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(Received November 30, 1963)

The studies of the speed control of the induction motor driven by SCR converter
and inverter have been extensively carried out, in recent years. But, as the fundamental
research for the frequency characteristics of the induction motor which is employed for
load driven by SCR must be carried out concurrently, the authors investigated the
operating characteristics of the induction motor driven by adjustable frequency source
with sinusoidal wave form. In this study, it has been found that these characteristics
show the wide variety with the value of the ratio of source voltage to the frequency.
Therefore a wide application will be developed in the fields where the d-c¢ motors are
used now. '

1. Intfoduction

The speed of a-c motors such as the synchronous motor and the induction motor
can be controlled smoothly over wide range by adjusting the frequency of the power
'source which is supplied to the motor. In recent years, several papersX2)X(3) dealt with
the speed control of a-c motor driven by SCR converter and inverter. In these cases, the
wave form of the source voltage which is supplied to the a-c motor by SCR is a very
distorted one. But very little work has been done to estimate the characteristics of the
induction motor driven by the sinusoidal wave source over the wide range of the frequenéy
variations. The operating characteristics of the induction motor under the frequency control
can be varied by the ratio of the voltage to the frequency.

This paper deals with the characteristics of the three-phase induction motor driven

by widely adjustable frequency source with sinusoidal wave form.

2. Sample and measurement

2-1. Equivalent circuit of induction motor. Generally, the characteristics of the

three-phase induction motor can be calculated by the equivalent circuit as shown in Fig. 1.

All symbols indicated in this figure are on Ry X iXe
per-phase basis and expressed in stator
terms. They are defined as follows : R
. |4 R/
R, 2 stator resistance, . i
7 Xo
X, : stator reactance,
Ry: resistance of exciting circuit, o .
.. . . I
X,: reactance of exciting circuit, ) ! . [2_ .
. Fig. 1 The equivalent circuit
X,: rotor reactance (assumed equal to Xy, of induction motor.
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R;: rotor resistance,
s : slip,
V : supply voltage,
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I, I, and I, : the stator, rotor and exciting currents respectively.

The value of R,, measured with d-c source, may be considered a constant regardless
of frequency. The value of X, X, Xo, Ro and R; can be calculated by the data obtained

in no-load and lock test of the induction motor.

2-2, Samples. Three motors, employed for the test, are enclosed and squirrel-cage

type three-phase induction motors, manufactured by different makers respectively. The

ratings of these motors are shown in Table 1.

Table 1. Ratings of sample motors.

No. of Cycle Current Speed Class of
Sample (cps) (rpm) Starting
50 2.0 1400 G Out put = 400(W)
! 60 1.8 1690 Voltage = 200(V)
50 1.9 1420 J Voltage per
I P s 1700 o phase=1153(V)
50 2.0 1400 H No. of poles = 4
il
60 1.8 1690 H

2-3. Measurement.

For the adjustable frequency power source, a synchronous

generator driven by Ward-Leonard system is employed. It has the symmetrical three-phase

windings, and the wave form of its output voltage is sinusoidal. The ranges of frequency

and voltage variation per phase are 10~90(cps) and 0~180(V), respectively.

—e— : sample I

:

—o—: sample II

170

-1 60

N —a—: sample 1II
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¥ 40
S 100
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]
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® 50
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L 1 1 1 ;
0 20 40 60 g0 100’

frequency f (cps)

Fig. 2 Results of no-load test.

no-load loss W, (W)
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short-circuit voltage V
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Fig. 3 Results of lock test.
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No-load and lock test over the total range of frequency are carried out- under
constant exciting current and short-circuit current. The examples of the exprimental
results for samples I, IT and III are shown in Figs. 2 and 3. Fig. 2 shows the results of
no-load test under the constant exciting current I;==1.6 (A). In this figure the curves of
V. and W, represent the no-load voltage and the no-load loss vs. frequency characteristics,
respectively. In the Fig. 3 showing the results of lock test under the constant short-
circuit current I;=2.0 (A), cerves of V; and Wj represent the short-circuit voltage and
short-circuit loss vs. frequency characteristics, respectively.

Fig. 4 shows the equivalent circuit

constants Ri, Xi, Xo Ro, R and X,

(assumed equal to Xi) for somple I, 2 1120

calculated by the data obtained from the

above tests and measurement of stator s 1or oo

resistance. It is readily seen from Fig. 4 \:

that the values of Ry, Xo, X1 and X Nﬁ 8 180 §;

are proportional to the frequency and R, <

is nearly equal to a constant over all M R1~60

freduencies, Then the equivalent circuit R’f . > AR b

constants can be written as follows : é 4 £q40
Ry=ar,, Xo=axo 2r —120
Ri=nry, Xi=ax: €Y)] 0 ) T ‘ ' o
Ry==rs, Xe=axs 0 % 40 60 80 100

frequency f (cps)

where a=Ff/f, is ratio of frequency f to
h qf d Fig. 4 The values of equivalent circuit
the rated frequency fa, and 7o, Zo, 73, constants for sample I.
1, 72, T2 are values of R, Xo, Ri, Xi,
R;, X. at the rated frequency of 60 (¢ps). From Xi=ax, X;=ax, and Xo=ax,, it is
seen that inductances of stator, rotor and exciting circuit are constant over all frequencies.
From Ro,=ar,, no-load loss is clearly proportional to the frequency.

