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ABSTRACT

Torque and Current Response Due to Singularity

Changes of Induction Machine Slip

by
Jessie G. Orpilla

Recognmizing that the prime purpose of the 3 phase induction motor is to deliver
torque with mininm line current. This thesis studies the torque as well as the
current response produced by the singularity changes in the induction machine slip.
[t 1s desirable that the torque to be maximized for a given value of line current at
the corresponding load slip.

This thesis analvzes the torque and current response, when a slip at no-load
1s changed to a unit-step. Qu(t), a unit-impulsc. Qd(t), a pulse characterized by
Qlu(t)-u(t-Tj]. a wnit-ramp. Qt, and a sinusoidal, Qsint, slip. The responses are
analvzed againts the time. All of the computations are based on the approximate
equivalent circuit of the induction motor. with the stator resistance. R,. and the
stator reactive reactance. J X, being neglected. 1t is done to simiplity the complexity
of the computations and the computer programming, and it is a real and practical
assumption.

The Laplace Transtormation method is used in solving the differential equations
for torque and for the current. A computer program using FORTRAN language is
simulated based on the final equation for both torque and current. The program
calculates and graphs the computed results againts the time.

In addition. this thesis work analvzed the motor performance if it is running at
high slip. as in the case ol a low-drive induction motor. and when it is operating at
negative slip. as an induction generator.

It is seen that the torque and current response of the motor and the induc-
tion generator are almost identical in nature. They tollow the pattern of their slip

changes. with the exception when the final slip is sinusoidal. The ounly difference is



that the induction generator will absorb power. which 1s. in effect, supplying power.
that is mostly of leading power-factor or almost unity power-factor.

The torque to current ratio, being one of the most important data in the per-
formance of induction motor. is also computed and plotted againts the time based
on the previous calculations. Moreover. the torque response is also compared with
respect to its maximum or breakdown torque.

[t is secu that the most positively effective and practical among the slip functions
is the unit-step. Because the response is constant at any period of time and the
torque response will never exceed the hreakdown torque as long as the slip does
not exceed the slip at maximum torque. In the case of a sinusoidal and a unit-
ramp function. the maximum or hreakdown torque 1s reached at a certain time. t.
due to their time-dependent tunctions. While the unit-impulse and the rectangular
pulse are also praciical functions since they are time-independent fuctions. But the
responses reached their maximum when operating as a low-drive motor. with high

machine slip.
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CHAPTER 1
INTRODUCTION

1.1 General Introduction

The induction motor{l] was invented by Nikola Tesla in ISRG. [t resembles like
an electric transformer whose magnetic circuit is separated by an air-gap into 1wo
relatively movable parts. It has the primary winding which is held stationary and is
called the stator winding and the secondary winding which is rotating and is called
the rotor winding. The rotor circuit has no connection to the supply circuit and
its field is only induced by the currents thru the stator. the principle of induction.

That™s why it is called the induction motor. 1t is either single-phase or polvphase

machines.

1.2 General Types

There are two general types of 3 phase immduction motor. One 1s the squirrel cage
rotor tvpe in which the rotor is self-contained and resembles a bird cage. The rotor
conductors are permanently short-circuited by the end-rings. It has an adjustable.
nearlyv constant and variable speed. In general. it has a medium starting torque.
[t 1s widelv used i pump. compressor. blower. prime mover of dc generators. etc.
The other type is the wound rotor type. The rotor has insulated coils of wire and
resembles like a dc armature. The rotor conductors are connected to a slip rings and
shorted thru the brushes. It has a variable speed and high starting torque. It is used
in hoist. crane. elevator. escalator. pump. convevor. etc.

The polyphase induction machine is the lowest-cost and most widely used mo-
tor in the industrial world. There are also a fractional-horsepower motors which
are single-phase. They are used for electric fans.refrigerators.washing-machines. and

other appliances. The advantages of the induction motor over the other types are 1ts



~

simplicitv reliability, low-cost. good cfficiency. good over-load capacitv. and minimal

service requirement,

1.3 The Rating System

The nameplate ratings of the motor are the bases of its performance capabilities, [t
aives the overall performance of the motor itself. It defines the starting. continuos
starting and overload torque: the temperature endurance: low starting current: aund
other factors. The purpose of motor rating. therefore. is to define accurately its
performance in a way that 1s advantageous to the costumer.

The rating[2} of the induction motor gives the following: the supply voltage. the
number of phases. the frequency of the power supply. the horsepower rating. speed
and the temperature vise. The horsepower rating together with the rated speed gives
the torque the motor can deliver. The rating also states the tvpe of service whether

continuos. mtermittent. or varving duty.

1.4 General Purpose Motor

To maintain service reliability and flexibility of application. the American Standards
require that a general purpose(3] polyphase motor shall have maximum or hreakdown
torque of not less than 2 times as its nameplate rating. The purpose of choosing 200
percent for the breakdown torque are the following: First. 1t is desired that 1t will
continue delivering normal output during temporary low-voltage. Secondly. it is
required for general purpose motor that it will operate continuously without injury
at an output equal to 115 percent of its rating. And finally. a factor of 1.25 is given
to provide for occasional overloads and unforseen contingencies in the operation of

motor.



[t s destreable for general-purpose motor to be started at full voltage. With the

voltage heing veduced at starting. the torque is rednced as the square of the voltage.

Anv loads requiring high torgne will not be started. With a high current during
S X S .

startingi 1] causes a reduced voltage. So it is a must to hold this current as low asx

possible. a problem usnallyv encounter by the designer.

1.6 Temperature Limitation

Temperatnre[5] is also one of the factors to be controlled in the operation of anv
motor. LExcessive temperature tends to deteriorate the performance capability and
life of electric motor. So 1t 15 a must for a design engineer to have an insulation
with ereater endurance and good mechanical properties. Temperature rise is also

proportional to the losses. Overloads are destructive to the motor bhut occasional

overloads of moderate value can be tolerated without great effect in its life.

1.7 The Equivalent Circuit

The performance ol a polvphase induction motor can be analvzed by the plhasor
or circle diagram. But for the purpose of repetitive calculation. it is not advisable
to use these methods. Since the imtroduction of computers gives us a convenient
and more efficient wayv of calculating the performance of a motor. the equivalent
cicuit[6.7.8] provides us a sound basis for calculation. Tt is shown n Fig. L.1. It is
almost similar to a transformer circuit except for the replacement of the transformer
load by R, (1 — s)/s. Because of the large number of ampere-turns required to force
the flux across the motor air-gap. the magnetizing reactance. X,,. 1s larger for the
mduction motor compare to the transformer. The primary voltage £ 1s equal to the
line voltage divided by /3 for a Y-connected winding. A voltage drop occurs in the
primary due to resistance. R. and leakage reactance. Xj.

At speed below svnchronism. it produces a current [, which creates a secondary

resistance drop [, R, /s and a rotor leakage reactance drop ;/,X,. The secondary



resistance drop multiplied by the rotor current defines the power delivered to the
motor shaft. commonly called as the output mechanical power. It is to be multiplied
by the number of phases to get the total output. To obtain the net power. a {riction

and windage must be subtracted from the total output.

Rs IXs Rr jXr

? AN YV J\MN VY

Figure 1.1 The Per Phase Equivalent Circuit of Three Phase Induction Motor

1.8 Approximate Equivalent Circuit

Most nduction motors operate at low values of slip. it usually ranges from 2 to 5
percent at full load. With this proof. it shows that the value of R, (1 — s)/s 1s larger
than either to R, or .. Additionallv. the stator reactance X and rotor reactance
X,. which are seldom two times the value of By and X,. are very small compared to
R.(1—s)/s. With these couditions. it is possible to modify the circuit of Fig. 1.1 by
moving the shunt path directly across the supply voltage as shown in Fig. 1.2, the
approximate equivalent circuit of induction motor[9.10].

This method will cause to raise the voltage in the shunt circuit. This means a

higher flux and a higher copper loss will be developed in the machine. Additionally.

the copper loss in the stator will be reduced because at no-load. there will he no



stator copper loss because their is no current flowing through it. The addition of

core loss will then be neutralize by the reduction of stator loss. By this reason. the

approximate equivalent is commonly used in the analvsis of an induction motor.
This is the basis of all computations that will be presented in the remaining

chapters of this thesis.

Rs  JXs Rr JXr

’\/\/\/\,M4 AAALY

j_l}n
. A4
= Fl Jerj Rc Rr “‘§§

r §7 g In

Figure 1.2 The Per Phase Approximate Equivalent Circuit of Three Phase

Induction Motor

1.9 The Circle Diagram

One of the graphical methods used in the analysis of induction motor characteristics
is the circle diagram[11.12}. It was introduced by Dr. A. S. McAllister. It is based
on the approximate equivalent circuit of an induction motor. As stated hefore. the
approximate equivalent circuit neglects the effect of the exciting current causing a
voltage drop at no-load because it's been neutralized by the increase of core loss. The
method used in this section assumed that 1t has a constant resistance throughout its

speed range.



Referring to Fig. 1.2, with constant voltage applied 1o the circuit

.
[, = - - (1.1}
JUR A+ RS+ (X, + X,
This cnrrent is ont of phase with the voltage by an angle #, where
X+
b, = ks (1.2
U+ B2 4 (X, + X,
Combinming Equs. 1.1 and 1.2, 1t gives
I L nf (1.3)
P = T/ S/ NY, .
A+ X

Eqn. 1.3 15 obvious to be a polar equation of a circle having a diameterof V/(X, +X,).
This is the starting point of the analvsis of this method. This method makes use of
the circle diagram in finding the characteristics of an induction motor such as the
following: the no-load current. rotor-blocked current. stator and rotor current. power
mput to stator. stator and rotor copper losses. power transferred across the air-gap.
useful output. power factor. torque. slip. efficiency. maximum power factor at which
the motor can operate. etc.

The data needed to construct the circle are the magnitude of the no-load current.
OB. the rotor blocked current. OH. and their phase angles with reference to the line
voltage. OA. A circle 1s then drawn to pass B and H. Each line on the diagram is a
measure of current in amperes. To find the power in watts. it has to be multiphied
by the number of phases and by the phase voltage. Line NH signifies the total motor
input with blocked rotor. while I represents the primary [°R loss. Line HI is the
power input at standstill. To find the synchronous speed. HI should be divided by

the synchronous speed.
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Figure 1.3 The Circle Diagram

Given any load. sav at point G. OG is then the primary current. BG is the
secondary current and GC represent the motor input. GE represents the motor
output. FE is the secondary I*R loss. DE the primary [*R loss and CD tlie no-load
copper loss. To find the maximum power-factor. a line is drawn from O tangent
to the circle at point L. Similiarly, the maximum output and the maximum torque

points M and R are located by tangent lines parallel to BH and BI. The diameter



of a circle is equal to the voltage divided by the stanstill reactance. or equivalent 1o
the block-rotor current with the resistances of hoth windings heing neglected. The
maximum torque i syuchronous watts. is equal to a little less than the product of
the radius of the circle. the voltage. OAL and the number of phases.

The circle diagram gives a convinient wayv of checking the overall performance of

a motor with a mininnm test data.

1.10 Thesis Overview

This thesis makes use of the approximate equivalent circuit in the analvsis of the
performance of induction motor. Because it provides an easiness in formulating a
computer program that can make a repetitive calculations. Circle diagram is not
advisable to use hecause one has to draw a different diagram for a different motor
rating.

