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ABSTRACT

Large frequency swings of 1 0.30 p.u. frequency are
predicted to occur in isolated power stations connected through a
HJV.D.C. transmission line to an A.C. system. This would have drastic
effects on station service induction motors. An equivalent represent-
ation of a group of induction motors is proposed for large frequency
swing analysis. For two induction motors having the same parameters,
if the total moment of inertia of one motor ‘does not exceed *40% of
the other motor, then the maximum percentage errors in active power
and reactive power will not exceed 10%, using the proposed model.
Accuracy of this representation is expected to be higher for frequency

swings of lesser magnitudes than those considered.
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NOMENCLATURE

Symbols
A,B,C - load torque constants
e caxis voltage, p.u.
E r.m.s. value of voltage,p.u.
El voltage on secondary side of transformer,
pP.Us
Eg voltage of the generator bus, p.u.
£ frequency, p.u.
h . step size of integration, sec.
H total inertia constant, sec.
hp horse power rating, D.p.
i current, p.u.
I magnitude of current, p.u.
3 complex operator
d
differential operator -~/ 7%
P P d(wot)
P active power, p.u.
Q reactive power, p.u.
R resistance, p.u.
s slip, p.u.
t time, sec.
T electrically developed torque, p.u.



M

To

Wo

Subscripts
a,b,c

o, B

nmechanical

load torque, p.u.

voltage representing the equivalent f£lux linkage

of the rotor, p.u.

peak value of supply voltage,p.u.

reactance,

p.u.

locked-rotor short-circuit reactance, p.u.

small changes in a variable

electrical
electrical
speed axes

time, p.u.

angle turned through by rotor, rad.
angle turned through by synchronous-

relative to the rotor, rad.

open circuit time constant

phase angle, rad.

angular frequency, rad./sec.

synchronous speed of equivalent two-pole machine

at rated frequency, rad./sec.

speed of motor, p.u.

stator phase quantities

variable speed axes quantities

stationary

quantities

axes quantities

of o coil

open-circult quantities




S,r stator and rotor quantities respectively

e thevenin equivalent circuit quantities
1 leakage quantities

m magnetizing quantities

Superscripts

complex quantities

phasor quantities
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CHAPTER I

INTRODUCTION

Large frequency swings in the order of 1 + 0.30 p.u. are

predicted [1,2]

to occur in isolated power stations connected through
a H.V.D.C. transmission line to an A.C. system. This frequency swing
is caused by the overspeeding of the generators. When the generators
are running loaded and the transmission of power through the D.C.
link is suddenly disrupted, the hydraulic energy will cause the
generators to overspeed before the governors can close the turbine
wicket gates. This overspeeding will last for about 8 seconds and
then generators will run underspeed. This kind of swing will occur
for more than 30 seconds under the worst condition of total load
rejection, and it will not only affect the system reactance, but
also the regulation of the bus and motor terminal voltages. The
induction motors may run at an extra high slip which will cause the
motors to draw a much higher current and in turn will cause a
higher drop in terminal voltage. If the torque developed by the
motor is lower than the load torque, the motore may stall. Therefore
it is important to know the behaviour of the individual induction
motors driving wvital loads as well as the voltage level and power
floﬁs in the station serxvice buses,

In the past, it has always been assumed that the change

in frequency in a power system is so small that the effect of the



induction motors on the system is negligible. Little was written
about the effect of frequency on the induction motor. But with the
introduction of static frequency convertors, the induction motor

has become more important in the field of speed control; the effects
of frequency change on induction motors thus become of interest.

However there is hardly anything written on the subject of large

[3]

frequency swings. Work has been done by Akhtar concerning small

frequency changes in the order of 1 % 0.05 p.u. frequency; larger
frequency changes haye not been examined. Several authors k5,61 had
inyestigated tue effects of frequency changes on induction motors;
the frequency changes may be large or small. But they dealt only with
the transient nature(including all transients) of the induction machine
and the methods are not suitabel for representation in power system
load flow studies.

Therefore it is the purpose of this thesis to study the
effects of large frequency swings on the performance of station
service induction motors and on the representation of these motors
for load flow studies. A system of two induction motors connected
to the same generator or transmission bus through a transformer of
0.1 p.u. is considered. The system is shown in fig. 1.1. It is
assumed that the voltage on the generator or transmission bus

remains constant at 1.0 p.u. during the frequency swing due to the

fast action of the excitation control.

Only the worst type of frequency swing is investigated
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Motor 1 Motor 2

Fig.l.1l. A System of Two Induction Motors

here (Fig. 1.2); the first freqﬁency peak is 1.35 p.u., 5 seconds
after load rejection; the second peak is 1.1 p.u. at 22.5 seconds.
It is assumed that if the analysis holds for large frequency
swings, the analysis will also hold for smaller frequency swings.

In Chapter II{ the various methods of representing an
induction motor are reviewed and adapted for frequency studies
where possible.

In Chapter III, the validity of the transient representation
including the mechanical transients only is investigated using a
digital computer.

In Chapter IV, a simplified representation of combining
two induction motors is proposed. Certain types of combination
using this equivalent representation have attained reasonable

accuracy.
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Fig.l.2. The Worst Type of Frequency Excursion.




