Excitation System

@ It's basic function is to provide direct current to the synchronous
machine field winding.

@ It also performs control and protective functions essential to
satisfactory performance of the power system by controlling the field
voltage and thereby the field current.

Requirements :
@ Meet specified response criteria

@ Provide limiting and protective functions as required to prevent
damage to itself, the generator and other equipment.

© Meet specified requirements for operating flexibility.
© Meet the desired reliability and availability.
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Elements of an Excitation System

Limiters and Protective Circuitsk—

Transducer and Compensator K—f

Ve — Regulator Exciter Generator To Power System

Power System Stabilizer ~ g—
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© Exciter
It provides dc power to the field winding.

@ Regulator
It processes and amplifies input control signals to a level and form
appropriate for control of the exciter.

© Transducer and Compensator
o It senses terminal voltage, rectifies and filters it to DC quantity and
compares it with a reference.
o It also provides load compensation.
@ Power System Stabilizer
It provides an additional input signal to the regulator to damp power
system oscillations. The input signal may be speed deviation, frequency
deviation and accelerating power.
© Limiters and Protective Circuits
They ensure that the capability limits of the exciter and synchronous
generator are not exceeded. Some of the functions are filed current lim-
iter, maximum excitation limiter, under excitation limiter and terminal
voltage limiter.

Siva (IIT P) EE549 3/66



Types of Exciter

Exciter can be classified as follows:
@ DC Exciter
@ AC Exciter
© Static Exciter
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DC Exciter

A self excited or separately excited DC generator is used.

@ The DC generator is driven by a motor connected to the same shaft of
the main synchronous generator.

@ In case of separately excited DC generator, the field winding of the DC
generator is excited by a three phase synchronous generator and three
phase rectifier.

@ The main field winding is connected to the DC generator through
brushes and slip rings.

@ This is called IEEE DC1A exciter.
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DC exciter Main generator
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Figure: DC-Exciter

Source : P. Kundur
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AC Exciter

@ Synchronous generator whose armature is rotating and mounted on
the same shaft is used.

@ The output is rectified by a rotating rectifier and fed to the main filed
winding.

@ This does not require brushes and slip rings. Therefore, it is called a
brush less excitation system.

@ The field winding of the AC exciter generator is energised through a
pilot permanent magnet AC generator whose 3 — ¢ output is
converted to DC.

@ This is called IEEE AC1A exciter.
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Pilot exciter Rotating structure Main generator

Armature AC exciter Field | Armature

@»% CTT % PT

Three- Field —
phase ac D

T Regulator ~ ~—— Manual control
—— Aux. inputs

Figure: AC-Exciter

Source : P. Kundur
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Static Exciter

@ In this exciter, the output of the main synchronous generator is
converted from AC to DC through static rectification.

@ Then the output is supplied to the main generator field winding
through slip rings.
© It is called IEEE ST1A Exciter.
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Exciter Main generator
transformer  Controlled rectifier Field Armature
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Y __,

1 DC DC ref.
A regulator
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regulator
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Figure: Static-Exciter

Source : P. Kundur
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Modelling of Exciter

@ Modelling of IEEE DC1A is done here.

@ The same concept can be used to model AC and static exciter.

An i M
+ +
€inl Le CD ka1®a1wat €outl

Figure: Separately excited DC exciter

Vfd = €outl
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diin1 . dorr
C;; = rf1iin1 + Nf1 g

Ga1 = % It means a fraction of ¢ links the armature winding.
The emf induced in the armature winding is

€inl = rf1lin1 + L1

€a1 = kald)alwal (2)
If Ry and L, are neglected,
Vfd = €outl = €a1 = Ka1Pa1wa1 (3)
We can express ¢f1 as
ag
f1=00a = Ved 4
¢ ? kaiwa1 ( )
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The field winding flux linkage is

. O'Nfl
Ar1 = Lriiinn = Npropr1 = T (5)
a a
k
L e L (6)

lin1 oNgq

Vid |- -

Figure: Excitation Saturation Characteristics
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If saturation is neglected,

. Vfd

lin1 = Tg (7)
where kg is the slope of the air gap line.

