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Abstract. This paper describes a novel and cost effective arrangement of controlling the speed of a three
phase induction motor fed from a single phase supply. Theorctical analysis is supported by experimenital
vesults. Speed control of a three phase induction motor by stator voltage variation is straightforward, sim-
ple, economical and as such increasingly cmployed in low to medium power applications, especially where
the load torque varies as the square of the motor speed. This paper describes an alternative arrangement
for the conventional scheme used to implement this technique of speed control. The proposed scheme
requires single phase supply and two thyristors as opposed 1o the three phase supply and six thyristors in
the conventional scheme. A single capacitor-phase balancer is used to adapt the motor to the supply. An
optimum value for the capacitance of the balancer is chosen to give nearly minimum unbalance between
the motor voltages. Experimental results confirm the supeniarily of the proposed scheme.

List of Symbols
v, f,w Supply voltage in volt and frequency in (Hz) and {rad/sec), respectively.
2P no. of poles of the motor.
R.R, Stator and rotor (referred to stator) resistances, respectively.

X,X,X, Statorandrotor (referred tostator}leakage and magnetizing

[ 2

reactances at fundamental frequency, respectively.

C. X, Capacitance of phase balancer and its reactance at fundamental
frequency, respectively.

Z Impedance (Z =R +jX).

Y 1/Z.

z,¥ | 2| and | Y |. respectively.

n,n Synchronous and rotor speeds, respectively.

s Slip.
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P, T Power and torque, respectively.

Tt Torgque due to rotational losses.

u,1 Phasor voltage and current, respectively.

V.1 rms value of voltage and current, respectively.

I.j 1/120°and 1/90°, respectively,

k Harmonic ordcr.,

o Firing angle of the thyristors.

B The extinction angle.

¢ Angle of the input current of the motor under sinusoidal supply.
0 AngleolZ

Subscript

p.n,0 positive, negative and zero sequences, respectively.
1,0 input and output, respectively.

a,b,c stator phascs.

Doublesubscript

1 Fundamental.

k Harmonicorder,

Speed control of a three phase induction motor by stator voltage variation is straight-
forward, simple, cconomical and as such increasingly employed in low to medium
power applications, especially where the load torque varics as the squarc of the
motor speed | 1:2). The scheme is depicted in Fig. 1. In this scheme, the stator voltage
is controlled smoothly at line trequency between zero and full value by symmetrically
controlling the firing angle of thyristor devices. In the recent past, cunsiderable
engineering efforts have been invested in operating a three phase induction motor
from o single phasc supply using a phase balancer capacitor. The scheme is illustrated
in Fig. 2. When the three phase motor is connecled in this fashion (Fig, 2), its perfor-
mance is effected by the value of the balancer capacitor, which is selected in practice

Introduction

according to scveral criteria, such as |3:4]:

i. Zero on minimum negative sequence voltage,
ii. minimum unbalance ratio,

iil. maximum torque,

iv. maximum power factor,
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v. maximum efficiency,
vi. minimum voltage or rating of balancer capacitor.

‘The performance of the three phase induction motor connected as in Fig. 2 is
well documented in the literatuse [4-7}. However, to the author’s knowledge and
information, no complete work [8] has been reported so far to control the speed of
three phase motor configured as in Fig. 2. This paper, therefore, deals with the con-
trolling of the speed of a three phase motor operated from a single phasc supply. Per-
formance characleristics are supported by experimental results.
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Fig. 1. Conventional stator voltage control circuit for a three phase induction motor.
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Fig. 2. Feeding u three phase lnduction motor from a single phase AC supply via a single capacitor phase
balancer.
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The Propased Scheme and Analysis

The proposed scheme is shown in Fig. 3. The speed conirol of the motor is
achieved by firing the thyristors in the range of g < o0 < Qo FoTthe rangea>a_, .
the input power to the motor is less than the power required and consequently the
motor will stop. The value of a,,,, is a function of the motor parameters, input vol-
tage and load. For o > ¢, the input voltage to the motor is not sinusoidal and hence
may be expressed as the sum of fundamental and odd order harmonic Components,
as given in Appendix A [9]. The positive and negative sequence cquivalent circuits
of the motor for the fundamental component are shown in Figs. (4a) and (4b). Fig.
4(c) illustrates the equivalent circuit for the harmonic components. The valuc of the
slip for each harmonic component is:

Sp = (kn, — n) /kn,
S = (kn, = n)/kn, (1)
Generally kn, > n, which leads to:
S = 8 =1

Accordingly and as k X, >> (R, + jkX,), the circuit of Fig. 4(c) can be simplified as
shown in Fig. 4(d).

