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HE common strategy of speed control of single-phase T induction motors depends mainly upon controlling the 
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Abstract-The paper presents a new drive for single-phase 
induction motors. This drive employs a dc chopper circuit with a 
diode bridge rectifier connected with the stator in a nonconven- 
tional fashion. The speed of the single-phase induction motor is 
controlled by controlling the chopping frequency of the chopper 
switch. The attractive feature of the drive is that it effects both 
frequency and phase-angle control simultaneously. The drive 
performance has received both theoretical and experimental 
investigation. 

NOMENCLATURE 

Chopping frequency. 
Instantaneous rotor winding currents. 
Instantaneous stator winding currents. 
Rotor phase winding self-inductance. 
Stator phase winding self-inductance. 
Mutual inductance between rotor phase 
windings. 
Mutual inductance between two stator windings. 
Mutual inductance between rotor and stator 
phase winding. 
Rotor phase winding resistances. 
Stator phase winding resistances. 
Number of pair of poles of the machine. 
Differential operator dldt. 
Charge of the capacitor (C,). 
Electromagnetic torque. 
Load torque. 
Moment of inertia. 
Instantaneous value of the supply voltage. 
Instantaneous rotor phase winding voltages. 
Instantaneous stator phase winding voltages. 
Instantaneous voltage of the motor capacitor. 
Positive and negative sequence admitances. 
Positive, and negative sequence impedances. 
Angular frequency of supply voltage rads. 
Rotor speed in mech. rads. 
Electrical angle denoting instantaneous rotor 
position in rad. 
Rotor displacement in mech. rad. 

I. INTRODUCTION 

applied voltage on the motor. Changing the applied voltage 
on the motor can be effected by several techniques. Some 
of these techniques employ autotransformers or adding extra 
winding ( L  and T connections) [I], as required, to either the 
main or auxiliary winding. The other approaches use power 
electronic devices such as triacs [2]-[5]. Each one of these 
schemes has merits and demerits. 

Single-phase induction motors are always small and are 
seldom built in sizes over fractional horsepower ratings. In 
view of this, they are deprived from controlling their speed by 
expensive drives which employ frequency control; a matter 
which offers a wide range of speed control. However, if the 
input supply frequency to a single-phase induction motor is 
controlled by a single controlled forced commutated device, 
certainly, the event will be a remarkable achievement. This 
approach is the essence of the present paper. 

The present paper describes a new scheme for controlling 
the speed of a single-phase induction motor. This novel 
scheme employs a chopper circuit in the stator side. The 
chopping switch is placed across a diode rectifier bridge which 
terminates the stator winding from the opposite side to the 
supply. By changing the chopping frequency the synchronous 
speed changes and hence the rotor speed [6]. The attractive 
feature of this technique is that the change in the chopping 
frequency is accompanied by a remarkable change, in the same 
direction, in the RMS value of the applied voltage. Moreover, 
the ratio of the voltage to frequency can be kept constant 
by using phase control in addition to the frequency control. 
Further, integral cycle control technique, by the described 
circuit, can also be achieved; a matter which adds to the merits 
of this scheme. 

11. SCHEME DESCRIPTION 
Fig. 1 shows a schematic diagram for a dc chopper con- 

trolled single-phase induction motor. In this scheme the stator 
winding is connected to the single-phase supply from one side 
while in the other side there exits a diode rectifier bridge 
followed by the chopper switch (S). The chopper switch may 
be a GTO or a thyristor device. The scheme of the present 
paper uses a thyristor device as a chopper switch. The stator 
of the motor may consist of main and auxiliary windings 
with a capacitor for starting only as shown in Fig. 2(a) or 
for both starting and running purposes. However, there are 
some instances where a single-phase motor can be made from 
a motor equipped with a three-phase windings while all the 
windings are energized as shown in Fig. 2(b). This latter 
arrangement will be considered in the present paper while 

02784046/95$04.00 0 1995 IEEE 



34 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 42, NO. 1 ,  FEBRUARY 1995 

L I '  I 

Fig. 1. Schematic of a dc chopper-fed single-phase induction motor. 
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Fig. 2. Single-phase motor connections. (a) Split-phase. (b) Star connection. 

using the appropriate capacitor values for both starting and 
running conditions [7], [8]. 

