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Generator
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A single generator connected to a large grid can be

K4
ATm
K3 AEq K2
sK3Tdo+1
K6

ATe

AVQg

2pi*iN

2H s

K1

Aw

K5

represented by the Phillips-Heffron model
(assuming constant field voltage and mechanical torque)
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Note:

* S. M. Is a rotating magnetic element with complex dynamic
behavior. It is the heart of P. S. It

* It provides active and reactive power to loads and has
strong power, frequency and voltage regulation/control
capability .

* To study S. M., mathematic models are developed for S. M.

* Special assumptions are made to simplify the modeling.
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Machine magnetic permeability (u) Is a constant with

magnetic saturation neglected. Eddy current, hysteresis,
and skin effects are neglected, so the machine is linear.

Symmetric rotor structure in direct (d) and quadratic (q)
axes.

Symmetric stator winding structure: the three stator
windings are 120 (electric) degrees apart in space with
same structure.

The stator and rotor have smooth surface with tooth and
slot effects neglected. All windings generate sinusoidal

distributed magnetic field. 8
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= Positive direction setting:

= dqg and abc axes, speed
direction

= Angle definition:
6, =0 :(d leading ahead a)

6, =6, —120°,6, + 240°
0. =6, —240°,0, +120°

= Ydirections for abcfDQ
windings

= | directions for abcfDQ

= U directions for abcfDQ
(Up=Uy=0)
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Consider the elementary circuit wp
o /\/r\/ -

0

-t
™

0

~y

A0
VW W VWUV

Pl
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abc 38 aw ‘Slb P T 5Edg Y oleo -
where p=d/dt tin sec.

(U, =pY¥, —ri, . Stator winding resistance, in Q.
U, = pY, —ri I, - Stator winding current, in A.
U, = p¥, -1, u,.: stator winding phase voltage, in V.

W, Stator winding flux linkage, in Wb.
Note: * puw,..: generate emf in abc windings
* U..~l.: IN generator conventional direction.

* Lo~ Wape: POSItIVE I, . generates negative w,,.
respectively

11
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fDQ ‘.Slh (ST, (e )Ug Y oleo —
I'bo: rotor winding resistance, in Q.
f. field winding,
D: damping winding in d-axis,
Q: damping winding in g-axis.
l{por Uspor Wipg- Fotor winding currents,
voltages and flux linkages in A, V, Wb.
Note: * up=uy=0
* ufDQ lipo: 1IN load convention
* lipo ~Wipo- POSItive i, generates
positive ysp, respectively
| * g-axis leads d-axis by 90 (electr.) deg.
12
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: 5ldg WY oleo g yilo -
Uu=p¥ +ri
u = (U,,Uy,Ug,U; Up,Ug)'
Y=,V V)

r =diag(r,.r,.r,, 5 . Ip. 1)

b c?

= (i =iy =g g i)

where ‘-’ before 1. IS caused by generator convention

of stator windings.
13
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_SUa_ _Laa Lab Lac : Laf LaD L =
SUb Lba Lbb Lbc Lbf LbD
Tc Lca ch Lcc ch LcD
SUf Lfa Lfb Lfc Lff LfD
TD LDa LDb LDC LDf LDD
_SUQ 1 [ Loa Lop Lo Ly Ly
or { W anc }_ L11(3><3) L12(3><3) {—i
Vg L21(3><3) L22(3><3) | g

14
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= In Flux linkage eqgn.:
L;(I,J=a,b,c f,D,Q): self and mutual
Inductances,
L,, : stator winding self and mutual inductance,
, - rotor winding self and mutual inductances,

N

L
L,, , Ly, : mutual inductances among
stator and rotor windings,
w, 1 - same definition as voltage eqgn..

IS

Note: * Positive I, . generates negative y,, .
respectively.

* The negative signs of i,,. make L ., L,,, L..>0

aa’

15
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d

= Stator winding self/mutual inductance (L,,)
= Stator winding self inductance (L, L, L)

L =250 Gii i, =0)

aa -
_Ia

Q

L..: reach max @ d-a aligning (when 6,=0, 180°)
reach min @ d-a perpendicular (when 6,=90, 270¢
L.~ 0,: ‘sin’-curve, with period of 180°
L. =L +L cos20, =L +L, cos20
L, =L + L, cos26, =L +L, cos2(8-120°)
L. =L + L, cos26, =L +L, cos2(6+120°)
(Ls>Lt>0, for round rotor: Lt=0)

Jiso° -90° 0 90° 180° 6
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= Stator winding self/mutual inductance (L,,)
= Stator winding mutual inductance
Lab — l//a < O (ia,c,fDQ — O)’ Lba — L — Lab < O (ib,c,fDQ = O)

Ib a

L.,: reach max |.| when 6= -30, 150°
reach min |.| when 6,= 60, 240°
L.~ 0,: ‘sin’-curve, with period of 180°

L,=L,=—-M,—L cos2(6, +30°)

=—(M + L, cos2(8 +30°)) c
L= Ly, =— (M, + L, cos2(6 —90°)) T
L.=L, =—(M, +L, cos2(0—150°)) KD T

(Ms>Lt>0, for round rotor: Lt=0) ‘ ]
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= Rotor winding self/mutual inductance (L,,)

= Rotor winding self inductance (constant: why?)
Ly =L; =const. >0
Lyp = Lp =const. >0
Lo = Lo =const. >0

= Rotor winding mutual inductance

Ly =Lps= Mg =const. >0
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= Stator and rotor winding mutual inductance (L,,; L, )
s abc~f: (Ms=const.>0, period: 360°, max. when d-abc align)
L, =L, =M, cosfd, =M, cosé
L, =L, =M, cos(6—-120°)

L, =L, =M, cos(d+120°)
= abc~D: similar to abc~f, M—>My>0

= abc~Q:(Mg=const.>0, period: 360°,

= max. when g-abc align)
Lo = Lo = Mg c0os(8, +90°) =M, sind
Ly, = Lo, =—M,sin(6 —120°)

Lo = Loc =—Mgsin(@ +120°)

19



&

v

N~
Ky

abe wgz )l 5o of Jow 5 JT el g 5w uible )

(M‘O‘) abC L,JP)L? J° (Oo-\;g.u: )af)tb) 399 )L»A <Y oleo ‘ﬂ,‘

Time varying L-matrix : related to rotor position

L, (abc~abc): 180° period; L,,, L,,(abc~fDQ): 360° period.
Non-sparse L-matrix: most mutual inductances # 0
L-matrix: non-user friendly, lead to abc — dq0 coordinates!

