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APPENDIX 1

DERIVATION OF INDUCTION MOTOR
STEADY STATE CHARACTERISTIC

In steady state condition, the electrical torque
Te and mechanical torque Tm is equal. Thus we can write

Te - Tm = 0 (Al.1)
where

w, \
— X3r,s|V,|?
s Mrl nsl

T; =
CER T Ee e
@y, Wy

Tm = at b*Wr + crwree (AL.3)
or in terms of slip
Tm = at bMI-s) + c*(l-5)**2 (AL.4)

Substitute (AL.2) and (AL1.4) into (Al.l) and
solving (Al.l) we can derive operating slip at given
voltage and frequency. The method used here for solving
(Al.l) is False Position Method. This method is used to
find a real root of an equation  writteninthe form ’

flx) = 0 (A1.5)

First we must find xI and x2 that give opposite
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sign of f(xI) and f(x2), then calculate x3 which is closer
to the root by

X3 = x|+ F(xDI(F(x1)-f(x2))*(x2-x1)  (AL.6)

Equation (Al.6) is then applied again with x3
substituting either xI or x2 which give f(x) that is the
same sign as f(x3). Repeating until f(x3) is less enough,
thus x3 is a approximate root of (AL.5).

To apply this method to (Al.l), we use the slip at
maximum torque 3m and slip = 0, which will give opposite
sign of (Al.1).

The slip at maximum torque can be written as

el

(@ja>by 2rj + x|

- XJtrrf( )2+

Once a slip at given voltage and frequency s
derived, we can calculate the input impedance of the
equivalent circuit shown in Figure Al.l by the following
equation

Finally, the active and reactive power can be
calculated as

Re [(V**2/Z*)]

=}
1

Im [(V¥*2/Z*)]

O
1"



APPENDIX 2

DERIVATION OF INDUCTION MOTOR
DYNAMIC CHARACTERISTIC

Neglecting stator transients the per unit voltage
equations in d, g-axis are

Vgs = Rs*Xrr/D*Fgs + We/Wb*Fds - Rs*Xm/D*Fqr (A2.1)
W = Rs*Xrr/D*Fds - We/wb*Fgs - Rs*Xm/D*Fdr (A2.2)
Vgr = Rr*Xss/D*Fqr + pFqr/Wh - Rr*Xm/D*Fqs
+ (W “W ) fwb *Fd r (A2.3)
Vdr = Rr*Xss/D*Fdr + pFdr/wb - Rr*Xm/D*Fds
(Ve -Wr ) /Wb *Fq (A2.4)
where
Xss = Xs + Xm
Xrr = Xr + Xm
D = Xss*Xrr - Xm**2

The equation of motion is

2*H*pwr/w = Te - Tm (A2.5)



where

Te

m

Xm/D* (Fgs *Fdr - For *Hd )

a + DA+ CHW R

The corresponding equations are

2
Fd
Fr
Fdr
and
L
\d
Var

\dr

Xs*igs + XmMiqgs + iqr)

Xs*ids + XmMids + idr)

Xr*igr + XmMigs +iqr)

Xrxidr + XmMids + idr)

Rs*iq

Rs*id s

+ W b *Hd

— We/Wh*F

Rr*igr + (We-Wr)Mb*Fdr + pFgr /Wb

Rr*idr -

(We -Wr ) Mb *Fqr + pFd r /Wb

(A2.6)
(A2.7)
(A2.8)

(A2.9)

(A2.10)
(A2.11)
(A2.12)

(A2.13)

To develop induction motor model we assume that
- stator transients are negligible

- rotor is short circuit,
- resistances and reactances are constant.

The

differential equations of the rotor
and the differential equation of motion are solved in the

thus vdr = vgr =0

circuits
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present work by numerical method based on the trapezoidal
rule. At each time interval these equations together with
the stator voltage equations can be solved iteratively
beginning with known initial condition in the steady
state. Note that the zero position of the reference frame
Is selected so that vd =0.