If saturation is considered,

. V£ . Ve
fim = Td + Aijpy = Td + (Vi) Ve (8)
g g

where f(vsy) is the function representing the effect of saturation.
We can write eq (1) with the help of (8) and (4) as

(v Nrro dveg
ein1 = rr1( P + f(vea)vea) + korom dt (9)
By using (6),
Ved L¢y dvgg
€in1 = rfl(r + f(vea)vea) + © dr (10)
g g
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Let us divide (10) by Vg pase and multiply by %

Xmd rer Xmd Xmd
5 €m =5, Vit rmf(vi) gV
R fd Vfd,base nt kg Rfd Vfd,base ( Rfd Vfd ,base (11)
Lii Xmg  dvig
kg Rfd Vfd,base dt
We know that Vg = Vf:f: and Egy = Rfd 9 V.
Ry dEw
Vi = KeEg + rrf (s Egg Vid pase) Erd + Te—2 (12)
Xmd d
where L X,
= —F €7 1
R Rfd Vfd,base "
re1
Kge=—
E kg
L
T = -1
E kg
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R
Se(Er) = re1 f(XiEfd Vid base)

md

dE,
TET:d = —(KE + SE(Efd))Efd + Vg (13)

where Sg(Efy) is a saturation function which is non linear. It can be
approximated as

SE(Efd) = AeBE'cd (14)

When evaluated at two points,

SEmax = AeBEfdmaX (15)

5E0.75max = AeBO]SEfdmaX (16)

For given values of Kg, Vrmax, SEmax and Sgo.75max, the constants A and
B can be computed.
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The voltage regulator is modelled as

dv, .
TATtR = Vi +KaVin VB < Vg < VI (17)

where

T, = time constant

Ka = gain

The transformer feeds back Ez to the input. The output VF is subtracted
from Vkg.

R Le Ny - Ny Ly ; Ra

lt2
Y'Y Y
LA

Ve H Lm Efq

Figure: Stabilizing Transformer
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Since the transformer secondary is connected to a large impedance circuit,
It2 == 0

_ di
Efg = Ruien + (Lex + Lm)d—;l (18)
Since ip = 0,
N>  diyg
Ve = —L,— 19
F Ny dt ( )

Differentiating it once.
dVe  No, d?in
— = —"lp— 2
dt Ny 7 dt? (20)

By differentiating (18) and rearranging,

d?ip 1 dEry  Ra Ny
= — 1Ly, 21
dt2 Ly + Ly < dt Ly Ny © (21)
From (20) and (21),
dVe  No L dEy  Ra M
_ N _ My, 22
dt Ny L+ L ( dt Ly N F) (22)
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Let

Loy + L N Lp,
TFr=——, Kp=——
F Ra = 7 M Ra
Equation (22) can be written as
dVe 1 Kr (dEg
—=——Vr+ — | — 2
dt T,:F+T,:<dt (23)
Let us define the rate feed back Rf.
K
Re = ?FEfd - Vk (24)
F
Differentiating it once,
dRr  KrdEy dVE
— == - — 25
dt Te dt dt (25)
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From (23) and (25),

dR, 1
anF — Ve
IRy
Far — VF
From (22),
dRe Kr
Tr—— =—RF+ —E 27
F s F+ Tr fd (27)
Finally, the DC1A exciter is represented as follows:
dE,
Te d;d —(Ke + Se(Efa))Era + VR (28)
dv, KaK
dtR = —Vr + KaRF — 2" Egg + Ka(Vier — Vi), V'™ < Vg < VT2
(29)
dRr Kr
T =—Rr+ —E 30
Far F+ 7 Fr (30)
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Modelling of Turbine

@ Turbines provide mechanical input to the synchronous generators.
@ Turbines can be of two types.

@ Impulse Type - Example : Pelton Wheel
© Reaction Type - Example : Francis Turbine

@ Turbines give rotational motion.

@ Turbines are called prime movers.