Laa
Lba
Lca
L
L

Loa

fa

Da

Lab Lac Laf LaD LaQ ] __ia ]

Lbb Lbc : Lbf LbD LbQ _ib

ch Lcc ch LcD LcQ _ic

L, L., : L M, 0 I

Ly, Lp, - M r Lp 0 Iy

Loy Ly = 0 0 Ly || iy | 20
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6 volt. Differential Equations(DEs). (abcfDQ): u = py + ri
6 flux linkage Algebraic Equations(AEs). (abcfDQ): i = Li
2 rotor motion egns. (@, 8): 1 jd@ ST T o _

p, dt dt

1 . .. .
Te = Pp ﬁ[l//a (Ib o Ic) + Y, (Ic o Ia) Ty, (Ia o Ib)]
Totally 14 egns. with 8 DEs and 6 AEs.

= 8™ order nonlinear model.

= 8 state variables are: y(6x1) and , 0 (related to 8 DES)
Totally 19 variables: u: 4 (vp=v5=0),1: 6, y: 6, plus (T, o, 6).
If 5 variables are known, remaining 14 variables can be solved.

Usually us and T, are known (as input signals), 3 network interface
eqns. (3 V.-, relations from network) are known.
21
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= Request of transformation of S. M. model:

= abc to dq0 coordinates: Park’s transformation, Park’s
eqns.

= per unit system and S. M. pu model
= Reduced-order practical models:

-- Neglect stator abc winding transients (8t order— 5t
order).

-- Introduce practical variables (E'y,, E” 4, E €tC.)

22
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s Definition of Park’s transformation:

R , cosg, cosg, cosq, | f, |
foo=| fq |[==| —sinG, —sing, —sing, | f, |=D- fy,
el 31 1 1
| o = = = e
| 2 2 2
foe =D f
abc dgO
(cos@, -—sind, 1 (0, =6
Here, p*=|cosg, -sing, 1 16, =0 —120°
! | cosf, —sing, 1 |6, =0+120°

23
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Voltage equation in dgO coord.
= Rewrite volt. egn as:
Uape PY abe e O | —lane
|:ufDQ:|:|:prDQ:|+|: 0 rfDQ:||: ifDQ:|
Where: fu =(f,. f,, f)" can be u,¥ or |

fioo is similar to fas
Fane = diag (ry, 1y, 1), Fipg =diag (r¢, p, 1g)
s Define a linear transformation matrix:

Di.ay O
T { 33 V(3 3)}
O(3><3) |(3><3) (6x6)
Where D is Park’s transformation matrix
| is a unity matrix

= Multiply T to both-sides of
volt. egn., we have:

hs {D 0] | Yape | _| Ydgo

0 I]|Upg Utpg

D 0 [ py’abc D O
r.h.s.= . +

0 1||P¥mo] |0 1] .

) rabc 0 ) D_1 0 ) D O_‘ _iabc
0 rpg 0 1|0 1]]ipg

— uqu _ Dpy’abc + rqu 0 __iqu
Upg PY¥ ipo 0 rpg i e

where:
Fiqo = Nape = diag(r,,r,,r.)

Dp¥,. = discussed below.
24
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Voltage equation in dg0 coord. (cont.)
= Derive the expression for the term *ppy

abc

Dpqlabc (D abc) o ( pD) ) y,abc = pqldqo o ( pD) D_lqldqo

Where: o i ] )
—sing, -sing, -—sing, | |cosd, -sinf, 1 0 10
2 : déo
(pD)D‘lzg —cosd, —cosf, —cosd, |-|cosd, -—sing, 1 e -1 0 0| w
0 0 0O ||cosd, —sing, 1 0 0 0
(0 1 0] _—a)&”q_
0 0O i 0]

= The final volt. egn. in dqO coord.

udqo _p 'quo 4 |:qu0:| + r-qu 0 - iqu a a)qjq
Uipg ¥ o 0 0 Tripg | Img where: Sgqo =| @¥y
25
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= Discussion of volt. eqn. in dg0 coord.
= The first term of the r.h.s. : “Transformer potential”
= The second term of the r.h.s. : “speed potential”
= Itis zero when rotor speed @ =0
= Itis caused by cutting the rotating mag. field lines.
(usually when the observation coordinates (e.g. dq0) have relative
motion to the physical windings (e.g. abc), this term will appear)
= The third term of the r.h.s. : “ohm potential”
= Itis caused by winding resistances.
= At the steady-state, Ydqo = Saqo if Tago =0

The second term is corresponding to the electromechanic power
transferred from rotor to stator.