This thests studied the torque and the current response of an induction motor
produced by singularity changes of machine slip. Special attention is also given for
an induction generator. when the motor is driven slightlv above synchronous speed
by supplving power to the shaft. The slip in this case is negative. The ratio of
the torque to the rotor current. being one of the important data in the electric
machine operation. is also treated in this thesis. It is alwayvs desired that the torque

1s maximized at a minimum line current.



CHAPTER 2
COMPUTATIONAL BASES

2.1 Introduction

This chiapter deals with the bases of computations that will he used throughont this
thesis. The step-hy-step solutions of hoth current and torque response will he shown
here. As stated in the previous chapter. all of the computations are hased on the
approximate equivalent circuit of induction motor shown m Fig. 1.2. Q 1s now used
to stand for the shp so that 1t will not be mistaken in s of F(s) commmonly used in
Laplace Transformation. The stator resistance. R . and the stator reactance. j X,
are hoth neglected. This s a practical assumption because

J X Re

Since the onlv parameter present in the circuit is of the rotor side. R will now he

used to stand for the rotor resistance and N for the rotor inductive reactance.

2.2 Torque Calculation

Looking back in Fig. 1.2. the approximate equivalent circuit of a 3 phase induction
motor. The total resistance. R,. excluding the magnetizing branch. and the total

inductive reactance. .X;. are given by

, (1-0Q) o
[{?:[1+R—Q_~ (2.1)
R = 5 (2.2)
\, =X (2.3)
Also the rotor current. . is equal to
v .
[ = (2.1)




m ampere per phase. The torque 3] TLis equal 1o

e Y /V)
r=1= (2.5)
Q)
in synchronous watts per phase. Substitate Eqgn. 2.4 to Eqn. 2.5,
12 R
= —/———— x — {2.6)
NS (R/QR T O ;
V-OR T
[ = B (2,01
R+ Q*\*?
i svnchronons watts per phase.
2.3 Differentiation
The equation of torque. Eqn. 2.7, 1s differentiated with respect to the slip. Q.
OT VPR 4+ QP X )R — QR(20X7)] (2.8)
aQ (R?+ Q*X?]? -
aT . R 20T RNF
— = | "[— e et (2.9)
e, (R? 4+ Q*X?%)  (R*+ Q"X+
To tind o7 /at. T /dQ is multiplied by 0Q /ot
aT 0T 00 (2.10)
- = X = ~.
ot 00 " o
Additionally. dy/dt = y'. as alwavs been used in differential equation. hence the
differential equation for solving torque becomes
e RQ' 2Q07RXAQ’ ,
T =1 ' <) (2.11)

(R?+ 0\7?) - (R? 4+ Q2N2)2

2.4 Approximate Torque Equation

Eagun. 21205 very hard or even unsolvable using Laplace Transformation. It is further
simplified by the method of Long Division. Separating Eqn. 2.12 into two parts. by
letting

A fQ (2.12)

= 72 _){_Q'ZA\"Z



QRN

B= -1 < 12030
VR — QN
After Lone Division. using up to the third term. they become
QO QTN QNN .

1= /'l)— > '7_ RA V2004

20'0°\° 4Q'QPNY sQ'Q N
B = , - = - — 2150

R* R? R

Substitute Eqn. 2,14 and Eqn. 2.15 1o Equ. 2.11. the approximate torque difierential

equation

Q@O QIORNE 2007V

T = = - ~
"R R? R> R

HQQINT QTN 1)

H-\ HT : t o))

L0 BVROQP NIQQT 5YTQQN -

P=Vig- 3 ™ ; - - (2171

"R R? RS R : j

Eqn. 2.18 is the final equation for torque in synchronous watts per piase. This
differential equation is now <olvable using the Laplace Transformation which wiil e

presented in the next chapier.

2.5 Current Calculation

The method used in torque calculation is the same method that will be used in this
section. Aegain. lookine back in Fig. 1.2. the rotor current. L. is equal to
.

NI (RjQ

Differentiate this with respect to ship. Q

al 1 R?

o

To find @1/0t. Eqn. 2-19 is multiplied by dQ/ot. Simplify by letting 97 /df equal to
I’ and 9Q/dt equal to Q'. It becomes

VRO
R (2.20
(‘\-QZ - H;).,/_’

!




12

But then their i1s no way Laplace Transform can be applied to solve the differential
equation above because of the complexity of the denominator. It is simplified using

one of the well known formula m the number series. which is equal to

nin =1V 5 nln—=1T1in—=2)
—_—a" T+

2! 3!

((/_:[):.rz — (In _:_ )I(I”_'lh—f- (/"-31)3—}... (_)21)

provided that b < a.
Using Eqn. 2.21 to simplify the denominator of Eqn. 2.20. and by letting « = R-
and b = X-2Q?. These are assumed because X?Q? is much less than R? since slip is

a very small value. The denominator of Eqn. 2.21 becomes

v

)3/'2 ~ R3+ H_\"ZQ'Z

[R
—
1RV
RV
[RV]

The term bevond the second 1s neglected in Eqn. 2.23. This is done to simplify the
current calculation. The current differential equation becomes

R?

'~ V][— 2.23)
[R3+#V2RK?QQ] (2:23]

Again. by the Method of Long Division. this becomes
Q3N o

in amperes. The term bevond the third is neglected after division. This current is

also based m per phase calculation.

2.6 Numerical Calculation

Eqn. 2.5 gives the formula for solving the torque in synchronous watts. To solve for

the total torque[l4] in a 3 phase system
SR
T =3|I*= (2.25)
Q

It is a commuon practice to use Ib-ft or N-m as a unit of measurement for torque. It

is converted by
33.000

9 96
T46 x 27 N\, (2:26)

R
T = 3‘["5 X



i Ih-ft. N is the svnchronous speed in vev/min. of the induction motor.

(2,271

To convert it in N-mia conversion factor is used. | 1h-1t ix equal 1o 1.336 N-n.
So the torgue i N-mfor a three phase svstem is equal to

- e L
T 04 % 1.356 x 3 y NANE () oN

= S 3

AN

where the rotor current. 1. is equal to

(2.24)
i ampere. per phase.
2.7 Maximum Torque
To find the maximum or breakdown torque. T,,,... the motor can developed
. T.04 x 1356 3|IPPR o
fmu.r = 4_))(“

1 N-m for a three phase svstem. Q.- 15 the slip of induction motor at maximum
torque. It can be solved hy equating d7/30Q = 0. and solve for the slip. Q. From
Eqn. 2.7

V=QR

— ()
T = PEBY (2.31)

Solving for 9T /00Q =0

or I2(R? + QX )R — 20*RY? o
— =0= - - (2.32)
a0 (R*+ Q*N7)
0= R+ QRN —20°RX" (2.33)
R = QRN (231
R
(?’171111‘ = ‘T (233)

This 1s the slip for maximum torque in this case. with the stator resistance and the

stator inductive reactance being neglected.



CHAPTER 3
UNIT-STEP, u(t)

3.1 Introduction

This chapter analyzed the torque-time and current-time response of a 3 phase in-
duction motor. when a very small value of slip at no-load ix suddenly changed 16 a
nnit-step value. Quit). All of the computations are based on the previous chapter.
The Table of the Laplace Transforms is presented in Appendix A of this thesis. This

chapter also analvzed the torque to current ratio of an induction machine.
3.2 Applying Laplace Transformation

Going back to the differential equation for calculating torque presented in Eqn.2.17.

-2{@1 34\'2@;‘@/ . 3\401(2/ ()‘4\—“(2“(?/.1

a1 : 3.1
! oz Iz 5 R o

with the following boundary conditions

at [ =0~ QO =0Q,
at 1 =07 Q= Qult)

(2. 1s the mitial value of slip at no-load. Laplace Transform can be applied in Equ.

3.1, term-by-terin. By using the derivative property of Laplace Transform.

L’[(/”(/{.i”] — WF(s) = ") — .«'—‘-’(/f(;:” - ‘{/”(;“{(lm (3.2)
The final slip 1s Qu{?) and the transform of a unit-step. u(7}.is 1/s. So
£1Q] = LIQu()] = Q(+) = O/ (3.3)
L1QT = sQ(s) = Q, (3.1)
LRT=0-0, (3.3)



LT = sTis) =1
Q= Q ult)
, Q-
L7 =~

To dind the transform of [Q-Q']. a product of two function

given i the Appendix Ao which states

7

=3 7

k=1

]

fi

L /] 1 fs (/

provided that Fi(s) 15 a rational function. Fy{s) is equal

first-order poles. S are the poles of Fi(s). In this case. 111

hecanse 1ts transform 1= a rational function.

Q?
|

LI0°0) = %10 -0

£lQ°Q) = Q*1Q — Q.

To solve for the transform of L[Q1Q’]. it is assumed t

0",

S = s)

1s. a Laplace Transform is

(3.9)

to Ay/ By and has onlv g

= (-

s assumed that [ (/)

Q" 1s assumed to be fa(1).

(3.10)

(3.11)

hat [1(1) = Q" and f.(t) =

O = Q'ull) (3.12)
Q!
Ll == (3.13)
LI =00 -Q.) (3.14)
Similariy.,
L{Q°Q = Q"0 - Q.] (3.15)
Substitute Equs. 3.10. 3.120 and 3.13 to Eqn. 3.1.
T - T, ~ VHL0-0]- 200 -0+ 2200
R R ¥ ~ ﬁ i ‘7J H'} 4 Ay R_:') ¢ Tt
( \(\O()
: Q= Q.]) (3.16)
R
) 1 3N2Q? ANIQY 6XN°Q° T, -
T(s)=V(Q-0Q, - — — — — )+ — 3.1
Fis) e “]R.s R*s i R?s R*s )t B Sok



Take the mverse Laplace Transform. eives.

. L 3N-0O5 SN s NTO"
riy =1 ~'/(/)([(2 - Q}'_F - ) /)‘; + : /)_‘(' - ) /)"~
¥ 1 8 v

1+ Tl {3.18)

e osvnchronons watts per phase.

3.3 Current Calculation

Using the same techuigne as in Sec. 3.2 in solving the differential equation for current

caleulation. Eqn. 2.24 states

O 3N

['=~Vi—= - : 3.19
Y TR (3-19)
subjected to the following bhoundary conditions
at { =07 Q=Q,
at i =07 Q= Qu(t)
Using the derivative property of Laplace Transform.
Ll =s1(s)—1, (3.20]
Substitute Fqns. 3.5 311 and 3.20 to Eqn. 3.19.
1 3NEQR
slHs)— 1, =VIi0O -0 {— — -~ (3.21
(5] — 1. (e “](R ST )
: R A 3.99)
I(s) = V[Q - QL.}(R) - Smol T (3.22)
Take the inverse Laplace Transform.
. BEANS .
[(1) = V[Q— QL.,]u(i)(E Y b+ Lu(t) (3.23)

in ampere per phase.