CHAPTER II

METHODS OF REPRESENTING INDUCTION MOTORS

There are several methods of representing an induction
motor either for load flow studies or stability studies. Some
conventional methods have been used to represent induction motor loads
as constant impedances, constant current sinks, or nonlinear loads.
However, their.inadequacy rests in the fact that.the induction motor
loads are dynamic and frequency dependent. It is the objective of this
chapter to review the different kinds of reéresentations.and exaﬁine
how they can be adapted for the purpose of large frequency swing

analysis. The methods are:

(1) The transient representation including all transients (stator

transients, rotor transients and mechanical transients)

(2) The transient ;epresentation neglecting stator transients.

(3) The Steady state equivalent circuit représentatign.

(4) The transient representation including the mechanical
transients only.

(5) Linearized approximation

(6) Representation as simple loads
P

2.1. THE TRANSIENT SOLUTION INCLUDING ALL TRANSIENTS (STATOR TRANSIENTS,

ROTOR TRANSTENTS AND MECHANICAL TRANSIENTS)

The equations of performance of an ideal polyphase induction



[7]

machine can be obtained in a simple form, first suggested by Park .

Instead of the actual phase voltages and currents 1 , i , i , i,
sa’ sb s¢c  ra

irb’ i, of a three phases machine, new fictitious quantities isd
re

. . .

, 1 , i , i , related to the original quantities are used.
8¢° so rd rq ro

The changing from one set of variables to another is done by means of
transformation matrix and the process is called tranformation. The
transformation is more than a mathematical process. The d,q quantities
can be treated as fictitious coils located on the direct and quadrature
axes. Stanley[8] has given a more general analysis on induction
motors. The reference frame of the axes is stationary with respect

to the stator. The derivation of the Stanley equations are based on
the following assumptions:

(1) Balanced windings are assumed on both rotor and stator.

(2) The mutual inductance between any stator and rotor windings
is assumed to be a sinusoidal function of the electrical
angle between the axes of the two windings.

(3) It is assumed that the rotor is smooth and that the self-
inductance of any windings is independent of rotor position.

(4) The effects of saturation, hysteresis, and eddy currents are
neglected.

(5) The machine impedances are assumed to be independent of

rotor speed.

(6) The machine electrical neutral is assumed to be ungrounded,




(7) In all cases, the motor is considered connected to an infinite
bus through negligible impedance. The effect of system
impedance can be taken into account by increasing the stator
impedance, that is, by moving the infinite bus from the

terminals of the machine and place it further back in the

system.

The derivation of the Stanley equations can be found in his

paper and is not repeated here. The Stanley equations written in per-—

unit form are:

5

€rd T plprd + Rr ird + 1prd [po]

e = + R i -
rq Pqu r qu qu [pf]
eSd = prd + RS 1Sd r P .(2.1)
esq - plpsq + Rs lsq
4
he - . . \
where 1‘Drd Xr *xd + Xsr tsd
= X i £
qu . qu + Xsr lsq
.. (2.2)

wsd s “sd sr “rd

sq s Tsq sr “rq )

For the electrical torque

il

T e (2.3)



and for the acceleration
. 1
pe = (Tp = T e (2.4
PugH E M (2.4)

where all quantities are listed in the nomenclature.

In most induction motor applications, the coilé on the
rotating parts are short-circuited, that is, erq © erq =0 at all
instances. The stator terminals are usually connected to a constant

frequency source.

[¢]
i

sq = V Cos(wt + ¢)

.(2.5)

i

esq V Sin(wt + ¢)

However, for the case in which the source frequency is not a constant,

The stator voltages are:
T

V(t) Cos ( f p6 dt + ¢)
0

[¢]
it

sd
s {2.6)

T
V() Sin ( J pd dt + ¢)

eS
q 0

here V indicates a voltage which can be constant or time dependent,

and the angular frequency p 8 varies with the frequency change as
desired. In usual machine practice, the air gap flux is required to
be constant thefefore the terminal voltage is taken to be proportional
to the frequency. Of course, in the case when the frequency change is

unexpected, the voltage change is also at the mercy of system changes.

These equations can be either solved by an analog comwputer

or a digital computer. The methods will be mentioned in a later chapter.



Either method has its own limitations. The representation is in terms
of per—unit time and the analysis will require great amount of computer
time. This representation would be useful if the minute detail is

required.

