k=K, f and k, _?
[ 1/42 1/:2 vz ] 2_1/\/5 cos ¢
P= % cosd cos(0-27/3) cos(6+2x/3) | P = 3 1/\2 cos(0-27/3)
=sing —sin(0-27/3) —sin(0+2773) /N2 cos(@+27/3)

© 2021 Kai Sun What if we define g-axis lagging d-axis by 90°7?




Flux Equations P
;{P 0} i)4q
iOdq = Piabc IOdq = |:P 0:| labc 0 ! iFDQ
:> oo | L0 T |ieog o -
— _ 1 .
\IIOdq = P\Vabc \l’odq _ P 0 \llabc <:> |:P 0:| |:\|’odq :l _| |:‘|’abc i| _ |:LSS LSR:| §|: labcj|
_\|IFDQ | - 0 I \|IIZDQ 0 I WVepg WVeng LRS LRR Ipg
’w()dq‘_[p OMLSS LSR} P e | {woq{Lgs L;R} g
Wepg 0 Ij[Lgs Lpg [ 0 I i VYepo Lps  Ligg i
FDQ FDQ
v | L, 0 0 0. 0 0 ][] v | L, 0 0!l o0 0 0[]
we| [0 L, kM. kM, 0 0 || ve | [0 L, 0 kM. kMy 0 ||
Ve || 0 Me Lo My 00 ]k Vo | |00 L1 0 0 kM|l
vol |0 kMg M, Lo 0 0 |]ip & w.| |0 kM. 0 i L. M, 0 ||i
v, [0 0 0 0 L kMy||- vo| |0 KMy 0 1My L, 0 |
v | [0 0 0 0 KMy Ly i, o | [0 0 kMgl 0 0 Ly iy
3 3 3

L=L-2M,, L=L+Mo> L, L=L+M =L, K

© 2021 Kai Sun 15



eOdq = l)eabc |:>

=

€

eabc

€rpo
P_l
0

= o

=

Note: P 1s
NOT constant
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€rpo
eOdq
€roo

d

P—P'=P——P'=@P—P'_22

dt

d

P—

dt

B
|

Voltage Equations

abc _ |:l)1 0:| eOdq
€roo 0 I |emy

R 44 0
0 R

de d
dt do

0
P_IWOdq: OV, | =
a)rl//d

abc 0 _iabc_ +i Wanc
L 0 RFDQ iFDQ_ dt WVepg

0 _eOdq _ Rabc
|| _eFDQ 0 R

! [pl 0} | 4 [V
o | L0 1], dt | Wepg

FDQ

o

AN R A

} —ij4q d | Wodq
+— +
FDQ i dt \IIFDQ

FDQ

1/\2 1/2 1/42

cosf  cos(6— ZT”) cos(d + 2%)

d
dé 3

—sinf@ -— Sin(e — 27”) — Sin(9 + 2%)

0
(—o, L)) x (=iy) — o kM,
o, Ly x(—iy)+ o kM i + o kM i,

d

P d_ Py 0dp
0

0 —siné

—cosf

x| 0 —sin(e—%”) —COS(9—2—3”)

0 —sin(d +2—3ﬁ) —cos(6+ 2?7[)

\i’odq :l
W eng
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Assume R, =R,I

0

oLy x (=) + o kM i + o kM i, =0y,

(—o L)x(-1,)— o kM i,= -0y,

17
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. d i -
€0dq _ |:R0dq 0 :| “Logq N PEP I Wogp +i Yodq N |:P xXe,
€rpa 0 Ry i v dt | wepo 0 | ..i
FDQ FDQ ] e,
A € di 1 Rn Rn Rn ia_ I-n Ln I—n d ia_ L, H,, =
€, = en = _(Rnin + I-n ﬁ) l|=- Rn Rn Rn ib - I-n I—n Ln a ib
en 1 Rn Rn Rn iC_ Ln Ln Ln iC_ _.':r
. d. °
= _Rnlabc _Ln alabc
Pxe=P (-R i, — L, di, /dt)
=—PR,P'Pi, — PL P'Pdi,/dt
(3R, | [3L. di /dt] g
R | |3/ - —3Rni0—3Lnii0
= 0 |- o , dt
0 0 |:€0dq :| _ |:R0dq 0 :| _lodq N i|:\|’0dq :|+ —C()rl//q
) - - €rpo 0 Rpo oo dt Vepo . ow,
Note: x dP/dt xi,, =0 i 0s,,
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1

\Vabc
WYepg

0dg

}_
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Summary: Flux and Voltage Equations

[ 1/42 1/32 1/32
Pi,. pP-2/3| cos® cos(0-27/3) cos(0+27/3)
—sinf —sin(@—-2x/3) —sin(@+2x/3)
(] [wio o 00 07| L= -2Mm,
Ly Lg | | i B Val| |0 L kM KMy 0 0 ||y LM 231
= L L i \VOdq_P\llabc Ve 0 EkMF L. M, 0 0 I d s S om
R TRRLTFDQ vo | |0 kM, M, L0 o0 |]i 3
ol Y o M i ¥ VL ° | L =L +M,-ZL,
v | |00 0 0 L kM|, 2
| 000 0 0 KMy Ly [|i, | k=v3/2
0 —i e |
Rabc e E \Ilabc ! eOdq — l)eabc Rabc:RaI
0 Reo | [Trng | 0| Weg] [0
e, | TR, 7’0 0 0:0 07[-| [L: O o 0 0 07 [-] [ o
e | |0 R, O 0 0 Of|-g| |0 L kM. kM, 0 0o | | iy | | ~ow,
e, 000 R. 0.0 0]]i 0 kM, L. M, @ 0 0 |d|ic 0
0 l0o 0 0 Ry 0 0flip |70 KM, M, Ly i 0 0 |dt|i 0
e, 0 0 0 0 R Of|-i| |0 O 0 0 L, kMg| |-, | | o,
0] |0 0 0 0 0 Ryjliyg | [0 0 0 0 kMg Ly | i | [ O
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Winding Circuits (Equivalent Transformers) after Park’s Transformation

& ] R0 0 0 0 o7f-] fL, 0 0 0 0 0] [-] 0]
e, 0 R, 0 0 0 0 ||-ig| |0 L kM. kM, 0 0 iy | | -0,
e | |00 Re 0 0 0|l | 10 kM. Lo Mg 0 0 |d|i || ©
0| |00 0 R, 0 0]]ip 0 kM, M, L, 0 0 |dt]ip 0
e, | | 0.0 0 0 ":"R';""E) """ -i, | o0 o 6m+im|_‘_q """ kMg | | —i, | | o,
0 _O 0 0 0 0 RQ_ iy | _0 0 0 0 kMQ Lo 1 lie | L 0
R, —0, w, ¥, is a speed voltage caused by d-axis flux in the g-axis winding
A
" ] * -@, Y, is a speed voltage caused by g-axis flux in the d-axis winding
M e %
e l N - i Voltage equations follow Faraday’s law
? kMF\ J V4 V’\af\f‘ + 1 \
Ro Mg S o E= - F-dé= (E+/vxB)-de
M ¢ 7 o ‘ 4 Jwire wire
kl\/ID.| —~ ) J wir J wir
ex=0 ’-Ul Lp ol -+
o Y, R, X,
, R, g Nf\——50" T EL
A AAA
oo LekMorl o w :
eg=0 <) Ro - qu a CD E .5,
+O- Egzxdd‘:ﬂ
O Yy Xa=X=%,

© 2021 Kai Sun
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Naming Convention

My Notes Kundur’s book

I lq
I lg
iQ ikq
L L a0
M Labo
L, Lo
Me Lot
Mp -
Mg Lete

R L
F L
Lp L
Lo Lk
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« Ifky=k,;=2/3 and ky=1/3, I, I, I, Iy, I5 all have the same amplitude I, or in other words, a unit-to-unit relationship holds

I,= |, sinat s 1 U2 U e oy 14= Ky I, sin(ot-0)><3/2 =l sin(wt-0)
. . - 2 2 2 ~ 2 : 2 .
5= |y SIn(ogt - 27/3) © P=3)cmsd @7 cosl0+7) | B =|1 cos(0-) —sin(@-) = =K I, cos(wgt-0)>3/2= —1, cos(mt-0)
. . 2r 2 2 . 2z

— —sinf —sin(0-22) —sin(@+=2 1 cos(@+—) —sin(@+—) . . . .
= |y sin(at + 27/3) [ ey =) | 3 37 o= Ko(iy + 1y + i)

 However, P is not isometric.