3.4 Nameplate Rating

Aol the case studies that will he presented in this thesis are hased on one specific

mduction motor with the following parameters:

o 3 hip. 140 volts line-to-line. 3 phase. Y-connected. 60 hz. 4 pole. 1730 rpm

imduction motor
o Power Factor=0.8558 lagging
e Lificiency=0.8]
o [ull Load Shp=0.03
e Svichronous Speed=1300 rpm
o Stator Resistance=2.69 ohims
e Rotor Resistance=2.14 ohms
o Stator [nductive Reactance=4.36 ohms
e Rotor Inductive Reactance=4.3 olins
Jesistance=3.66 ohins

o NMagnetizing

e Magnetizing Reactance=103 ohms

To solve for the full-load current. Eqn. 2.4 1s used nsing the motor ratings given

above
.
(R/Q)?* + X?
140/V/3

[ = = 3.55
VI24/0.03)2 + (452
amperes.
IFrom Eqn. 2.31 the full load torque is equal to
T01x1.336x 3 |II°R

Ty =
FL N, X 0

{3.24)



o TOLX IR X B (552 .
HL= v, 0.03 e
[ = 11337 (3,08

m Newton-meter,
To solve for the maximum torque. the slip for maximum torque. Q... ix given

by Fen. 2.35,

(3.29)

Oy = —— = 0.176 (3.30)

The rotor current at maximum torque is equal to

140/V3

[opr = (3.31)
V2 H0AT6) + 4.5

[ = 39.91 (3.32)
amperes. 1, then becomes

- T.01 % 1.356 x 3 (39.94)°7(2.11) ,
Lpnr = : X — (3.3
1800 0.475

()
-
-

Tmu.r =114.34 (

-
e

in N-ni.

3.5 Case Studies

A computer program for solving torque lias been developed using FORT RAN lan-
guage[15.16]. It is based in the final equation for torque calculation given by Equ.
3.1, The program is shown in Appendix B of this thesis. The mputs needed in the
program are the following: the per phase voltage in volts. the {requency of the supply
svstem in hertz. the number of poles of the motor. the number of phases. the rotor
resistance i1 ohms. the rotor inductive reactance in ohms. the final slip. the initial

slip. the imitial torgue in N-m. and the time in seconds. respectively.
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A computer program has also heen developed for solving the rotor current. [t
15 based in Equ. 323 and s shown in Appendix 0 The inpits needed 1 this
program are the following: the per phase supplyv voltage. the rotor resistance. the
rotor inductive reactance. the final ship. the mitial ship. the mitial current in amperes.
and the time. respectively. The case studies shown ju this section are hased in the
notor ratings given i Sec. 2.0 Inaddition. the mitial torque is equal to 0.36 N-n1.
which 1s 3 percent of the full-load torque. and the initial current is 0.3 Amp. The
cases bemg studied arve the following: when the slip at no-load is suddenly changed
to .03u (/). when it 1s runming as induction generator with negative slip. and when
1t ix running at a very high slip as in the case ol a low-drive motor,

Fig. 3.1 shows the torque-time response when the mitial slip of 0.001. 1s suddenly
changed to a unit-step. 0.03u(7). The response is also a unit-step with magnitude of
13,75 N-m. [t 1s very close to the full-load torque computed in Sec. 2-4. which is
equal 1o 14.34 N-m. In the case of induction generator. with mitial shp of -0.001 and
a final shp of —0.03u(f). the response is almost equal to the motor response except
that it 15 negative. It is shown in Fig. 3.2, In the case of a low-drive motor with a
final slip. 0.3u(7). the response 1s also a unit-step with magnitude of approximately
2.5 times the [ull-load. It does not reach the maximum torque due to the fact that
the slip is constant at any time. f. and it is wayv below the slip at maximum torque.
Qo 1 1s shown in Fig. 3.3, The unit for torque is N-m. since the conversion
factors are already set in the computer program based i Equ. 2.30.

Figs. 3.4 to 3.6 show the current responses for the three cases stated before.
For the first case. the response is 3.72u(1). it 1s very close to the full-load current
computed in Sec. 2.4, which is equal to 3.35 Amp. This is because the slip is
maintained at a constant level equivalent to the full-load. In the case of an mnduction
eenerator. the current response is equal to =3.12u(7). For a low drive motor. shown
in Fig. 3.6. the current response is approximately 3 times the full-load current.

Figs. 3.7 to 3.9 show the computed ratio of torque over the current. The torque
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to current ratio of a low-drive motor is the lowest. This i< due to the greater merease

of the current than the torque with the same change of machine <lip.
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Figure 3.1 Torque Response If The Final Slip Is 0.03u(7)
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CHAPTER 4
UNIT-IMPULSE,Q~(1)[20]

1.1 Introduction

This chapter deals with the torque-time and current-time response of induction mo-
tor. when a slip at no-load ix changed to a unit-impulse. Q&(7). Compntations are
all based in Chapter 2. This chapter also gives attention with the response of a
low-drive induction motor which operates with a high slip. and when it i operating

al negative slip as 1 the case of induction generator

4.2 Applying Laplace Transform

Recall the differential equation for torque given in Eqn. 2.17

O 3X7 . R 6\ .
7'~ 1= - 00" — 'O — Q'O" (1)
’" R R i R T } '

[{T

subjected with the following houndary conditions

at 1 =07 Q =0,

f

at [ =07 Q = Qall)

To solve this equation. Laplace Transformation is again used. Refer to the Tables

of Laplace Transform in Appendix A. the derivative property gives

(/’:/ivf:” — $TF(s) — & (0) = s d-/(';f”) - (/”(,_,1,{/_-(1“) (1.2)
Solve the Laplace Transform of Eqn. 4.1 term-by-term gives
L") = sT(s) = T. (4.3)
LIQa1) =Q(s)=Q (4.4)
LI = sQ(s) = Q. (4.5)

2Y



'Ci(u)/’ =0 -0, (1.6
Ll = LIQ%e1)]) = Q* (1.7

To find LIQ-Q']. a product of two functions. a fornwula is given in Appendix A

»h\(/,l .

L) )] = ‘ als — sy (1.N)
Z H{\‘/\)

=1

s assumed that [(s) = Q7 and [a(s) = sQ — Q.. But Lqn. 4.8 cannot be applied
directly 1o solve for L[Q7Q'] hecause neither Fy(x) nor Fiis) is a rational function.

To satisfy the requirement. F(s) is multiplied by < /s.

o s0?
LIQT=— (1.9
2 2 / OQ
L1Q-Q" = (sQ — Q) (4.10)
LIQ*Q = +*Q° = <Q°Q, (4.11)
Similarly.
<O
L{Q] - (1.12)
LIO'Q) = 50" — 00, (4.13)
. .SO(;
LIO% = = (4.11)
LIQ°Q" = s*Q" — s0Q°Q, (1.13)
Substitute these in Equ. 4.1
]2 3NN )
sTis) =T, = sQ — Q) — ——(~"Q"° = sQ°Q,) +
(s) =T, 7 3@ = Q) 7 (G 2°0Q.)
S R GVINS ,
D (07— 500 — (P07 = 200 (4.16)
f]).) f\().
Stmiplify and get
12 Qv 31N 51723 oo
() & - = — Q7 — Q0] —1sQ" - Q70
Lis) - (Q = = QT - QUQ) + [T = Q1Q.]
AR - T,

(1.17)
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Finding the inverse Laplace Transforn.
. Lo VEQL  VROsh o 3NEQQ, NN
'y o= wh)r, - — 1+ - H -+ ,',“—)\(‘)(‘“f:
R R ’ - [
GNUQQ.,  VENEQWI . ANEFQRQ. 6NTQQu,
— ] — - 3= — = | (LIN)
74 rR? ) {? e
m svichronous watts,
4.3 Current Calculation
Going back to Eqgn. 2.21
Q1 3NFQQ!.
[~V ]|— — ———i [.19]
T SR (1.149)
with the following houndary conditions
at + =07 Q= Q.
at [ =07 Q= Q1)
Using the same method as in Sec. 1.2
LI = sl(s)=1 (1.20)
From Sec. 1.2
L]Q] = =<Q(5) = Q (4.21)
R Q7
L{Q7] = — (1.22)
LIOQ = 520" — <Q%Q (1.23)
Substitute these in Eqn. 4.20
| 3N, )
sls) =1, = =(s0Q — - : Q" —sQ°Q 124
(5= Lo & =15Q = Qu) = | )*Q.) (1.21)
) 3V . [,
()= —=(Q—-0Q.) — T (sQ° = Q°Q,) + = (1.25)
Taking the mmverse Laplace Transform
170, Vo 33200, . 3108,
_ T 7 o v L v . < / DY
=1l - B Ju(t) + B 1+ Vi 1o VT 6 (4.26)



v
[N

[t is seen hiere and also for the torque equation of Fqn. 118 that 1he response
for botly of then are composed of 3 different terms: a unit-step. a nnit-inpnlse and

a doublet,

4.4 Case Studies

The case studies that will be presented in this section are the same as those in Sec.
3.4 These are the following: when the slip is changed from no-load 10 0.038(/). when
101 ruuning as induction generator. and when it is running at high slip as in the
case of a low-drive indnction motor.

A computer program for torque calculation and for current caleulation are p-
resented in Appendix D and E. respectivelv. The inputs needed in the computer
prograim for torque are the following: the per phase supply voltage. the frequency
of the svstem. the munber of poles of the motor. the number. of phases. the rotor
resistance. the final slip. the initial slip. and the initial torque. All the units are the
salne as i Sec. 3.4

Fig. 4.1 shows the response when the final slip 1s 0.036(7) and the initial slip
15 0.001 while Fig. 4.2 shows the torque response for an induction generator with
final ship os —0.0030(1). Their responses are almost identical except that theyv have
opposite sign. The magnitude of the unit-impulse response is almost equal to the
full-load rorque. For a low-drive induction motor. the magnitude of the unit-impulse
response goes bevond the maximum torque.

The responses {or the current are shown in Figs. 4.1 to 4.6. The current respons-
es are almost identical in shape with the torque responses. with the unit-impulse
response very close to the full-load. In the case of a low-drive induction motor. the
magnitude of the unit-impulse response 1s almost 10 times the full-load current. this
is very dangerous to the motor if maintained at a louger time. The magnitude of
the unit-impulse is the most practical response among the 3 functions present. it

1s because both the current and the torque response follows the pattern of the slip



changes.

The torque to current ratio for the 3 cases are given in Figs. 4.7 1o 1.9. The ratio
for the impulse is the same for the 3 cases. with a maguitude of 4.04. For the doublet
response. it decreases with the low-drive motor. It is due to the greater increase of
the current in proportion to its torque. The torque to current ratio decreases witlh

an increase of machine slip.
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Figure 4.1 Torque Response If The Final Ship Is 0.038(1)
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CHAPTER 5
RECTANGULAR PULSE]20]

5.1 Introduction

One of the well-known waveform in the field of electrical engineering is the vectangutar

pulse. This chapter analvzed the response. hoth the torque aud the current

. when

the slip. Q. of a 3 phase induction motor at no-load 1s suddenly changed to a pulse

characterized by Qu(1) — u(f — Thl. A case study is presented at

the end of

the

chapter. In addition. the case of induction generator with negative slip and the case

of a low drive induction motor are also given consideration.

3.2 Terque Calculation

Again. recall the differential equation for solving torque in Eqn. 2.17.

O 3N 5N AT
TV 00 0 - 00"
: RTR T TR T

subjected to the following houndary conditions

at + =07

H
f\)

Q
at 1 =07 Q= [uu)—u(f—fl“)J
To solve Eqn. 5.1. the following Laplace Transform are needed

Llu(t =T)) e e 17

-2Ts

Llu(t —2T)] — ‘

bl

By applying the derivative property of Laplace Transform

(5.1



L] = Qis) = LIQuily = Qu(i — T

¢ _7-.\'

N

Substitute Lgn. 5.7 to Eqn. 5.5

Now

)

(D61

(3.10)

to find L[Q-Q’]. the transform of the product of two transform is used given in Eq.