Owing to the saturation of magnetic circuit, 7, and xy vary with the exciting

current. The saturation curve can be represented approximately by Fréhlich’s equation

at the rated frequency; i.e.,

Gl
V=T, 1,

where C; and C, are constants.
From the above eq., exciting impedance 2, can be written as follow,

2p=2wm Tk (Vn—Vo) (2>

where zo, is exciting impedance at the rated voltage and the rated frequency, and % is a

constant specified by the motor.
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Impedance z, and power factor cosf, of exciting circuit for sample I obtained from
the no-load test at the rated frequency f,, are shown in Fig. 5. From this figure, it is
seen that (i) =z, can be represented by eq. (2) for V,>0.7 V,, (ii) cos#, is nearly equal
to a constant for V,>0.7V,,.

) 150]
Then, 7, and x, can be written as

follows, 140,

70=200800 =70 [1-+2(Va—V0) /0] 120

Zo=20sINfo=Lon [1+k(Vn—Vo)/zon] 100

3 A

. . 3 o
where 7, and x,, are respectively resist- ’&
ance and reactance of exciting circuit at ¢ 4 =
the rated voltage and the rated frequency. 2
40 ©

The equivalent circuit constants R,,
Xs, Ri, X3, R, and X; for samples II 20k
and III can be calculated by egs. (1),

0 ! 1 ! L

(2) and (3), in the same manner as 0 20 40 60 80 100 120 140~ °
sample I. Table II shows these values percent voltage
at the rated frequency and rated voltage Fig. 5 =zo and cosf, vs. voltage curves,

for samples I, II and III.

Table 2. Equivalent circuit constants at the rated
voltage and the rated frequency.

No. of i) x1( =x2) 72 Ton Zon k
Sample @ 2) @ @) (2) 2/V)
I 5.0 4.4 4.6 18.4 124.7 0.73
il 5.3 3.7 3.8 12.9 120.3 0.64
i} 5.7 3.0 3.8 17.6 121.7 0.97

3. Frequency characteristics of three-phase induction motor

The speed of the three-phase induction motor can be controlled smoothly over wide
range by adjusting the frequency of the power source which is éupplied to the motor.
In this controlling system operating characteristics of the induction motor can be varied
very widely with the ratio of source voltage to frequency.

Voltage V, supplied to the motor at any frequency, can be written by a general form

as follow,
V=a" V, 4)

where 7 is a constant which is determined by the controlling method.
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3-1; - Approximate equivalent eircuit. For simplicity,“ the equivalent circuit as
shown in Fig. 1, is replaced by the approximate form shown in Fig. 6.

3-2. Frequency Characteristics. The current and the torque of the three-phase
induction motor can be written from Fig. 6, as following egs.,

- a1t V'n 71 Jax
Io— 7o +j.’IJO (5)
aro: ,
; sa Va 72/s’
L= (sri+rs) +jsax (6) v . ’
jaxo
j 1 =jo +jz (7) b
) 5L I,
=3 Lirs _ 3rysa¥™ vyl ’
98ws 9.8 @, [(s71+72) 2+ (sax)?] V=arVa z=x1+22
®

Fig. 6 The approximate equivalent circuit.
where x =x1+2,, ‘ :
wy=27fu/p : synchronous anéular velocity .at the rated frequency,
p : no. of pairs of poles,
® =awy : synchronous angular velocity at any frequency.

The value of slip, sm, at which. the maximum torque T is developed,can be determmed
from (dT/ds)=0. Therefore,

_rz

«/rl a’x? - 8 i(g)

Substituting this slip in eq. (8),

1. 5a2r—1 VZ

Tm 98(0'”[7.1_,_,\/74 +a2x2] v (10)

As the slip is unity at starting, the starting rotor current I, and the starting torque
Tsi can be reduced from egs. (6) and (8) as follows,

'V,
j A & S— an
Vet \A
- AN
1.5p g
3 27-1 < Q
To= rae”Va (12) P
9.8 @[ (r14-72) 2 +ax?] X a
pey 8 14
. ] |
o g 1oF
Now, the frequency characteristic g 1.0
. . Q
curves of the three-phase induction mo- w0 X:Lb; 04
=] !
tor for different values of 7 can be E o5k Xxﬁb 02
. . X
plotted from the above equation. Excit- v N
ing current vs. frequency characteristics
for sample I plotted from egs. (2) and 05 20 10 60 80 100
(5) are shown in Fig. 7. From Fig. 7, frequency f (cps)
it is seen that the exciting current is a Fig. 7 Exciting current characteristic.
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Fig. 8 Twm and sm vs. f Fig. 9 Starting characteristics.
characteristics.

constant at any frequency for r=1, but it increases with the increase of frequency for ¥>1
and on the contrary it decreases with the increase of frequency for ¥<1.