2.2 THE TRANSIENT REPRESENTATION NEGLECTING STATOR TRANSIENTS

It is possible to simplify the transient equations if the
stator transients can be neglected. The neglecting of the stator
transients means that the d.c. component in the armature phase current
and pulsating electrical torque are also neglected. This prbspect was
first pioneered by Lewis and Marsh [9] who obtained a new set of tran-
sient equations by neglecting the pws'terms. The work was further
carried out by Bréreton, Lewis and Young [lO],who, by combining the
simplified equations, obtained a set of equations which can be
represented by an equivalent circuit. The procedures of simplification
are outlined as follows:

The Stanley equations can be rewritten, referring them to axes rotating
at unit or synchronous speed.

e =7py + R_ 1 -
so, pvsa s lsu lpsB

eSB = PwsB + Rs isB-+ ]

sa
! e (2.7)
= I 1
0 PYra + Rr *ro + erpGS
= pi i -
0 PYrg + Rr “rB lprOLpeS

here pOS is the negative of the rotor slip.
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= 3
wsa Xs isa + Xsr ira
wsB =X isB + XSr 1rB
;’ 000(208)
Ypo=X i +X i
ro r “ro sr 1o
er = Xr er + XSr 188 ,
TE = er Tra T wra er e (229)
Pzes = —r ( TE - TM ) vee (2.10)
2 woeH
®s0. = V Cos o
el (2.11)

e = in
sB v 8in ¢
The above equations include the effects of the stator and
the rotor transients. If the stator transients are neglected, PU
o

and pwsscan be sagt equal to zero in the equations. The equations

can be simplified as

- .
. {
e =R i ~-X i -==2E y
sQ s
sq sB X B
r
t
_ , . sr
eSB RS 1SB + X 1sa + X wra i
T
R R L (2.12)
e =0 = + — - i
o . pwra Xr wra + erPOS Xr st sa
Rr R
e ,=0-= + - - i
B per Xr er lPrOLpeS Xr Xsrlsﬁ“

where X =X - X2 /X
sr’y
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By further manipulation, the resulting equations are:

N — ) l A . Py »
PV = -0 (¥ = 3&e=X") 1) + v 6g) .. (2.13)
;s = L& =V cee(2.14)
s R+ jX'
s
, X,
and Tq = ve.(2.15)
R
r

The equations can be represented by an equivalent circuit:

R X!
O AVAYAY:
~ 4
€
O

Fig.2.1l. Circuit Representation of Eq. 2.14.

Further work has yet to be done to develop this represent-

ation for frequency studies.

2.3 THE STEADY STATE A?PROXIMATION

When all the transients(electrical and mechanical) are
neglected, the induction motor can be approximately represented by

the steady state equivalent circuit(Fig.2.2).
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O

Fig.2.2., The Steady State Representation of an Induction Motor

The steady state equations are:

T, = — e (2.16)

_ JEX_ _
where Ee = ES e (2.17)
RS + jf (Xls + Xm)
JEX (R + JEX. ) L..(2.18
and R+ JEX = L 1s (2.18)
RS + Jf(XlS + Xm)
. . -  Th
in which Xe’ Xlr’ Xls’ Xm are quantities at the base frequency. The
steady state current equation is:
3 E [ x 2 E_
I = S + o
. N 1 +
J(Xls + Xm)f [xls + X Pr/s + Jf(Xe Xlr)
.. (2.19)

The steady state active power and reactive power are:
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p =@€Q[TS*ES]

and Q = :%WL[ Eg

*

E_ ]

where E;* is the complex conjugate of E;. At different frequencies
and different slips, the characteristics of the induction motor are
shown from Fig.2.3. to Fig.2.6. At each frequency, at each slip, and
at each terminal voltage, there are corresponding values of input and
output quantities. These quantities can be obtained easily by using

the above equivalent circuit.

2.4, THE REPRESENTATION USING THE STEADY STATE EQUATIONS BUT INCLUDING

ONLY THE MECHANICAL TRANSIENTS

Usually it is erroneous to represent something of a transient
nature by a steady state representation. Unless the disturbance is
negligible, the mechanical transient must be taken into account.
When the frequency at the terminals of an induction motor changes,
it will produce an accelerating torque on the motor. Under steady
state frequency fO the motor operates at Vg . As the frequency
increases to fl, the new steady state operating speed would be V3
but because of the finite inertia of the motor and the connected load,
the motor does not reach the steady state operating speed of Vi but
only say V) before the frequency is again increased to f2' At the

end of time 2At the frequency changes to f2. Again, the accelerating
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torque is that given by the difference between the torque produced

at f2 and Vv, and the load torque. In this way, the speed variation

of the induction motor can be determined.
Here the equations are similar to those given in section 2.3.

except there is an additional equation for the acceleration.
d v
— = ( TE - TM )/2H

dt

This method has been used by different authors

oe s (2.20)

[3, 10] and it has always

been assumed without proof that this method of representation is wvalid
for load flow studies or stability studies. The question of its accuracy
in representation has never beenvraised. In Chapter IIIL, the validity

of this method is investigated. It is found that the representation
neglecting the stator transients and rotor transients but including

the mechanical transients is valid for this type of large frequency

excursion. The stator and rotor transients can in fact be neglected.