26
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Flux linkage eqn. in dq0 coord. V‘L’hergL .
. . . = =dla y Ly
= Rewrite flux linkage egn. in abc coord. s g(é“ N Lo)
W L ] i Ld:LS+MS+ELT:const.>O
abc | | M1 12 || =~ "abc
L”fDQ}_L‘Zl LZJ{ ifDQ} Lq=LS+MS—§Lt=const.>O
= Multiply the both-sides by T Lo = Ls —2M; = const.>0
: : : L, M, O
= Yield flux linkage eqn. in dqO coord. L L =|M. L o
Y | [D OfLy Ly |[D™? 0D O —ia 0 0 Ly
YlfDQ _0 I L21 L22 0 1(0 | ifDQ M, My, 0|
_ B _ Le=DL,=| 0 0 M,
_ DL,;D DLy, | —laqo 0 0 0 |
|—21D_1 Lo ifDQ 3 M 0 0_
B " f
A _l—ss Ler || — iqu -1 % T
= _ Les =LaD ' =| oMy 0 0|+ Lg
| Lrs  Lgr | 'mo 3
0 Mo 0] 5
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Flux linkage egn. in dg0 coord. (cont.)

L. # Li, (caused by “2/3° of Park’s transf.)
- The problem will be solved in per unit system.

Zero-axis flux linkage has: ¥, =L,

- decoupled with d and g-axes.
The windings on the d-axis (windings d, D, f)
are decoupled with those on the g-axis
(windings q, Q).
The matrix L in dq0 coord. is constant and
sparse, very good for dynamic analysis.
All the elements in L are positive.
Clear phy. meanings.

0 0iM{ M, 0
L 050 0 M
0 L:0 0 0
0 0:L; Mg 0
0 0:M; Ly, O
Mg 010 0 L

28
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=« 6 voltage differential equations:  U=p¥+S+ri
= 6 flux linkage algebraic equations: ¥ =Li
= 2 rotor motion equations:
where T, can be eliminated by T, = ppg(SUdiq ~¥,iq)
= Discussion:

= This model after converted to per unit system is widely used in
the power system.

= The most significant features are
= constant inductances under the dg0 coord., (L =const.)
= decoupling of dg0 axes flux, (L:sparse)
» clear physical meaning. "' terms in T, eqn.
= The model is a non-linear dynamic model.| ™ { ¥ terms in volt. eqn.
29
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Advantages

= Using per unit system, machines parameters of different
capacities are close to each other and can also tell the
physical feature.

e.g. The d-axis syn. reactance X, will be 0.6~2.5.
= Thesmaller value means a larger air gap.
= We can check the data via p.u. values.
= The manufacturers provide the data in per unit values.
= Easy to handle three-phase power, line/phase variables etc.

= All the power system programs use per unit values. (load
flow, stability analysis, etc.)

30
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Rules for setting up p. u. system
=« Rule 1: Base values obey elect. and mag. laws.
e.g. The bases of voltage (Vg), current (I3), and
resist. (Rg) should obey Ohm’s law: v_ = | . R
= Thus the expression Vv =1 -R Is true for both MKS
unit and per unit.
= Rule 2: The base values of the mutual inductances
between the stator and rotor windings should make
L s :LTSR N P. U.
= Rule 3: “X,,X,4,X,,X,,~ €tc. can be kept in the p. u.
equations of syn. mac.

31
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The dgO0 coord. volt. egn. is:
Uy vy | _—G)Wq_ [ —Fig |
Ug ¥q Y g — Ll
Ug d| ¥o 0 — Iy
Uy dt| vy 0 Fel
Up =0 b 0 ol
|Ug =0 ) 0 | Tolg |

We know the following relations
[ Usg = @pWeap = Ragiap
Ug =Wy =Rele

Upg = @g¥pg = Rpglps

(Ugs = @¥Wqs = Roglos

The stator volt. egn’s in p.u.
system will be:

Ug ! Wae | | @ | | —Faelgs
Uq* == o dt Wq* +| + a)*Wd* +| — I’a*lq*
B .
UO* Wo* O - ra*lo*
where:

wgdt  d(t/ty) dt

Similarly, the rotor volt. egn’s
In p.u. values should be:

u f* d l//f* rf*l f*
UD* = 0 - dt WD* + rD*ID*
U= = O_ (Waor | | oo~ |

32




&

v

N~
Ky

gy y e § AQ0 g2yl 50 (9 5w (rilo Y 0l20 .0

(aolsl) 5Ldg Y oleo 1,0

We can unify the syn. mach.
P. U. volt. eqn. as (subscript
*Is neglected):

uqu - yjqu +|:qu0:|+ rqu 0 _.iqu
Uipg ¥ oo 0 0 o || oo

where
-o?, d
quo =| 0¥, P= dt.
L O -
t. isIn p.u.
t (sec
t. = ( ):a)B-t(sec)

=

|

399 )Lw <Y oleo Y,A

The dqg0 coord. flux linkage
eqn. Is:

Wa L,k 0 0 Ly Lp O -i
Y 0 L, 0 0 0 Lo _iq
v, 0 0O L O 0 0 ||—i,
vi| |[Ly 0 0 L Lp O] i
Yo Loy 0 0 Ly Ly O ip
Vo] |0 L 0 0 0 Lojig
where:
3 3 3 3
Lig =5kar =5Mp. Log =5 kio =5Mbp
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From base value definition we Pood Jhee 0 0 il Lo O =i
Pl | 0 L 010 0 Ly |-

q :
know el | 0 0 Lei 0 0 0 [—ip

Ve =Lasle =Lagle = Lislos = LaQBiQB Y| |Lge O 0 iLiw Lpe O [ ifs

4 Ve =Lgle =Lusle =Lpslos Yor | |Lpg» 0 O : Lofe Lo O ips
Yos = Loglos = Lowslas = Logle Por] [ 0 Lo 01 0 0 Lo || To~ |
P08 = Loslos = Lowslas so we have:

\

Dividing the dg0 coord. flux

linkage eqgn. in MKS units by Lo = Liae = Xaas
the appropriate terms of the J Lo = Logr = Kage
above eqgn., we have flux linkage Laor = bagr = Xage
egn. in p. u. systems: Lo+ = Lppx = M-