The following turbines are modelled in this course.
© Hydro Turbine
@ Steam Turbine
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Hydro Turbine

Let

H = Head i.e., the height from the gate to the reservoir
G = Gate position
U = Velocity

The velocity of water is expressed as

where K, is a constant of proportionality.
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If there is a small change in velocity AU from its initial condition
Uo, Go & Hy equation (29) can be linearized as follows:

U ou

AU = — AG+ —— AH (32)
9G | G, Hy OH (¢, Ho
KuGO
AU = Ky HIAG AH 33
0AG + 2/ Ho (33)
Uo = KuGov/ Ho (34)
Equation (33) can be normalized as
AU 1 1
—=—=A —AH
Uo ~ Go G+ o (35)
_ — 1 -
AU:AG+§AH (36)
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The mechanical input is given by
Pm = K,HU (37)

where K, is a proportionality constant. This can also be normalized after
linearizing around its initial condition.

AP, = AH + AT (38)
Substituting (36) in (38),

AP, =15AH+ AG (39)
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From the Newton's second law, the acceleration due to the change in head

can be expressed as

du
pLAE = —ApagAH (40)

where

p = water density in kg/m®
L = Length of the conduit in m
A = Area of the conduit in m?
ag = acceleration due to gravity in m/s2
U = velocity in m/s
H =Head in m

To normalize,
pLAY  ApagAH (a1)
ApagUng N ApagU()Ho
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After rearranging,

LUy dU -
— = —-AH 42
agHo dt ( )
du -
w— = —AH 43
™ (43)
where T, = LUHOO in seconds. It is called as water starting time and it the

a,
time required for a head Hp to accelerate the water to a velocity Up.
Equation (43) can be written using the Laplace transform.

TwsAU(s) = —AH(s) (44)

Substituting (36) in (43) and taking the Laplace transform,

TwsAU(s) = 2(AG(s) — AU(s)) (45)
AD(s) = 1+}STAG(S) (46)
55w
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From (39) and (36),

APy(s) = 3A0(s) — 2AG(s) (47)
Substituting (46) in (47),

- 1-T,s
APm(S):HTV;_
2 w

AG(s) (48)
Since the above model is linear, it is only valid for small changes. Equation
(48) can be represented in time domain,

dAP,, dAG
—2(-aP, +AG - =2 49
dt ( + dt ) (49)

Tw

The actual parameters are

P = Pmo + AP
G=Go+AG
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Equation (49) can be written as

oo (~ppr - %) -

Tw
dt dt

To convert it into per unit form, let us divide by Spage.

dT, dG
Tw—r =2 =T+ Gpy — —2= 52
dt ( TG dt > (52)

In per unit form , P = T. T,, is the per unit mechanical output torque of

a turbine.
Equation (52) describes the dynamic behavior of a hydro turbine.
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Steam Turbine

From Boiler

Reheater Cross Over
Psv (Steam Valve \/

Position)

Steam Chest|

@ Steam plants consist of a fuel supply to a steam boiler that supplies a
steam chest.

@ The steam chest contains pressurized steam that enters a high
pressure (HP) turbine through a steam valve.

@ It is common to include additional stages, such as the intermediate
(IP) and low (LP) pressure turbines.

@ In this model, we are interested in the effect of the steam valve
position (power Psy ) on the synchronous machine torque T,.
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The incremental steam chest dynamic model is a simple linear single time
constant with unity gain.

dAP
Ten dtC” = —APcy + APsy (53)

TcH = time delay of the steam chest
APcy = change in output power of the steam chest

APsy = change in the steam valve position
Let the fraction of APcy be converted to Torque.
ATpp = KnpAPc (54)

The remaining fraction (1 — Kyp)APcy enters the reheater.
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The reheat process has a time delay that can be modeled similarly as

dAPry
dt

TrH = —APgy + (1 — Kup)APch (55)

where APgy is the change in is the change in output power of the
reheater. Assuming that this output is totally converted into torque on the
LP turbine,

AT p=APgry (56)

The total torque is
ATy =ATup+ AT p = KuypAPcy + APgry (57)
Substituting (57) in (55) and using (53), we get,

dAT Kyp T, Kyp T,
TRH M = —ATM +(1-— ZHP TRH APCH + MAPS\/ (58)
dt TchH Ten
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The actual variables are
Tm = Tmo+ ATy, Pcw = PcHo + APcy;  Psy = Psyo + APsy

where Ty, PcHo and Psyq are the initial operating conditions.
The steam turbine model is as follows:

dt TcH TcH

dP
-

dT, Kup T Kup T
Tend™M _ ATy + <1 _ HPRH) pen+ KPR p (5

CH

For a non reheat system, Tgry = 0 and the following model is used.
PCH = TM since KH,D =1.