2.5. LINEARIZED APPROXIMATION

It is possible to observe from Fig. 2.3. to Fig. 2.6.
inclusively that the steady state equations can be linearized at s = Q.
The range of the approximated linearity is determined by the character-
istics of the induction motor. In most cases, the range of linearity
is small and the approximation is only good in that region. For large

frequency swings, the slip usually is large and linearity does not apply.
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The torque equation is
R . : E2
T = r e ..0(2-16)

2 2.2
R, + R /)" + (&, + X )7F

At‘s=0, the torque-slip curve is linear and the slope of the torque-

slip curve is given by

oT 2

E B
.. (2.21
(s = 0) = — e ( )

ds fR

T

£,

o - = e—— PPN 2.22
Therefore TE 7 Rr a ( )

The current equation is given by:

E X E
T = — 8 m S
8 ; .
3 HXOE X, K| R s+ JEX 4K, )
0. (2.19)
Eg can be linearized at s = 0 :
2
9 T [ X E;
S (s=0) = L e (2.23)
3 s [ X, +X R
ls "m r
Hence Eg can be linearized as
— 2 _
E X - E
I = = + o S g e (2.24)
s .
JQ(ls-{-Xm)f Xls+Xm Rr

If the values of TE and IS are known, the procedure of analysis is
the same as that of the representation using the steady state equation

by including the mechanical transients(section 2.4.).
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2.6. REPRESENTATION AS SIMPLE LOADS

Mainly due to the fact that convenient methods of assessing
induction motors were not available, induction motor loads had
previously been represented as simple loads [, 12],

(1) Constant impedances, giving active and reactive power pro-
portional to the square of the terminal voltage but
independent of the system frgqugncyo

(2) Constant-current sinks, where the active and reactive power
vary as the system voltage.

From Fig.2.3. to Fig.2.6., it is possible to see that this
method is far from sufficient to represent an induction motor during

large frequency excursions, the active and reactive powers are functions

of the frequency and the slip of the motor.



20.

CHAPTER IIT
THE VALIDITY OF THE REPRESENTATION

INCLUDING THE MECHANICAL TRANSIENTS ONLY

The representation including the mechanical transients only
will be the basis for analysis in the following chapter. Therefore it
is important to investigate the validity of this representation. It
has been always assumed without proof that this representation of
induction motor is valid for load flow studies or stability studies.
The question of its accuracy in representation has never been raised.

Maginniss and Schultz [13]

in the conclusion of their paper stated

that large error may be introduced by using the steady-state speed-
torque curve for the calculation of transients. Berg and DeSarkar[S]
assumed that maximum or breakdown torque applies during transition
when the change of frequency is linear and their assumption was
supported by results of solving the set of differential equations

such as eq. 2.1. Naturally, it is only safe to test the validity of

the presentation before the method is used. In this chapter the program
including the mechanical transients only is compared with the transient
program which includes all transients. If the results of the two
programs compare favourably with each other, then it implies that

the representation including the mechanical transients only is valid.

The solution of both representation programs involves

differential equations. It is important that some methods must be




21.

available for the solution of these two. In the past, authors have
tried to solve the equations of an induction motor either by the analog
computer [14, 15, 16, 17, 18,] or the digital computer [19, 20]. It is
noted that the analog computer has the following advantages:—

(1) When a set of equations has been modelled on the analog
computer, any change in the parameters, coefficients, initial
values and given functions can be adjusted conveniently by
dials. For a program in which there are a lot of changes in
the parameters, the total solution time would be much reduced.

(2) Results are readily displayed as a continuous plot of the
variable quantities. But for the digital computer method,
it is necessary to write an additional program to plot graphs.

The digital computer has the following advantages:-~

(1) With the improvements in software and hardware the modern
computer is fast and efficient and has a large memory
capacity. It is able to solve a practical power system problem
without much difficulty while the analog computer is limited
by the number of components available.

(2) The accuracy of the digital computer is high and independent
of the nonlinear characteristics of the components. But the
accuracy of‘the analog computer is about four significant

figures.

(3) The storage of the program and the result is easily done
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by means of tape or disk.

With the rapid improvement in digital computers, the present-
day digital computer proves to be a convenient, efficient and powerful
tool for solving differential equations. Here in this thesis, emphasis
is placed on the solution by digital means. In solving differential
equations, there are two major kinds of numerical methods, namely, (1)
the Runge-Kutta methods and (2) the predictor-corrector methods. In
order to achieve efficiency in solution, the first kind is used in
solving the performance of an induction motor including all transients,
and the second kind is employed in the solution of the performance of

induction motors including the mechanical transients only.

3.1. THE SOLUTION OF THE PERFORMANCE OF AN INDUCTION MOTOR INCLUDING

ALL TRANSTIENTS

The solution involves the simultaneous solution of a set of

[19]

favours the solution using

[4]

six differential equations. Jordan
the predictor-corrector methods. Lawrenson and Stephenson prefer
the solution using the Runge-Kutta-Merson method. The Runge-~Kutta-
Merson method is essentially a variable step-~length method; the
maximum truncation error can be calculated and the step-length can

[21]

be varied to attain a certain range of accuracy. It was found that
this method is twenty percent faster than the standard fixed step-

length procedure; the number of steps of integration as well as the

round-off error can be minimized. The solution of a set of differential
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read data
print data

\

find the rates of change of the

variables ,
lpsd’ wSG’ wrd’ w.r.n’ e’ e

‘ .

find the maximum truncation error

solve simultaneous
equations for the
currents

runcation

increase error less than

step length

preset range

truncation

decrease error greater than

step length

preset range

new variables found

No

time limit exceeded?