3.9. Ttis set that Fiisy = L[Q7] and Fu(s) = L[Q"].

Q1 — =79

LI0Q = QU == Q)

LIO0) = 0% 1 — =T 2 = Q*0.(1 = =T

Sttlarly.
QY ty = QMult)y — uitt = T)]
_o

S

(1 —e 19

L[Q7

Q) =Q(1—e )P =Q'Q.1 =™
Q"1 = Q"u(t) —utl =T}

LlRQ)=Q 1 =P = QUQ. 1 — 7T

Substitute these transforms In Eqn. 3.1,

i 2 \"_"\"2 R
. o) — 7 ~ | — ~-Ts O _ » rC).) | — —Ts
T =T, = —[QU =) = Q) - ——(Q" |
, SNAVE
—QRQ(1 = 7T 4
3
GL2NS o
__) : [O(1—(_76)—"0()0,(1_(‘_7—5)}

(5.18)



o V2O T QL BVENE D 2T i
Fls) = == == 07+ -
[7 ~ ~ ~ r ~ ~ ~
, -7« "‘\ _’4\'4 l _3 —Ts 2T
QRO — e e - e
al N /1'\ < N ~
I ~Ts 6 _‘\'H o 5 _Ts (_J,!.‘\
Q'Q.i- — - Q- — - | —
v B S )J /)) s N < 5
i L I,
Q"Qul - =7+ — (3.19]

Taking the mverse Laplace Transform and simplify

-~ = INTOY ONOQ,  3N'OP AANYO'Q. 6NUOT
My~ (- - L2 2 L RGP G
R iz R Iz R 7
GXOR0. = GAEOT NPON0, 10N
]+ L)ult) + —{[-Q + — = —
I A A 2 T
NIQUQ, | 12NQT 6XNQUQ, L 1N
- M =T)+ ——— -3+
B R g T T
SNPQP 6NTQH, B
e ——Ju(t =271 (5.20)
I I

m svuchronous watts per phase.

5.3 Current Calculation

Looking back in the current differential equation of Equ. 2.24

LQ 3AEQQ

! ~~ Lo~ .) \
=iy S (.21
with the following boundary conditions
at t =07 Q=0Q,
at 1 = 0% Q= Qull)—u(t =1

Solve this using Laplace Transform by substituting the trausforms derived 1 Eqns.
S aund 5012 to BEqu. 5.210 Tt gives.

—

sy —1, =

3X?
—-Ts 7

—Q*0Q,(1 — ;TS)] (5.22)



i) ~ —[&% - = =27 (— — + b —
/1)1~ ~ < ~ '_)])l ¢! 5 N S
, s
Q Q.- = + = (5230
Takine the mverse Laplace Transform and simplilyv
(A 3NV, V(C 3N Q-
[ =~ (=[Q-0.]~ —(O” =00 ]+ [ uit) + —[—] - —— —~
iy E ' ? ! I
3N-Q0,, L 3VNEQ? i
—__)—/—1;_,—-}1/(,/—])——_—3/?3—1/(/——_’]) (024

I ampere per phase.

5.4 Case Studies

A computer program has been developed based m Equ. 5.20 for torque and Eqn.
5.24 for current calculation. They are shown in Appendix F and G. respectively.
The mputs needed i the computer program are the same as in the previous chapter.
except for the addition of parameter 4. This is the time when the slip. Qu(/)— it —

T)]. goes 10 zero. A is used for both the current and the torque computer program.

Fig. 5.1 shiows the torque response when the final slip is 0.03[u(7) — «(/ — T A

time. 7 = 0%, up to time. { = 47. which is 1 second in this case. the torque is very
close 1o its full-load torque. It 18 because the sudden increase in ship 1s 1ts full-load
slip. It goes to a very small value at £ = A% and bevond because the slip at this time
suddenly drops to zero. The same thing happens in the case of induction generator.
with the exception that. its respouse has an opposite sign as the induction motor. In
the case of a low-drive induction motor. the peak of the torque response occurs at
time. = A% up to time. / = 2 sec. It even goes up to almost the maximun torque
even the slip at this time duration is very very small.

The same pattern occurs in current response as shown by Figs. 5.7 to 3.9. In the
case of a low drive induction motor. it also reaches its peak value at the same time
duration as the torque response. The peak value of the rotor current is almost 2 times

the computed current at maximum torque given by Equn. 3.32. This is because the
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current jncreases more rapidhv than the torque at the same increase of the machine
siip. Ttis furthier satisfied by the eraphs illustrating the torque to current ratio

againts the time shown m Figs, 5,10 to 5,12
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Torque/Current Ratio in 3-a/finp.
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CHAPTER 6
UNIT-RAMP, Qt[20]

6.1 Introduction

This chapter deals with the current-time and torque-time response of a three phase
induction motor. when the slip at no-load. Q. is suddenly changed 1o a umit-ramp.
Of. Again. the computations arve based in the per phase approximate equivalent
civenit shown in Fig. 1.2, Unlike in the previous chapter. the slip. Q. in this section
is dependent on time. £, So it ix expected that the maximum torque will he reached

at a certain time.

6.2 Torque Calculation

From Equ. 2.17. the torque differential equation.

L0 3N 5Xd A
2% 00+ 00t - 2

i i . —O'O"] (.1
~j)> h):j o B);‘ [1), T J () )

with the following boundary conditious

at [ =07 Q = Qi.,
at t = 0% Q= Qt

This is solved. once again. using Laplace Transform method. By referring to
Appendix A. take the transform of Eqn. 6.1 term-by-term. Applyving the derivative
property.

LiT) = sT(s) =T, 16.2)

I addition. this transform is also needed in this section

/n—] 1
e = — (6.3)
L[(n—l)'.] s >
. . Q o
ClQ] = Lo = Qs) = < (6.4)
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Tlierefore.

L) == -0, (6.6

Q" = (01" = Q- (6.7

L] = — (G.¥)
To solve L]Q-Q']. Eqgn. 3.9 is used. the Laplace Transform of the product of two
functions. It is assumed that [7(s) = LIQ7] and F,(s) = LIQ']. Heuce

i 2Q7 2070, .
L0 = — — (6.9)

- 383 3t

To solve for L[QTQ].

Q= Q' (6.10)
2401
LQY = ==

Z -
il
Pl

(6.11)

[ is assumed Fi{s) = L[QY] and L£]Q']. Hence.

240Q° 24070, .
- — ”4 (G.12)

L0 =

3 57 3 ~

Similarly.

Substitute these equations to Eqn. 6.1

Q V2 20% 20Q°Q,, SNV 210
X _0)1- < LA B -
. 2] 13 : 357 352 T ‘

o GITENT TR0QT 120000,

R { (s Tt

120 0, V20 20%0,

R ['5‘2 S R? [ 351 383
ATV 24Q7Q,  GVIXY 72007 00700 7 6.16)
3 - - = 17 o (B.LY)

R [5.5"5 555 R [ Ts¥ [EE

|+




Take the inverse Laplace Transform and simplify.

r QAT RO VRN 2V QRN
rn =~ ), - ——]+ A d N 2\

R e R 3RE B Y R B
"')Q"Q\‘.\ql‘l i —2(23-\-1/5 (i\"‘)C‘)“(V).\.A\"’./“ (i\")(;)'__\m/’— _
T + = ~ + - — = 1() ’\,l
R? 55 Wi LOR"

m svnchronous watts. This is the final equation for torgue where the computer

program 1s based npoun.

6.3 Current Calculation

Recall the current differential equation of Equ. 2.24.

O 3NEQ

subjected to the following houndary conditions
at 1 =07 Q=0Q
at t = 0% Q = Q!
From Sec. 6.2, 1t 1z derived that
Q
LIQT=—-0Q. (6G.19)
; 202 2070,
LIQ°Q) = — — — (6.20)
33 3’
By using the derivative property of Laplace Transform
LI = sI(s) - 1, (6.21)
Substitute these in Eqn. 6.18
V.0 WA 20° 20-°0Q.,
sy = Tox 5= =0 - =555 — —7 16.22)
R s 2R* 387 SEH
VO Q. 3VX: 20 20°0, I,
Is) = =[= - =] - © ——-]4+ = (6.23)

Vst s 2RE 3t 357



Take the inverse Laplace Transform and stmplify

I~ ) VO, 0 Vo . VNQRO - VNEQ
~ |/, — ! ' — —— - 5
- R v R 2R G

in ampere per phase,

6.4 Case Studies

A computer program for solving the torque and for the current are shown m Appendix
H and L. respectively. Their inputs are the same as in Chapters 3 and 1. Agaim. this
thesix analvzed the same motor ratings as before. The torque 1s again converted to
N-m using the conversion factor shown m Eqn. 2.2%.

Figs. 6.1 to 6.3 show the torque responses for the three cases stated as i previous
chapters. except that the final slip right now is a unit-ramp. Fig. 6-1. shows an
imduction motor with a final slip of 0.03/ and an induction generator with final slip.
—0.037. Thev have an identical pattern but of opposite sign. This is because the
induction generator is supplying electrical power. The torque increases with time. /.
They reached their maximum torque at time approximately between 8.5 10 9 seconds.
In the case of a low-drive induction motor. it reached its maximum at approximately
0.9 second. The motor should not be operated bevoud that time. After 7 = 1.6
second. a rapid drop in the torque is shown. that goes infinitely. This characterized
a breakdown of the machiue.

Figs. 6.4 to 6.6 show the graphs of the current responses. Thev have the same
pattern as the torgue respouses. While Figs. 6.7 to 6.9 show the torque to current
ratio for the cases stated above. For a motor with a final slip. 0.037, the increase
of the ratio is steady until 4.5 second and then decrcases continnosly with a very
small proportion. It means that the current is now increasing more rapidly than the
torque. In the case of induction generator. with negative slip. a continuos decvease
of the ratio it shown. While the low-drive induction motor experienced a decrease

in the ratio of torque over time only after 0.3 sec. This is because of a high slip that
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is dependent with the time. Then it 2oes negativelyv after time. 1 = 2.4 sec. with a

very rapid rate. This is due to the breakdown of the machine.
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CHAPTER T
SINUSOIDAL, sin t{20]

7.1 Introduction

This chapter deals with the current-time and torque-time responses of a three phase
miduction motor. when the slip at no-load 1s changed to a sinusoidal slip. Qsinf. This
pattern of machine slip is also a time dependent function. Like the previous chapters.

computations are based in Chapter 2 of this thesis.

7.2 Torque Calculation

From Eqn. 2.17. the differential equation for solving the torque response of induction

motor.

e (_)I .'{XWZ 3 4X’4 GAX-(_;

T' =) Q'Q* + = Q'Q"

T

Q" (7.1)

subjected to the tollowing boundary conditions.

at t = 07

O
H

Q o

at t =07 Q = Qsint

I

This differential equation 1s again solved by the Laplace Transformation method.

By using the derivative property of the Laplace Transtorm.

LT =sT(5) - T, (

L

—~1
to

The Laplace Transform of a sine function is given by

Llsinat] « 7—0——)
s 4 a?

To find L]sint] is easy using Eqn. 3.3, but a problem is encountered of finding the

transform of a higher function of sint. which is not usually given in many Laplace
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Transform Tables. To solve this. a well-known trigonometric series for sine fnnction

i< used.
£ N N

SN =0 - — = — = 5 T
SN 1 3 T S - + (. 1)

To <simphiv the computation. it considers only up 1o the second term of Lgn. 3.4

Hence.

2

t
(\')(/}.—_(?\1”/ :(2(/—?) {7.5)
R 1 I -
L[Q\IIII‘}ZQ(\):(Q(—J——l) (1.G)
Using the derivative property of Laplace Transform.
L{Q] = sQls) = Q (7.7)
Qs —1
co =220, (7.8
- e
QM 1) = (Qsint) = QX — — + ) (7.9
3 36
, y, 2 02
L:[Q']:—Q'(“a—j"%——‘_) (7.10)

To find L[Q'Q%. Eqn. 3.9 is used. the transform of the product of two functions. It

is assumed that Fi(s) = L[Q'] and Fa(s) = L]Q7].