) i i ~ o~ .3 . 3 .
T o T T yp—1e
P s =8l Tl & =€y iy =e0qu P 44 =361, +Eed Iy +5eq|q

all per unit mutual inductances o L 0 0 0 0 0] 4 e -
between the stator and rotor circuits |% | |0 L 0 M My 0114 Vo | |L ) 0_ 0 _0 _0 O 1 =h
are equal to Lg4 in d-axis or Lgq in ve| |0 0 L 0 0 My Vol |0 L+Ly 0 Ly Ly O |-k
g-axis, where Lgq =Lq -L; and Yal | o %MF 0 L M, 0 _"q v, _ 0 _O L +L, _O 9 L, —_iq
Log=Lg-L, Ve 3 3 Wel 10 L 0 L M, 0] I
+ This reduces the number of constant | *°| | ° EMD 0 M L 0 !D 728 0 L, 0 M, Ly 0] iy
. . . W, i . _ _ —
parameters in model without losing L7, o 0 EMQ 0 0 1L Q] Vo] |00 L, 0 0 Ll
1tS accuracy. _ _
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Per Unit Representation

 Each of stator/rotor winding circuit involves quantities, e.g. €, i, S, Z and f, but only three of them are independent.

 Using the machine ratings (stator-side) as the base values

€ pase (V) peak value of rated line-to-neutral voltage
I base (A) peak value of rated line current X = X _ 2nf y L
fre (HZ) rated frequency Zpase 27fbase Lbase
' If f=f, X=1
— es base y lsbase _ 3 :
83¢ base (VA) =3 T X T - Ees base ™ Is base

0.6 (€lec. rad/s)=2mf, . = Opase x(g) e.g. #377(rad/s) for 60Hz

)1 e 12T EEIODENENEN
Zs base (Q ) :es base/ is base 1:base
Ls base (H) :Zs base/ Whase

es base S3¢ base

S Is base IF base ID base IQ base
3 .

_ P3¢base 3P

Tbase (Nm) - ) (E) Ws base ™ Is base

o : : : .
mbase |Epases Ipbase @Nd I, should enable a symmetric
per-unit inductance matrix.
© 2021 Kai Sun 23
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L.4-L.q based Per Unit System

i Symmetrizing

L, 0 0 M., M, 0
(] 0 L, 0 0 0 Mgy [[=i,]
0 0 L, O 0 0 || —j
4 0 |
! 3 _iq Step1:
Vol _| =M, 0 0 L. M, 0 0
Ve § F
Yo 5|\/|D 0 0 M, L, 0 ||ip
LY 3 o |
0 =M, 0 0 0 Ly

vy L, 0 0 M. M, 0 |-
W, 0 L, 0 0 0 Myl
A o o0 L o0 o0 0 |-
ve| IM. 0 o L. M, o T
Vol M, 0 0 M, L, 0 | i
o) [0 Mg 0 0 0 Ll

1. Divide both sides of equation of 1 by ¥ pase =Ls base<ls base

3. Equate two per unit values: Mp = M'p

Wy Ly X ig N Mg X ip N Mp X ip
Vs base LS base X ls base Ls base X ls base Ls base X ls base
LgXig MEXIE pase IF MpXip pase

= _ + X + X

Ls paseXlis base Ls paseXis base IF base Ls paseXlis base

Wd=—zd de+MF><zF+MD X{D

2. Divide both sides of equation of Wr by W pase =LE pase = bace

W 3 Mpxia  Lexip  MgXip
VF base 2Lppase X lppase  Lrpase X lrbase  LFpase X IF pase
3 MgXi i LrXi MpXi i
- _2 F2ALS base X d FALF R”D base X D

2Lf baseXiF base is base Lp baseXiF base Lp baseXiF base iD base

WF - _M’F X Zd +ZF X EF +MR X ED
© 2021 Kai Sun

MEXip pase 3 MFEXispase
LspaseXisbase 2 LFbaseXlF base

) 3 ]
2 —= 2
I—F base I F base_z LS base I S base
Lo, 2, = Lepo i2
Whasel-F base ' F base 2 Whase Lsbase s base
. 3 . _ S
CF base 'F base ) €5 base Isbase = 3gbase

Similarly,

€D base 'D base = SB¢ base eQ base 1Q base S3¢ base

All rotor circuits have the same VA,

that equals the stator 3-phase VA,
24



L.4-L., based Per Unit System (cont’d)

(v, [, 0 0 M. M, 0[]
v, 0 L, 0 0 0 My -i
— = = Step 2: Finding
0 0 0 0 0 ||l —I
%Zo = _ a _ _ base values
vel| IMc 0 0 L M, o0|F
Vol My 0 0 M., L, 0 [0
_QFQ_ 0 MQ 0 0 0 LQ 1 iQ |
Lag=Lg- L Log = Mp = Mp
Z _ Lad Mg X if pase Mp X ip base
d — = . = :
‘ LS base Ls base X ls base Ls base X ls base
[ a Zad X 1 A 1 A l”Ld X i A
Fbase = ls base> lp base = Mp s base>

CF base—83¢base /1 IF base, \4

ZF base= € base /i IE base
— 12
_S3¢base/ I“F bases Q

A
I—F base— <F base / Wpase > H
YF base = LF base IF base> Wb-turns

MF base LS base X IS base / IF base
© 2021 Kai Sun

o base— 83¢ base/ Ip base, \4
A A

D base — eD base / ID base

— 12
— 83¢ base /1 D base» Q

A
I—D base= 4D base / Wpase H
Wb pase = Lb pase™Ip bases Wh-turns

|vID base LS base X IS base / ID base

L, 0 0 0 0 0 |-

0 Ltk 0 Ly Ly 0+,

0 0 [I+gq 0 O gq —E
o L o L M, 0T
0 L, 0 M L 0f
Jlo o & o o ]

L=b+l L=h+L,

La=Lq-Li  Lag = My

zaq Laq _ MQ X iQ.base

Ls pase Ls pase X Us pase

. Laq .
LQ base = M_Q X 1s pases A

€0 base= S3gbase / 10 base, ¥
ZQ base eQ base /i IQ base
— 53¢ base / i2Q base> $2
LQ base= ZQ base ! Opase » H
VQ base = LQ base™ iQ base> W b-turns

LS base < IS base / IQ base

MQ base
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Formal Simplification of the Model

[a)] [a) [a) o [a] [a)
© o _ o TR [a)] (o4
L LL LL LL Ll LL
] o _ o LL [a) (o4
g 8 8 & 8 &

o o o o Qo o
5] o =) L [a)] o
© © © © © ©
] o ] LL [a) (o4
L |
[ 1
[ o 3]

o
Wl =}
o ~+~ o o wnO
S S
|
L
+
IO Id .Iq
| | .I_.r .ID | .IQ
d_m
I
o
o o o o s ¢
X

21 inductances
(many are 6-dependent)

14 constant inductances

L,4-L.q based

P. U.
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>
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Equivalent Circuits
Define differential operator p=d/dt

& R, 0 0 0 0 Ol|-|[L O 0 0 0 0] |-, | [ o ] v | | L 0 0 0 0 0| |k
& 0 R, 0O 0 0 O0f|-g| |0 L+bLy Ly Ly 0 0 || |-ou, 7 0 L+ly Lo Ly 0 0| |
e 0 0 R 0 0 0] 0 L, L M, o0 0| |i 0 Ve 0 L, L M, 0 0| |i
=0/ o 0o o R 0 ofli |fo L M. L o ofPi,|T o PlyaTlo L, ™M, L, o ol
&, 00 0 0 R O[] |0 0 0 0 Ltbly Lol || | ow, 7 0 0 0 0 L+b, Lg| |-
6=0] [0 0 0 0 0 Ry||i, | [0 0 0 0 Ly L|lip|L o] ol | O 0 0 0 Le Lol |io |

ey =(LitLag)*(Ply)  FLagXplp  +Lag*Pip — @y — R
=Lag*P(=lIgHetip) —Lxply  — oy, — Ry
Pwe= (Li+La)>X(—Plg) TLygXpie  +tLyg*Plp = €5 + oy, + Ry

e =  LagX(Plg)  +Lexplp  +MgXxpip +Rele

= Lag*P(=lgtigtip) —Lg*p(ip*ig) +MgXpip +Lg Xpig + Reig

= LygXP(—ligtigtip) +(Mg—Lyg)*p(iptip)  +(Lg - Mg)*pig + Reig
ep = 0= L,g*(—iy) +MgXpip +Lpxpip +Rpip

= LagXp(— Igtigtip) +(Mg—L)*p(ipti)  +(Lp- Mg)*pip+ Rpip

6= (LtLaX(-piy) +Log¥Pig +orpy Rl
= Laqxp(_iq+iQ) _leplq T Yy _Ralq
P¥We—= (LI+Laq)x(_piq) +I—aqxpiQ = €~y t Raiq

o= 0= Lygx(—Piy) +LoXpig  +Rgig
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o d-axis:

Ley 2L - Mg Ry 2R¢
Ve =V F €1q =€F
Lg=Lp- Mg Ri¢=Rp
Yie=Vp

Mg-L,4 =0 1s named L4, in some literature to
model rotor mutual flux leakage, 1.e. the flux
linking the rotor’s field and damper windings but
not stator windings)

* Q-axis:
Lig=Lo— Ly Ri4=Rq
Yig=V¥ o
Lyg=Lle— Ly Ry=Re
l//2q = e

© 2021 Kai Sun

py,

Py,

Subscript Notations:
( )iq ~ field winding quantities
( )ug ~ K-th d-axis damper winding quantities
( )q ~ k-th g-axis damper winding quantities

M R' Lad zO

YY

Equivalent Circuits with Multiple Damper Windings (e.g. Round-rotor Machines)

=0

i

e

.