Fig.3.1l. Flow Chart For Solving a set of differential equations by

The Runge-~Kutta-Merson Method
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equations involves the evaluation of the rates of change of. yariables
five times during each step of integration. The Runge-Kutta methods

in general are described in Appendix A and the formulae for the Runge-
[22]

Kutta-Merson method can be found in literature by Cadzow and Martens

The procedures of solution are summarized in Fig.3.l.

3.2. THE SOLUTION OF THE PERFORMANCE OF AN INDUCTION MOTOR INCLUDING

ONLY THE MECHANICAL TRANSIENTS

The Euler-Cauchy predictor-corrector method is used in this
case because of its simplicity. Accuracy is of the order h2 and is
sufficient for this analysis. The method consists of predicting a
value yi+l by linear extrapolation.

%
The new value Vi1 is used in correction and a still better
* t
;41 s found. Therefore by iteration procedure, a value Vit1

value of y
is found which is closer to the 'true' value Yipl The iteration
procedure is terminated when the displacement of y:+l is less than a
preset accuracy. The Euler-Cauchy method is outlined in Appendix B.
There are three major steps in this program:

(1) To read in parameters and print out parameters.

(2) To calculate the initial speeds of the machines and to

calculate the voltage on the secondary side of the trans-—

former.

(3) To use the predictor-corrector method to find the new speed

°
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y  ~-the true value
i+l

y' ~-the corrected value
i+l

%
y —-the predicted value
i+l

t-+h

Fig.3.2, A Graphical Illustration of the Predictor-Corrector Method
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in cach step. The input power and the voltage on the secondary

side of the transformer are found at the same time.

The details of the second and third step are described in the
flow-charts in Fig. 3.3. and Fig. 3.4. repectively, and the subprograms
ave:

SUBRQUTINE VSTART- A program to calculate the steady state speed of an

induction motor. To start with a machine speed of 0.9 p.u. and an

increasing interval of 0.0005 p.u. the torque developed by the motor

is compared with the torque developed by the load. If the load torque
is just greater than the motor torque, then, that speed is the
operating speed.

FUNCTION F- A function program which describes the frequency excursion

at different instances of time.

M=1 is for large frequency excursion.
M= 2 is a medium frequency excursion.
M=3 is for small frequency excursion.

FUNCTION TORL- A function program which calculates the load torque

at a certain value of speed. The load torque is given by

TM = A vz + Bv + C

where A, B and C are constants. With A # 0, B = 0, and C= 0, the
load represents a centrifugal or fan type. With A =0, B =0, and
C # 0, the load is a constant load type.

FUNCTION CURR- A function program to calculate the current at

different frequencies and speeds.




Initial values are set
Eg=l.0 s El=l.0 , F=1.0

y

Call VSTART A subroutine program to
calculate the initial speeds of the machines

v

The current in each motor is found by using
the function program CURR

Y

Call DPOWER A subroutine to calculate the
active and reactive power consumed by each
induction motor

Assuming that the phase angle of Ei(Voltage on the
secondary side of the transformer) is zero, individual
current in each motor is dissolved into in-phase and
quadrature components with repect to Ei.

\
| set E, =El]

The voltage on the secondary side as well
as the phase angle of Eg with respect to
Ejare found.

‘The difference
between E,and E1 is
less than 0.0001

NC

yYes

Fig. 3.3. A Flow Chart for Step Two: To Calculate The Initial Speed of
the Machines and to Calculate the Voltage on the Secondary Side of the

Transformer.
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set initial value

of v
- The new speed is found by linear
extrapolation using the old value of V
]
VY

ERROR = 0.1 ®# h % h

A The value of v is improved by trapezoidal

approximation using the new value of Vv

No

displacement o

v <?ERRO
Yes
/8 Call POWER

To sum up currents in-phase and in quadrature
with respect to E

v

Find the voltage on the secondary side of transformer
and phase angle of Eg with respect to E

4
Lo

one
of the machine

speeds = 0
?

print
'"MOTOR STALLED'

Y

print result

preset tim

No Yes

of computation
exceeded?

Fig.3.4. A Flow Chart TFor Step Three: The Predictor-Corrector Method to Find

the New Speeds of the Machines.
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FUNCTION TORM - A function program to calculate the motor torque

at different frequencies and speeds.

FUNCTION ACCEL - A function program to calculate the acceleration

of the motor.

SUBROUTINE POWER — A subroutine program to calculate the active and

reactive power when the current, speed and frequency are given.

3.3. RESULT AND ANALYSIS

The following graphs are the comparisons of the motor speeds
and motor currents by the methods outlined in the previous two sections.

[17]

A typical machine used by Blom was analyzed by the two methods.

The data of the machine are:

10 H.P. 4-pole, 50 Hz,380V, 15.6A
RS= 0.03057 p.u., Rr= 0.03596 p.u.,
Xs= 3.5065 p.u., Xr= 3.506 P.U.,
X =3.399 op.u., H = 0.252 sec.

sr

310V

il
]

Base voltage peak value of rated phase voltage

peak value of rated phase current = 22A

1l

Base current

Base impedance = base voltage 14.1 ohm
base current

Base power = rated apparent power = 10.3 KW

base power

base mechanical speed = 65.5 N-m

Base torque =
Base frequency = 50 Hz

Base angular frequency = 314 rad/sec.