34
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Finally we have flux linkage eqn. in = Under common flux
p. U. assumption (subscript * is
w1 [Xy 0 0 Xu X 0 1-iq1 Neglected), we can see:
0 0 0 Xgg |l Mr = Xq
|:qu0:|= 7ol | 0 0 X, 0 0 0 |- X, =X, + X,
Yoo | | P X o g 0 X Mg 0 || i X, =X+ X,

0 Mgp Xp 0 iD
\XD:XD1+Xad

/\

Vo | 0 X 0 0 0 Xol ig
)

__XSS XSR :|{_qu0:| J Xq = X1+Xaq

| Xrs  XRrRr || Itpg LXQ = X + Xy

= X-matrix is symmetric, constant
and sparse. The syn. mach. char. « Clear physical meanings;
parameters (p. u. values) are = Useful for deriving
existed explicitly. equivalent circuit.
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+Base values for stator circuit

s, = 3phase nominal apparent power of machine (VA)
u,, = Peak value of armature nominal phase voltage (V)
i, = Peak value of armature nominal line current (A)

S :(%) Ugg

Ugp =0s¥s =Rgig

f, = Nominal frequency of machine (Hz)

w, =2xf, (elec. rad/sec) , o, :( }{3 ij (mech. rad/sec) , P, = Pole pairs

R, :U%B (ohm) , L, :R%B (H), vy =Lgiy :%B (wb-turn)

B
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+Base values for rotor circuits according to common flux assumption
based on L4 and mutual inductances equalization in p. u.

i :[Lw jw
_ _ _ B Ldf aB
Ldf g = Lad gL IS p
] ] ) L ]
<LdD'|DB:Lad°IaB:>4|DB: adL ‘s
] i \ dD
\LqQ |QB = aq IaB (L/ j
I, =| -1
QB B
L \. LqQ ?
( u
_ . B . fB
Ug - li SaB:>ufB =, W
B B
2
R _ufB_ aB L :WfB: U :RfB
fB - ’ B -
I 1" - @y -l @y
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+Base values for rotor circuits according to common flux assumption
based on L4 and mutual inductances equalization in p. u.

(

. u
J— - abB - DB
uDB"DB_SaB:uDB_ - » Wps =
J ok B
R Uy SaB L Y Uos _ RDB
DB~ - =2 ’ DB~ - T - T
L e l DB Ios g - 15 Vg
H _ _ aB _ QB
uQB i IQB - SaB —> uQB — » Wos =
) IQB B
R — uQB _ SaB L WQB uQB - RQB
oB - T =2 ! QB T = T
\ Ios 1°qs Ios @y -l Wy

38




&
v
N~
Ky

gy y e § AQ0 g2yl 50 (9 5w (rilo Y 0l20 .0

gy e § 000 gzl 50 (49,50 (rile Jio doMs ¥,0

= The p. u. equations for syn. mac. on 99 1 1
(volt., flux linkage, and motion eqn’s) /o
have the same format as the MKS o _ . 1
unit equations: dt.

Where Te* :Td*iq* _Tq*id*

= In stability analysis, time is
preferred in seconds. The
corresponding rotor motion

uqu - p y’qu +|:qu0:|+ r-qu 0 _-iqu
Uipg ¥ 0o 0 0 ripg || 1o

where s, —(wy, oy, 0] p=d/dt

Pl [Xa 000 Xa X O i equation is:
v, 0 Xq 0 0 0 Xg | q :
Yaq0 ' 0 0 X 0 0 0 || —i ( dow.
=0 = ° 0 2H (sec.) N

Yol [Xg O 0 Mg Xp 0 | ip ds (0D -0

Pol L O Xeg O 0 0 Xq ] ig dt(sec.) = °

_[Xss XSR} ~ldqo Mg =X o

' Xrs  Xgrr ]| Itpo 39




&
g gy y e § AQ0 g2yl 50 (9 5w (rilo Y 0l20 .0
J%&%’:mﬁ)

(40151) gy 3 s 9 000 g2 5l )5 (9 5w (piile Juho 45 ¥,0

= If we prefer time in sec. and speed in rad./sec, then rotor
motion eqn. will be:

(M= 2H(sec) _ H (sec?) : mac. intertia.)
wg(radisec) zfy

[ do(rad/sec.)
M - m*
dt(sec.)

= w — wq (rad/sec.)

— Tex

do
| dt(sec.)

= When a)zlp_u_, r, ~0 ,and pSquo ~0 |
we have T . -T. ~P.—P.

(widely used In transient stab. analysis) 40
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= To make physical concept clear;

= To set up the relation between Park’s equation parameters
and practical (manufacturer provided) parameters

ol 90 9o Jolro Hluw V.7

g-axis equivalent circuitand  the corresponding g-axis equiva-

parameters lent circuit is shown in the fig.
On g-axis, we have:

. . . o q i
{z/jq:—xq|q+xan:—x||q+xaq(—|q+|Q) o & +©

and . U,
LIq — pl//q T oYy _ralq

o
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- - - A
Practical parameters of g-axis used in Tgo = Xa+Xag _ %o (p.u.)
the simplified syn. mac. model for Q o
stablllj[y analysis: Note: Th(see) =Tho(p.u) ts (ts :_)
m J-axis syn. reactance

X =X, + X = g-axis short-circuit sub- tran5|ent

v . ™ time constant T{ :
where X|: g-axis stator leakage, « Xa
q . g-axis stator armature reaction ot Xa Xl T Xy o

reactance(or mutual reactance) o o

m g- aX|s sub-transient reactance X :

Xa
Xq
Xq plays an important role in the

system sub-transient process.