Lia=Lp- Mg

§Rld:RD

ta ]
L=Le-Mg

Ri=Re

+
C=CF

—_

-]

(a) d-axis equivalent circuit

A

(b) g-axis equivalent circuit
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Example: a model with 3 rotor windings in each of d- and g-axis equivalent circuits

e EPRI Report EL-1424-V2, “Determination of Synchronous Machine Stability Study Constants, Volume 2”, 1980
— The proposed equivalent circuits are expected to contain sufficient details to model all machines
— Parameters are estimated by frequency response tests

Ly, Lfkd1 Lfkd2 Lfd  Rfd
oL WL 1Lk AN—ANN o) w /\\
f— —
T Id ltg T . § / \\ ~ ]
Lkt Lkd2 : - /4 “'\‘-:./"{?(\ N —— measured
‘P L Ved g / U — L --- model
d ad ‘k}
l Rkd1 Rkdz g,
c i
)
|
+-_ S
H
q —
] qu1§ quz é qu3 measured
-~~ model
¥ L qg
q a
] qug Rkq2 § Rkq3
o

Figure S-2. Simulation of Nanticoke Generator Power and Fielcd
Current During a Transient Caused By Line Switching.
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Example 3.1 (Kundur’s book)

A 555 MVA, 24kV, 0.9p.f., 60Hz, 3 phase, 2 pole synchronous generator has the following
inductances an resistances associated with the stator and field windings:

|,,.=3.2758+0.0458 cos(20) mH |.,=-1.6379-0.0458 cos(26+n/3) mH
|,-=40.0 cosH mH L-=576.92 mH
R,=0.0031 Q R=0.0715 Q

a. Determine Lyand L, in H
b. If the stator leakage inductance L, is 0.4129mH, determine L,4 and L., in H

c. Using the machine rated values as the base values for the stator quantities, determine
the per unit values of the following in the L4 base reciprocal per unit system (assuming
Lad:MF:MR ln pCI‘ unlt) L|, Lada L Ld’ LC]’ MF, LF, Lfd, Ra and RF

ag’

Solution:
a. |y, =L + L, cos20 =3.2758+0.0458 cos260 mH
|, = -M, - Lcos(26+m/3) =-1.6379-0.0458 cos(26+n/3) mH
l.-= Mgcos6 =40.0 cos6 mH
Lo=LotM+3L,/2  =32758+1.6379+ x0.0458 ~4.9825 mH
Ly=LtM-3L, /2  =3.2758- 1.6379+> x0.0458 =4.8451 mH
b. Ly=Ly—L, ~4.9825 — 0.4129 ~4.5696 mH
Lag=Lq— L =4.4851 - 0.4129 =4.432 mH

© 2021 Kai Sun
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c. 3-phase VA, =555 MVA

Eaus base =24//3 =13.856 kV
€ base (P€AK)  =V2X Egyis pase =V 2% 13.856 =19.596 kV
lats base =3-phaseVAbase / (3% Eqys pase)=335%106/(3%13.856x10%)=13.3512x103A
i pase (P€AK)  =V2X | pase =V2%13.3512x103 =18.8815x10%A
Z, base =€ pase/ I base =19.596x103/(18.8815x10%)  =1.03784 Q
Dpase =21x60 =377 elec. rad/s
L base =7, bose! Doase =1.03784/377x103 =2.753 mH
=4.5696/40x18.8815%103 =2158.0 A
= 555x106/2158 =257.183 kV
=257.183x10%/2158 =119.18 Q
=119.18x103/377 =316.12 mH
=2.753x188815/2158 =241 mH
Then per unit values are:
L, = Ly/L o =0.4129/2.753  =0.15 pu 0.0715/119.18  =0.0006 pu
L,,=4.5696/2.753 =1.66 pu =400/241 =1.66 pu
Loq=4.432/2.753 =1.61pu 576.92/316.12  =1.825pu
L= L+ Lyg=0.15+1.66 =1.81 pu =1.825 - 1.66 =0.165 pu
L= L, + Lyg=0.15+1.61 =1.76 pu
R,=0.0031/1.03784 =0.003 pu

© 2021 Kai Sun
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Steady-state Analysis

 All derivatives (pX) are zero:
Pw,=0 - w=1 and L=X in p.u.
P¥i=0—> €= Reglyg
Pyi=0— i;=0 W= -Lglgtlaglig
PYi=0—> 1,=0 Vo~ -Llq

Pvs=0 — €3=-y, -Ralg €4 :Lqiq -Ralg
—0— e = w -R.i C Litl i R R, oy & Under a steady-state
PV, q~ Y el €4~ ~Ldla™badlfa ~Talg # = ; condition, damper winding
. Sl L,  currents are all zero.
Voltage and flux equations: 6+6 — 3+3 | .
— : . . Py,
€= Rralra Wii=(LagtLsa)lra— Lagl 1 ’ % o
€= Kalg ~Rals Wia=Lag (g — 1g) P¥ Fia

&= ~Xalg tXadloRalg  y=h=— Ly
(b) g-axis equivalent circuit

 Single equivalent circuit for both d and q axes: R, X,

. N NN E/0°

It: Id +J|q it

E=¢, tie= Xglg—Ralg  —Xglg T1Xaglg —IRalg
= —Ra(lg T11g) —JXy X Jlg — 1 Xglg T Xagltg

E~E g — (Rgt jxq)it where Eq =] [Xadifd'(xd'xq)id]

If saliency is neglected:
CD E 8,
Eq=xadifd

XXX, (synchronous reactance)

i}
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Computing per-unit steady-state values

R, X
AN——" "N E 10
@, =1p.u. I,
e Active and Reactive Powers E, L8,
S = Et |~t* Et=Eq - (Ra+ jxq)it
:(ed +jeq)(id _jiq) el o _-” q—axis
= (&ly +€,1,) + J(&yly —€4l,) Je”
. * Rot le & !
where €; =-o,, — R, e :
- 1
_ _Ri . D & QU . X1
e, = oy — R, 5=5+/E “Sey o lrcosd
. 3, E :
P=el +el d d
t —%dld T “g'q \ ¢ G o
- - 2 =2 £ . R I R I sin
:a)r(l//dlq_l//qld)_Ra(ld +Iq) \\ f a=k a’t ¢
\ t
) -2 \ =
=P, —R, (i +i) \ "\
. i \ R Icos¢ X Isind
Qt o eqld _ed Iq d-axis e s
* Air-gap torque (or electric torque)
P i i Tl ! X I cosdp-R _Isin
Te ===yl —¥ly L= Vo 6 =m_l(E_}] S, =tan‘1[ Ot o ¢
@, t E, iy E +R, I,cos¢+X I sind

=P +R_(if +i2)
. q
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Representation of Magnetic Saturation

« Assumptions for stability studies

— The leakage fluxes are not significantly affected by saturation of the iron portion, L
so L, 1s constant and only L, and Laq saturate in equivalent circuits o— Y
— There is no magnetic coupling between d and g axes,so saturations on L and L, ‘a / “ i\ = ]
can be modeled individually. Let Ly, and L, denote their unsaturated values: L, L,
l!‘[d wﬂdz}"ﬂd
L.g () =L agus Laq (ifd)=LaOIUI only if I, or MMF is not large \
lpld ‘[rﬁf
— The leakage fluxes do not contribute to the iron saturation. Thus, saturation is o
determined only by the air-gap flux linkage L,
= (Ll )i L, Wy = -(LitLgg)i AL
g = -(LitLag)lgtLagh q 1" ag/q :q/l’m By
Wa =VWaa T Wa Va = \/l//adz +l//aq2 " " gL %qu %Lla
_ - - 1 q ag agq
=V + Ll + Jwg + L, First find ; vs. Iy and then estimate 1 1
= Lad (l i Id ) — JLan the function Lad(ifd) or Laq(ifd) \ 1II]@- q’zq

— Saturation relationship y; vs. Ity (or MMF) under loaded conditions is assumed to
be the same as under no-load conditions (i;=1,=0), so only the open-circuit
characteristic (OCC) 1s considered.