Q) =7 - (7.11)
. 20 10Q%  28Q7  200Q° 20Q°0.
[:,'010.3 — v' _ »— »— . 4 _ A
A ] RIE 357 * REY 35 3s*
RQQ,  200°%0Q, _
+— - —— (1.12)
RIS 350 )
To find L[Q' Q.
‘)fG )‘8 110 fl'Z
Q'y=t'"-=—+— - — 13)
a 3 7% 5 T L
24 180 6.720 6. 200 369. 600 -
L[Ql] === 7 .1.9 - ST EE) (i 1)
Again. Equ. 3.9 is used to find £[Q'Q"]. It is assumed Fi(1) = L[Q] and Fy(s) =

£lo.

. O(s2 — 1)0,5% 2455 — 180s% + 6. 7205 — 67.200s% + 369.600 -
o = A e T e T e 2 | (715)

352 &




e Q° 3000% 30,8007 R.2000° S3.1000° O
L0 2 ; Q1 ( 15.1000° OO,

[a—

.\’—‘ ,\‘H ,\! ! l ~ = ~ 1> B ,\'l
C20Q1Q. 280QYQ. 2800010 15100070 _
+ LA + — ASE (7.16)
b o8 <10 o2
Stmilarly.

l:—)/lU '—)/l'_ J.—)fH 3/1(\' /lb‘

QU =" — 1% + + — -+
: 306 54 1.296 L9447 16,656

.o 20 16,320 1.512. 000 11,352,000 1009, 00,000
Ll = -

~

< ) 1 - NE BB
3202880256004 137,225, 088,000 l
— _ + (V.18
17 19 ~

~ K

It is also assumed that Fi{s) = L]Q'] and Fiy(s) = L[Q?].

- ) 312 = 10 - 2 S B ]
cigror = QT Z Qe ” 7500 T 2 1007 2 O 6007+ 1 101 400.1

’ 32 L 19
14844080057 4 190,390, 400 _
- To (7.19)

Q" 19Q7  TIRGTQT  21.233.33Q7 I8T.666.670Q°
387 B <Y t 11 - <13 + <15 -

15.415.4000Q7  TRATSA00QT  63.330.133.3307 Q0.
_i_ — J—

LlQQY =

<17 <1 21 R T
INGTQUQ.,  T00QYQ,  20.333.330°0Q,  467.133.330°Q.,
X - 10 - o1 - JEE

CHLHR266.6TQ9Q, 63,530, 133330, o0

s516 S1s

Substitute these transforms to Equ. 7-1 and simplify.

120 Q Q, 317XNT20%  10Q7  28Q% 200 20Q%Q,

e e T T T
SQ*Q, 200Q°Q,, SVEXY QY 2107 300Q°  3.0%0Q°
35 3T s Lee s o T -
18.200Q°  15.100Q%  Q*Q.  20Q'Q, 2%00Q7Q. 2.300Q'Q,
14 - 16 - T T - 9 + 11
15.400Q4Q,,  6VIX" Q7 19Q7  TISGTQT 21.233.3307
- NE J- R7 {33.98 T <12 B <14
IRT.V666.67Q"  15.415.400Q7 TR.478.100Q7  63.330.133.33Q7
T 16 - 18 + <20 - 22
Q"Q, 18.67Q°Q, T00QQ., 20.533.330°Q, 467.133.330Q"Q,
347 <Y T T <13 - <15
14.948.266.67Q%Q,  63.330.133.330, .
+ i Q. TR LT, (7.21)



Take the mverse Laplace Transform and simplify,

o VRO S Q0 033N Q.F O 0.33.\72
I =~ [ - —Tu{)+ V[ + c 01T A .
S T 1 O
A\'-’(._>'~"Q,/4m . ().21_\"-’()'-’,+ _\"-’Q“/-"[ 03 0.04.\=Q7.
—— 0.1 + - | — 003 4+ ——————— 1 +
JZE L 2 J I > 2
NFQQ 18 03 10 0.14N%0Q° 2.3 x 10—"3_\'4(3‘*} NEQRT
—_—— ) . T J—
s | T R Iz
. o 002XFQ L x TN XU,
9 107 —— +‘ T == [0.03 +
2R J0TRNEQT N . A x 10 NEQr
+ — (1.8 x 107" + ‘4
22 R? R
3 X w—"_\'*} _\"‘(vﬁ(g{,/”’[.g o % 10~ 4 1.2 % 10-%\"—’0-’} A
+ - 3.9 x 107" , ] - -
. R# R* R?
1 x 107 - 1 % 1()—%\"-’(2'3] NQQ. 1 . 3% 107 N2Q?
X : — = Z X I
‘ R B3 L R*
jL‘\”(v)"/‘-""[l 16 % 107 2.04 x 10*-’2\"3(_)2] 3.22 x 107X Q Q11
——[1.16 x + ~ -+ - :
R ) N R
QMY o224 x 107X Q% 0 429 x 107 XNRQYQ 18
—————[5RY x 107 + - —] - — =
R? k- R
+‘_’.6 x 107" N5Q 11" N 3.05 x 1078X°Q0Q 1'% 38T x 107" NCQ
R R R
TG x 107X QT -
-+ — } (4.2'_))
R

in svnchronous watts per phase.

7.3 Current Calculation

Recall the current differential equation of Egn. 2.24
Q' 3XN2Q)
]l ~ " 4 _ < (3 ..

[ R 2R3 ] (

~1
8%
w

subjected to the fellowing boundary conditions

at t =07 Q =0,
at + = 0% Q = Qsint

Solve the current differential equation by substituting the transforms of Eqns. 7.8

and 7.11.




2000 20°0Q,  SQQ.,  200°0.. _
T 0 T o + AR
XS s RS 38
Take the mverse Laplace Transform and simplify.
/ g VO, . \'(Q/ 019N Q-0Q - O/“,U - ms».y\"—’(j)-l‘
~ [ - t — + : — = 67T 4+ —————]
ST T, 2 o T
O IGSNZQQ 1 D.ORNZQYY  0.0HNZQQIY  0.020N QM
R | 17 | R R’
276 x 107 =N o
l > ( i .._)»)}
R

in ampere per phase.

7.4 Case Studies

A computer program for torque calculation and for current calculation based on the
final equation. Eqns. 7.22 and 7.25 respectively. are shown mn Appendix J and K. The
calculated torque is converted once again to N-m.The inputs needed are the same as
i the previous chapters.

Figs. 7.1 to 7.3 show the torque response for the three cases stated before. The
first two cases has alimost the same pattern but of opposite signs. Theyv reached their
maximum torque at approximately 3.9 sec. In the case of a low- drive induction
motor. with final slip. 0.3sinf. it reached its maximum torque at approximately
between 1.6 to 1.8 sec. This kind of slip i1s time-dependent function.

Figs. 7.4 to 7.6 show the current responses for these three cases. The shape of
the graph is almost identical to the torque responses. The graphs for the torque to
current ratio are shown in Figs. 7.7 to 7.9. The ratio for the third case. the low-drive
induction motor. has the lowest. It is because the current increases more rapidly

than the torque at the same level of machine slhp.
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Laplace Transform Pairs[17,18,19]

F(s)

f(t)

sin(at)

cos(at)

sinh(at)

cosh(at)

te®t

tneat

1 — cos(at)

te®



e

3

(s +a?)? at — sin(at)
sC(f) — f(0) f
S"L(f) =" 0) o
—Sn—2f/(0) - = f(”"l)(())

(=1)"F™(s) t" f(t)
Tie1 B Fals — st) f(6)faA)

provided that £j(s) is a rational function. Fj(s) is equal
to A;/B; and has only ¢ first-order poles.

s are the poles of Fj(s).
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This is a program to calculate the torque response of an
induction motor when a small value of =slip at no load
is changed to a higher value of unit step type, Qu(t).

Variable Declaration

TOR- current in (Ampere)

VS- per phase voltage in (volts)

Q- elip of the motor

QO0- initial slip of the motor

X- rotor inductive reactance of the motor in (Ohms)
R- rotor resistance of the motor in (Ohms)
TO- initial value of current in (Ampere)
F- the frequency of the system in (Hz.)

P- the number of poles of the motor

PH- the number of phases

DIMENSION ISCALE(7)
PARAMETER (N=20)
REAL TOR, VS, Q,Q0, X,R, TO,F, P, SRPM, PR, T (N)
INTEGER I,GRAPHS (70) ,BL, STAR,DOT
DATA GRAPHS/70*" "/ BL/™ "/,STAR/"*"/
DATA DOT/"."/
READ *,VS,T,P,PH,R,X,Q,Q0, TO
OPEN (UNIT=6, FILE="marl.dat"™, STATUS="NEWN")
WRITE(6,1)VS
FORMAT (10X, "The per phase voltage is", 2X,¥5.1,1X,
+ "volts.")
WRITE(6,2)T
FORMAT (10X, "The frequency of the system is",1X,r4.1,1X,
4+ "hertx.™)
WRITE (6,3)P
FORMAT (10X, "The number of poles is",1X,r4.1,".7)
WRITE (6, 4)PH
FORMAT (10X, "The number of phases is",1X,F4.1,".")
WRITE(6,5)R
FORMAT (10X, "The rotor resistance is",r6.2,2X,"ochms.")
WRITE (6,6)X
FORMAT (10X, "The total inductive reactance is",F6.2,1X, "ohms.")
WRITE(6,7)Q
FYORMAT (10X, "The final slip is”,1X,F6.3,"u(t).”)
WRITE (6, 8) QO
FORMAT (10X, "The initial slip is",1X,r6.3,".")
WRITE (6, 9) TO
FORMAT (10X, "The initial torque is",F5.2,1X,"N-m.")
DO 10 I=-1,7
K=1000*1-4000
ISCALE (I)~K
CONT INUE
WRITE (6,12) ISCALR
FORMAT (30X, "Torque in N-m",//10X,7110)
WRITE {6, 21)
WRITE (6,22)
DO 13 I=1,N
READ*, T (I)
Compute the torque.
SRPM=120*F /P
TOR1=VE#*%2% (Q-QO) * (1/R-I*X*82#Qe a2 /[RV I BaX* e gaQunyg /RenS
4 ~ENXWRERQ*AE/R**T) +TO
TOR=7.04/8RPM*PH*] . 356*TOR1
TORQ=TOR/100+34

13

15
20
21
22

WRITE (6,20)DOT
CONTINUE
STOP

FORMAT (1X,F3.1, 1X,

FORMAT (T50,A1)

E9.2,2X,70A1, T4, Al)

FORMAT ("fime", 3X, "Torque")
FORMAT (" (8ec.) ", 1X, " (N-m) ")

END
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This is a program to calculate the current response of an
induction motor when a small value of slip at no load
is changed to a higher value of unit step type, Qu(t).