Frequency characteristics of the maximum torque and the slip corresponding to it,
plotted from egqs. (9) and (10), are shown in Fig. 8. Fig. 8 (a) and (b) show the maxi-
mum torque and the corresponding slip vs. frequency curves for sample I. From eq. (9),
it is easily seen that s is not a function of 7, but can be determined only by a Q. e.

frequency). Neglecting the stator resistance 7 in eq. (9), following relation can be

deduced.

sm= T2 o as,,b:% (13)

Hence, it can be mentioned that slip sm is inversely proportional to frequency, or slip
speed 2nfsm/p is a constant at any frequency.

From Fig. 8 (a), it is seen that the maximum torque increases with the increase of
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frequency for 7>1.0 and contrarily it decreases with the increase of frequency for
7<<0.8.

Starting characteristics for sample I, plotted from egs. (11) and (12), are shown in
Fig. 9. Fig. 9 (&) and (b) show starting torque and starting rotor current vs. frequency
curves for different values of . From Fig. 9, it can be mentioned that starting torque
increases with the increase of frequency for ¥>>1.2, and contrarily it decreases with the
increase of frequency for r<C0.8.

The fact that operating characteristics of the three-phase induction motor with respect
to the frequency vary extensively with the value of 7 (i.e. ratio of voltage to frequency),
can be seen from Figs. 7, 8 and 9.

These great variety of characteristics of the induction motor driven by adjustable
frequency source produce many fascinating results, Because of the flexibility of these
characteristics, a wide application will be found in the fields where d-c motors are used
now, The problem of finding a most suitable control which can fit the operafing
characteristics to the speed and torque requirements of the driven load, is how to select
the value of 7. For heigher starting torque requirement the value of 7 must be smaH,
and on the contrary for lower starting current requirement the value of 7 must be large;

The torque and current vs. speed characteristics of the induction motor with respect
to controlling method which is determined by value of 7, will be described in the follow-
ing sections.

3-3. Controlling method 1
(V=aV,). In this method, the

A X — 5
supply voltage to the induction .
N : 10

motor must be widely regulated 150

in proportion to the frequency of
the power source. Putting 7r=1,
torque and current vs. speed
characteristics for different values

®
(A)

of frequency can be plotted from 100~

egs. (5), (6), (7) and (8). Fig.
10 shows the characteristics for
sample I. In this figure, thick

T (kgeem)

current I,

and thin lines represent torque

torque 7
Qv

3

and current curves respectively, 50k
and dotted line shows exciting
current at the synchronous speed.

03
(s49) 00t= !
o

From Fig. 10, it can be men-

0¢

2 2

tioned that starting current de-

creases with the decrease of fre- 0 , , ) ) ) 0
500 1000 1500 2000 2500 3000

speed N (rpm)

quency and contrarily the starting
torque is nearly equal to a con-

stant with respect to frequency, Fig. 10 Torque and current vs. speed characteristics
i e, at V=aVy, for different values of frequency.
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[L1se] 402%' [Iln] 100
[Tse] s0=[Tst] 100

where [I1s:140 and {J1se]100 : starting currents at 40 and 100 (cps),
[T st]ls0 and [Tsel100 : starting torque at 40 and 100 (cps).

On the starting of motor, the frequency of the source is set at 20 (cps). As the
motor is speeded up, the frequency may be gradually increased to 100 (¢ps). Thus motor
starting is carried out smoothly at low current.

Neglecting the stator resistance 7y in eq. (10), following relation can be deduced

__ 15 Va
Tm= 98w, x (14

Hence, the maximum torque is a constant at any frequency.

3-3. Controlling method 2 (V=a%4¥,). In this method, the value of 7 is
equal to 0.4. Fig. 11 shows the characteristics for sample I. In this figure, thick and thin
lines represent the torque and current curves respectively, and dotted line shows exciting
current at the synchronous speed. From Fig. 11, it can be mentioned that the maximum

and starting torques increase with the decrease of frequency, and contrarily the starting

o T 410

—_ 8
5 <
60 ~
< 100 =
&~ 6 o
5
g :
g 3
8

-~

L 1] 1
0 500 1000 1500 ZC;OO 2500 30()0O
speed N (rpm)

Fig. 11 Torque and current vs. speed characteristics
at V=a®+ Vy for different values of frequency.
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current is nearly equal to a constant with respect to frequency, i. e,

[Lse]20==[T1s0] 100
[Tst]20=41Tst] 100

Therefore, in this controlling method, instantaneous starting of motor will be possible.

4. Summary

First, it is described in this paper that the equatiohs representing the equivalent
circuit constants of the motor can be written by simplified forms, such as equations (1),
(2) and (3). These equations are verified by no-load and lock test of the sample motors
over the wide range of frequency.

Next, this paper shows the frequency characteristic curves plotted using the above
equations. These characteristics of the induction motor vary widely with the value of 7
(i. e., ratio of voltage to frequency).

This variety of characteristics of the motor driven by adjustable frequehcy source can

produce very facinating results in the application of the induction motor.
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