1 -
rated angular frequency

3.19 x lO_3 sec.,

Base time =
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In the program in which all transients are included, a pre-
set error limit per step of 0.5 x 10_5 is used, while in the represent-
ation including only the mechanical transients, a step length of 0.05
second was used.

The results come striking close especially for the speeds
of the motors. The currents seem to differ by a constant value all
through. This could be due to the approximation made in the equivalent
circuit. For the current by the transient representation, the initial
current goes up to 1.85 p.u. This transient current only lasts for a
cycle and is neither large nor long enough to cause any significant
change in speed. It can be concluded that the dynamic representation
in which only the mechanical transients are included is wvalid for accur-

ate representation during large frequency excursions.
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CHAPTER IV

THE SIMPLIFIED METHOD OF REPRESENTING A GROUP OF INDUCTION MOTORS

The induction motors not only contribute to the station loads as
pump and fan drives, they also comprise the majority of the loads in
industry. The merit is simplicity in analysis if some method exists to
combine the induction motors, comnected to the same node, to form one
equivalent motor such that the effects of the equivalent motor on the
system‘is the same as the group of induction motors on the system. Padiyar

[23]

and Ramshaw derived an induction machine equivalent network together
with three differential equations and a torque equation. This represent-
ation is accurate but demands special techniques in solving the equations

[91]

and requires a lot of computer time. Lewis and Marsh proposed an
equivalent machine by combining the parameters in a certain way, however
the validity and limitations of the model are not clearly stated.

[24]

Prabhashankar and Janischewsy] stated a similar equivalent for
synchronous machines. 1In this chapter, the difficulties of representing
a group of induction motors are stated and an equivalent model is proposed

for large frequency excursions. The accuracy of this representation for

two induction motors having the same parameters is examined.

4.1 THE DIFFICULTIES OF THE PROBLEM

It is a difficult task to represent two induction motors as

an equivalent one. The performance of an induction motor is extremely
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nonlinear and sensitive to many changes such as :

(1) frequency The parameters are functions of the frequency.

(2)

(3

When the frequency changes, the electrical torque and
the current will change which in turn will cause the
motor to change its speed.

terminal voltage The torque is approximately proportional

to the square of the terminal voltage. When the motor
draws a large amount of current, the voltage drop across
the transformer reactance is great and in turn the elec-
trical torque produced by the motor is tremendously
reduced.

speed of the motor itself The torque and current are

nonlinear functions of speed. Only when the motor is
operating near its synchronous speed, the torque-speed

and current-speed curves can be linearized.

(4) parameters of the motor For different types and

(5)

different sizes of motors, the parameters have different

[3]

values. Aktar gives a comprehensive list of machine
parameters.

types of loads There are, in general, many types of

induction motor loads; the two extreme types being:

(i) the constant load torque
and, (ii) the load torque varies as the square of

the speed.
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(6) total moment of inertia The total moment of inertia

is the inertia of the motor and connected load. This,

of course, will affect the acceleration of the motor.

In Fig.4.1. to Fig.4.6., the performance of one single

induction motor connected to a variable frequency source through a

transformer reactance is illustrated. The complexity of the problem

can be easily realized. An equivalent model to represent a group of

induction motors is no easy task.

4.2. THE PROPOSED MODEL

A model is proposed to represent a group of induction motors.

The procedures in combining the motors are as follows:

&y

(2)

(3

(4)

The reactances and resistances of the steady state
equivalent circuits of the machines are expressed in
per-unit values based on the sum of the mva ratings of
the motors.

The load torqge constants Ai’ Bi’ and Ci and the inertia
constant Hi of the individual machine are multiplied

by the ratio:

horse-power of individual motor
total horse-power of the group of motors

The resistances or reactances of the equivalent circuit
are found by combining corresponding resistances or
reactances in parallel.

The equivalent load torque constants and the equivalent
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inertia constant are found by adding up corresponding
new load torque constants and new inertia constants of

all the motors in the group. The new constants are:

n n
5 5
i=1 Ay PPy i=lBi Py
A = ’ B = ’
n n
X  hp, z hp.
=1 * i=1 *
n n
z %
C = ]=| Cl hpi, H = ]:] Hl hpl
n n
Z  hp, Z  hp
=1 T i=1

where n is the number of motors in the group.

4.3, RESULT AND ANALYSIS

4.3.1. The procedure of the analysis

Analysis has been done on two motors which have identical
parameters but different total moments of inertia and drive same
or different types of loads. The motors are connected a trans-
former of total leakage reactance of 0.1 p.u. based on the sum
of the mva ratings of the motors. The frequency swing is the worst
type as shown in Chapter I. The parameters of the two motors in

per unit based on the sum of the mva ratings of the motors are:

_MOTOR 1 _MOTOR 2
Stator resistance 0.06114 same
Stator leakage reactance 0.2150 same
Magnetising reactance 6.7980 same
Referred rotor leakage reactance 0.2140 same

Referred rotor resistance 0.07192 same
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The parameters of the equivalent motor in per unit are:

oy

(2)

(3)

(4)

(S)

Stator resistance 0.03057
Stator leakage reactance 0.1075
Magnetising reactance 3.3990
Referred rotor leakage reactance 0.1070
Referred rotor resistance 0.03596

The computation procedures were as follows:

To compute the results by considering individual motors

up to the time when one of the motors reaches zero speed.
The results were stored in tape.