Initial condition can be derived from active and
reactive power which can be calculated by the method
presented in Appendix 1. Beginning with the active and
reactive power in the steady state Po, Qo the following
initial values can be derive

iq o (Po —Md 0*idso)/ Vg o (A2.14)

id 0

(Qo + Vdso*igso) Vg o (A2.15)

From (A2.14) - (A2.15) and (A2.1) - (A2.9) with
neglecting the differential terms due to steady state
condition one can find the initial values of Fgo, Fdo,
Fqro, Fdro 1 and W,

At each time step ids and iq are calculated by
(A2.10) and (A2.1l1) and then the active and reactive power
can be calculated as

p = Vgs*igs+Vds*ids (A2.16)

0 Vg *id Vd *ig (A2.17)

o/



APPENDIX 3
MOTOR PARAMETERS APPROXIMATION

The method used here is similar to that used in ref.
[15].  However, it is different in finding leakage
reactances. The purpose is to make the method simple as

possible.
The input and output power of an induction motor
in per unit is

Pi a \S 15 *cos (A3.1)
R T(l-s) (A3.2)
T (Ir*+2) *Rrs (A3.3)

According to ref.[15], we make the approximation
that

= — Is*cos a (A3.4)

Input and output power power are related Dby the
following equation

(|S**2) *(cosB)* (Rrfs)*(1-s)/n = W*IS+*cos ¢ (A3.5)

In  steady state, we assume that \§ =1.0 pu. and
IS = 1.0 pu.
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From these equations we can obtain

Rr = rj*s/[(L-s)*cos ]
xm = 1y [{L-9)*sin ¢
Rs = (cos @y*[1-1j/(1-5) ]

To find Xs and Xr we assume that the two values
are equal. The starting current Ist is assumed by

1st = \S/(X3+Xr)
where 1st is obtained from, manufacturer data. Thus

Xs = Xr

6/ (2#15 t)
The inertia constant is

H = (0.5%J*Ws**2)/Pb
where

J s moment of inertia

IS synchronous speed
Pb is base power



APPENDIX 4

COMPUTER SIMULATION RESULTS
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16 Active and reactive power during gen. 2
disconnected used constant impedance model
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a.  from SIMPOW based on individual representation
b.  from developed programme based on aggregate model
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A4.24 Active power at bus 3 during frequency dip

used aggregate model
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Fig- A4 25 Reactive power at bus 3 during frequency dip

a. used aggregate model
used constant MVA model
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A4 26 Voltage and frequency at bus 3 during
voltage dip
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Fig. A4.27 Active power at bus 3 during voltage dip

a. used aggregate model
used constant current model
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A428 Reactive power at bus 3 during voltage dip
used aggregate model
used constant current model
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Fig. A4.29 steady state p-v characteristic of
load case 1
a. used aggregate induction motor model
b.  used individual motor model
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Fig. A4.30 steady state Q-V characteristic of
load case 1

a. used aggregate induction motor model
b. used individual motor model
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Fig. Ad. 31 Steady state p-f characteristic of
load case 1

a. used aggregate induction motor model

b.  used individual motor model
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Fig. A4.32 steady state Q-f characteristic of
load case 1
a. used aggregate induction motor model
b.  used individual motor model
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Fig. A433 Voltage and frequency at bus 4 during

3 phase fault at bus 3
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Fig. A4.34 Active power at bus 4 during 3 phase fault
a. used aggregate induction motor model
used individual motor model
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Fig. A4.35 Reactive power at bus 4 during 3 phase
fault

a. used aggregate induction motor model

b. used individual motor model
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Fig. a¢.36 steady state voltage characteristic of
load case 1 used constant impedance model
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Fig. A4.37 steady state frequency characteristic of
load case : used constant impedance model
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A4.38 Active and reactive power at bus 4 during
3 phase fault used constant impedance model
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Fig. A439 Voltage and frequency at bus 4 during
gen. 2 disconnected



ACTVE FOIR (kW)

749.007
726.00+
703. 00
680, 00—
657. 00

634, 00+

611.00 T T Ll e T
0,00 0.20 0.40 0. 60 0.80 1,00 1.20 1.40 1.60 i1.80

TIME SECONDS

ACTIVE PONRR (kW)

752.50+
729.50+
706,50+
683,50
660. 50+

637,50+

614.50 L L L L B, SN, AR SN [N I G B p e s po |
0. 00 0.20 0. 40 0. 60 0.80 1.00 1.20 1.40 1.60 1.80

TIME SECONDS

Fig. A440 Active power at bus 4 during gen.
disconnected

a. used aggregate induction motor model
b. used individual motor model
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Fig. A441 Reactive power at bus 4 during gen.