= J-axis open-circuit sub-transient
time constant Ty




<.
L]

N Sblos sl wlyl 90 9d sl ygxo Jolro o £
Jf&’%j&%tZ',

L yolyl 9 d jemo Jolo sluw ¥,7

On d-axis, we have:

(‘//d == Xglg + Xgly + Xglp = =X|lg + X g (=g +1; +15)
LW == Xaglg + Xlp + X glp = X (—g +1; +15) + Xyl
Wp = —Xyly + Xagle + Xplp = X (=g +1; +1p) + Xy,

"

and:
rud = pTd —C()SUq —I’aid ;_:d_@_‘ri'_;rww _
- + - + + i
VUi = p¥ +r; ¥ - , TD
U, = pSU +r | = O PX oy
LD - D . DD - - Uy pxd(p)|uf=0:>§
the d-axis equivalent circuit can r
be drawn as shown in the figure 0
p »
0 0
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The practical parameters for d-
axis are defined similarly to the
g-axis.

= d-axis syn. reactance: X, = X, + X_,
where X, :d-axis stator leakage,

X4 :d-axis mutual reactance or
stator armature reaction reactance.

: : d i
= d-axis transient reactance: Id

A X 2

f

m d-axis sub-transient reactance:
X=X, + Xy I Xyl X,

. Xzfd(XD _Zxad +Xf)

(4oldl) b yolyb 9 d Hozxo Jolzo 4l ¥,5

= X', and Xg play an important
role in the machine transients
and sub-transients.

= d-axis open-circuit transient
time constant T,

Tio ="
I's
ra d' pX.

, Y Y YN

1 i
a)‘Pq+ * + D

} pY, PXpy

PXa(P)],, =
| .
i +ip —ig ¢

o

‘ XDXf_de
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» d-axis short-circuit transient
time constant T .

XZ

X, -

T Xa X 11X, _ X,
’ rf rf
TI XI
It can be proved: —-=—¢
TdO Xd

= d-axis open-circuit sub-transient
time constant T,

XD
XD,+Xﬂ//Xad_ X

"
Td 0
o '

(aolsl) b ol )b 9 oo Jolzo 4l ¥,8

= d-axis short-circuit sub-transient
time constant T :

Xop +
XD1+Xf1//Xad//Xl_ X1

" Xad X
d — rD rD
TI! Xll
It can rov :
can be proved: T X
(Tao»Tg ) and  (Tgo, Tq ) play an
Important role in the syn. mac.

transients and sub-transients.

Note: The above time constants are all
In p. u. They should multiply

ts (1/@g) to obtain values in seconds.
45
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Xy Xgs X X X X Taor Tyos Tao

- 2
The required parameters in (3) Since x: - x X
Park’s equations are (in p.u., N X

g =314.16 rad/sec) SO X, = 0
Xad’xaqixfixD;XQandrf,rD,rQ Xd_xd
According to the equivalent (4)Since

ircui : X2 (Xp—2Xa9 +X;)
circuits of d-g axes, we have: X} =Xy -8 20 2w+ R
XpXs =X
(1) Xad =Xd—X| SO DM f ad
(2) Kag =Xqg =X,

ng(xd = Xg —2X44 + X¢)

Xf(xd _X(’j’)_xazd
46
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2

: X :
(5) Since x;=x,--" c = XoitXg — X,
Xq P wgT 4o (Sec)
X aq X
S0 (8) From 17, =2 (seq)

Q~ oy
Xq Xq C()BrQ

K
(6) From Tgo =—— (sec) we have r,=—
wgl'y ° wgTl(sec)
Xf
we have =2 "o (If T4, T4, T4 rather thanTg, . T4o. T4

are known, we can use relations
XDI +(Xfl // Xad) [ " "
(sec) among them to convert Ty,T4,T,

INto T, , T4o.Tgo first.)

(7) Form T, = :

we can calculate:
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o de L, 8
o
(o jlw S Wb lawgi o0l &1y) gsal.».l.o.:: le.b).’»’.oblg: P wolio ¥,
| Parameter Hydraulic Units Thermal Units
B Synchronous Xa 0.6 - 1.5 1.0 - 2.3
Reactance X, 0.4 - 1.0 1.0 - 2.3
Transient Xg 0.2 - 0.5 0.15 - 0.4
Reactance Xq: _ 0.3 - 1.0
B Subtransient Xy 0.15 - 0.35 0.12 - 0.25
Reactance Xy 0.2 - 0.45 0.12 - 0.25
Transient OC Ta:lll 1.5 -9.0 s 3.0 -10.0 s
Time Constant th - 0.5 -20 s
Subtransient OC T 0.01 - 0.05 s 0.02 - 0.05 s
Time Constant o 0.01 - 0.09 s 0.02 - 0.05 s
Stator Leakage ¥ 0.1 - 0.2 0.1 - 0.2
Inductance ! ; : ; ;
RS‘.‘““" R 0.002 - 0.02 0.0015 - 0.005
esistance a
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= If the 0-axis component is considered independently, then the d, g, f, D, Q
windings and rotor motion equations will constitute a 7th -order syn. mac.
model.

» The Park’s equation considering stator winding transients is called
“Electromagnetic Transient (EMT) model”, with very small time constant.

= The network components connecting to the stator windings should also be
described by differential equations (DE). The overall system model is
extremely complicated and it is not used in power system stability analysis.

= In simplification, the most commonly used and important assumption is to
assume p¥, = p¥, = p¥, =0 and set w=1 p.u. in stator volt. eqn. Thus:

The stator volt. egns. can be Linear AE (algebraic egns.) and network egns.
can be in AE as well in Y, -matrix format.
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= The system model with the stator transients neglected ( p¥, = p¥%, = p¥, =0)
Is called “electromechanical model™, or practical / simplified model.

« In simplified model, some rotor var.’s in Park’s equation (e.9. Vo :Us )
are referred to the stator side (easy to analyze and measure) become
practical var.’s:

A X
= Stator excitation voltage E: = oc Uy

/ Xad
= Stator g-axis transient volt. (voit behind X'a) Bo== ¥ ¥

f

= Rotor currents in Park’s equation (e.g. I, Ip, 1) are eliminated using their
flux egns.

