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The following equations describe the complete dynamic behavior of a

steam turbine generator.
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T// dwld

do g = Eq — (Xg — Xis)la — th1a (5)

dE/ (XI _ X/I)
lo— 2 = —E}+ (Xg — X)) | lg — 70— a5 (Bl + (X, = Xis
q0 dt d+( q q) q (X X/s) ( d+( /) +w2q)
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2H dw
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dEfd

TEF = —(Ke + Se(Ef))Era + VR (12)
dv KaK ,
TATtR = —VR + KARF — ’f,\_ FEfd + KA(Vref _ Vt), V,r?mn < VR < V,r?nax
F
(13)
dRF KF
Trge = Ret 3.5 14
T dt P (14)
TRH7M =-ATy+|1- MHP TRH Pcy + MPSV (15)
dt TCH TCH
dP
Ten=gy = —Pen+ Psv (16)
dP 1 w .
Tsv d‘:v — _RTD <Wbase — 1) + Prer — Psy, 0< Psy < PZ* (17)
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Steady State Conditions

@ To find the interaction of a synchronous machine with the network,
steady state conditions are used.

@ In the steady state, the rotor rotates at the synchronous speed
(W = Whase)-
© Damper winding currents (h4, hgq, hq) are zero.

@ In steady state, all the differential components vanish.
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Therefore, the equations (1) - (7) can be written as follows:

Vg = —Rslg — g (18)
Vg = —Rslg + (19)
Eq = Ec,, + (Xg — X))y (20)
Y1a = Eg — (Xg — Xis)la (21)
Eclf = (Xq - Xé)/q ( )
thaq = —Eq — (Xg — Xis)lq (23)

The d-axis flux linkage equations in the steady state

g = Xa(—la) + Xmalta (24)
U = Xmd(—1la) + Xt I (25)
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Substituting /¢y from (25) in (24), we get

Vg = Xg(—lg) + Xind <wfd+xmdld>

Xtd
X2 Xind (26)
— 1, x, = Zmd 2 md
d< d de>+ X Vfd
= —IgX) + E,
Similarly,
Vg = ~Xlg — E, (27)
Substituting (26) and (27) in (18) and (19),
Vd = _Rsld =+ X‘;/q + Eé, (28)
Vg = —Rsly — Xylq + E, (29)
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Let the three phase terminal voltage in per unit be

Via = Vm cos(wt + «)
Vib = Vi cos(wt + o — 120°) (30)
Vie = Vi cos(wt + a + 120°)

Applying the Park’s transformation, we get

Vg = Vpcos(wt + a — 6)
Vg = Vmsin(wt + o — 6)

0 is the angle between d-axis and the stationary axis a. Let
0 = wt+ by

where 6 is rotor position at t = 0.
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In per unit system, peak value and RMS value are the same.

Vg = Vi cos(a — bp)

32
Vy = Vysin(a — 6p) (32)
Though Vy adn V; are scalar quantities, they can be represented as
phasors due to their trigonometric relations.
Vizoo — 0y = Vg + 3Vq (33)

g-axis

Vi

o — O

d-axis
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Let us define § which is the angle between g-axis and V;.

5 =90° — (a — o)

Vg + Vg = Vi(sin 6 + ycos &) = V; (34)

Similarly, the stator current /; lagging V; by ¢ can also be expressed as
lag + 9lg = It(sin(6 + ¢) + gcos(d + ¢)) = I (35)
Substituting (28) and (29) in (34), we get

Vi = =Ry + Xylg + Ey + 3(—Rslg — Xjly + EL) (36)
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Rearranging (36),

Ve = —Rslg + X}l + Ej 4 3(—Rslg — Xjla + E;)
= —Ro(la + 9lq) = 3Xq(la + 2lq) + 3Xq(la + 2lq) + Xglq + Eg + 2(—Xgla + E;)
= —(Rs +3Xq)le + Eg — (Xg — Xg)lg + 3((Xg — Xg)la + Ey)
= (R +3Xg)le + Eg — (Xq = X)lg + 3((Xg — Xa)la + (Xa — Xg)la + Eg)

From (22), Ec// — (Xq — Xé)/q = 0. From (20), Eqy = EC/’ + (Xd — X(/j)/d.
Vi = —(Rs + 3 Xq) It + 3((Xq — Xa)la + Efa) (37)

: X
Since Erg = B¢ Vig = Xindlfa,

H((Xg = Xa)la + Xmalw) = Ve + (Rs + 9Xg) It (38)
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Let the internal voltage of the generator be E; = (Xq — Xg)lg + Xmalta)-

9Eq = Ve + (Rs + 3Xg) I (39)
Eq = Vi+ (Rs + 9Xg) I

E, is defined as the internal voltage behind the synchronous reactance X,

Equation (39) can be represented as

Xq Rs T
w
_|_

i V.