Wat — l//at — I—adlfd
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Estimating Saturation Factors K ., and K,

I—ad:st I—adu L Kol

aq_ Nsqlaqu
« Salient pole machines

— The path for g-axis flux is largely in air, so L,, does
not vary significantly with saturation of the iron
portion of the path

— Assume K. =1.0 for all loading conditions.
* Round rotor machines

— There 1s a magnetic saturation in both axes, but the
saturation data in q axis is usually not available

— Assume K =K,

* Thus, we focus on estimating K4

st = I—ad/ I—adu
— Wat/ 4 ato = Wat/ ( Wat_i_ WI)
=1,/1
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Voltage or
flux linkage
; Air-gap
line b
ll’mﬂ """""
¥, OCC
) L S
I
l _ Y
! - _ta0
;! I
|
i: _ Y
| r
Lo
|
| i
| i
l |
I 1 i
Iﬂ I iﬁi or MMF

(See Kundur’s Example 3.3 on Estimating K4
for different loading conditions)
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Modeling of the Saturation Characteristic

» , 1s modeled by 3 approximate functions

Voltage or
— Segment I (v, <yq): Y= 0 — Wa=0 flux linkage e
V&2
i
— Segment II (W1 <y <vy,): V; = Agq eBsat(War=Wr1) inear
Vn
— Segment III (y,>y1,): V1 =W FLiatioWar— W) — Wat
Yn
* Note: segments I and II are not connected since when v, =y,
V,=A# 0 (usually small)
» Segments II and III are assumed to be connected at y_ =y, to - iy or MMF
solve y,
AgqreBsatWra=Vrd=y 4+ . (Wr-Yro)- Yo, Five independent parameters:
e \|]T2+AsateBsat(\|!T2_\|]T1) AS&'[’ Bsat, \VTI, WTZ and Lratio
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TSAT Model Manual

Ly Lfkd1 Lfkd2 Lfd R
o— T L1 SN AO—ANN—0
Synchronous Machine Model DG1S1 T 41: ‘I:(;
Lkdt Lkd2
Model Descriptions
Ya |-~a«dg
This model uses parameters in basic form and type 1 saturation model. Rid1 Rid2
Data Format l |
(o
IBUS, ‘DG1S1°. L MVA 3 X X0 Ra. X, Ra. X1 Ragr Xar. Ruar. Xagr. Bagr. Xia. Raan. Xags. Raga.
H Krp. @ Asyr. By Wi RS/ L,
Parameter Descriptions -
1
IBUS - Bus number, name, of generator equipment name of the machine. g Lkqt Lkq2 Lkq3
I - ID of the machine (ma}i or may not b&_ em:lo_scd in single quotes)._ ) L qg
MVA - MVA base of the machine. If not specified (1.e.. no value or zero 1s entered), the MVA base q a
of the matched generator in powerflow data will be used. Rkg1 Rkq2 Rkq3
Xad - Unsaturated direct axis mutual reactance i per unit on machine MVA base.
Xaq - Unsaturated quadrature axis mutual reactance in per unit on machine MVA base. !
X - Leakage reactance i per unit on machine MVA base.
R, - Armature resistance in per unit on machine MVA base. VOltage or )
X - Field winding leakage reactance in per unit on machine MVA base. flux linkage } ‘_A‘Ir “gap
Ri - Field winding resistance i per umt on machines MVA base. line b
Xiql - First quadrature axis damper winding leakage reactance in per unit on machine MVA base. TS E
Ryq1 - First quadrature axis damper winding resistance in per unit on machine MVA base. a0 ' 0ce
Xidi - First direct axis damper winding leakage reactance in per umit on machine MVA hase. vy, !
Byd1 - First direct axis damper winding resistance in per unit on machine MV A base. W, Lot /o %
Xyq2 - Second quadrature axis damper winding leakage reactance i per unit on machine MVA base. “ V74 a L _K L
Ryq2 - Second quadrature axis damper winding resistance in per umt on machine MVA base. A ad "“sd-adu
Xid? - Second direct axis damper winding leakage reactance in per unit on machine MVA base. ro
Ry - Second direct axis damper winding resistance in per unit on machine MVA base. E E
Xiq3 - Third quadrature axis damper winding leakage reactance in per unit on machine MVA base. ! ! K — (// / (// — I /I
Ryg3 - Third quadrature axis damper winding resistance in per umit on machine MVA base. Pl sd at' at0 0
H - Inertia time constant of the machine in MW-second MVA. .
KEnp - Damping coefficient m (p u torque)/(pu. speed deviation). P
o - This parameter is used only for synchronous motor, as the exponential in the load : !
characteristic of the motor: Ty, = Ko" (K is determined by TSAT based on the initial - -
condition). It 1s ignored for generator model. l(] 1 ly OF MMF
A - Coetficient i saturation charactenistic.
Baat - Coefficient in saturation characteristic.
W - Flux linkage on the saturation curve where the Region IT characteristic starts. Here \V :\V \V :“V and RS: L .
Wy - Flux linkage on the saturation curve where the Region ITT characteristic starts. L T M T2 ratio

© 2021 Kai Sun RS - Ratio of the slopes of air-gap line and the Region I characteristic.




SIEMENS
Generator Model Data Sheets
GEMSAE

1.20 GENSAE
Salient Pole Generator Model (Exponential Saturation on Both 2

This model is located at system

s # IBUS,
Tr?zh;njdgeun:;:;ms starting — " o S SPI-
with # By — D | | 1501
and STATES starting with 8 K Vr % GENSAE | ETE
The machine MVA is for each of Bus
units = MBASE. a0
£ 30RCE for this machine is +]
on the above MBASE.
CONs = Value Description
J T 4o (=0} (s2C)
J+ Tan (>0) (sEC)
J+2 Trqo (20) (sEC)
J+3 H, Inertia
J+ D, Speed damping
J+5 Xy
J+6 X
T Xg
J+8 Xg=X'g
J+3 X
J+10 / 5(1.0) \
J+11 5(1.2) /

Note: Xy, Xg, X'g, Xy, X'g, %, H, and D are in pu, machine MVA base.
Xrg must be equal fio X7y,

STATEs # Description
K Eq
K+1 Wy
K+2 whd
K+3 4 speed (pu)
K+4 Angle (radians)
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IBUS, 'GENSAE’, ID, CON(J) to CON(J+11) /

PsS®PE 3311

From Anderson’s book

A Voltage or
flux linkage
: /SIUpe = Lo,
1.2 |=———————— I__""" wGI.--

3 1.0[————7#> I linear
_';-_..‘L (VI || p—— ‘ |{ i o eV B <ok T e

¢ | |

g I |

G | || |

z I | vny Las
el >

ko k1 Tr2 e i or MMF
Field Current, iF' A or pu

Fig. 5.25 Estimating saturation as an exponential function.

S(1.0)= Sg = %
iry — 1.20p

1.2igg

IF3 — IR
Sc;g = - =

13!

. Bg (V,—0.8)
SV, =Aec

S(1.2)=

Y= AsateBsat(\Vat_\VTl)

Asat:AGa Bsat:Bea WTlZO'Sv W, =1.2
Lratio:Lad(iF3)/Ladu

A¢ = S51/1.2862
Br_‘,: = 5111(1.25.52/5{;.)
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Example 3.2 in Kundur’s Book

The following are the parameters in per unit on machine rating of a 555 MVA, 24

kV, 0.9 p.f, 60 Hz, 3600 RPM turbine-generator ': R,;>>Ryy
Lu.d:l'ﬁﬁ Lﬂq=1aﬁl LI:D.IS Ra=0.003 Lfd/Rfd>>L1d/R1d
L,=0.165 R;,=0.0006 L,=0.1713 R,;=0.0284
L, =0. =0. =0. =
14=0.7252 R,,=0.00619 L, =0.125 R, =0.02368 Lio/R1>>Log/Ro,

My is assumed to be equal to L ,.

(a) When the generator is delivering rated MVA at 0.9 p.f. (lag) and rated
terminal voltage, compute the following:

X, I,cos¢-R I sind

(i) Internal angle &, in electrical degrees § = tan”!
(ii) Per unit values of ey, €, iz, igs 1y iygs bags iggs o Wpgo Wigo Uypr Wy E +R I cosd +qutsm¢
(iii) Air-gap torque T, in per unit and in newton-meters
Assume that the effect of magnetic saturation at the given operating condition is to R ¥
reduce L, and L,, to 83.5% of the values given above. PN : E.(0°
(b) Compute the internal angle §; and field current i, for the above operating :
condition, using the approximate equivalent circuit of Figure 3.22. Neglect R,
E .8,
Solution E,= X4l
Xd=Xq=X,

(a) With the given operating condition, the per unit values of terminal quantities are

P=09, Q=0.436, E =10, L=10, ¢ =25.84°
Figure 3.22
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The saturated values of the inductances are 8, = tan™’ XqlcosdR,]sind Al e
E,+R I,cosp+X I sind 3
I
L,, = 0.835x1.66 = 1.386 :
X5/ X, 1, cosd
Lﬂ = (0.835x1.61 = 1.344 5 3 ; i\
L, =L,+L = 1386+0.15 = 1.536 3 i o aing
L, = Ly+L, = 1344+0.15 = 1.494 I
"".. ~— '
Following the procedure outlined in Section 3.6.5, . Faleomy, oyl )
d-axis
G) 5. = tan-! 1.4941.0x0.9 - 0.0031.0x0.436 )
: 1.0 +0.003x1.0x0.9 + 1.494x1.0x0.436 € = Ryuly = 0.0006x1.565
= tan"'(0.812) = 39.1 electrical degrees = 0000939 pu
q’fd = (Lad+Lfd)l;‘af-Ladid
(ii) e, = Esind, = 1.0sin39.1 = 0.631 pu = (1.386+0.165)x1.565-1.386x0.907
e, = E,cosd, = 1.0c0s39.1 = 0.776 pu = 117 pu
i, = Isin(8,+¢) = 1.0sin(39.1+25.84) = 0.906 pu Vig = Logy-iy)
- Icos(8,+¢) = 1.0c0s(39.1+25.84) = 0423 pu = 1.386x(1.565-0.906)
&R, = 0913 pu
i X‘H llrl'? - I'sz' - -quiq = =1.344x0.423
_ 0.776+0.003x0.423 +1.536x0.906 = -0.569 pu
1.386
= 1.565 pu Under steady state,
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(1) Air-gap torque