For each component and for a star connected motor as shown in Fig. 5,1vop equ-
ations are:

vi—v, tu, =0 ()
v+l X, —v,=0 (3)

The three phasc symmetrical components of stator voltages und currents are given as:

& =" r 1 & @)
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where g stasnds for phasor voltage or current.
Moreover, for each sequence component, voltage and current are related as:
v=iZ =Y (5)

Due to the absence of a neutral connection, zero sequence current, and consequently
zero sequence voltage arc zero.

Solving eqns. (2-5) yields:

v (@ FX Y V3
3+ X (Y, + Y,)

(6)

(e X Y, oM/ V3
b= IR L ) (7
3j+XC (Yp+Yn)

Ve T )

Fig. 3. Proposed circuit arrangement for speed control of three phase Induction motor.
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Fig. 4. Equivalent circuits of three phase induction motor
(4) positive sequence circult for fundamental component
(b} negative sequence circuit for fundamenigt compoment
(c) sequence circuit for harmonic compunents
(d) simplified circuit of {c).

Optimum Vaiue for Balancer Capacitor

The choice of the value of the balancer capacitor is governed by steady state as
well as the dynamic performance of the motor. Among the different criteria men-
tioned in section 1, above, for selecting the capacitor value, it is verified that the
value which yields minimum unbalance also yields maximum efficiency and
minimum torque oscillations [6]. Accordingly, this is the optimum value which is
favored in the light of steady state as well as transient performances. This valuc is
obtained when (V, / V) is maximum. So by dividing eqn. (6) by eqn. (7) first, then
diffcrentiating the magnitude of the resulting equation with respect to X and equat-
ing it to zero yields [3);

E,X2+E X .+E,=0 (8)
where
Ey=3(y,H —y,Hy)

Bi=6(y~v)
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E,= U, ¥, (ysz_ynH1)
H=-2V3 cos(Bp—()O)
H,=2V3 cos(9, + 60}

The required value of capacitance is obtained from the maximum real root of
eqn. (8). The parameters for the test motor are given in Appendix B. Fig. 6 shows the
variation of the capacitor versus the slip. From Fig. 6 and eqn. (8}, it is clear that the
value of the capacitor which yiclds minimum unbalance varics with the slip. A three
phase induction motor with variable stator voltage usually operates in the range of 0
=5 <5, where s, is the slip at which maximum torque occurs. For balanced opera-
tion, s, is given by {9}

R,
Sm = XX %

For the test motor, s = 0.4,

The capacitance value for minimum unbalance must be varied with the slip to
keep minimum unbalance over the full range of operation. Alternatively, an average
value of the capacitor may be used to simplify the system. This value may be taken
as the value which corresponds to the value of the slip of (1.5 s_ . For the test mator,
this value is 17.5 uF. Figure 7 shows the variation of (V /V,} with the slip for different
values of the balancer capacitor, Figure 7 shows that 17.5 pF is a suitable average
value for the capacitor. Tt should be noted that this value does not yield minimum
unbalance at starting. Accordingly, two values of the capacitor may be used, one for
starting and the other for running conditions.
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Fig. 6. Variation of the capacitance for minimum unbalance versus ship.
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Fig. 7. \",f\i,| versus slip for different values of capacitors.
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Performunve of the Motor

The performance of the motor under the proposed system can be computed as
shown in the flow chart of Fig. 8. For the range o = ¢, v, is sinusoidal, constant and
equal to the supply voltage. For u < ¢ the waveform of v, distorts and decreases as

uincreases which lcads to decreasing the speed. The value of each harmonic compo-
nent of v, is given by [9]:

vy = Vbl +dl Ly, (10)
where b, , d, and ¢, are as given in Appendix A.