Eq

Figure: Equivalent circuit of steady state synchronous generator
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g-axis

I+ R

e

d-axis

Figure: Phasor diagram
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From the terminal conditions,

VP?+ QF P:
/: t t — -1 ot
= IR ot (1)

Ey = Ve l0° + I /—¢(Rs + 3Xq) (40)

_ 1 Xq cos ¢ — It Rs sin ¢
§=tan! ] s 41
an (Vt+ItRscos¢+lthsin¢> (41)

d-axis
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In the steady state at no load, Iy = I = 0. From (18), (19), (20) , (22),
(24), (26) and (27), we get

Vg =Eq = Eq = Erg = Vi = g = Xind 1 (42)

Vd:Ec//:%Z’qZO (43)

At no load, § = 0.

@ The load angle in (41) is computed with respect to dg-axis of a
particular generator.

@ In a mutli-machine system, there is a common reference from which
all the angles are measured. (slack bus).

@ The angle § should be measured from a common reference.
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[-axis
g-axis

Vi

-axis

R-axis

Vg = Vicosa = Vysind + Vg cosé (44)
V) = Vesina = —Vycosé + Vysiné
Vie? = Vg + yV) = (Vgsind + Vg cosd) + 5(— Vg cosd + Vgsind)
= (Vg +gV,)(sin§ — gcosd) = (Vg + gV4)e!0=3)
(45)
(Vg +9Vy) = V4e@93) = V,sin(§ — a) + jVi cos(d — a) (46)
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To convert from dg-axis frame to a common reference frame, multiply
quantities by e/=3).

(Va+9Ve) /0 — 5 = Via

Figure: Single machine connected to an infinite bus

queJ(‘s*%i) = Vi + (Rs + 3Xg) e’
Eje” = Ve + (Rs + jXg)le”

where §, « and v are measured with respect to the infinite bus.
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The power supplied by the generator at its terminal is

Pet Qe = Vee™ (lee")" = (Vi + 1Vq) XD ((lg + glg) D))

= (Vg + V)l — 3lq) = (Valg + Vglg) + 3(Vgla — Valy)
(48)

The electrical torque output is given as, by substituting (18) and (19),

Te= (¢qu - wad) = (Vq + Rslq)lq + (Vd + Rsld)ld
= Valg + Volg + I3Rs + IZRs (49)
= P, + I2R, = Real (quJ5 (Iteﬂ)*>

The per unit torque is equal to the real power delivered by the dependent
source.

Siva (IIT P) EE549 18 /69



Multi-machine Representation

@ In a power system, there are many synchronous generators with their
exciter, turbine and speed governor.

They are connected through a transmission network.

Loads (static/dynamic) are connected to the transmission network.

Let there be ng number of generators in an n bus system.
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Assumptions

o dft" and 2% are neglected.

o If they are considered, the entire network dynamics will have to be
considered. This will increase the computational burden.
e Stator transients are faster than rotor transients.
@ In the speed induced voltage term, w is considered as wpase-
o It does not mean that the speed is constant but the effect is
insignificant.
e This assumption counter balances the first assumption.
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The dynamics of an it" generator along with the exciter, steam turbine
and speed governor are given as

dE’ (X/- _ X”-)
T/ __E/ X,_X/ I,_M_El
doi ™ i (Xa ai) I (Xéh _ Xlsi)z( qi (50)
+ (X — Xisi)lai + 1di] + Efdi
d14i
Tooi Tﬁ.;d = Egi — (Xg — Xisi)ldi — 1ai (51)
dE),
q0i dtfl —Egi + (Xgi — Xgi){(Lgi

(Xgi = Xa) )
7q(5d, (Xgi — Xisi)lgi + 2qi) }

- _Eclli - (X, Xls:) qi qu/ (53)
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dd;