= In the simplified model, the stator winding ¥, and v, will be eliminated
using their flux eqns., and Ugq» lag will remain.

=« INn stator volt. egns.: assume a=1
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= The syn. mac. per unit parameters (e.g. Xq, X, Xg » Xg, Xo0 X0 Tio » Taor Tyo » Tao
will be used in the simplified models which is easy for data preparation and
analysis.
= Further assumptions can be made which result in even lower order syn. mac.
models widely used in stability study
= We are going to introduce three simplified models:
= Neglect D, Q damping winding, assume p¥, = p¥?,=0and o ~1 inthe
stator volt. egn., and consider field winding transients and rotor
dynamics --- third order model with E;,®,d as state variables.
= Assume p¥y = p¥, =0 and o ~1 in the stator volt. eqn., and consider f,
D,Q winding transients --- fifth order model with Eq Eq.Eq. 0,0 as the
state variables.
= Classical model with @, 6 as state variables only.
= The simplified syn. mac. models are widely used in p. s. stability and control.
We should understand their physical nature according to the derivation. We

should keep the assumptions in mind and know the limitation of the models.
51
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= The simplest dyn. model which can includes the excitation system dynamics.
= The assumptions made:

= Neglect stator transients i.e. p¥y =p¥,=0

s Assume @ =1 p.u. in stator volt. egn.

= Neglect D, Q damping windings. Only f-winding remains on the rotor!
= New variable defined: A X

= Stator excitation voltage E; = :

ad

Ug ocUg
f
= Stator q-axiAs open-circuit volt. (volt. behind X ): to be eliminated later
Eq=Xaals iy (Ug =Eq — Xgig)
= Stator g-axis transient voltage ( also ‘voltage behind X °)

A X
' d 1P ' r:
Eq:xaf ngC f (uq:Eq_Xdld)
Later when see E;, E, Eq We should consider they are associated with U¢,1¢,%¥
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Third order model (cont.) A X X2 .
» E/ ="y —_Z2adj L X_ij
= Initial value calc.: (steady-state) X f f d ad °f
Since u., =i, -r. , we have : 2
“’x e 1 Since X, =X, - Xa1 50 we have:
Efp=—2 U = Xaalio = Eqo , X '\
From volt. egn. we also know at the or |Eq —Xgig =Eq — Xqig
steady state:

then we see:

Ugo = Yo — Falgo = EqO - dedO —lalgo
(" P40 =—Xglgo + Xaglto)

The above equation is used to calc.
initial value of Egqo(= Eqo).
= We know from Park’s equation:
Wi =—Xaglg + Xl

Multiplying both side by

!/ /3 H _ H T
uqO:EqO_XdIdO_raI _EqO_XdIdO_ranO

g0

important relation of Uqo, EjpandEgy!

Xad
Xy

- we have:
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Third order model (cont.) (1) Stator volt. eqn’s:
Deriving third order model Uy = P¥g — 0¥ — g = Xqiq — g
= Keep Ugq: lgg: {uq = ¥y + 0¥y —lig =} — X§ig — T,

= transform Uy, i, %« into E¢,E, and E; Y X iXd - Xi+E
. d — “d'd ad'f —  “Mdd q

=use 3 flux linkage equations to E! — Xy =E, — X4l
liminate ¥,.%, and i; (E,) q q
e_ dr*q f\=e/e Td=—xdid+(Eé—Xéid+Xdid)
= Finally we obtain the model with oy
—LEq = Ndld

Ug.iaq. E1,Egand w, 5, T,as 9 variables, _ T |
and composed of 3 volt. eqn.’s (d, q, ) (%) Field winding volt. eqn..

and 2 rotor motion equations. From: U; = p¥¢ + 1l

" e X
We need 4 boundary conditions to solve multiplying rad , we have
the problem and they are E;, T,, (input) X, f
and 2 network interface equations (d, g P ra Vi =k -y
windings). f
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Third order model (cont.) = If we want to use ‘sec.’ for time,
_ X the eqn’s are (widely used in stab.
Since rad vy —( al V) r—_E’ “Tho Study):
30 df f f (Ud :X I — Id
Téana:Ef_Eq Ug = Eq = Xy ig — g
“E (B X=X )] g SR < [ + (X - X4 y]
(3) Rotor motion equations: ) deo
T, Z—?—T —To =T = (Paiq — Pia) g =T Rl X = Xa) el
do
=T ~[(E§ = Xig) Ty = (-Xgig) 11| | | = (@~ D
=T, —[Egiy — (X§ = X,)ig4i . :
is [Bgl = (Xg = Xq)lal] where Tj,.t,H :insec., w:inp.u.,
prauliats ws =27 : rad/sec, o: in rad.
Equations (1), (2) and (3) constitute others: in p. u.
the syn. mac. 3rd order model where
time isin p. u.
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Third order model

Discussion
= Initial value calculation:
Doy = Py =1P-U
Eqg =Ve|, +(ra+iXq)ig| =Eqs8, 10

determine J,and d, g-axes location.

Usg|, +isg|  Can be calculated then.
0-' 9lo-
Note: Uyl ice|, may be different

from u,| If there is an

0’ idq‘o—
operationatt=0.

Eqo and E, = Egoare calc. according

to the initial value relations.
Tro =Teo- =[Egiq —(X§ = Xg)-igig]

(aoldl) © g dud 0 Jowo ¥,V

= When we neglect the dynamics of
the speed governor and prime
mover, T, =const. = T .

= In motion eqgn., T, and T, is often
replaced by P, and P, --- the
output power of the prime mover
and gen. in p. u. (assumew ~1p.u.,
r,=0).