-
*
*
*
i Variable Declaration

. AMP- current in (Ampere)

* VR- per phase voltage in (volts)

. Q- slip of the motor

. QO- initial slip of the motor

* X~ rotor inductive reactance of the motor in (Ohms)
* R- rotor resistance of the motor in (Ohms)

* I0- initial value of current in (Ampers)

-
-

(AR A 2R 2 R 2 R RS R R 2 2 R R R 2 R 2 2R SRS 2R R 2R R0 2R R 2R
DIMENSION ISCALE(7)
PARAMETER (N=20)
REAL AMP, VR, Q,Q0,X,R, IO, T (N)
INTEGER I, GRAPHS (70}, BL, STAR,DOT
DATA GRAPHS/70*" "/, BL/" "/,8TAR/"*"/
DATA DOT/™."/
READ *,VR,R,X,Q,00,I0
OPEN (UNIT=6, FILE="marl.dat", STATUS="NEN")
WRITE(6,1) VR
1 FORMAT (10X, "The per phase voltage is",2X,F5.1,2X,
+ "volts.")
WRITE(6,5)R

S FORMAT (10X, "The rotor resistance is".r6.2,2X,"ohms.")
WRITE (6, 6) X

6 FORMAT (10X, "The rotor inductive reactance is",rF6.2,"chms.")
WRITE(6,7)Q

7 FORMAT (10X, "The final slip 4s",1X,F6.3,"u(t).")

WRITE (6,8) Q0
8 FORMAT (10X, "The initial slip ie",1X,F6.3,".%)
WRITE (6, 9) 10
H] FORMAT (10X, "The initial current is",F5.2,1X,"Amp.")
DO 10 I-1,7
K=100*1-400
ISCALE (1) ~K
10 CONTINUE
WRITE(6,11) ISCALE
11 FORMAT (30X, "Current in Ampere”,//10X,7I10)
WRITE(6,12)
WRITE(6,13)
12 TORMAT (*Time™, 3X, "Current”)
13 FORMAT (" (Bec.) ™, 2X,” (Amp.) ™)
DO 14 I=-1,N
READY, T (X)
o Compute the current.
AMP1=VR* ( (Q~QO0) /R-3*X##22Q**2+ (Q-QO0)/ (2*R**13))
AMP= (AMP1 4 I0)
AMPE=AMP/10+436
M=AMPS
GRAPHS (M) =STAR
WRITE(6,15)T(I),AMP, GRAPHS
GRAPHS (M) ~BL
WRITE (6,20)DOT
14 CONTINUE
STOP
15 FORMAT (F3.1,2X,F7.2,2X, 70A1,T4,Al)
20 FORMAT (TS50 ,A1)
END
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* Thie is a program to calculate and graph the torque response 17 WRITE (6,17) ISCALE

" of an induction motor when a small value of slip at no load FORMAT (30X, "Torque in N-m",//71

d is changed to a higher value of delta function. WRITE (6,18}

* WRITE (6,19)

*  Variable Declaration 18 FORMAT ("Time")

* VS§-per phase voltage in (volts) 19 TORMAT(IX,"(s.Q_)-)

* Q- final slip of the motor DO 20 I~1,N

*  QO- initial slip READ*, T (I)

* X- total inductive reactance of the motor in (ohms) TORQ=TOR1/100+427

* R- rotor resistance of the motor in (ohms) M=TORQ

* TO- initial torque in (N-m) GRAPHS (M) =8TAR

* SRPM~ synchronous speed in (RPM) WRITE(Glzz)T(I),GRAPus

* F- frequency of the system in (Hz) GRAPHS (M) «BL

* P~ the number of poles of the motor WRITE (6, 23) DOT

*  PH- the number of phases 20 CONTINUE

* 2 STOP

AR AR R R AR N A A AN AR AN AR N AN D A AN AR AR R AN A RN S RN I AN AN AN AR R AN R AR N AN 2 FORMAT (2X,rS.
DIMENSION ISCALE(7) 23 ’ORMATzfdé,A1f'7x'7°A1’T"A1)
PARAMETER (N=20) END

REAL VS8,Q,Q0,X,R, TO,PH, T (N),SRPM,M, T, P
INTEGER I, GRAPHS(70),BL, STAR,DOT
DATA GRAPHS/70*"™ "/ BL/" "/,STAR/"*"/
DATA boT/"."/
READ *,VS,r,P,PH,R,X,Q,Q0, TO
OPEN (UNIT~6, FILE="marl.dat", STATUS=~"OLD")
WRITE (6,1} VS
1 FORMAT (10X, "The per phase voltage is™,6 2X,F5.1, 2X,
4+ "volts.")
WRITE (6,2)F
2 FORMAT (10X, "The frequency of the system is",1X,F4.1,1X,
4+ "hertz.")
WRITE(6,3)P
3 FORMAT (10X, "The number of poles is",1X,F4.1,".7)
WRITE (6,4) PR

4 FORMAT (10X, "The numbexr of phase is" 1X,F4.1,".7)
WRITE (6,5)R

S FORMAT (10X, "The rotor resistance is ",r6.2,62X,"ohms.")
WRITE (6,6) X

6 FORMAT (10X, "The total inductive reactance is",F6.2,1X, "ohme.")
WRITE (6,7)Q

7 FORMAT (10X, "The f£inal slip is",1X,F6.3,".")

WRITE (6,8) QO
[] FORMAT (10X, "The initial slip is",1X,r6.3,".%)
WRITE (6,9) TO
9 FORMAT (10X, "The initial torque is",FS%$.2,1X, "N-an.")
SRPM=120*F/P
o Compute the torque.
TOR1=7.04/8RPM*PH*1.356* (TO-V8**2*QO0/R)
TOR2=7.04/SRPM*PH*1.356*VS*#24Q/R* (1434N**2¢Q*QO/R**2-5oXr w4
+ 'Q*'3'00/R"4+6*X"6'QO'Q"S/R*'6)
TOR3=7.04/SRPM*PH#*1, 3S6*VS* 424 XA #24Qun3/RARJ4 (_J4BAXRR24QN N2
+ /thz-stxtt‘aott‘/kt-‘)
* Write the output.
WRITE (6,10) TOR1

10 FORMAT (10X, "The unit step response {u(t)) is",F7.2,1X,"N-m.")
WRITE(6,11)TOR2

11 FORMAT (10X, "The delta response is”,F7.2,1X,"N-m.")
WRITE (6,12) TOR3

12 FORMAT (10X, "The doublet response is",1X,E9.2,1X,"N-m.%)

po 15 I=1,7
K=1000%I-4000
ISCALE (I) =K

[
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This is a program to calculate and graph the current response
of an induction motor when a small value of slip at no load
is changed to a higher value of delta function.

Variable Declaration

VR-per phase voltage in (voltas)

AMP- current in (Ampere)

Q- final slip of the motor

QO- initial slip

X- rotor inductive reactance of the motor in (ohms)
R~ rotor resistance of the motor in (ohms)

JO- initial current in (Amp.)

PH- the number of phases

L2222 2 R 2l X2 a2 22222202222 222222 X222 2222222222222 22 )

DIMENSION ISCALE(7)
PARAMETER (N=20)
REAL VR, Q,Q0,X,R,10,T(N)
INTEGER I,GRAPHS (70),BL, 8SsTAR, DOT
DATA GRAPHS/70+*" "/,BL/™ "/,S5TAR/"*"/
DATA poT/"."/
READ *,VR,R,X,qQ,Q0,10
OPEN (UNIT=6, FILE="marl.dat", BSTATUS="0LD")
WRITE (6,1) VR
FORMAT (10X, "The per phase voltage is",2X,FS5.1,2X,
+ "volts."™)
WRITE (6,5)R
FORMAT (10X, "The rotor resistance is ",F6.2,2X,"ohms.")
WRITE (6, 6)X
FORMAT (10X, "The rotor inductive reactance is", ré6.2,1X, “ohms.")
WRITE(6,7)Q
FORMAT (10X, "The final slip is",1X,F6.3,".")
WRITE (6,8) Q0
FORMAT (10X, "The initial slip is™,1X,F6.3,".")
WRITE (6, 9) IO
FORMAT (10X, "The initial ocurrent is",F5.2,1X,"Amp.")
Compute the current.

AMPl=(IO-VR*QO/R)
AMP2=(VR*Q/ (R) * (143*X%*2*Q*Q0/ (2*R**2)))
AMP 3= (-3*VRAX*#2#Qé23/ (24RA*]) )

Write the output,
WRITE (6,10)AMP1
FORMAT (10X, "The unit step response {u(t)) is%,r7.2,1X,"Amp.")
WRITE (6,11)AMP2
FORMAT (10X, "The delta response is™,¥7.2,1X,"Amp.")
WRITE (6,12)AMP3
TORMAT (10X, "The doublet response is", F7.2,1X,"Amp.")
DO 15 I~1,7
K=100%1-400
ISCALE (I) =K
CONTINUK
WRITE (6,17) ISCALE
FORMAT (30X, "Current in Ampere”,//7110)
WRITE(6,18)
WRITK (6,19)
FORMAT ("Time"™)
FORMAT (1X, " (Sec.) ")
DO 20 I=1,N
READ*, T (I)
AMP8=AMP1/10+26
M=AMPS
GRAPHS (M) =8TAR

20

22
23

WRITE (6, 23)DOT
CONTINUE

STOP

FORMAT (2X, FS5.2,7X, 70A1, T4,
FORMAT (T40, A1)

END

6
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This is a program to calculate the torque of an induction
motor when a small value of slip at no load is
changed to a higher value of a pulse type, Qu(t-T).

Variable Declaration
TORQUE- torque in (Newton-meter)
V8- per phase voltage in (Volts)
Q- slip of the motor
QO- initial slip of the motor
R- rotor resistance of the motor in (ohms)
X- total equivalent inductive reactance of the motor in (Ohms)
TOR1- is the unit step response of the motor
TOR2- is the pulse response {u(t-T} of the motor
TOR3- is the pulse response (u(t-2T} of the motor
P- the number of poles
PH-the number of phases
SRPM- the synchronous speed in (rpm)
A- i3 the time when the rectangular pulse goes to zero in (sec.)
DIMENSION ISCALE(7)
PARAMETER (N=20)
INTEGER N, GRAPHS (70), BL, STAR, DOT
REAL TORQ, VS, Q, 00, R, X, TOR1, TOR2, TOR3, TO, SRPM,F,P,PH, T (N) ,A
DATA GRAPHS/70%*" "/ ,BL/" "/,STAR/"*"/
DATA DOT/"."/
READ*,VS,F,P,PH,R, X, Q,Q0,TO,A
OPEN (UNIT=6, FILE="marl.dat”, STATUS="NEN")
WRITE (6,2) VS
FORMAT (10X, "The per phase voltage is",1X,FS5.1,1X, "volts.")
WRITE (6,4)F
FORMAT (10X, "The frequency of the system is",1X,r4.1,2X,
+ "herts.")
WRITE(6,6)P
FORMAT (10X, "The number of poles is",1X,F4.1,".")
WRITE (6,0} PH
FORMAT (10X, "The number of phase is",1X,F4.1,".")
WRITE(6,10)R
FORMAT (10X, "The rotor resistance is",r6.2,1X,%"chms.")
WRITE(6,12)X
FORMAT (10X, "The total inductive reactance is", F6.2,1X,
+ "ohms.")