2H,' dw,-
ws dt Tmi — Tei — Di(wi — Whase) (55)
dEsi
TEi d;d = —(Kei + Sei(Erai)) Efai + Vri (56)
dV KaK ]
TATtR = —Vr + KaRF — ~2-C Egg + Kai(Vrei — Vi), V™ < Vi <V,
F
(57)
dRF,' KFi
At Fit T ¢ .
EE549
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dT i Kupi TrHi Kupi TrHi
Tori M _ AT o <1 _ HPRH> Pe + KPR p (50
dt TcHi TcHi
dPchi
TcHi diH = —Pcni + Psvi (60)
dPSVi 1 Wi
Arsvi 1) 4 P — Psyi, 0< Psy; < PT2X (61
SVi dt RDi <Wbase >+ refi SVis 0 > FSsvi > sy (6 )

Stator alegraic expressions:

(X”- _ X/SI) (X/ _ X//)
Xy — El, 4 =d i = Vi — Reily: 2
el (Xclyi — Xisi) @ (Xc/;i XISI)1/}2q ¢ ¢ (62)
X//_ Xl ) (X/ _ X/l)
Xyt + Kt = Xie) pr (X = X = Vgi + Railgi
di'di + (X(//, — Xlsi) qgi + (X¢/1, _ XISI)wldl q + Rs q (63)
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In an n bus system, the power injected into the network can be written as
follows:

=7 VY /6y (64)
j=1

Pi+ Qi = Vipai (1) = VigeuVj /=0, Yii /05 (65)
j=1

The real and reactive power injected at i*" bus can be found as

P; = Pgi — Ppi = Y _ V;V;Yjcos(0; + aj — ) (66)
j=1
Qi = Qci — Qpi =—>_ ViV;Yjsin(0; + aj — o) (67)
j=1

Siva (IIT P) EE549 24 /69



The real and reactive power generated at i*" generator can be found as

Pgi = Real (\/,-e]a" ((ld,- +]Iq,-)ej(‘5"_%)>*)
= Vily; sin(6,- — Oé,‘) + Vilqi COS(5,‘ — a;)

(68)

Qq; = Imag (Vie™ ((l + slg)e’®))")
= Vjlyi cos(0; — aj) — Vilqisin(6; — «;)
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If the loads are static, they can expressed as a function of voltage. Then
the power injected at it generator bus can be written as

Vil sin(é,- - a,-) + V'/quOS(5' — a,-) — PD,'(V,')

—ZV ;Y cos(0jj + aj — )

Vilgi cos(6; — o) — Vilqisin(6; — ;) — Qpi(V;)

n
: 71
== ViV, Yjsin(0; + aj — o)) (71)
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Ppi=— Y ViV;Yjcos(8j + aj — o) (72)
j=1

n
Qoi = Y ViV;Yysin(6 + aj — o) (73)
j=1
i=ng+1,ng+2,---,n.
e Dynamic equations (50) to (61), stator algebraic equations (62) to

(63) and network power balance equations (70) to (73) together are
called as differential algebraic equations (DAEs)

@ They completely describe the behaviour of a multi-machine power

system .
@ In case the loads are dynamic loads, the dynamic equations of the
loads should also be considered. )
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Impedance Loads

o If loads are considered as constant impedance type loads, there will
be a significant reduction in computational complexity.

Suppose a load at it bus is represented as constant impedance.

2
Py i = 74
Li +JQLi = ZL/ (74)

i—JQu Vi
I; = CLi T XL Vi 75
VSTV T g 7
The current injected at it bus is

-V n
li = lgi — i = lgi — Z: = Z; Vj ya;Yij /Oij (76)

J:
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Tei = VipaiYii/0u + > Vi Y /05 i =1,2,-- ,ng
j=1

0= ViiYii/0ui+ > ViyoYi/0j i=ng+1ng+2,---.m

Jj=1

The new bus admittance matrix (Y},.) is formed by adding load

impedances as shunt admittances at each bus.

The equations (77) and (78) can be represented as

[ 61 Vi
lGng ! Vn
=Y g
0nngl bus Vng+1
| 0n | 2

Siva (IIT P) EE549
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Let us create ng additional nodes.
° Aiith node, an additional node /" is created with a voltage
E!' = (EJ + jE(”’,-)eJ(‘s"_?) representing the generator internal voltage.
@ The impedance between i and i’ is Rs + 7X7..