T, = P+I'R,

0.9+1.0°x0.003
0903 pu

WAMKIOG

Thsfth_

mm base

555)(]0'& _ 6
60 1.472x10

]|

Therefore,

T, = 0.903x1.472x10°

= 1.329x10° N'm
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(b) Using the saturated value of X _,,

E, = X,i, = 1386,

X, =X ,+X, = 1.386+0.15 = 1.536

s

From the equivalent circuit of Figure 3.22, with E‘r as reference phasor,

F = E+iX | R, X,
Eq Ef""JXsIt % YY L o -E‘.{ﬂ&
= 1.0+j1.536(0.9-j0.43¢ ;
Nem - 1.670+/1.382 C) >
= 2.17/39.6° pu E, =X iy
X,=X, =X,

o, = 39.6° =39.1°

i

Therefore,

_E, 217

i = = 1.566 ~1.565pu
7 X, 1386 =
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Sub-transient and Transient Analysis

» Following a disturbance, currents are induced in rotor circuits. Some of these induced rotor currents
decay more rapidly than others.

— Sub-transient parameters: influencing rapidly decaying (cycles) components

— Transient parameters: influencing the slowly decaying (seconds) components

— Synchronous parameters: influencing sustained (steady state) components

Subtransient period

Transient period Steady-state period

AT NANN Time
EEIA MMMV

Extrapolation of
Extrapolation of steady-state current
transient envelope

Figure 3.27 Fundamental frequency component of armature current
© 2021 Kai Sun
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 Study transient behavior of a simple RL circuit

R L I(D)
V(t) =V sin(@t +)-u(t) <— Unit step function S
Y- i
dit) ") ‘>
Ri(t)+ L—==v(1)
dt
» Apply Laplace Transform
_ V() 1 ¥ 1 L
RIS+ Ll (5) (0] =V(s) TR T TRis s TR
* Apply Inverse Laplace Transform to I(S)
i) =1_sin(ot+a—y)—1_ e " sin(a—y)
Steady-state

(time to decay to 1/e=37%)

where I, = V,,/J/R%? + X2,y = tan"}(w L/R)
dc offset
(sinusoidal component)

(transient component)

e Saadat’s Example 8.1

R=0.125Q, L=10mH, V, =151V
1=L/R=0.08s

100

50

© 2021 Kai Sun
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A 500-MVA, 30-kV, 60-Hz synchronous generator operates at no-load with a constant Generator Parameters for Example 8.2

. . . . . . = = = L. H
excitation voltage of 400V. A 3-phase short circuit occurs at its armature terminals. Use | L¢ = 000728 Ly=00070H  Lp=2.500

. g . . Lp=0.0068H Lo=0.0016H Mp=0.100H
its voltage equations to find transient waveforms for the current in each phase and the ML; — 00054 H M% _0.0026H Mg=0.125H

field current. Assume the short circuit to be applied at the instant when =0, i.e. the d- r=00020Q rp=04000Q rp=0.0159
axis is along the magnetic axis of phase a. Also assume the rotor speed = . rq =001509Q Lo =0.0010H
Solution: d Bo-ac

The voltage equations are: e=Rxi+L Ei \% f" T“ Tf

e, ] [R,+3R, 0 0 0 0 0 J[-] [L+3L, o 0o o 0o 07 [-i] s SOTI e 5|

&, 0 R, 0 0  -ol, -okM,| |- 0 L, kM. kM, 0 0 i = j
e 0 0 R 0 0 0 i 0 kM., L M, 0 0 |d]i T g ki

o || o 0 0 R, 0 0 i 'l 0 kM, M, L, 0 0 |dt|i W Wl

&, 0 ol, okM. okM, R, 0 -, 0 0 0 0 L kM| | ic(i)

o © 0 0 0 0 Ry [lip || O 0 0 0 KMy Ly | |i +
No-load condition: 1,(0)=1,(07)=1,(0)=0 — 1,(07)=14(07)=1,(07)=0

Balanced 3-phase fault: e =e,=e=0, — ;=€ =€,=0

Initial rotor winding currents: 1-(0")=e/Rg=400/0.4=1000 A, I5(0")=15(0")=0

Then, solve the differential equations i(t) with these initial values i(0"): % =L "'(e-Rxi)
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Results

] l

““ l o 15

Three-phase short circuit iF, 0=0°

7000

6000 1

5000

FFT of
o : N

o (&3] — ) o w

< ' ' ' ' ' X
L |
™~

St |

3 f

< 0
_o

@ -0.5
©

- -’I

-1 .5

-2

-2.5

0

- 4000

|||||||||

3000 |

2000 ¢

1000
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Saadat’s Example 8.4: Line-to-Ground Short Circuit }T’ 3¢ ac

Same as 8.2 except for a line-to-ground short circuit of phase a.

Solution: No- load condition: I,=1.=0 Line-to-Ground fault: ¢,=0 L | =
€, —O—_R ' +_( Iaala Iablb I ' +IaF F IaD D aQ Q) : ________ —
PP P T i
=—R,i, — (L +meos26’)dd—i;‘+MF cos@%+MD cosﬁdd—;’—MQ sin@%—(—%oer sin20)-i, —o Mg sin@-ip —o,Msin0-i, —w,M, cos9-iy
Solve these voltage equations: b b ;
'e,=0] [R —2mL, sin20 -@M_sind -oM,sind —a)rMQcosH_ (=i | [L+L,cos20 Mcos® M, cosd —MQsinﬁ_ i | . :LS+MS+5LW
e | | —@Mgsing R. 0 0 i || Mecoso L M, 0 |d|i Lq:Ls+Ms—%Lm
ol A S [ A S 4 R
-0 L e ek e 4 LR L, = (L, ~L,)/3
1 105 Line- grouncli shorlt C|rcuI|t i, .0 0° | Line-ground short circuit i, 0= 0° 1 105 Line-ground short circuit i, iy, 0=0°
3000 T —
05 : 2500 | _ 05l b
< | g
<o | S| | oW\N\I\f\f\ﬂl\l\ﬂl\!\I\I\ﬂf\l\l\f\N\f\l\IU\I\I\I\N\I\I\{\I\I\NU\I\fl!\!\{\I\l\{\fv\{\f\l\l\l\f\l\l\I\!\ll/\l\I\I\l\flI\lllllll\f\lll\f\fll\lhwumnm\mwmmI\N
0.5 1 1500 : 05| .
r S 1000 e p T —
0 01 02 03 04 05 06 07 08 ¢ 01 02 03 04 05 06 07 08 0 01 02 03 04 05 06 07 08
© 2021 Kai Sun t, sec t, sec
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Consider the d-axis network
e Short-circuit time constant 7

— Instantaneous change on v

_ 1
— Delayed change on l4 ( through 1+S’C)

A fd d-axis

network

 Open-circuit time constant 7 Ay A, g-axis
q
— Instantaneous change on Iy - network
1
— Delayed change on v ( through 1+s1:o)

Ay L 1+t

- d
Al Aoy —0 1+ sz,

Ld (S) -

» Time constant zor 7, 1s equal to the total inductance L divided by the total

resistance R of the effective circuit

© 2021 Kai Sun

/ /! R
Ld (S) _ Ld (1 + STd )(1 + STd') _,\M_rw\

(14 T4 )(1+ T, =0
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Transient and sub-transient parameters

L My-Log =0

Y Y e

.