In view of this arrangement, it is evident that when the 
chopper switch ( S )  is ON the circuit behaves as a normal 
single-phase induction motor while when the chopper is OFF 
no current flows through the stator winding except that due to 
the charge on the motor capacitor C,. The stored energy in 
the magnetic field of the stator inductances finds its path, dom- 
inantly, through the rotor circuit which adds to the simplicity 
of the scheme. 

The commutation circuit for the thyristor device makes 
use of the current commutation technique. In other words, it 
consists of a series LC circuit connected across the thyristor. 

The strategy of the firing circuit is to actuate the chopper 
thyristor at the instant of zero crossing of the supply volt- 
age. At this instant, the commutation circuit starts oscillating 
through the thyristor and the polarities of the capacitor voltage 
are interchanged. The thyristor remains ON until the LC circuit 
oscillates again through the motor and the diode rectifier 
bridge. Accordingly, the thyristor turns OFF when the resonant 
current equals the thyristor current. Firing of the thyristor 
is implemented such that it fabricates waveforms similar to 
those shown in Fig. 3(a). If phase delay control is introduced 
to adjust the ratio of voltage to frequency, the resulting 
waveform will be similar to those of Fig. 3(b). The logic 
circuit for actuating the chopper switch is shown in Fig. 4. 
On designing of the firing circuit, the following requirements 
must be satisfied: 

(i) generating control pulses synchronized with original 

(ii) giving the ability of changing the chopping frequency. 
In order to achieve the first requirement a step-down trans- 

former (22G3 V) is used for stepping down the supply voltage 
to a considerable level, compatible enough to drive the IC's 
(integrated circuits). This transformer is followed by an active 
(precision) half-wave rectifier and a comparator constructing 
a pulse shaping circuit which yields a 50-Hz synchronized 
square pulses compatible with ITL. 

50-HZ supply 

4001 400 I I 

I -400; I 
0.05 sec, 0.1 0.05 sec, 0.1 

-400; 

(a) (b) 
Fig. 3. 
control. (b) fc = 

Stator voltage waveforms. (a) fc = ?f Hz without phase-angle 
Hz with phase-angle control. 

As far as the second requirement, a double frequency signal 
sensing both the positive and negative edges of the previous 
signal is generated using a simple frequency multiplier (x2). 
This signal drives a variable length Johnson counter (8-bit 
shift register with its feedback terminal selected through 8x  1 
Multiplexer). Finally, to obtain the required triggering pulses, 
the output of the pulse shaping circuit and its complement are 
applied to 2 x  1 Multiplexer having the Johnson output signal 
as a selection line while a power amplifier is used to amplify 
the pulses to a level sufficient to trigger the chopper thyristor. 

The salient feature of this new drive is that it can offer 
three different control techniques to be implemented either 
individually or in a combined manner. These techniques 
are frequency control, phase-angle control and integral-cycle 
control. These merits make the described circuit to excel triac 
devices for speed control of single-phase induction motors. 
This is because, as is well known, a triac device is normally a 
naturally commutated device which can only perform a phase- 
angle control and integral-cycle control. In other words, triac 
circuits cannot be used for frequency control or for fabricating 
the voltage waveforms as those shown in Fig. 3. This property 
of frequency control by the new circuit is the essence of the 
present paper. In view of this property, the present scheme 
can achieve a wide range of speed control for single-phase 
induction motors from which it was previously deprived. 

111. ANALYSIS 

The following analysis is applied to a single-phase induction 
motor which was originally a three-phase one, connected in 
star as shown in Fig. 2(b). In this analysis machine parameters 
are assumed constant while core losses and magnetic saturation 
are ignored. In order not to lose the actual picture to what is 
happening inside the machine phase variables approach 191, in 
this analysis, is used. 

The analysis relies upon the voltage equations for a three- 
phase induction motor [lo] which are given as: 
Stator voltage equations: 

where 

and 
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represents the stator flux linkages and is described by: 

[$SI = [L.vl[isl + [MS,l[iT] (2) 

where 

[ir] = [ i r a i r b i r ~ ] ~  

Mms hlms 

Mms Mms 
and [see equation shown at the top of the page]. 

While the rotor voltage equations are: 

[K] = P[&-] + [%][GI (3) 

where 

and 

The rotor flux linkages [$,I are given by: 

In order to reduce these equations for the single-phase 
induction motor mode, the following supplementary equations 
for the star connection of Fig. 2(b) are used. 

%sb = -21. 