dPcy
dt

CH =—Tm+ Psy (61)
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Speed Governor

o (%

Speed Changer
fRaisc \..... To
Turbine
:“:'_'_'
o]
e
Flyball NE RS .
Speed High 7 _
Govenor Pressure -gms . . Main
0il e 2 Piston
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To model this action, we analyze the linkages and note that any
incremental change in the positions of points a, b, and ¢ are related by

Ayp = KpaDya + KpcAyc (62)
Any incremental change in the position of points ¢, d, and e are related by
Ayg = KacAyc + KgeAye (63)

The point a is related to the change in the reference power and if the
reference power is Pief,
AP,r = KAy, (64)

The point b changes according to the change in the speed of the shaft and
is proportional to it and hence

Aw = wpase KpAyp (65)

Siva (IIT P) EE549 34 /66



A change in the position of point d affects the position of point e through
the time delay associated with the liquid in the servo. We assume a linear
dynamic response for this time delay:

dAye
= —KeA 66
dt eBRYd ( )
Substituting (63) in (66), we get
A
WV~ KeKacbye — KeKaebye (67)

From (62), we can get Ay.. The same is substituted in (67).

d?{e = _Kech (A)/b _beaA}/a) - KeKdeAYe
y (68)
KK KKy K
=—— dCA)/b + &Ay"a - KeKdeA)/e
Kbc Kbc
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We can substitute Ay, and Ay, from (64) and (65) in (68).

dA KeK A KeKacKpa AP
Ye _ ReRdc w 4 De dcN\ba ref*KeKdeA)/e (69)

dt Kbe Whase Kb Kb K,
Let us multiply (69) by KEK,?Z‘;;M.
KaKbe dA)’e Ky Aw KaKpcKde
= — AP — ———A 70
KeKacKpa dt Kb Kba Whase * of KpaKdc Ye ( )

Let us multiply and divide the LHS by Kge.

1 K,KyjeKpe dA Ky, A K Kpe K,
de Kpc dAye _ w T+ AP — aflbcNde Aye (71)
KeKde KacKba dt Kb Kba Whase KpaKdc
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Using the proportionality between APgy and Ay,

KaKchde
APsy = ————A 72
v Kbach Ve ( )

and defining the following
_ KbKbpa

R 7
b K, (73)
1
Toy = 74
VT KK (74)
dAPsy 1 Aw
T - AP,os — AP 75
SV Rp wpaee | vl sV (75)
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The actual variables are
PSV:PSVO+APSV; Pref:Pref0+APref; W:WbaseJFAW

The speed governor model is

T -
SVt Rp

dP 1
SV <W _1>+Pref_PSV7 OSPSVSP?\?X

Whase

(76)
where Rp is the speed regulation. It depends on the droop, the amount by
which the frequency falls from no load to full load without change in the
input power.

2w droop

Rp (77)

Whase
where “droop” is expressed in Hz/ per unit MW. If droop is expressed in
percentage,

_ % droop

R
b 100

(78)
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Load Modelling

Loads can be categorized as

@ Static Loads

e Heating Loads
o Lighting Loads

© Dynamic Loads

e Synchronous Motors
o Induction Motors
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Static Loads

Static loads can be represented as
© constant power
@ constant current

© constant impedance

@ Voltage and frequency affect static loads.

The effect of voltage change on static loads is represented as

P =P <\‘//O)p (79)

Q= <\¥0> (50)

Po, Qo = Real and reactive power at V

P, @ = Real and reactive power at V
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Static Loads (contd.)

When

np, nqg = 0(Constant power load)
np, nq = 1(Constant current load)

np, ng = 2(Constant impedance load)
For aggregate loads,

np=05to1l.8
ng=15to6
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Static Loads (contd.)

A polynomial to represent all types is given below.
P="F (Pz <V>2 + P <V> + Pp) (81)
Vo Vo
V2 Vv
Q=Q <QZ (V) + @ <V> + QP) (82)
0 0

(83)

It is called ZIP load. Pz, P;, Pp, Qz, Q;, Qp are constants representing the
approximated fraction of the aggregated load taken as constant
impedance, current and power loads, respectively.

e Constant impedance loads are real. (Heating and Lighting loads)

@ Constant real and power loads are not real but used to represent
dynamic loads as static loads after a disturbance.
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Static Loads (contd.)