WRITE(6,14)Q

FORMAT (10X, "The final slip is",1X,F6.3,"u(t-T).")
WRITE (6,16)Q0

YORMAT (10X, "The initisl slip ie",1X,76.3,".%)
WRITE(6,18)TO

FORMAT (10X, "The initial torque is",1X,75.2,1X,"N-m.")
FORMAT (30X, "Torque in N-n",//10X,7I10)
FORMAT (10X, "The unit step response {u(t)) of the torque is", 1X,
4+ £9.2,1X,"N-m».")
TORMAT (10X, "The pulse response {u(t-T)) of the torque is",
+ 1X,89.2,1X,"N-m.")
FORMAT (10X, "The pulse response {u(t-2T)}) of the toxrque is”,
4+ 1X,E9.2,1X,"N-m.")
Compute the synchronous speed.
SRPM=120.*F/P
TORJ-(VS"Z/R'(Q—QO-3'X"2'Q"3/(R"2)0X"2'Q"2'QO/(R"2)+5'
xtt‘toﬁtsl (RQ.‘)_SQXQ"QQQ."QO/ (R..‘) -G‘X'.G'o.."/ (R"G)
+62X**GAQH+6*QO/ (R**6) ) +TO) *7.04/ (S8RPM) *PH*1,356
TOR2=(VS*%2/R* (~Q+E*XNA24QA NI/ (RV#2) -N*424Qu #2400/ (R¥*2) -10%
+ X""Q"S/(R"4)+5'x"4'9*'4'Q0/(R'.S)le'x"ﬁ'q'*7/(R"G)-
+ GrX*eErQR*ExQ0/ (R**6)) ) *7.04/ (SRPM) *PH*1. 356
TOR3= (VS*#24 X220 Q823 / (RANI)* (—F4SXRN20QO* D/ (RO*2) -GAXW* §
+ *Q**4/ (R**7))'*7.04/ (SRPM) *PH*1, 356

- +

27

28
29

30

3«

34
35

38
39
40
45

WRITE (6,23) TORL
WNRITE (6, 24) TOR2
WRITE (6,25) TOR3

DO 27 1=1,7
K=1000*I-4000
ISCALE (1) =K
CONTINUE

WRITE (6,22) ISCALE
WRITE (6,28)

WRITE (6

YORMAT ("Time"™, 5X, "Torque")
FORMAT('(SQG.)',ax,'(N-m)")

PO 38 1
READ*®, T
IF (T (1)

Goro
ELSE IF

GOTO
ELSE IF

,29)

-1, N

(1)

.GE.2*A) THEN

34

(T(I) .GE.A) THEN
32

(T(I) .GE.0) THEN

GOTO 30

ELSE IF
GOTO
ENDIF

(T(I).LT.0) THEN
a9

TORQUE=TOR1

GOTO 35

TORQUE=TOR1+TOR2

GOTO 35

TORQUE=TOR1+TOR24TOR3
TORQ=TORQUE/100+34

M=TORQ

GRAPHS (M) =STAR

WRITE (6

WRITE (6

CONTINUE

STOP

FORMAT(IX,FS.I,ZX,39.2,2x,70A1,TI,A1)

FORMAT (T50,Al)

END

+40) T (I), TORQUE, GRAPHS
GRAPHS (M) =B

. 45)DoOT

b

¢
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This is a program to calculate the current of an induction
motox when a small value of slip at no load is
changed to a higher value of a pulse typs, Qu(t-T).

Variable Declaration
AMP- current in (Ampere)
VR- per phase voltage in (Volts)
Q- slip of the motor
QO~- initial »lip of the motor
R- rotor resistance of the motor in (ohms)
X- rotor inductive reactance of the motor in (Ohms)
AMP1- is the unit step response of the motor
AMP2- is the pulse response {u(t-T} of the motor
AMP3- is the pulse response {u(t-2T)} of the motor
PH-the number of phases
A- is the time when the rectangular pulse goes to rero in (sec.)
DIMENSION ISCALE(7)
PARAMETER (N=20)
INTEGER N, GRAPHS (70), BL, STAR, DOT
REAL AMPS,VR,Q, QO0,R,X,AMP1,AMP2, AMP3, IO, PH, T (N) ,A
DATIA GRAPHS/70*" "/ BL/"™ “/,STAR/"*"/
DATA DOT/"."/
READ*, VR, R,X,Q,Q0,10,A
OPEN (UNIT=6, FILE="marl.dat", STATUS="NEW")
WRITE (6, 2) VR
FORMAT (10X, "The per phase voltage is",1X,F5.1,1X,"volts.")
WRITE(6,10)R
FORMAT (10X, "The rotor resistance 1is",¥6.2,1X,"ohms.")
WRITE(6,12)X
FORMAT (10X, "The rotor inductive reactance is",ré¢.2,1X,

+ "ohms.")

WRITE (6,14)Q

FORMAT (10X, "The final slip is",1X,F6.3,"u(t-T).")
WRITE(6,16) Q0

FORMAT (10X, "The initial sliip is",1X,F6.3,".")
WRITE(6,18) 10

FORMAT (10X, "The initial current is™ , 1X,F5.2,1X,"N-m.")
FORMAT (30X, "Current in Ampere”,//10X,7I10)

FORMAT (10X, "The unit step response {u(t)} of the current is",1X,
F6.2,1X, "Anp.")

FORMAT (10X, "The pulse response {u(t-T)) of the current is”",
1X,r6.2,1X, "Amp. ")

FORMAT (10X, "The pulse response (u(t-2T)} of the current ia",
1X,r6.2,1X,"Amp.")
AMpln(vRt(Q_Qo)/R_3'xtt2tvg.(Qatg_qttgtoo)/(2.Rtt3))+xo
AMP2w= (VRAQ¥ (~1-3#X*#2%Qw+2/ (R#42) ~-3I*XN#2%Q+Q0/ (2*R**2) ) /R)
AMP A= (3twtxaithan3/ (2*R**3))

WRITE (6, 23) AMP1

WRITE (6, 24) AMP2

WRITE (6, 25) AMP3

DO 27 I=1,7

K~100*1-400

ISCALE (I) =K

CONTINUE

WRITE (6, 22) ISCALE

WRITE (6, 28)

FORMAT ("Time™, 5X, "Current™)

WRITE (6,29)

FORMAT (™ (8e0.)",3X, " (Amp.) ")

DO 38 I-1,N

READ*, T (I)

IF(T(I) .GE.2*A) THEN

30
32

34
35

ELSE IF (T(I).GE.A) THEN
GOTO 32
ELSE XF(T(I).GE.O) THEN

GoTO 30
ELSE IF (T(I).LT.0) THEN
GOTO 39
ENDIF
AMPS=AMP1
GOTO 35
AMPS~AMP1+AMP2
GoTO 35
AMP S=AMP1 +AMP 24 AMP 3
AMPE=AMPS/10+36
M=AMPE
GRAPHS (M) =STAR

WRITE (6,40) T (I) ,AMP8, GRAPHS

GRAPHS (M) =BL
WRITE (6,45)DOT
CONTINUE

5TOP

FORMAT (1X, F3.1, 2X,F7.2,2X, T0A1, T4,Al

FORMAT (T50, A1)
END

L6
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This is a program to calculate the torque of an induction
motor when a very small value of slip at no load

is changed to a ramp type, Qt.
Variable Declaration

TORQUE~ torxrque in (Newton-metaer)

V8- the per phase voltage in (Volts)

Q- the slip of the motor

QO- the initial slip of the motor

R- the rotor resistance of the motor in (Ohms)

X~ the rotor inductive reactance of the motor in (Ohms)
TO- the initial torque in (Newton-meter)

T(I)- time in (Seconds)

PH- the number of ph
F- frequency of the
P- the number of poles

.
stem in (Hz)

AR AR T RN A AN A TR AN P A R AR AN A R R AN AN R AN R AR N AR AN R AR AR SN NN RN R AN

DIMENSION ISCALE (7)

PARAMETER (N=20)

REAL TORQ,VS,Q,Q0,X,R, TO, TORQ1, TOR1, TOR2, TOR3, TOR4, TORS,
4+TOR6, TOR7, BRPM, P, ¥, PH, T (N)

INTEGER I,GRAPHS (70),BL, STAR,DOT

DATA GRAPHB/70*" "/, BL/" "/,STAR/"%"/

DATA poT/"."/

READ*,VS,F,P,PH,R,X,Q, Q0, TO

OPEN (UNIT=6, FILE="marl.dat", STATUS="NEN)

WRITE (6,1) VS

FORMAT (10X, "The par phase voltage is",2X,FS5.1,2X
+"volts.")

WRITE (6,2)F

FORMAT (10X, "The frequency of the system is",2X,F4.1,1X, "hertxz.")

WRITE (6,3) P
FORMAT (10X, "The number of poles is", 2X,F4.1,".%)
WRITE (6, 4) PH

FORMAT (10X, "The number of phases of the motor is",1X,r4.1,".%)

WRITE (6, 5) R

FORMAT (10X, "The rotor resistance of the motor is",F6.2,2X, "ohms.")

WRITEK (6, 6) X

FORMAT (10X, "The total inductive reactance of the motor is",F6.2,

+1X, "ohmse . ")

WRITE(6,7)Q

FORMAT (10X, "The final slip is",1X,r6.3,"t.")
WRITE (6, 8) QO

FORMAT (10X, "The initial elip is",1X,F6.3,".%)
WRITE (6, 9) TO

FORMAT (10X, "The initial torque is",1X,F5.2,1%,"N-m.")
DO 15 I~1,7

K=1000*I-4000

ISCALE(I)~K

CONTINUE

WRITE (6, 20) ISCALK

FTORMAT ("1", 30X, "Torque in Newton-meter™,//10X,7110)
WRITE (6, 21)

FORMAT ("Time", 5X, "Torque")

WRITE (6, 22)

FORMAT (" (Sec.) ", 3X, " (N-m) ")

DO 25 1I=1,N

READ*, T (1)

SRPM=120*F/P
TORQIH7.04/8RPM‘PH'1.356'(TO—VS"!'QO/R)
TOR1=V8**2*Q*T (1) /R
TOR2—VS"2'X"Z'Q"Z'QO‘T(I)"2/(R"3)
TOR3=VG**24XA 424 Qak JAT (T) k# 3/ (J*R*#3)

25

27
30

TOR‘-VS"Z‘X"4‘0""Q0'T(I)"‘/(R“S)
TORS=VS*#24X**#Q#*S*T (I) #*5/ (5*R**5)
TOR6E=E*VE** 24X #* G Qu* G2QO*T (I) **6/ (T*R**7)
TORT=6*VS* 424 X*ErQ#*T*T (1) * %7/ (49%R**7)
TORQUE=7.04/ (SRPM) *PH*1.356* (TOR1 +TOR2-TOR3-TOR4+
&+TOR6-TOR7) +TORQ1

TORQ=TORQUE/100+34

M=TORQ

GRAPHS (M) =STAR

WRITE (6, 27) T (1), TORQUE, GRAPHS

GRAPHS (M) BL

WRITE (6, 30) DOT

CONTINUE

STOP

FORMAT (1X,F3.1,F10.2,2X, 70A1, T4, ,Al)

FORMAT (T50, A1)

END

6O
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This is a program to calculate the current of an induction
motor when a very small value of slip at no load
is changed to a ramp type, Qt.
Variable Declaration
AMP- the current in (Ampere)
VR- the per phase voltage in (Volts)
Q- the slip of the motor
QO0- the initial »lip of the motor
R- the rotor resistance of the motor in (Ohms)
X- the rotor inductive reactance of the motor in (Ohms)
10- the initial current in (Ampere)
T(1)- time in (Seconds)

' 2223228322228 232223 222228 222222222 2222822 R a2l
DIMENSION ISCALK (7)
PARAMETER (N=20)
REAL AMP,VR,Q,Q0,X,R,I0,AMP1,AMP2,AMP3,AMP4, T (N)
INTEGER X, GRAPHS (70),BL, STAR,DOT
DATA GRAPHS/70*™ "/, BL/™ "/,STAR/"*"/
DATA DOT/™."/
READ*,VR, R, X, Q,Q0,I0
OPEN (UNIT=6,FILE="marl.dat", STATUS="OLD")
WRITE (6, 1) VR
FORMAT (10X, "The per phase voltage is", 2X,F5.1,2X
+"volts. ")
WRITE (6, 5) R

FORMAT (10X, "The rotor resistance of the motor is",F6.2,2X, "ohms.")