= We introduce a damping term in

rotor motion equation to include
the D, Q damping effect.

d . o

T, d—f’[‘)z P —[Ebig — (X4 — Xo)igig] - D(@—1)
D is the damping factor, usually
in 1~3 p.u.
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Third order model (The negative sign is because Q-

: : axis is leading d-axis by 90° , the
Third order model is good for hydro- flux in q-axisgwill gene¥ate emf in
generator with salient poles.

the negative direction of d-axis.)
= 4th order model: for round rotor The 4% ord del is- (i
steam-turbine generator, usually a € order model is: (in p.u.,
short-circuited damping winding (g) is except that time Is in sec.):
added on the g-axis to consider the
the solid rotor effect along the g-axis.

(The winding f can take into account

( ’ 7= -
u, = 4 + quq — Il

_ ’ ’ s :
u, = B, — X4ly — 11,

the solid rotor effect along the d-axis.) Tdo PEq = B¢ = (Bq +(Xg = Xo)ly)
= The corresponding 4th order model Tho PE = —(Eg — (X = X{)iy)
- ! !/ <
state variables are E4,E;,@,0 . ) T, Cll—i)+ D(@-1) =T, —
Here we define (-u,=0..E, =——"u, =0 _ . .
S J ry o ) [Egiy + Ediy —(X§ — X iy,
' Xaq : ' Xg d5
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Fifth order model From d-axis eqg. circuit, we know

= When the D, Q damper winding fast the yj is: (using superposition)

) : 4 X
transients are taken into account, the e T o K
rd - fl ad DI ad DI
39 model becomes fifth order (f, D, v «
- - - D ) fl . X
Q yvln(cjilng t_ran5|ents and rotor XX, Xaax, e
motion dynamics). X o ax
. . - 2 DIt fif D
= New practical variables: X Xo = Xag

Two new practical variables are which is a linear function of both

introduced in Park’s equations. They ¥ and YD
are: PEPIEES
> g-axis open-circuit sub-transient ' =0 y y
voltage E,” (also: “ voltage v y ! !
behind X",”): ’ = .
Tf SUD
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Fifth order model How to derive the fifth order model
The corresponding g-axis open-circuit = assume p%,=p¥%,=0and o=1p.u
subtransient volt. defined as E; should In stator voltage equations.

be (w=1p.u, i, =0, p¥,=0): = 7¢,%75.¥P, will be converted into
) X o stator-side practical variables
Eq - X Xp _Xazd (Xoi#s + X4 ¥p) of Eé, Eg, Eg . and u, = Ef :
It can be proved: = The 5 flux linkage equations are
Ugo = Ef = XZlizo — i ;sescrij to eliminate I¢,1p,lo and
» d-axis open-circuit subtransient volt. . . _
E" (also: “voltage behindX "*): U The_var. of _qu"dq will remain.
We define(o=1p.u, ri, =0 85” —0); Deriving the fifth order model
N, = Derive expressions for
Ej=—¥,=—2 ¥, =-_2y, eliminating 1+,1p:lo and ¥,%,
XagtXa Xq from 5 flux eqn’s, we finally have:

It can be proved:
”i

. T — E” _ X” .i
o d d 'd
Uyo = EdO + xq q0 — L0 a
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Fifth order model (cont.) = Convert ¥, %%, into E, E!, E} ,
X2 and y, to g, using:
Wo=—X, i, +(~Ef +—210)
q q’'g q X
XQ E(’q _ ad SUf
=—E4 — X -ig X
X=X, o, X =X, " X o
Eq:Xadlf:Xz_X: E, - X!~ Xd = Eq_xfx X:d (XDIW +Xf|5U )
(Xg =Xg)(X§=X)). Therefore
+ ' Id
(Xd_xl) . Xé—X| " X”_Xl '
1 Vo =7 —wrEa~ % —wr Eq
iD:X X,(Eé—Eq)qLid Xg =Xy Xg = Xy
d ~— Md
X
1 " ’ ' "”\; E” = — ad T
= — E/—E! + (X! = XDi d Q
Xd_x||: q q d d di| XXQ
1, . _ X
o = [Ed—(Xq—Xq)lq] E, r Uy
aq
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Fifth order model (cont.) Sometimes we take i, ~ %
Build the fifth order model X = Xy

(Note: this is valid only at iy =0),
then we have:

TioPEy =E; —(E; =X Eq + X, E[)

(1) Stator volt. eqn’s:
Set p¥,=p¥y=0and w=1p.u.

eliminate ¥, and ¥, we have: dr—a ~"drTg
: : : Xy - X!
{Ud :—Tq -y = Eg + Xé;lq — Il where X, = X(:'—Xo’l
. I = Yy i . . d d
Ug =4 —Talg =Eq — Xglg —Talq (3) Winding D volt. egn.:
(2) Field winding volt. eqn: For p¥%,=-r,i,
From p¥; =u; —ri, similarly to the X X , :
third order model, we get: since T _ Xi sor, = (X,d ‘X”') _
10 o (Xd _Xd)TdO

T/PE, =E; —E,
XaXig, XeoXi g oy
Xyq =X, X=X, Td”opEg: ? ITd'opEc;
_(Xd_xd')(xc;'_xl)i d 7 _
(X4 =X)) d BB - (Xg = XDy 61

Eliminating ¥ and rp ,we have:

=Ly
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Fifth order model (cont.) (5) The rotor motion eqn’s (p. u.)