Hence it is necessary to take the effect of frequency variation also on the
loads to improve the accuracy and can be represented as

P = P, (PZ (\\//())2 + P <\‘//0> + Pp> (14 Kor AF) (84)

Q= (Qz ( v )2 e (\‘//0> T QP> (1+KyAf)  (85)

Vo
where
Af=f—fh
Kpf =0to3
qu: —2tob

Static loads are mostly represented as constant Z type for computational
simplicity.
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Dynamic Loads

Synchronous Motor

The dynamic equations of a synchronous generator can be used to
represent the dynamics of motors with a modification in the following

equation.
2H dw
USE = Te + D((/J — Wbase) — Tm (86)
In motors,
@ T, is the input.
@ T, is the output.

@ Currents entering the stator windings are taken positive.
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Induction Motor

@ The stator of an induction machine is the same as a synchronous ma-
chine. It has three phase windings placed 120° electrical apart in space.

@ There are two types of rotor. One is squirrel cage and the other one is
phase-wound.

@ The phase wound rotor has three phase windings placed 120° electrical
apart in space.

@ The squirrel cage rotor also behaves as a short circuited three phase
winding.
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The following points are to be noted while modelling an induction
machine.

@ The rotor has a symmetrical structure. Therefore, d-axis and g-axis
circuits are identical.

@ The rotor speed is not fixed but varies with load. This has an impact
on the selection of d — g reference frame.

@ There is no excitation source applied to the rotor windings. Hence, the
dynamics of the rotor circuits are determined by the slip.

@ The currents induced in the shorted rotor windings produce a revolving
filed with the same number of poles and speed as that of the filed
produced by the stator windings. Therefore, rotor windings may be
modelled by an equivalent three phase winding.
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Stator
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With a constant rotor angular velocity of w, in electrical rad/sec,
0 =w,t (87)

With a slip s,
0 =(1—s)wst (88)

where wy is the synchronous speed electrical rad/sec. Let us assume that
d — g axis is rotating at a speed of ws. The axis of rotor phase-A has an
angle of 6,.

0, = wst — O = swst (89)
do,
g = SWs (90)
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The stator and rotor circuits voltage equations are as follows:

Va
7

Ve

Aa
Ab
Ac

(91)

AA
AB
Ac

(92)

@ The self inductances of stator windings are assumed to be equal (/,5)

@ The mutual inductances between stator windings are the same (/,p).

@ The maximum mutual inductance between stator and rotor windings

is /aA-

EE549
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The flux linkages of stator and rotor can be written as

P ba Ls  Lb| [i 4 cos 6 lacos(0 —120°)  l,a cos(6 + 120°)
Ao| = |l ha | [ib|+]/laacos(6 —120°) l,acos @ l,a cos(0 + 120°)
[ \e Lo hp  la| |ic l.acos(f + 120°) L4 cos(6 — 120°) laa cos 6
-)\A 24 cos 6 LA COS(0 — 1200) LA COS(9 + 1200) ia Ian  lan IAB-
Al = | ha COS(9 — 1200) ;4 cos O L:a COS(@ + 1200) il +lag  laa  Ia
_)\c LA COS(09 + 1200) L:a COS(0 — 1200) I,4 cos O Ic Ias Ia IAA_
(94)

@ For the stator winding, the same dq0 transformation used in
synchronous machines can be used.

@ Since the rotor is not rotating at ws, a different dq0 transformation
matrix is required .

Siva (IIT P) EE549 50 /66



coswst  cos(wst —120°)  cos(wst + 120°)
Tdgo = 3 | ~sinwst —sin(wst —120°)  —sin(wst +120%) | (95)