The current injected at i’ bus is

7 1 ST .
/i/ = IGi = m ((Eg[ +jEC/]/I)eJ( i 2) _ \/ie]al)
o 1 1 (80)
I =lg = 7 v
i Gi Rsi +.]X(Ij/, i Rsi + ng’ i
i'=1,2,---,ng
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By combining (79) and (80) , we get

Ie1

I6n,
01

ng
Ong—l—l

On

- (ng+n)x1

|

Yo
Yin

Yen
YI

bus

:| (ng+n)x(ng+n)

EE549

(ng+n)x1
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where

R1+JX” 0
Yee = :
0 %
Rong +]Xd"g (ngxng)
1
TR o 0
Yon = : : : : oo
0 e 1 0 ... 0
Reng +3Xng (ngxn)
lc] [Yec Yen| [E”
[O:| B [YZN Y2)us VN (82)
where .
lG1
IG: :
/G”g ngX1
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=
El

E/l — :
Enel npx
C VT
V,
Vn = |0
N Vng—l—l
L Vn 4 nx1
From (82),
VN = —(Yhus) ' YENE” (83)
le = (Yoo — Yon(Yhus) Y En)E") (84)

From (83) and (84), the network voltages and generator currents can be
obtained from internal voltages of generators without solving stator
algebraic and power balance equations.
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Example 1

1.8 + 0.65

The voltage at the node 5 is 0.98/11.53°. Assume the load is of constant
impedance type. Reduce the bus admittance matrix.
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The bus admittance matrix is

—76.67  16.67 0 0 0

76.67 —713.16 74 0 72.50

Ypus = 0 74 —71455 45  45.55
0 0 75 —15 0

0 72.50 75.55 0 —»8.05

Since the load is of constant impedance,

T P
y, = Jt _PLmaQ  g7a0 06768
Vs Vs Vs
The modified bus admittance matrix after adding the load impedance and
the generators' internal reactances to the respective nodes is

—711.67  6.67 0 0 0
76.67  —713.16 74 0 72.50
= 0 74 —714.55 75 15.55
0 0 15 —37.8571 0
0 72.50 75.55 0 1.8742 — 48.7268
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With the generator internal nodes, the bus admittance matrix is

vy |Yec Yon
Yiv Y,

bus

where

Yred = Y66 — Yon(Yhus) 1Y n

Yo - 0.3027 — 71.2608 0.2354 + 70.6724
red = 10.2354 +70.6724 0.1831 — 51.132
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Initial Conditions

Initial conditions need to be found before doing any stability analysis. The
steps to be followed are
Q Step 1
o Solve the power balance equations (70) - (73).
e This is load flow analysis.
o After load flow analysis, all the network bus complex voltages, real and
reactive power injected at a bus are known.
@ Step 2
Find the internal load angle of each generator.

Eie]5i = Vel + (Rs,' —i—jXq,')/G,'eﬂi i=1,2,---, Nng (85)
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Initial Conditions (contd.)

© Compute Iy, Ig, Vg and V, for all the generators.

(Igi + 7lgi) = Ige?(i—0it73) (86)

(Vi + g Vi) = Vielloim0it3) (87)

(88)

i=1,2,,n,.
@ Compute Ej;, E/; and Egi

Egi = Vi + laiRsi — 1gi X5, (89)

Eqi = Vai + lgiRsi + 1ai X (90)

Erdi = Egi + (Xai — Xgi) lai (91)

i=1,2--,n,.
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Initial Conditions (contd.)

@ With Egy; known,

Vri = (Kei + Sei( Erai)) Erai (92)
RFi = ;(_Fi Etgi (93)
Fi

Vier.s = (L8 4 V) (94)
Kai

Wi = Whase (95)

Psvi = Pref,i (96)

Pcri = Psvi (97)

Tmi = Pchi (98)

Tel - Tmi (99)
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Example 2

A three-phase, 50 Hz, synchronous generator is connected to an infinite
bus through a transformer and two parallel transmission lines. The

generator is transferring a complex power of 1 + 30.25 to the infinite bus.

40.15 X = 50.2

X =40.2

The generator parameters are given below:
X4 =08, X3 =07, Xjs =02, X; =03, X; =0.55, Ry =0.0025,

Ka=120, Ke=1.0, Te=0.36, Kp =0.125, T, =1.8

Initialize the synchronous generator.