To compute the results of the equivalent representation and
store results in tape.

To repeat steps one and two for different combinations

of total moments of inertia.

To compare the accuracy of the two methods for each combin-
ation of total moments of inertia at each time interval
by using the tape. The maximum percentage error was found
for each combination of moments of inertia.

Each maximum percentage error was assigned a grid location
(a,b) where a is the total moment of inertia of the first
motor and b is the total moment of inertia of the second
motor. A built-in cimputer program was used to plot contours

joining all points which have the same percentage error. In
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this way the accuracy can be .easily read out from the

contour plots.

There are two types of load torques considered: the

constant load torque and the load torque which varies as the

square of the motor speed. From here on, type

refers to the constant load torque and type 2

to the load torque which varies as the square

speed. There are
(1) motor 1 with
load torque,
(2) motor 1 with
load torque,
(3) motor 1 with

load torque.

4.3.2, Result of

three different combinations

type 1 load torque and motor

type 1 load torque and motor

type 2 load torque and motor

analysis

1 load torque
load torque refers
of the motor

of load térques:-

2 with type 1

2 with type 2

2 with type 2

The results are plotted in the following figures:-

Fig.4.8. Contour plot of maximum percentage error in active

power.

motor 1 - type 1 load torque

motor 2 - type 1 load torque

Fig.4.9.. Contour plot of maximum percentage error in reactive

power



Fig.4.10.

Fig.4.11

Fig.4.12,

Fig.4.13.
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motor 1 - type 1 load torque

motor 2 - type 1 load torque

Contour plot of maximum percentage error in active
power.

motor 1 - type 1 load torque

motor 2 -~ type 2 load-torque

Contour plot of maximum percentage error in reactive

power,

motor 1 - type 1 load torque

motor 2 - type 2 load torque

Contour plot of maximum percentage error in active
power.

motor 1 - type 2 load torque

motor 2 - tupe 2 load torque

Contour plot of maximum percentage error in reactive
power.

motor 1 - type 2 load torque

motor 2 - type 2 load torque

4.3.3. Error analysis

Fig.4.8.

The symmetry of the contours with respect to the main
diagonal is due to the fact that the motors are identical
except for their total moments of inertia. The percentage

error in the active power may be significant; as high as
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25% for extreme differcnces in inertia loads on the two
motors. The magnitude of the difference in inertia

load becomes less significant for larger inertia loads.
From the contour plot, it can be concluded that if the
total moment of inertia of one motor does not exceed
+50% of the other motor, then the maximum percentage
error in the active power will not exceed 10%.

Fig.4.9. The symmetry is again observed. However, it can be seen
that the maximum percentage error in the reactive power
is insignificant as compared to the maximum percentage
error in the active power. Therefore the consideration
of the active power will be sufficient for this partic-
ular case.

Fig.4.10.The symmetry of the contours is distorted due to the
different types of load torques. There is an anticlock-
wise shift of the contours. However, the conclusion can
still be drawn that if the total moment of inertia of
each motor does not exceed + 50% of the other motor, then
the maximum percentage error in the active power will
not exceed 107%.

Fig.4.11.There is no symmetry in the plot. It is interesting to
note that motor 1 with a high total moment of inertia,
combined with motor 2 with a low total moment of inertia

will give a higher accuracy than the combination of



Fig.4.12,

Fig.4.13.

S1.

motor 1 with a low total moment of inertia with motor 2
with a high total moment of inertia. In the whole region,
the error does not exceed 4% and is insignificant
compared to the error in the active power.

The area enclosed by the 10% maximum percentage error
contour is much less than that in’Fig.4.8. This is
becoming more obvious when the moments of inertia of
both motrs are high.

The error here is large compared with all other plots.
The maximum percentage error goes up to 65%. The

error enclosed by the maximum percentage error contour
is the smallest compared with other plots. The large
error is due to the fact that neither motor will stall
with this type of load torque characteristic at the
completion of the frequency swing; and in that frequency
swing period, one of the motors has a much higher slip
than the other and the equivalent motor is unable to
give accuracy prediction. However if the total moment

of inertia of one motor does not exceed + 407 (compared
Qith 50% previously) of the other motor, then the maximum
percentage error in the reactive power will not exceed

10%.