Py,

e

+

PWig $Ru PWtq

36,

+

o

(a) d-axis equivalent circuit

Lig/Rie>>L14/R 4

Ri¢>>Ry

3t

PViq $ R,

3t ih 7%
Sw,

(b) g-axis equivalent circuit

Lo /R1;>>Lyq Ry,

Considered
rotor windings

Time constant L

Only field
Winding

Add the damper winding Only 1t damper winding

(open circuit) LSS a‘;:Lfd T 4= Laalllya + L1a T~ Lagtlig
fd R
8.07(s H
Time constant (s) UEEE), L.OGs)
(short circuit) (ISR T T = LaallLgallLy + Lig T'=  Lagllli+ Lig
Rfd Rld R
Inductance 1.34(s) 0.023(s) 0.37(s) 1q

(Reactance)

L,(s) or L,(s)
seen from the
terminal

© 2021 Kai Sun

0.30(pu)

L”d= LI+Lad//Lfd//L1d
0.23(pu)

(ignoring Ry,)

L'q=  L+Ly /Ly

0.65(pu)

Add the 2" damper
winding (ignoring qu)

T” =Lag//L1g + L2g
R

2q

0.07(s)

T”q: Laq//qu//Ll + qu
0.03(s) e

L™ 4= LitLag//L /Ly,
0.25(pu)

Based on Parameters in
Kundur’s Example 3.2

e Note: time constants are all

in p.u. To be converted to
seconds, they have to be
multiplied by t,,..=1/ @y,
(i.e. 1/377 for 60Hz).
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Table 4.1

Expressions for Standard Parameters of Synchronous Machine

Parameter Classical Expression Accurate Expression
Tyo T T,+T,
T T, T,+T,
Td% TS - Tg [Tl ! (TI ) Tg;)]
Td” Ts Tﬁ[Tq.f (T4 iz Ts)]
L, L,(T,/T) L,(T,+TH/(T,+T,)
L LT, TYI(T,Ty) LT, IQ[(T,T,)
with K /
T, - L,,*L, T, - Lo+L.,
R, R, ,
L. L L .L
T, = L(Lw"' — ] e = : (Lfd+ = ] .
R, L,+L, R, L_+L, Notes:

1. Similar expressions apply to g-axis parameters.
1 L L; 1 %573 5 2. All parameters are in per unit.
Ts = E—(le’“ ) Ts = R—(Lw'*“ T L+ LL L] 3. Time constants in seconds are obtained by dividing the per unit values
i 1 ad "1™ Zad g™ g given in the table by w,=2x.
4. All mutual inductances in d-axis assumed equal.
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Deriving sub-transient and transient inductances (Classical)

Mg-L =
et VW uee
* Subtransient inductance L™ T > W [ i iﬁ
- - . 1d % IIF ‘_I ) ?‘!1 .F .“:Lfniwﬂ
W= —Lalg thagle tlaglo = —L"g1g P, 3L T SRR,
Ve=0= —Lggly +Lelp +Mglp Skt ) e

wp=0=-Lyly +Mgle +Loip

(a) d-axis equivalent circuit

B If Mo=L,
LF " LD 2M i ) 2 I‘fd + L]d Lad Lfd le

—_M .2 Li=L,—L =L+
Lelo =M T T Ly Ll + Ll - Ll + Lo lig + Lig L

If Mg=Ly or MgMp=ME¢cLj as assumed in some textbooks

L”,=L4—L%4/Lp

L(;' — Ld - Lid

» Transient inductance L’ ;: open circuit of the damping winding branch i5;=0
Vo= —Lgly Hladlr =—Li,

Ve=0=—Lagly +Lelg

L’ = L—L2 /L =L+ .
Ly + Ly
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o—I Y Y
b
Ay, =0
Ay, %Lad %le %Lfd Aq’fd:O
L (s)=L, (1+sT/)(1+sT,)
(14T, )(1+STg, |

Figure 4.3 Equivalent circuit for incremental values,

« Under steady-state condition: s=0 (t—x) immediately following a disturbance

L4(0)=L, (d-axis synchronous inductance)

* During a rapid transient: S—o0

T,T” Lad Lfd L1d

L) =L, () =L, =L + (d-axis sub-transient inductance)

T o Tdo Lo b + Laglig + Lig b

» Without the damper winding: s>>1/T";and 1/T’;, but << 1/T” and 1/T7,

T/ i L, L (d-axis transient inductance)
=L +
, |

TdO L+ Ly

=L, (o)=L,
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. . The followi th : . R
Ordering of Time and Inductance Constants LV, 09 p.£. 60 Hz, 2600 REM rebieaemraets e of 8333 MVA. 23
L,,=1.66 L, =161 1,=0.15 R,=0.003
L,=0.165 R,,=0.0006 L,,=0.1713 R,,=0.0284
In general, there are: L,,=0.7252 R,,=000619 L, =0.125 R,,=0.02368
R1d>>Rfd9 Lad>>Lfd and le M, is assumed to be equal to L.
R2q>>R1q9 I—aq>>|-1q and L2q le —Lp— Lad Lfd:LF_ Lad qu:LQi Laq LZQZLG_ Laq
Laa + Lgg — Loa//L; + Lgqg v Laa//Lfa + L1a n_ Laa//Lga//Li+L1q
Tgp=-2214 > Ta=—"7p >> TV = 4 Ty = tedlllr
Req fd 1d 1d
T Laq + qu > o= Laq//Ll + qu > " Lad//qu + L2q > T — Lad//qu//Ll + L2q
_— —— —_— 0 — =
q0 Riq q Rig q Ryq q Ryq
Ly, =L+l > L'y = Ltly/lly =Lg-L /Ly > L'y =L+l 1Ly IIL 4 (if assuming Mg=L_,)
=L4—L2,4/Lp (in some books, if assuming MxMp=McL)
Ly = LitLy > Lg= Ltk /L =Lly—Ly /by > L", = LitLy//L /Ly,

=L4—L%,/L¢ (in some books)
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Table 4.2

Parameter Hydraulic Units Thermal Units
BvnchEontng X 0.6 -1.5 1.0 - 2.3
ReAcHNEe X, 04 - 1.0 1.0 - 2.3
Transient X 02-0.5 0.15 - 0.4
Reactance X‘; _ 03-1.0
Biitbanisant X 0.15 - 0.35 0.12 - 0.25
reastance Xy 0.2 - 0.45 0.12 - 0.25
Transient OC Ta:O 1.5-90s 3.0-10.0s
1'ime Constant i i 05-20s
Subtransient OC T 0.01 - 0.05 s 0.02 - 0.05 s
lime Constant - 0.01 - 0.09 s 0.02 - 0.05 s
Stator Leakage
Inductance % 6L =4 b
R R, 0.002 - 0.02 0.0015 - 0.005
esistance

I8 1. Reactance values are in per unit with stator base values equal to the
corresponding machine rated values.
2. Time constants are in seconds.

T1d0> T,d > >T11d0 > T”d
T1q0> T,q > >T11q0 > T”q

Xg=Xg = X2 Xg 2X7 > X"y >X
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Parameter Estimation by Frequency Response Tests

(1+sT )(1+sT,)
(14T ,)(1+5sT],

L, (s) =Ly

Ld'(jm)‘
20 F Bode Plot
L
A rd :
8 A
P i \ -20dB/decade
E 0.6 i
b= i
5; i
0.4 '
gl e et wmeeen
Lﬂ'_._ __________ . |_I
T 02 f L |
i | |l
o | 1 L P | 1 P
O.II II.O 10 [ l 100 ® in rad/s
a1 11
To T To T

© 2021 Kai Sun

Magnitude (dB)

Phase (deg)

T1d0> T’d > >T11d0 > T”d

T <1/ Ty << T, <U/T™,

T =5, T =1,T",=0.05, T”=0.01 (s)

Bode Diagram
T T

1072 107" 10° 10" 104

Frequency (rad/s)
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dw J - nerti
m_T _ combined moment of inertia of generator
J =T, =T -T,

dt and turbine, kg-m?
o angular velocity of the rotor, mech. rad/s
t time, S
T, accelerating torque in N.m
T, mechanical torque in N.m
T, electromagnetic torque in N.m

 Define per unit inertia constant

2
H = l J a)()m ( ) Type of generating unit H (s)
2 VAbase Thermal unit
(2) 3600 r/min (2-pole) 2.510 6.0
"H (b) 1800 r/min (4-pole) 4.0 to 10.0
J - 5 VAbase Hydraulic unit 2.0 to 4.0
0,

0om

Some references define Ty, or M=2H, called the mechanical starting time, 1.e. the time required for rated torque to
accelerate the rotor from standstill to rated speed
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do, Angular position of the rotor in electrical radian
J G T,=T,-T, with respect to a synchronously rotating reference
2H do,
2 VAbase dt = Tm e 5 — a)rt — a)ot + 50 in rad
om - d 5
2H % On_ | = VZm ;re E =®, —w, =A®, inradls
a)Om base a)Om
2
2Hi @y | _Tn—Te d"o = da)r — d(Aa)r) in rad/s?
dt @ Tbase dt2 dt dt
do, = =
2H —-=T_ -T, (in per unit) d%5 d(o d(Aow
dt e =, (d r):a)o (d ) in rad/s?
Whe.re | 0. /P t ) t - t
@, (In per unit) = = = _ 0,
r( p ) om wo/pf @, Aa)r: r —
o, o, dt
% 2H d’6 = \{2
= In
@, dt
If adding a damping term 2H d°6 _T —~ _T KD do
ional d deviation: 7= Tn—Te-KpAo =T, — T, -—=—
proportional to speed deviation: @, dt @, dt

© 2021 Kai Sun

56



State Space and Block diagram Representations

2
2R d f:T‘m T, -KoAd, =T, T‘-K—d—5
@, dt @, dt
I8P+ § k Az
dt
1ds

w, dt
fﬂ
— +£ 1 Aw, | o, %
I, 2Hs+ K, s

Figure 3.34 Block diagram representation of swing equations

© 2021 Kai Sun



So far, we modeled all critical dynamics about a synchronous machine:

« State variables (pX):

— stator and rotor voltages, currents or flux linkages

— swing equations (rotor angle and speed)
* Time constants:

— Inertia: 2H

— Sub-transient and transient time constants, e.g. T"y, and T,
 Other parameters

— Stator and rotor self- or mutual-inductances and resistances

— Rotor mechanical torque T,, and stator electromagnetic torque T,

© 2021 Kai Sun
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State Space Model on a Salient-pole Machine

* Consider 5 windings: d, q, F (fd), D (1d) and Q (1q)

— Voltage and flux equations:

e, | iy | W, |
€y =g ¥y
. € (- !fd w_ Vi
0 hg Wi
& I Yq
0 ] hg | | Yiq

— Swing equations:

, Q¥=

e=in+Lx%i+Q‘I’

0
0
0

a)r l//d
0

=

Y =Lxi
u
e
d ¥
&‘I’z—(RxL —Q)x¥+e
do, : :
2H dt :Tm _Te :Tm _(Wdlq _qud)
do

* Define state vector x=[ ¥y W Wiq ¥y Wiq O ot

Thus, the state-space model:

-

—=0, -0, =0, —1

dt

v

X =f(x,84,T,,€,€;)

* € and T, are usually known but €4 and e, are related to its loading conditions (the grid),
so algebraic power-flow equations should be introduced.

» The grid model is a set of Differential-Algebraic Equations (DAESs)

© 2021 Kai Sun
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Simplified Models

* Salient: [l//d Yd Y1d Vg Vig @r é]T
Round: [wy g Wia Wy Vig Vg @ 01"

Let py=py,=0 and &, y=y

* Salient: [ysy Wiq V1q @ 0" (2.1 model)
Round: [ty wiq Viq Voq @ O]" (2.2 model)

— Inertia
— Transient

— Sub-transient T”y—Ppwiq 70— Py,

2H — po,
T’dO_ p‘//fd T,qo_ leq

Let py,g =P yr,=0 (neglect one
damper winding in each axis

e Salient: [ Y44 @, J]' (1.0 model / 1-axis model)
Round: [y v @, 0" (1.1 model / 2-axis model)

— Inertia
— Transient

2H— pao,
Tlao— PW T'qo— Py

Constant flux linkages

* [o, 9] (0.0 model / classical model)

— Inertia
© 2021 Kai Sun

2H— po,

Ve

~N

pP=—RxL'-Q)x¥+e
2H - pw, =T_-T,

Py,

L1

Py,

po=w, -1
L ~()

[}

| i
e } ( ilq
3L,

(b) g-axis equivalent circuit
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€= — o Y, _Raid TPy =—o Y _Raid

&= O Wy—Ral, TPy, = oy —Ri,

Neglecting py, and py,

R=0.1 X=05 .
J\V/\’ —— PV, pY, included
Line #1 X=01 Infinite — — PY¥y, Py, neglected
S g R=01  X=05 bus

Line #2

Bseshance:
Sphase fault at F; cleared in 0.09 s by opening line #2

[
Speed deviation in rad/s

Beerstor parameters in per unit:

- ——

I, =10 L, =06 L =018 Ly = 0.13 \[ .
L, =011 L, =013 R, = 0.005 Ry = 0.00075 1 \ : : . L .
R, =002 R, = 004 H=135 0 0.05 0.1 0.15 02 0.25 0.3 0.35
L Time in seconds
Figure 5.1 System configuration and parameters Figure 5.3 Effect of neglecting stator transients

on speed deviation

s —— PV, pV¥, included

— — pW¥,;. py¥, neglected

To ly ity i pu

Rotor angle in radians

—  P¥y P, included
-"6 i i i g ﬂ" Ft' mﬂﬂm
0 10 20 30 40 50 &0 70 z
- 0 0.5 1.0 1.5 2.0
Time in milliseconds Time in seconds

. . : q Figure 5.4 Effect of neglecting stator transients
Figure 5.2 Effect of neglecting stator transients on air-gap gu Pl anggle a wiﬁgs

torque and d-g components of stator currents
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Generator models neglecting py, and py,

Flux equations (AEs): Voltage equations (ODEs):
Wy = -Lalg TLaghLaglig &g =-Raly - oy +pyy

Vid = -Ladlg el MR € = Rigltg + P Wiy
Vig = -Lagls TMRiggtLpig | |0 =Ryglig +Dwig
Vig = -Lagia Hoolig™Miding | |0 =Rygig + D1,
l//2q - 'Laqiq +|\/quilq—l_LGiZq 0 = quiZq T pl/’Zq
where M %Ly  Mgi~Lg

* There are four state variables y4y, 14,1, 15, In voltage equations.

* Our goal is to find four ODEs using only X, X, X7, X7, X7, X7,

T T’ 40> T” 4os T”qO as parameters, which can be identified by
frequency response tests.

» We prefer more meaningful state variables such as its internal

voltages or emfs than flux linkages for a stability study on a power
system having many generators.

€3 = — Ralg+Xgly +0 Steady-state voltage equations indicate

€q=— Ralg— Xglg X 4l an internal voltage in the q-axis

© 2021 Kai Sun

appearing under different conditions

Internal-voltage-behind-reactance model J_\

X" E
Y !
It
X"=X/ =Xq"
X' E
Y N !
It
X' =X/ =Xq’
X, E,
Y
It
Xs=Xd=Xq

E;’ is the predisturbance value
of internal voltage given by

E’Dﬁ = Eru +jX "fm

(a) Subtransient model

E; is the internal voltage

-

E; = Ey+jX'I,
(b) Transient model
Eq T Erﬂ +j Xs I:O
]Eq| = Xy = E,

(c) Steady-state model

62



Steady-state:
Voltage equations: =-Ry —oy, =-Ri;+ X i, -l (,+1,) ey = — Ryig+Xqiq +0
ed - _Rald - 0),. WCI eq = _Ralq + a)rWd = _Ralq o Xdld + a)r ad (Ifd + Ild) eq - — Raiq_ Xdid +Xadifd
= -R | + . . 77 77 ‘=77 . t4l
% alg " “rVd * Find internal voltage E” =E” ;+JE”; under sub-transient conditions:
=Rl +PY
fd*fd fd . . "o_
0 —=R.i . + ey = R,y + X, + Ef Assume: Eg =K,
— Mid'1d pl//1d _Ri X " E” E"=k /4
0 =R.i. + eq— aIq— alg T q q 1d 7 1d
1qhig T PWq
i : : _ Y q :
0 :R2q|2q -|—pl//2q e, + R.i, :xé!|q+E(;r = Xq|q+k2q( Laq|q+ MRI1q+LGI2q) —X | _a)rLaq(Ilq+|2q)
:o_ " "o "; _ : :
Flux equations: & JrRa'q ==Xyl +Eq ==Xl +k1d (_Lad|d+ MRIfd T LDlld) __Xdld +a)rLad (Ifd +|1d)
L
i - - j
Wa = -Lalg TLaglaTLaglia L
— L L L i E"=—w ad " Ec;’ Laq Ly [ : Eey ]
Wy = -Lglg tLagligtlaghy d "L Wo=——"—=7" ¥y bohall 7
= L gig +Lpi M ’ o b £ g
Wi = ~Ladld TRl VIR g L " v, . FL 14 5
' dj ' E'=w —2 »_Eq_ Ly d ad & “ad
Vig = -Ladls TMRlgtLplyg a = @V Wy =—=""Wyq
B . D o L
qu B Laq q +LQ lq—H\/I I2q V14 1l[r,ﬁ:r
l//zq - Laq q +M qIlq—H—G 2q — " L”I Ll
l//q l//q qaq
4 4 I I
Mi~L, MJ=L, Wy =vy — Lyl ’ "/“ I
L §L14
1
D. W. Olive, Digital Simulation of Synchronous Machine v, Vay - !
Transients, IEEE Trans. Power Apparatus and Systems,
Vol. PAS-87, No. 8, Aug. 1968

© 2021 Kai Sun
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Voltage equations:

ey =-Riy - oy

& = 'Ralq T oy

q
q = Riglg + P Wy

e =Ry —oy, =-RIl;+X I, —oL, (,+1,)

eq = _Ralq toy, = _Ralq o xdld +a)r ad (Ifd +|1d)

* Find internal voltage E’ =E’;+jE’ under transient conditions (i;;~0, 1,,=0):