Siva (IIT P) EE549
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Vi/0

2
40.15 :J:O::
70.2

The current at the infinite bus is

/6 = *]Q

The terminal voltage is

=1-70.25 =1.0308/—14.04°

Vi/6 = 1/0° + 70.25 x 1.038/—14.04° = 1.0915/13.24°

Siva (IIT P) EE549
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The internal voltage of the synchronous generator is
EqZ0 = Vi ZO + (Rs + yXg)l: £ = 1.5617/37.44°
The other variables are calculated as follows:

Vg = Vysin(d — 6) = 0.4474

Vg = Vicos(d — ) = 0.9950

lg = Iy sin(6 — ¢) = 0.8064

lg = It cos(6 — ¢) = 0.6420

Eg = Vg + lgRs — IgX; = 0.0963
Ey = Vg + IgRs + 14Xy = 1.2301
Erg = E; + (Xg — X)) lg = 1.6423
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P1g = Ef — (X — Xis)lg = 1.158
thag = —Ej — (X) = Xis)lg = —0.321

K
Re = —F Ery = 0.1140
Tr

Vr = (Ke + Se(Ef4))Erg = 1.6467

Vier = ﬁ + V; =1.1736
Ka
W = Wpase = 314.16 rad/sec
PSV:Pref:]-'O
T =Py = 1.0
Te=T,=1.0
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Synchronous Machine Models

We can get various models by making some assumptions to reduce
computational complexity.

@ Sub-transient model
@ Transient or Two-axis model
© Flux decay or one-axis model

@ Constant flux linkage or classical model
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Sub-transient model

The assumptions made in this model are

; dyg _ dig _
@ Stator transients are neglected. =3¢ = - = 0.

@ In the speed induced voltage term, w is considered as wpase.

With these assumptions, the synchronous machine dynamics along with
exciter, turbine and governor are given as

g =—Vg — Rslg (100)
¢d = Vq + Rslq (101)
Vo= Rslo =0 (102)
dE/ (X/ _ X/l)
Tho—2 = —E — (Xg — XD[lg — 492 (—E!
do dt q ( d d)[ d (Xé/ — Xls)z( q (103)

+ (X} — Xis)la + t1d) + Efa

Siva (IIT P) EE549 45 /69



Sub-transient model (contd.)

d
Tdo Z};d = Eq — (X4 — Xis)lg — 14

dE’ (X! —
-4 _ _F Xg—X) (g — 7o t—25
© dt at @ (X} — Xis)?2
dip
T2 = (X~ Xio)ly — g

do =w—w
dt s
2H dw
USE =Tn Te — D(W Whase

Siva (IIT P) EE549
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5 (Eq + (X — Xis)lq —|—¢2q)>

(105)

(106)

(107)

(108)
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Sub-transient model (contd.)

dE,
TET:j = —(Ke + Se(Er))Era + VR (109)
dV, KiK '
TAT: = _VR + KARF — /;_ FEfd + KA(Vref — Vt)7 \/,’?7”" < VR < V'g?ax
F
(110)
dRFr Kg
Trgr = RetFE 111
F dt F+ TF fd ( )
TRHJ =-ATy+(1- 2HP TRH Pcy + MPSV (112)
dt TCH TCH
dP
cHgg = —Pant Psy (113)
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Sub-transient model (contd.)

d ~  Rp

dPSV 1 ( w
1%

Whase

(Xg = Xis) o | (Xg=X3)
== X7 E

e = d+ (X, — X q T (X, — Xs)

- _X/// N (X” XIS)E’ N (Xq X”)

(X/ Xls) d (X(/7 _ ) 1/}2(1

(o

Equations (100) and (101) can be substituted in (115) and (116).

X// X X! _ X"
( IS)EI+( d d)fl/}]_d

(G = X) (X = Xie)
(Xg — Xis) (Xg —Xg)
—Vyg — Rsly = X”I E}
d sld = + (X/ X/S) + (X/ )¢2q

Siva (IIT P) EE549

Vy + Relg == —XU/1q +

- 1) + Pref — Psy, 0 < Psy < Pgy* (114)

(115)

(116)

(117)

(118)
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Sub-transient model (contd.)

Let us multiply (117) by 7 and add the resultant equation and (118).