2 2 2

cos((ws —w,)t)  cos((ws —w,)t —120°)  cos((ws — w,)t + 120°)
Tigo = 3 —sin((ws —w,)t)  —sin((ws — clur)t —120°) —sin((ws — ({Jr)t + 120°)

il

2

N

(96)
Applying the transformation to flux linkage equations and assuming

/ss Iaa — lab

lr = laa — laB

/m = */aA
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We get,

Ads Iss 0 Of [igs Im 0 0] |ig
Ags| = |0 s Of [igs| + [0 [m Of |igr (97)
| Aos [0 0 0] |ios |0 0 Of [ior
->\dr- -Im 0 0- -ids- -Irr 0 0 -idr-
Agr|l = |0 In Of Jigs| + |0 Lr Of |igr (98)
| Aor | 10 0 O] [ios |0 0 O] [ior
Similarly, the voltage equations in dq0 reference frame are
Vds rs 0 07 [igs 0 —ws O] [Ags Ads
Vgs| = |0 rs O |igs| + |ws 0  Of [Ags| + pm Ags| (99)
Vos 0 0 rs i()s 0 0 0 )\05 )\05
Vdr rr 0 0 _ldr 0 _(Ws - Wr) 0 Adr d )\dr-
Vgr| = |0 rn O |igr|+ [(ws —wr) 0 0 |Agr —|—a Agr
Vor 0 0 ry _i()r 0 0 0 >\0r >\0r_
(100)




The rotor input can be expressed as

T . T .
Va A Vdr Idr
Swotor = |vB| |i| = [Var| (Tdg0) ") (Thgo) ™" |iar
ve ic vor for
3 . } 3 . . (101)

= E(rr(’?ir + ’sr)) + E(Adr’qr - )‘qr’dr)(ws - Wr)

. dAy LodA
+ <Idrdtr+lqr df'>

The second component is the product of torque and the difference of
speed. The rotor speed with respect to the dg-axis is (w, — ws) electrical
rad/sec. Therefore, T, in N-m for a P pole machine is

3P

Te — §§(>\qu.dr - /\driqr) (102)
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Per Unit Representation

The same base quantities can be taken for both stator and rotor.
Let

Vpase = peak value of rated phase voltage, V
Ipase = peak value of rated current, A

fhase = rated frequency, Hz

Vi Z
Zpase = % Q, wpase = ws = 27f elect.rad/sec, Lpase = base H,
base Whase
Vo 3 3P
)\base = Kase) Sbase = §Vbaselbase MVA, Tbase = ESAbaselbase N-m
ase
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Vds Vgs Vdr Var
Vds = Vqs = Vb ’ Vdr Vgr =
ase

9 = 9 -
Vbase Vbase Vbase
ids iqs idr iqr
Ids = | ) Iqs = | 3 Idr = | ) Iqr - |
base base base base
Ads A A A
gs dr qr
@Zjds = ) qu = ) T/Jdr = ) 7/}qr = 103
)\base )\base )\base )\base ( )
X. — Whaselss X, — Whaselrr X — Whasem s
s— 5 s Nr = T s A\m— 5, Ns=
Zbase Zbase Zbase Zbase
rr Te wr
R, = y le = y Wr(p.u) = = (1 -S )
Zpase Thase (p-) Whase
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The equations (99) - (102) can be written in per unit as given below.

Vds = Rslds - qu +

Vqs = Rslqs + wds =+

Vdr = Rr/dr - 5¢qr +

Vqr - Rr/qr + Swdr +

Yas = Xslds + Xmlar
thgs = Xslgs + Xmlqr
Yar = Xelar + Xinlas
Ygr = Xelgr + Xinlgs
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Whase dt

1 digs
Whase dt

1 dwdr
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digr
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The stator transients are neglected. Therefore, the equations (104) and
(105) can be written as

Vds = Rs/ds - qu (112)
Vqs = Rs/qs + wds (113)

Finding Iy, and Iy from (110) and (111) and substituting in (108) and
(109), we get

Vas = X las + Vg (114)
hgs = Xsllqs - V(/j (115)

where

X2 Xom Xom
Xs/ = (Xs - X> ) V(/] = —71/1qr, Vé = Ywdr
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For a squirrel cage rotor, Vg = Vg = 0. Finding Iy, and Ig, from (110)
and (111), substituting in (106) and (107) and using (114) and (115), we

get

dVv/
To— = —(Vg+ (X = X0las) + Stobase T V4 (116)
/d\/‘; / / ! !/
(118)
where X
Tg=——
0 Whase Rr
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The per unit torque is