In the system analysis, the effect of ( do . :
] ] Ty ——+D(0-1) =T, — (¥4l —¥4lq)
pE.ONE, transients is often neglected dt o
since T4 <<Tj, . The simplified D- <d5 =T —[Bqlq + Ealg —(Xg = Xg)lalg)]
winding egn. will be \E:w_l
TdoPEq ~ —Eq + Eq (X4 - X3)-ig Discussions:
(4) Winding Q voIt eqn.: (uy, =0) = The fifth model has Eq.Eq.Eq.@,6
For p¥, =Ty, multlplylng both as state variables. There are 11
sides by _h l’Jsmg T Xy variables in the 7 equations: Us: i

Ey.Eq.Eq.Ef . Th.06 . If E( T, are
known from exciter and prime

) mover models, and two network
TqoPEg = X44lg interface equations are known,

—Ej +(Xq - X the system can be solved in time
domain. 62
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andEg:_&gfQ we have: "
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Fitth order model (cont) The equations are useful in
= Some relations are used In deriving  converting practical parameters

the d-axis volt. equations. They are: o Park’s equation parameters or
Xy -Xi= (an;’(xflxz ; vice versa.
| X Xe, = When consider two damping
Xa = K= Xaa IXul X =55 e windings on the g-axis, i.e. Q and
X!~ Xy = Xyl X gy = X g (they correspond to d-axis D
2 X and f windings respectively,
xd_xgz% except that Uy, =0,u; #0), the
X2 (X4 %) fifth model will change into 6t
" ad -
Xo = Xi = e order model. E},E; will be
¥ 2 defined similar to g’ and E”
Xl =X+ Xgg 1l X ¢ = Xy — 2 _ g q
f Xad X 11Xy Ef = _Xaq (X V.,+ XY )
X5 =Xy + Xog M X gy Il Xy = Xy + ——— d — Ql 17 Q
d = A1t Rag M R Il Xy 1+XfXD_X§d J XgXQ_qu 9 9
:Xd_xe%d(xm"‘xzfl) E(’j :_xaq g/g
X¢Xp = Xad | Xg 63
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The 6™ order model will be (in p. u.):

Uy = EJ + Xi, — i
u, = E; — X{iy —r,i
TsoPE! =E, —E, ~ E; —(E - X E + X E/[)
TePEg =—E4 = =(Ey — X Eg + X Ef)

Ty PE; = —EJ + E; —(X(jI — X(;,)id

T PES ~ —EJ +E] +(x; ~X ")iq

-

q
da) "y "y 4 "\: ;
TJE:Tm—[quq+Ed|0,—(XOI — X lgly ]
— X! X, - X!
d_5:a)_1 where Xdr:X‘f’ X‘j; Xgp = —o—r
\dt xd_xd Xq—Xq
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Classical model = If we further neglect the rotor salience
= For the 4t order model , if we set and set X'y=Xg,=X" , the first two
PE4 =0, pE; =0 equations can be merged as
the syn. mac. model will be: 0 =uy + ju, :(Ed’ + qu’)—(ra + jxc,’)(id + jiq)
0 =Bq +Xglg ~ e =E'—(r,+jX;)i ()
"= Xd"‘ ~te ((")ymeans complex number with d-axis
dw i
T, +P(e-D=T, - as real-axis.) :
[Ei, +Egig —(Xg =X igi,] Since (f +j-f ) J =fq+1-1,
ds_ 4 (f can be u, 1 or y etc.), multlplylng the
 dt both sides of (a) by , -G+ yield:
Rotor winding transients are .
. neglected. ’ Ve s +l, :_(E x +_JE g )=+ )i+ iy )
« E§=const.and E/ =const. mean =E'-(n+iXy)ls

¥, =const., ¥, =const. (no decay). where |E'=E’/8', E' = const.
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Classical model (cont.) * In classical model the angle &
_ _ _ _ will be used to represent the rotor
= The rotor motion equation will be : position and to judge synchronous
7,92, D@w-1) =P, -V, cos g, stability.
) ot (**) * The assumption of E'=const. does
' _ 4 not mean the effect of excitation
L dt _ system is neglected. Rather, it
Equations (*), (**) constitute the means the excitation system is
classical model. strong enough to keep E’~ const.
e The significant advantage: with > For th‘f[ tfast-resp;)r]tge, h'%rr]"
: gain static excitation, e
rotor sallenccaj neglected, the stator results of using classical model
volt. egn. is now a complex usually are conservative in stab.
algebraic equation and easy to analysis;
interface with network Y-matrix > For the traditional slow-
eqn. response, low-gain exciter, the

results may be optimistic. ¢g
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L+ X
1
_I_
<‘> E'=E'Z5' Ve
o
E' = const.

Equivalent circuit and phasor relation
for the classical model syn. machine.
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= Section 1.8 derives several syn. machine practical models. The main
assumption is neglecting stator winding transients p¥, =p¥,=0 and
set w =1 In stator voltage equation.

= The 3 and 5™ order models are good for hydro-generators, whereas the
4th and 6th order models are good for steam-turbine generators. The
classical model Is good for analysis with lower accuracy without exciter
transients.

= We should pay attention to the new variables defined.

= The initial values can be calculated by setting p=d/dat=0. This is a pre-
disturbance equilibrium point.

= The corresponding phasor diagram can be drawn according to the
equilibrium point equations.
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= This chapter started from the “ideal machine” assumption, derived
the syn. mac. in abc coordinates and in MKS (SI) units first;

= Then the Park’s transformation is introduced and the corresponding
syn. mac. model in dg0 coordinates and MKS (SI) units is obtained.

= After applying a properly selected ¢X_, per unit system’, the syn. mac.
p. u. model in dqO coord. are developed. This is indeed an electro-
magnetic transients (EMT) model usually called as Park’s equations
of the syn. mac.

= Stator transients are neglected to obtain simplified/practical syn. mac.
3rd, 4th 5th 6t order models and classical model. They are widely used
In power system stability analysis.
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= The practical variables (Eg, E;, Ej, Egetc.) are introduced and
practical parameters ( X, X,, X}, X/, X"y, X", T4, Too, T "0, T"o ) Are
used in the simplified models.

= Later the interface of the machine with the network will be
Introduced for overall power system analysis.

= The models of excitation systems, speed governors and prime
movers will also be introduced and connected with generators
(through E; and T,.).

= The syn. mac. is the heart of power systems with extremely
complicated dynamic behavior which influences the global
system performance and stability.
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