4.3.4. General conclusions from analysis
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From the analysis of the aboye plots, it is possible to make
some generalizations.,
(1) The accuracy of the representation is high when the motors
haye the same total moment of inertia.
(2) If the total moment of inertia of one motor does not exceed
140% of the other motor, then the maximum percentage error
in both the actiye and reactive power will not exceed 10%,

using the proposed model.
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CHAPTER V

CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDIES

Different representations of induction motors as dynamic
and static loads have been reviewed. The representation neglecting
the stator transients and rotor transients but including the mechan-
ical transients has been considered in detail. This representation
was compared with the one which includes all transients. It is found
that the results of the methods compared favourably with each other.
Therefore the representation including only the mechanical transients
was used in .the analysis of induction motors during large frequency
excursions.

A model is proposed to represent induction motors by an
equivalent motor such the the effect of the equivalent motor on the
power system is the same as the individual motors on the system. For
two induction motors which have the same parameters, if the moment
of inertia of one motor does not exceed + 40% of the other motor, the
maximum percentage error in both the active power and reactive power
will not exceed 10%, using the proposed model. For frequency swings
which are of smaller magnitudes, this model is expected to be even
more accurate,

This model may be used to combine many induction motors
which are connected to the same node following the procedures outlined
in section 4.3. In this way, the representation of a multi-machine

system is much simplified. More investigation must be carried out to




study the combination of motors of different parameters and different
horse—powers. The model proposed in this thesis may be the basis for

further inyestigations.

54,
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APPENDIX A

THE RUNGE-KUTTA METHODS

Let the first order differential equation be e

dy
— = f (X’Y)
dx v (1)

y(x+h) can be expressed 1in Taylor series expansion:

h2 h3
yGeth) = y() + hy' (0 + 5y v 43, ¥ + L.

. (2)
where the following are defined:
y' = £
"o
y" = fX + fyf
y'"=f 4+ 2f £+ £ f2 + £ (f.+ £ £)
XX Xy vy y o ox v

. (3)

-----------------

and

Ay is defined as y(x+h) - y(x)

h2 h3
Ay = hy'(x) + ET—y”(x) +-§T vy (x) + .
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h2 h3 2
i.e., Ay = hf + E-(fX + fyf) + E—[fxx+ Znyf + fyyf + fy(fX + fyf)]
h4 B 2 3
+ - [f +3¢f £+3f f"+£f £
2477 xxx XXy Xyy yyy

2
+f (f_+ 2f £+ £ £7) + 3(f£ + £ f f.+ £ £
Y( XX Xy yy ) ¢ X Yy ) Xy ¥y )

2
+£ £f +f£ £)] + ... : o (b
gy e T E0)] O)

assume that Ay can be expressed as

Ay = akl + bk2 + ck3 + dk4 e (5)

where

k= BIEGe,y)]

k, = h[f(x + mh, vy + mkl)]

2
. (6)
k3 = h[f(x + nh, y + nkz)]
k4 = h[f(x + ph, v + pk3)]
each of these ki can also be expanded in Taylor series:
f(xt+o,y+B) = £(x,y) + afx(x,y) + ny(x,y)
+ 0% (x,y) + 208 (x,y) + B°FGe,y)]
21 xx xy yy T
= f + af  + Bf + [oczf + 20Bf +82f 1+
e y 2! XX Xy vy e
(7

It is the primary purpose of the Runge-Kutta methods to establish the
interrelationship between the constants a,b,c,d,m,n,and p such that
equations (6) and (7) correspond to the degree of accuracy desired.

Here the solution is mnot unique and the many possible solutions

give rise to many mecthods.




APPENDIX B

THE EULER-CAUCHY PREDICTOR-CORRECTOR METHOD

For the first order differential equation:

dy
dx = f(x,y) (D)

the solution may be expressed mathematically as:
X
yx) = y(0) + (£(x',y)dx’ e (2)

a

where y(0) is the initial condition. The difficulty of solution lies

60.

in the fact that the integrand contains the unknown y(x). Equation (2)

can be written as:
Fitl
. =y, + ' ! ... (3
Yie1 5 Y4 f(x",y)dx (3)
X,
i
The numerical method is to start with an initial condition Voo
compute Yy then Y, and so on until a sufficient range has been
covered.
Assume that f(x,y) is constant over the interval and that

h, the interval between X, and X410 is sufficiently small, (3) may

be written as:

Y.

141 = yl + h f(Xl,Yi) ...(4)

This technique of predicting the wvalue Vi1 is known as Euler's
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method and it suffers from two principal disadvantages:
(1) The prediction of Yis1 is not accurate as it is accomplished
by simple linear extrapolation; and
(2) The integration scheme is abysmal.
Since yi+l is found approximately, let it be called y§+l°
Then a better approximation is found by invoking the trapezoidal rule

in the integration of (3).

) «eo (5)

_ h *
Vipp =¥y FEGLY) + Gy oy

i
This is known as the Euler-Cauchy method. In this way, by using
%
equation (5) repeatedly the value of Y4 Way be brought within a

certain range of the true value of Vi1



APPENDIX C
COMPUTER PROGRAM FOR THE ANALYSIS OF AN INDUCTION MOTOR

INCLUDING ALI TRANSIENTS
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APPENDIX D
COMPUTER PROGRAM FOR THE ANALYSIS QF A GROUR OF INDUCTION MOTORS

CONNECTED TO THE SAME NODE INCLUDING ONLY THE MECHANICAL TRANSIENTS
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