T. 3B (Ngridr — Ndrigr)
Te:Te :223;# r riqr :(wqudr_@bdr/qr) (119)
base 27 )\base / base
The equation of motion is given by
dw
Jd—t’" =Te—Tm (120)

where

wm = speed of the rotor in mechanical rad/sec
Te = electrical torque in N-m

T, = mechanical torque in N-m
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Dividing (120) by Spase = ThaseWm,base

J d(.dm . Te - Tm

Sbase dt Tbasewm,base
me,basew . dwm . Te—Thm
¢ Wm,base

Shase dtw m,base Thase
dw,
p.u
2H—LP = T, - T,
where
1 2
wam,base
Sbase
Wy Wm
Wr(py) = =
r(p-u) Whase Whase
Since wy(p.u) = (1 —s),
ds
—2H— =T.-T,
e~ ¢ 7

(121)

(122)
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Substituting (114) and (115) in (113) and (112), respectively,

Vs = Rslgs — Xllgs + V5 (123)
Vs = Rslgs + Xolas + V4 (124)

Let the three phase stator voltages be

Vo = V2V, cos(wst + a) (125)
Vb = V2V, cos(wst + o — 120°) (126)
Ve = V2V, cos(wst + o 4 120°) (127)

Applying the dq0 transformation and dividing by the base voltage,

Vias| _ | Vi(p.u) COS
Vi) = [V 129

Vi

where Vt(p.u) = 7Vbase.
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The dg component of staor voltages can be represented as a phasor as
follows:
Vs + )Vgs = Vt(p.u)eja (129)

Similarly,
las + ]Iqs - It(p.u)e]’y (130)

(123) + 5(124),

Vt(p.u)eja = Vs + 7Vgs = (Rs +.7Xs/)(lds +]/qs) + (Vé +]Vé)

e} !/ / ! (131)
Vt(p.u)e] = (Rs + ]XS)/t(p.u)eTY + (Vd + qu)

R X

u)€
f\/\/\/—NYY\_T
Vt(p.u)e]a (V/ —l—]V’)

Figure: Electrical equivalent circuit of an induction motor
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The complete induction machine model is

1 dé, Whase — Wr
= — =S 132
Whase dt Whase ( )
2% —(Te— Tp) (133)
g ¢ 7
,dV(/f / ! / !
To dt —(Vg + (Xs = Xo)lgs) + Swhase To Vg (134)
/d\/(; / / 1\ /!
TOW = —(Vg — (Xs = X5)lds) — SWhase Tg Vg (135)
Te = (u)qudr - ¢dr/qr) = (Vclflds + \/c,’/qs) (136)
Vg = (Rt Xlapue” + (Vo +0V))  (137)
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Initial Conditions
From (134) and (135),

(Vzlf + (XS - Xs/)lqs) — SWhase T(/) Vc/] =0 (138)
(Vé - (XS - Xs/)/ds) + SWpase Té V(// =0 (139)

(138) + 5(139),

Vg4 gV — 9(Xs = X (las + 2lgs) + Jwbases To(Vy +3Vg) =0 (140)

Vé +]Vt; o ](Xs - Xs/)
(/ds +]/qs) (1 + ]wbaseST(/))
Xs — XJ) I(Xs = X{)
ViV = (I py JXs=X) o IR = Xs)
@+ aVe = Uss T olas) 2 o 7y = e (T pes T0)
(141)
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Substituting (141) in (131),

Xs — X0)
V. Jo R, X/ ](5—5 / JY 142
t(P-U)e <( +7 s) + (1 +]wbaseST6) t(P-U)e ( )
From (142),
(1 + ]wbaseSTé) )
Lp.n€” = Viip.n €™
Hp-u) <(Rs - WbaseSXs/ T(;) + ](WbaseSRs T(; + Xs) tp-u)
(143)
The real power input to the motor is
P = Real (Vy(p.)@* (le(p.)€”)") (144)
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P = (Rs — WhasesX; Tg) + WhaseS Tg(WhaseSRs Tg + Xs) V2 (145)
t = (Rs — WhaseSXLTE)2 + (WhaseSRs Tg + X5 )2 t(p.u)

o If Pt, Qr, Vi(p.u) are defined from Load flow, s can be computed by
solving the quadratic equation from (145).

o If s is defined with a terminal voltage, P; can be computed from
(145).

@ Similarly, Q; can be found.
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