(X// +Xls) (XI _ X//)
V4 + Rsl Vo + Rsly) = | XV -1 !
o Rl i ) = (et (g B (i
(Xg = Xis) o (Xg = Xg)
Xl E,
0 (X G B G e
(119)
Let us add 32X/ (lq + 7lq) on both sides of (119) and rearrange it.
(Va +9Va) + (R + 3Xg) (la + 5lq) =
(X// +Xls) (X/ . X//)
X! — X' E, a9
<( g~ Xala + (Xt —Xi) ¢ (XY —x,s)wz" (120)
(Xg = Xis) o (Xg = X§)
E
" <(x' Xe) X))
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Sub-transient model (contd.)

(Vg +9Vq) + (Rs + 3Xg)(la + 3lq) = E” (121)
where
E" = Ej + JE]
(X// + X/ ) (XI X//)
E — <(X(I’/ . X(Ij/)/q + (Xci — X,:) E} (X’ - )1/12,_.,) (122)
q

E' — <(Xc/!/ — XIS) E/ (X/ Xc/i/) djld) (123)

NG = X)) T (X = Xis)

Equation (121) can be further simplified by assuming no saliency effect
during sub-transient period. X7 = XJ.
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Sub-transient model (contd.)

(Vg +2Ve) + (Rs + 3Xg)(la + 9lg) = Eq + 2Eg (124)
where
(X// +Xls) (X/ X/)
Ef = < 1 E, - ) 125
d (Xc/] _X/s) d (X/ — X5 V2 ( )

)
" __ (Xcl!/ — X/S) / ( X”)
Fa = <<xz, %) B Xy X

Equation (124) can be converted to R/-axis (common reference).

Du)
(Vat3Ve) e 2) - (Re+ X ) (la+3lg) €0~ 2) = (E+EL) e~ 2) (127)
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Sub-transient model (contd.)

Equation (128) can be represented as the following circuit.

Rs Xg (/d+]/ )eJ(fS*%)
q
/\/\/\/ >
+
EVei(6—7%) N (Vd +]Vq)e3(6*%)

Figure: Dynamic equivalent circuit of a synchronous generator using sub-transient
model
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Sub-transient model (contd.)

The per unit torque is the real power delivered by the source. (In per unit,
T=P).

Te = real ((E&' —l—]Eé,’)e](‘s_%) ((Id —I—]Iq)e](‘s_%))*)

(128)
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Transient- Two axis model

In addition to the assumptions made in the sub-transient model, the
following assumption is also made here.

© The sub-transient time constants Tg,, T corresponding to 1d and
2q are very small compared to transient time constants Ty, T/

q0°
@ Hence, T)y = Ty =0.
Therefore, from (104) and (106)

dwld — =
T = E —(X/ Xis)l 0
do dt q ( d /5) d ~ Y1d (129)
d?[)gq — =
T(,y/O n = —Eél — (X(; Xls)lq ¢2q 0 (130)

w2q = _Eclf - (Xc,] - XIS)Iq
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Transient- Two axis model (contd.)

By substituting (129) and (130) in the equations from (103) to (116), we
gety

Téoddi‘/’ =—Ej— (Xa = X)lg + Eng (131)
c/zoaié = —E5+ (Xg = Xg)lg (132)

cchf — W w, (133)
i]’;lc(l;: =Tm— Te — D(w — Whase) (134)
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Transient- Two axis model (contd.)

dE,
TET:j = —(Ke + Se(Er))Era + VR (135)
dV, KiK '
TAT: = _VR + KARF — /;_ FEfd + KA(Vref — Vt)7 \/,’?7”" < VR < V'g?ax
F
(136)
dRr Kr
Trge = —Ret 3.5 137
F dt F+ Tr fd ( 3 )
TRHJ =-ATy+|(1- ZHP TRH Pcy + MPSV (138)
dt TeH Tcu
dP
cHgg = —Pant Psy (139)
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Transient- Two axis model (contd.)

Tsy =

dPsy _i w
dt Rp

- 1) + Prer — Psy, 0 < Psy < Py (140)
Whase

Py = —Xgla + E (141)
g = —X.lg — Ej (142)

By substituting (101) and (100) in (141) and (142), respectively, we get

Vg + Rslg == —X}lq + E, (143)
—Vg = Rslg = =X} lq — E} (144)

Let us multiply (143) by 7 and add it to (144).

Vi + Rslg + (Vg + Rslg) = Eq + Xglg + 3(Eq — Xgla) (145)
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Transient- Two axis model (contd.)