WRITE (6, 6) X

FORMAT (10X, "The rotor inductive reactance of the motor is",F6.2,

+1X,"ohms . ")

WRITE (6,7)Q

FORMAT (10X, "The final slip ie",1X,F6.3,"t.")
WRITE (6,8) Q0

FORMAT (10X, "The initjial slip is",1X,F6.3,".")
WRITE (6, 9) 10

FORMAT (10X, "The initial current is",1X,r5.2,1X,"Amp.")
DO 15 I=1,7

K=100*I-400

ISCALE(I)=K

CONTINUR

WRITE (6, 20) ISCALE

FORMAT (® ", 30X, "Current in Ampere”,//10X,7110)
WRITE (6, 21)

WRITE (6, 22)

FORMAT ("Time", 3X, "Current™)

FORMAT (" (8ec.) ", 2X, " (Amp.) ")

DO 25 I=},N

READ*, T (I)

AMP1=I0-VR*QO/R

AMP2=VR*Q*T (I) /R

AMPI=VRAXN¥24Q#®2¢Q0O*T (I) **2/ (2*R**3)
AMP4=VRAX**2#Qr*3*T (J) #*3/ (6*R¥**3)

AMP= (AMP1+AMP 2+AMP 3 -AMP4)

AMPS=AMP/10+36

M=AMP S

GRAPHS (M) =STAR

WRITE (6, 27) T (I}, AMP, GRAPHS

GRAPHS (M) ~BL

WRITE (6, 30) DOT

CONTINUK

8TOP

FORMAT (1X,F3.1,2X,F7.2,2X,70A1,T4,Al)

FORMAT (TS50, A1)

EIND

10T
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This is a program to calculate the torque of an induction
motor when a small value of slip at no load is
changed to a higher value of a sinusoidal type, Qsint.

Variable Declaration

TORQUE- torque in (Newton-meter)

V8-~ per phase voltage in (Volts)

Q- final slip of the motor

QO- initial slip of the motor

R~ rotor resistance of the motor

X- total inductive reactance of the motor in (Ohms)
SRPM- the synchronous speed in (rpm)

P- the number of poles

PH~ the number of phases

P2 222238222223 2 R X R R S R R R A R RS R R R RS2 R Rl Rl

DIMENSION ISCALE(7)

PARAMETER (N=20)

INTEGER N,GRAPHS (70), BL, STAR,DOT

REAL T (N), TORQ, VS, Q, 0O, R, X, TOR, TOR1, TOR2, TOR3, TOR4, TOR5, TOR6, TOR7,
+ TORS,TOR9, TOR10, TOR11,TOR12,TOR13, TOR14, TOR15, TOR16, TOR17, TOR18,
+ TOR19, TOR20, TOR21,W, SRPM,F,P,PH

DATA GRAPHRS/70*" "/ ,BL/" "/,STAR/"*"/

DATA DOT/"."/

READ*,VS,T,P,PH,R,X,Q,Q0, TO

OPEN (UNIT=6, FILE~"marl.dat", STATUS="NEW)

WRITE(6,1)VS

FORMAT (10X, "The per phase voltage is", 1X,¥5.1,1X,"volts.")

WRITE(6,2)F

FORMAT (10X, "The frequency of the system is",1X,F4.1,1X,
+ "hertz.")

WRITE(6,3)P

FORMAT (10X, "The number of poles of the motor is",1X,r4.1,".")

WRITE (6,4)PH

FORMAT (10X, "The number of phase is”,61X,rd.1,".%)

WRITE(6,5)R

FORMAT (10X, "The rotor resistance is”,r6.2,1X,"ohms.")

WRITE(6,6)X 2%
FORMAT (10X, "The total inductive reactance ie",F6.2,1X, "ohms.")

WRITE(6,7)Q 27
FORMAT (10X, "The final slip is™,1X,F6.3,%sin t.") 28
WRITE (6,8) Q0

FORMAT (10X, "The initial slip 1s",1X,76.3,".")
WRITE (6, %) TO
FORMAT (10X, "The initial torque is",r$.2,1X,"N-m.%)
DO 15 I=1,7
K=1000*I-4000
ISCALE (1) =K
CONTINUE
WRITE(6,18) ISCALE
FORMAT (30X, "Torque in N-m",//10X,7I10)
WRITE (6, 20)
WRITE(6,21)
FORMAT ("Time", 5X, "Torque®™)
FORMAT (" (Bec.)",3X," (N-m) ")

Compute the synchronous speed.
SRPM=120.*F/P
DO 25 I-1,N
READ*, T (I}

Calculate the torque
TOR=TO-V8**2+Q0/R
TOR1=~Q*T (I) /R
TOR2=X**2¢Q¥*2%Q0*T (I) **2/R**3

TOR4=X*#2%Q*#2+QO*T (I) **4/ (R**3) * (0.3340.21*X*42+Q**2

/ (R**2))
TORS=XA#2%Q**3%T (I)**5/ (R**3) * (0.084+0.04*X**2*Q**2/R**2)
TORG=X**2#Q*#24QO%T (1) **6/ (R**3) # (0.0279+0. LA*X*#2%Qrr2/
(R**2) +2.8E-3*X**4%Q**4/ (R**4))
TORT=X**2#%Q##3%T (1) **7/ (R**3) * (5, 7E-3+0,02*X*#2+Qa*2/
(R¥%2) $4E-4*XrngnQee g/ (R24Q))
TORB=X**4*Qr*4#QO*T (1) **8/ (RA*5) * (0.0342, BE-3NX**28Qa*2
/ (R**2))

TORG=X**2#Q## 34T (1) #+9/ (R**3) * (1.00K-4+44. 1E-3*X*#2%Qan2/
(R**2) +3E-4*X*n42Qee g/ (R**4))
TOR10=X**4#Q#**4*QO*T (I) **10/ (R**5) * (3. 9E~- 341, 2E-3*X#*2+
Q**2/ (R¥*2))
TORL1=X*%4*Q##54T (T) #*11/ (R**5) * (4E-4+1K-4¥X**20Qaw2

/ (R**2))
TOR12=X**4*Q#*4#QO*T (I) **12/ (R**5) * (2. OE—4+3E-4*X**2
*Qe*2/ (R**2))
TORI13=X**4*Q*#54T (1) #*1 3/ (R**5) % (1. 46E-5+2.04L-S*X**2
*Qee2/ (R**2))
TOR14=3.22E-5+X**E*Qe#E*QO*T (1) **14/ (R**7)
TORLS=X**4#Q#*S&T (1) *# %15/ (R**5) * (5. 8IE-B+2.24K-6*Q**2
*X*22/ (R¥*2))

TOR16=4 ,29E-6*X** QU *E*QONT (1) **16/ (R**7)
TOR17=2.6E-7*X**6*Q*#T*T (1) *#*17/ (R**7)
TOR18=S.95K-B*X**E*Q*+6*QO*T (I) **18/ (R**7)
TOR19=3.BTE-9*X**G*Q¥*+THT (1) **19/ (R**7)
TOR21=7.46E-12¢X**6*Q#+T+T (1) **21/ (R**7)

TORQUE= ( { (TOR14TOR2-TOR3-TOR4+TORS+TOR6~TORT-TORS +TOR94+TOR10 -
TOR11-TOR124TOR134TOR14-TOR15-TOR] 64+TORL7+TOR1B8-TOR1 9+
+TOR21) *VS**2) *7.04/ (SRPM) *PH*1.356) +TOR
TORQ=TORQUE/100+34

M~TORQ

GRAPHS (M) =S8TAR

WRITE (6,27)T (1) , TORQUE, GRAPHS

GRAPHS (M) ~BL

WRITE (6, 28) DOT

CONTINUE

sTOP

FORMAT (1X,r3.1,2X,F10.2, 2X, 70A1, T4,Al)

FORMAT (T50, A1)

EIND

ol
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This is a program to calculate the current of an induction
motor when a small value of slip at no load is
changed to a higher value of a sinuscidal type, Qsint.

Variable Declaration

AMPS- ampere in (Ampere)

VR- per phase voltage in (Volts)

Q- final slip of the motor

QO- initial slip of the motor

R- rotor resistance of the motor

X- rotor inductive reactance of the motor in (Ohms)
PH- the number of phases

[ X SRS L 22 2RSS 2222 RS RR 2222222222222 R0t iiRal sl sl dsd]

DIMENSION ISCALE(7)
PARAMETER (N=20)
INTEGER N, GRAPHS (70) ,BL, STAR, DOT

REAL T (N),TORQ,VR,Q, QO,R, X, AMP1, AMP2, AMP3, AMP4 , AMP5, AMP 6, AMP 7,

+ AMPB,AMP9, N, IO
DATA GRAPHS/70*" "/,BL/"™ "/,8TAR/"*"/
DATA DOT/"."/
READ*, VR, R, X, @, Q0, IO
OPEN (UNIT=6, FILE="marl.dat™, STATUS="NEW")
WRITE (6,1) VR
FORMAT (10X, "The per phase voltage is",1X,F5.1,1X,"volts.")
WRITE(6,5)R
FORMAT (10X, "The rotor resistance is",F6.2,1X,"ohms.")
WRITE (6, 6)X

FORMAT (10X, "The rotor inductive reactance is",re6.2,1X, "ohms.")

WRITE(6,7)Q
FORMAT (10X, "The final slip ie",1X,F6.3,"sin t.")
WRITE (6,8) Q0
FORMAT (10X, "The initial slip is",1X,F6.3,".")
WRITE (6, 9) IO
FORMAT (10X, "The initial ocurrent is",F5.2,1X,"Amp.")
DO 15 I~1,7
K=100*I-400
ISCALE (I)~K
CONTINUE
WRITE (6,18) ISCALE
FORMAT (30X, "Current in Ampere ",//10X,7I10)
WRITE (6, 20)
WRITE (6, 21)
FORMAT ("Time™, 3X, "Current™)
FORMAT (" (Sec.)",2X," (Amp.) ")
PO 25 I~1,N
READ*®, T (I)
Calculate the current.
AMP1=IO-VR*QO/R
AMP2=VR*Q*T (I} /R
AMP3wVR*Q¥T (I) **3/R* (~0.167-0,495*X**2¢Qa#2 /Re*2)
AMP4m0 , 16S*VRAX**2#Q¥*24QO*T (T)**§ /RA*3
AMPS=0 , 04 2*VR*XA*2%Qa* 4T (T) *#45 /R3]
AMP Gml , 4E-2* VRN # 24 Q*# 20 QO*T (1) ** 6 /R**3
AMP7=2, GE-3*URSX*#24Q** I*T (T) *#7 /R¥*3
AMPB=0, 495 *VRAX*#24Qa X2 #QOAT (I) * %2 /R**3
AMP9=2 . TEE-S*VRAX**2#Qw#I4T (I) **9/R**)
AMP= (AMP14+AMP 2 +AMP 3-AMP 4 +AMP 5+AMP 6 -AMP 7+ AMP 8 +AMP9)
AMPS=AMP/10+36
M=AMPS
GRAPHS (M) =STAR
WRITE (6, 27) T (I) , AMP, GRAPHS
GRAPHS (M) =BL
WRITE (6,28)DOT

25

27
28

CONTINUE

STOP

FORMAT (F3.1,2X,F7.2,2X, 70A1,T4,Al)
FORMAT (T50,A1l)

END

FOIT
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