The value of v, and v, is found using eqns. (6) and {7) then other performance
values of the motor are consequently calculated as follows:

i = vpk/ Zpk

Iy, = Vo ! Zoy (11)
i=—7 iy, (12)
k=1
. 2 .
wherei, =T"i, + i,
The input power tc the motor is:
Pi=3(V, le080, +V, L, cosB) -:_}; P, (13)

where P, =3 (V, 1 cos 8y +V, I, cos 8,7

From Fig. 4. it is realized that as k increases, the value of 8, and &, approaches
90)* which makes the value of P, very small and negligible. This means that the har-
monics do not contribute significantly to the developed power and consequently the
torque. Accordingly, the output torque may be expressed as:
3(2P)
4nf

T, =

[Iil (l{p - RS) - IZI’I] (Rn - Rs)] - T;o: (14)
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Fig.8. Flow chart te compute the motor performances.
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Fig. 9. Motor speed versus value of o under a load torque of 1.5 N.m.

Experimental Results

The performance of the motor under the proposed scheme of Fig. 3 was experi-
mentally studied at a supply voltage of 380 V under different loads. Figure 9 shows
the computed and measured experimental variation of the moter speed versus the
firing angle "o’ under aload of 1.5 N.m. Figures 10{a}, (b} and (c) show the recorded
waveforms of input voltage 'v;” and input current 'i’ when the motor torque was 1.0
N.m. In Fig. 10(a), the firing angle was 0°. When the firing angle was gradually
increased, the waveform of v, remained unchanged as that of Fig. 10(a) and accord-
ingly the speed also remained constant. When a exceeded 59°, v, started to distort.
The recorded waveforms of v, and j; at firing angles of 67° and 100°, are shown in Fig.
10(b) and {¢), respectively, For the range of o << 65° in Fig. 9and « < 59°in Fig. 10(a),
a was less then ¢, the input voltage "v,” was sinusoidal and constant and conscquently
the speed was also constant. The results of Figs. 9 and 10 correlate with the expected
and computed results,



120 A.L Alalah

Fig.10. Waveforms of v, (upper) and 1, (lower) under a load torque of 1.0 N.m
(time: § msec/div, voltage scale: uncalibruted)
{a) atg =¥ and 5%
(b) ata=s67
fc) atao = 100°
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Conclusion

A new and cost effective scheme for the variable speed three phase induction
motor fed from a single phase supply has been presented. The proposed scheme
requires single phase supply and two thyristors as opposed (o the three phase supply
and six thyristors in the conventional scheme. A single capacitor phase balancer has
been used in the new scheme. An optimum value of the balancing capacitor is chosen
to give nearly minimum unbalance between the stator voltages in order to achieve
better performance both in the steady state and transiet conditions. Experimental
results confirm the superiority of the proposed scheme. 1t shauld be noted that the
range of speed variation achicved by this scheme is narrow for constant torque loads.
Accordingly, this scheme is mainly recommended to be used for the loads where the
torque varies as the square of the speed.
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Appendix A

When v, is distorted it can be expressed by the following Fouricr series:

v, (wt) = i Yoy +d} sin (ke + )

k=1

v
b, = — (cos2u — cos2f)
2n

d, = v [2(p ~ o) — sin 2} + sin2a
2

Y, = tan-l(h 1d,)

b, = —[ k+1 {cos(k + 1) —cos(k + 1)B} — —— {cos(k — }a - cos(k — DAY
d, = [ T { sin{fk + 1)a —sin(k + 1} } — — { sin(k — 1)u — sin(k — 1)}}]
Wy, = tan’ (b, /d,)

where the extinction angle "B’ is the solution of the following transcendental equa-
tion:

sin(f§ — ¢) — sin{a — de (B w)eotd — g
Appendix B
The ratings and paramelers of the test motor are given as follows: 380V, 2.31 A_0.75

kW, 60 Hz, 2P = 4, T, = 0.4 N, R, = 10.5Q, R, = 12.57Q, X, = X, = 152 and
X, = 251Q.
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