Let us add jx/ (/g + 7lq) to the both side of (145) and rearrange it.
(Va +3Va) + (Rs + 9Xg)(la + 9lg) = Eg + (Xg = Xg)lq + 9E5  (146)
Let us convert (146) to Rl-axis with no saliency (X = Xg).
(VatVa)e®™ )+ (Re+3Xg)(la+la)e"® ™ 2) = (Ej+9Eq)e® %) (147)

Equation (147) can be represented as the following circuit.
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Transient- Two axis model (contd.)

Re X5 A U+ 3lg)e %)
Y\ ° )
+

+

Elel6—3) (Vd—}-qu)eJ(‘S*%)

Figure: Dynamic equivalent circuit of a synchronous generator using transient
model
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Transient- Two axis model (contd.)

The per unit torque is the real power delivered by the source. (In per unit,
T=P).

Te = real ((Eé, +]Eé,)e](5_§) ((/d +j/q)e9(5_%))*)
= (Egla + Ef/qu)

(148)
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Flux decay - One axis model

In addition to the assumptions made in the transient model, the following
assumption is also made here.

© The damper winding (1q) dynamics are neglected since T is small
compared to T),.

Q@ Hence, T, =0
Therefore, from (132),
dE!
10058 — Bt (X~ Xy =0

(149)
g = (Xq = X3l
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Flux decay - One axis model (contd.)

By substituting (149) in the equations from (131) to (142), we get

d /
Tho—2 d = —E;— (Xg— X)la + Exg (150)
dé
2H dw
USE =Tm— Te— D(W _Wbase) (152)
dE
TET:d = —(Ke + Se(E))Ers + VR (153)
dV, KaK
Ta~' = —Vr + KaRe — i*r Bt + Ka(Vier — Vi), V™ < Vg < VI
(154)
_dRe Ke
= _—RF+—E 155
Far F+ Tr fd (155)
62 /69

Siva (IIT P) EE549



Flux decay - One axis model (contd.)

dT, Kup T
Tend™ _ AT, ¢ (1 _ HPRH> Pey +

dt TCH
dPcH
= —Pcy+P
CH™ gy CH + Fsv
T dPsy 1 < w
sv = -7
dt Rp \ Wpase

Vg = —Xgla + Eg
Vg = —Xqlq

Siva (IIT P) EE549

Kup TrH Py

156
Ten (156)

(157)

- 1) + Prer — Psy, 0 < Psy < Pgy* (158)

(159)
(160)
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Flux decay - One axis model (contd.)

By substituting (101) and (100) in (159) and (160), respectively, we get

Vg + Rslqg = —Xjla + E; (161)
—Vy — Rslg = —Xqly (162)

Let us multiply (162) by j, add it to (162), rearrange and express it in
RI-axis.

(Vat3Ve) e/ 4 (Re X)) (la+lg) €07 2) = ((Xq— X)) lg+)EL) e~ 2)
(163)
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Flux decay - One axis model (contd.)

Equation (163) can be represented as the following circuit.
Rs X))
(g + glq)e’®~2) +

_|_

((Xq = Xg)lg + sE)e* ) (Vi + gVe)e®=3)

Figure: Dynamic equivalent circuit of a synchronous generator using flux decay
model
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Flux decay - One axis model (contd.)

The per unit torque is the real power delivered by the source. (In per unit,
T=P).

Te = real (((Xq = X4)l + 7E4)e*=%) ((1q ﬂ,q)ey(a—g))*)
= (Xg = X9)lgla + Eglg

(164)
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Constant flux linkage - Classical model

It is the simplest model.

It is mainly used in large power systems.

If the time period of study is less that T}, the field winding dynamics
are neglected.

(Ey +7E;) is assumed to be constant. It is calculated from the steady
state.

@ Turbine dynamics are neglected. Hence T,, is constant.

The dynamic equations of this model are

do

oW Tws (165)
2H dw
USE = Tm - Te - D(w - Wbase) (166)

The dynamic equivalent circuit of this model is shown here.
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Constant flux linkage - Classical model (contd.)

R, X!
(lg + 9lg)e’®~2) +

+

(E}. + JE; )l 2) (Vg + 7Vq)e?0—2)

Figure: Dynamic equivalent circuit of a synchronous generator using classical
model
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Constant flux linkage - Classical model (contd.)

The per unit torque is the real power delivered by the source. (In per unit,
T=P).

Te = real ((Els + 1E4ec) ™8 ((lg + k)’ D))7)

= Ez/jssld + Eé]ss/q

(167)
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