0 =Ryglyg Py f = Rl ¥ Xoly + By Assume: Eg =Ky
0 =R,i +pw e, = R,i, — X{iy + E; E! =KyWq
~ gl 1q _
] RV —
0 =Rygirg + PV, € Ry = X{iy + Ky (—Logiy+ Loiig +0) =X, i, —o, L (i +0)
e +RI. —_
Flux equations: o 7 T ==Xl + Ko (ChaglytLely +0) ==Xy + @, Loy (i +0)
L
. - , [
Wa = -Lalg FLag! fd+|—ad ¢ £ — ) Ca __Ei _La oA
. d @, L Wq _ - l/jlq |' 1 [ - i "
_ , L §L
Vig = 'Lad'_d +|—F'fd_+MR 1d E =0, L o v v = E, _ Ly " W, ﬂJadZLad “ "
WYia = 'Lad ¢ ™™ d'fd+LD Id L o L " \ o 1
R Vo=Vo—Lds A
— / / tq “ Lo L ]
Mi~L, MI=xL, Ve =¥q — Lyl ’ / S,
lg %L?-q
D. W. Olive, Digital Simulation of Synchronous Machine "l"q ‘l’anan
Transients, IEEE Trans. Power Apparatus and Systems,
Vol. PAS-87, No. 8, Aug. 1968 -
¥, ¥,
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Finding a detailed generator model

2 ! _ 14
Voltage equations: f L , _ L X=X, =w Lac I :M
. Ed = -, l/jlq Tdo d d r L Xr _Xn
ed :'Rald - a)rl//q I—Q Rfd F d d
. 2 E' —E’
- - + L L ' La I = u
€4 Ra-lq O Yy E; @~y T/, = o X, X! =0, Lq I, X
€y = Rigltg + P4 L Riq Q 9 Ta
_ . 2 2
0 —Rld!1d+p‘/fld Eé’z—a) ﬁlﬂz L, - L.q Xd_xé’:a)ri
0 = qullq T Py Le ! T, = - Le Lo
0 =Ry, + L 1d L
Ee ;= 0, v 2 XemX{=o.
Flux equations: ° L
- - - T " " !
Wa = -Lalg TLaglaTLaglia - oLy e i R, T a E! = _Ra—Xg E! L Xe =Ry E!+E,
Wy = -Lgig tLagligtLagizg f R, dt X=X, Xr—-Xt
Vig = -Laglg TLelgtMgtiyg e = 4 0= Sk E; +—Xq —a, d
g = -Logly *MeliHLpisg Eliminate all but E, X, T, I, Iy 90 4t X! - X/ X! - X!
= L i +Lai, +AMIi -
l//lq I—aq!q LQllq R .2q (mOdeled as a current SOlll'ce Td”o i Eg _ E(; . Ec,; . ( X(rj . Xé’) i,
Vg = -Lagly TMRII g tLgisg having internal voltages behind a t
reactance " d "t " ' AN
T il ) quaEd_Ed—E“(xq—xq).uq
R ¥ bp R~ ke
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E, =e, + je, =€ TPE
L =i, + ji, =e 17720
e, = —R,1y + X, + EJ

e, = —R,i, — XJi, + E/

P, =e4ly +€,,

© 2021 Kai Sun

ds _
dt r
2H dAw, _p _p_kK Aw,
w, dt Tt P,
Too S By =22 gy g Za= X
dt X! — X! X! X!
<
X X" X X!
s SRR
t X! - X! X! - X!
14 d " ! 14 ! 14 R
TdoEquEq—Eq—(Xd—Xd)-ld
” d 14 ! 14 !/ 14 =
quEEd:Ed_Ed"'(xq_Xq)'lq

14
-Eq+Efol

o —rad
@, —rad/s

H, T’, T” — sec
P,E.V,LILX L, R-pu

e o o oy,

3 "YY'\—-/\/\,\\ E K
IFX] =X xR,
EZE”—(Ra+jXé')|~t E E” i

Used in short-circuit analysis

E, and | are respectively E; and |, seen in the
common reference of the system

66



th - i
4™ order (1'1) Two-Axis Model Iqu0’=O , a 3" order (1.0) 1-axis model is obtained.

* [gnore sub-transient dynamics

(let i;q=i),=0 or T”3,=T"=0) T,
(do - _,_/l-; 1 Aw, | @,
EzAa)r / 0 > 2Hs+K, e &
2H dAw Aw i E
PR Ke— _ o :
@ “o d-axis: j L,é)_. X, =X’ ;,é)_, =
< / d / ’ / . d ‘ | 1_|_-I-d,OS Eq
TdOEEq:_Eq_(xd_xd)°|d+Efd i
g
d c E (X —X') g-axis: _ |
r R — r+ . / O | + RV, R ,
BT d a~ g/ q—%%%—> XX, I Ts ——E;
= _ - —j6-r/)
Et o ed + Jeq =€ Eg e m s . E.r Eg
1 — 1 I — —j(5—7z/2)~ r ' II \I—-— ¢ —
=1, + )1, =¢ I, 5 _rad If X=X, : T, ]
. - ~ ~, NN 1
e, :—Rald—|—XC;|0|—|—E(;I o, —rad/s E =E'—(R,+ Xl i |
e, = —Ryi, — X i, + E! H, T, T7 - sec > 1

— o o o o o o o

P =¢,i, + eqiq P,E,V, L1, X,R~pu Used for stability studies

e
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e Only keep swing equations as differential equations
* Assume X’ =X",

=  Lje-7/2)E
E,=¢ E, e

| —=¢!

(G=wiz) |~t Figure 5.7 Simplified transient model

=E'— (R, + JX ) |~t E’ is constant and can be estimated by
~ o~ computing its pre-disturbance value
P, =real(E,l,)

e

~

E'= B+ (R, + X1 |

© 2021 Kai Sun

E, Eg
( _f.- 'E —
d_5:Aa)r ; I Ig
dt
12H dAw Aw
- P, -R - K, =2
o, dt @,
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Phasor Diagram

E, = E, x1£(5-90°) Terminal voltage and current
4 ~ ~ . .
q. [, =1, x12(6-90°) seen from the grid side
X
Eq o [ Steady state ]

& = —Ryly + X,

1Xg 1y o )
Ee=Eq — (Rt 1 X)1¢
) where Eg =X qigi(Xg-X)ig= iXagirg (f X=X =X,)
X4l
[ Transient dynamic ]
e, =R,y + X(i, +E; D IFXg =X,
) e, = —R,i, — Xji, + E E =E-(R.+ X))l
ro(l
l, (o) [ Sub-transient dynamic ]
——————— {ré\_?ﬁ ) e, = —R,iy + X(i, + E{ IFX) =X]
————— S _ - " " ~ ~ ~
(y eq ——Ralq—XdId+Eq E[=E”—(Ra+jX(;')|t
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Simplified models neglecting saliency effects

For short-circuit analysis

EJ is the predisturbance value
of internal voltage given by

Ey = Em"'jx "fm

(a) Subtransient model

For stability studies

E,; is the internal voltage

Ey

(b) Transient model

Em*‘-frzu

X" E
iy PP
It
E)
X"=X;=X;
ok,
fid
It
£ ()
X'=X;=X]
X E,
288
It
@,
Ji.'s=Xd=.'5("I
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For steady-state analysis

(c) Steady-state model

Terminal voltage and current
seen from the grid side:

G4

E, = E, x1£(5-90°)
st [, =1, x1£(5-90°)
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Comparison of PSS/E Generator Models

Table 1: Summary of Generator Models in Terms of Data Used

Reactance and
Time Constants
Used

Model

GENSAL and
GENSAE

GENROU and
GENROE

GENDCO

GENTRA

GENCLS

Xg

v

v

v

Xq

v

v

X'd

v

v

X'q

X"4

X"q

X

T'do

Trqg

T"do

T"qn

Saturation
Factors

*X g 1s assumed to be equal to X .
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2.1 Machine: GENSAL model with saturation.

+ T
Era ThoS
Field Current Laalrq
To Exciter
-axis
b-axis aaxs

Electrical Torque

v, = ¥, —IlaXg

v, =¥, —laXi

Totee = Valog = Vola = ¥, 1g — ¥)'la

Xi-X

Xy—X

2.3 Machine: GENROU model with saturation
The GENROU model including saturation is presented below. The Mechanical Swing Equations, Electric
Torque, and Network Interface Equations are all the same as the GENROU and GENSAL models

previously.

L

Y

Field Current
To Exciter

Source: J. Weber, “Description of Machine
Models GENROU, GENSAL, GENTPF and
GENTPJ,” PowerWorld, Oct 2015

Network Interface Equations

Mechanical Swing Equations

w = perunit speed deviation, so @ = 0 means we are at synchronous
speed and @ = 1 would mean it's spinning at double
synchronous speed

wp = synchronous speed 2 fywhere fj is the nominal system
frequency in Hz

Mote: If option Ignore Speed Effects in Generator Swing

Equation is true, then instead use

. 1
w = E(Pmech —Dw —Toec)

d("‘"d””""q”)

Zsource = Rg +JXg

y;;&ur'ce =Ra+—ﬁf§'= G +jB

dt

ja+o) (v +jw))

= (~w+iv)) 1 +w)
linorten +ijnorton = (Vd +J]{r)(G +.jB)

Convert to Network Reference

"
T

do

v

Xy —X
X4 — X,
X, — Xy

X, —X
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] I inorton

. . (=
Lenorton + Jinorton = (Id +JIQ)EI( 2)

!‘P"I‘H}TEOR +

v

Rq +jXg

TS

Xy X,

X:— X,