disconnected

a. used aggregate induction motor model

b. used

individual motor model
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Fig. A4.42 Active and reactive power during gen. 2

disconnected used constant current model
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Fig.A4 43 steady state p-v characteristic of load
case 2

a. used aggregate induction motor model

be used constant impedance model
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Fig. A444 steady state Q-V characteristic of load
case 2
a. used aggregate induction motor model

used constant impedance model
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Fig. A445 Steady state p-f characteristic of load
case 2
a. used aggregate induction motor model
used constant impedance model
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Fig. A4.47 Voltage and frequency at bus 4 when
gen. 1 disconnected for 0.05
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Fig. A4.48 Active power at bus 4 when gen. :
disconnected
used aggregate induction motor model
b used individual motor model
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Fig. Adao Reactive power at bus 4 when gen. 1
disconnected

a. used aggregate induction motor model

b. used individual motor model
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Fig., A4 50 Active and reactive power when gen,

disconnected vsed constant impedance
model
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Fig. A4S0 Steady state p-v characteristic of
composite load case |1
2 Used composite model

Used constant power model for motors and

constant impedance model for other loads
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Fig.A4. 52 Steady State Q-V characteristic

composite load case !
Used composite model

Used constant power model for motors

constant impedance model for other loads
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Fig A4 53 steady state p-f characteristic of
composite load case I
i, Used composite model
b Used constant power model for motors and
constant impedance model for other loads
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Fig Ad 54 steady state Q-f characteristic of
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composite load case !
used composite model
used constant power model for motors and
constant impedance model for other loads
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Fig. A4I55 Voltage and frequency at bus 4 during
gen. 2 disconnected
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Fig.Ad 56 Active power at bus 4 during gen. 2

0.00 0.20 0. 40 0.60 0.80 1.00 1.20 1.40 1.60 1.8¢

TIME SECONDS

disconnected

a. used composite model
used constant power model for motors and
constant impedance model for other loads
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Fig. A4.57 Reactive power at bus 4 during gen. 2
disconnected
a. used composite model
b. used constant power model for motors and
constant impedance model for other loads
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Fig.Ad 58 Voltage and frequency at bus 4 when 3
phase fault occured at bus 3 (load case 2
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Fig.A4 59 Active power at bus 4 when 3 phase
fault occured at bus 3
a. used composite model
b. used constant power model for motors and
constant impedance model for other loads
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Fig. A4 60 Reactive power at bus 4 when 3 phase
fault occured at bus 3
a.  used composite model
b.  used constant power model for motors and
constant impedance model for other loads



APPENDIX )
EFFECT OF LOAD MODEL ON STABILITY STUDY

To illustrate effect of load model on stability
study, the modified EGAT system lias used to make stability
test under two conditions of load model. The case studied
is three phase fault on line. The two load models used are

1) constant impedance

2) 20% constant current, 20% constant impedance
60% constant power.

The results used the above two models are compared
and shown in the figures on the following pages.
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Figure A5.1 Comparison of voltage when used the
two different load model
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Figure A5.2 Comparison of active power
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Figure A5.3 Comparison of reactive power
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Figure AS.4 Relative angle of generators in the system.
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Figure A5.5 Relative angle of generators in the system



CASE. 3PSG ON THE LINE BETWEEN MM3-230 & PL2-230 (NEAR MM3-230). FAULT CLEARED
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Figure A5.6 Relative angle of generators in the system
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Figure A5.7 Relative angle of generators in the system
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Figure A5.8 Relative angle of generators in the system
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From the simulation results (e.g. Fig. A5.5, A5.8)
it can be seen that when loads are modelled by constant
impedance the system is stable and when loads are modelled
by 20% constant current, 20% constant impedance and 60%
constant power the system is unstable.

From this example it is clear that Jload model
affects the stability results, so proper representation of
loads is necessary.
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The studied system and its data are shown in
figure A6.1 and table A6.1 respectively.

Bus MADRAS is selected for simulation study with 3
large motors connected to it. Dynamic responses of the
motors when 3 phase fault occured at bus CHNPR4 used

induction motor model and constant current model are shown
in figures on the f0llowing pages.
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System Data

Table A6.1

STUDIED SYSTEM DATA
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