Also, in reference to Fig. 2(b), 

U + U,, 
3 

U,, - 2v 
3 

U - 2UCC 

3 

U,, = - 

Usb = ~ 

U,, = - 

where U is the instantaneous value of the supply voltage 
Also, 

Qcc 

C, 
U,, = - 

a,, = asc 
. dQcc 
2,- = - 

dt 

(7) 

Accordingly, the instantaneous currents in all windings for 
single-phase mode [ l l ]  result and can be expressed in the 
following state variable form: 

where 

and 

PI = 

where 

213 = 3Msr[w sin(O + ~ / 3 )  + w , ~  cos(@ + ~ / 3 ) ]  

214 = 3Msr [w sin( 0 + T )  + w,I cos( 0 + T)] 

2 1 5  = 3Msr [U sin(@ - x / 3 )  + w , ~  cos($ - ~ / 3 ) ]  
2 2 3  = 3Msr[w sin(@ + 2 ~ / 3 )  + w , ~  cos(@ + 2lr/3)] 
2 2 4  = 3Msr[w sin(@ - 2 ~ / 3 )  + w , ~  cos(@ - 2 ~ / 3 ) ]  
2 2 5  = 3Msr [w sin( 0 )  + w,I cos( O)] 

231 = h M s r  [ (U + wsr) sin (0 + 6) + wS1 COS (0 + 5)] 

wr1 = T r / b  

ws1 = TJLl 
lr 

2 3 2  = L~M,, [(w + usr) sin 

wsr = z l / ( h ~ l )  

233 = -ZT> 234  = - -Lz ( - f iw  + wrl), 
& 
4 
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-2 -1 -3( F) cos(@ + g )  -3( F) COS(@ + T) -3( y) COS(@ f 5 )  - 
1 -2 -3( ?) cos(@ + 2) -3( 2) cos(@ - ?f) -3( +) cos(@),  

[Y] = &cos(@ + ;> &cos(@ - $1 1 + g(2) -:(+I -9(?> 
&os(@ + 7r) &cos(@ + 3 )  -%(?) 1 + ;(?I -;(%I 
&cos(@ - ; &cos(@ - T )  -;(+) ;(p> 1 + ;(+I 

and [see equation shown at the top of the page]. 
The instantaneous developed torque equation is given by: 

+ (isair, + + iscirb)  sin @ - - . ( 31 
While the electromechanical equation is expressed as follows: 

(10) 
dum J- + Fw,, + TL = T, 

d t  

where 

de, 
w, = - 

dt 
O = PO, 

and F is the friction coefficient. 

IV. EXPERIMENTAL SET-UP 

The test machine was a 1.8-kW, 380-V three-phase wound 
rotor induction motor connected in star ( Y )  for single-phase 
operation as shown in Fig. 2(b). The starting capacitor was 

220 - 3 v 

Fig. 4. Firing circuit. 

chosen such that it produces minimum unbalance in phase 
voltages at starting [6]. Another optimum value for the capac- 
itor was, also, used in the running mode. The used starting and 
running capacitor values were 195.5 pF, 9.5 pF respectively. 
Details for the selecting technique of the capacitor value is 
given in Appendix (Al). The machine was coupled to a dc 
generator for the sake of loading. The parameters of the test 
machine are documented in Appendix (A2). 

The test machine was fed from the circuit described in 
Section 2 which utilizes a thyristor as a chopper switch across a 
diode bridge rectifier. The chopper was actuated by the firing 
circuit given in Fig. 4. 

v. RESULTS AND DISCUSSION 

The performance equations (8)-( 10) were solved numer- 
ically for different chopping frequencies by using the 4th 
order Rung-kutta method. Computation was started by defining 
the voltage waveform related to the corresponding chopping 
frequency (f,). The initial values for the currents and speed 
were set to zero. 

Fig. 5 shows a comparison between the theoretical and 
experimental results for the speed against time, at no load, 
for the test machine when the chopping frequency is the same 
as that of the mains (50) Hz. The evident good agreement 
between the theoretical and experimental results enhances the 
accuracy of the analysis. 

Fig. 6 illustrates the theoretical and experimental speed time 
curves at no load for four different chopping frequencies. 
Apart from the good agreement between the theoretical and 
experimental results, it is noticeable that the synchronous 
speed corresponds exactly to the relevant chopping frequency. 
This supports the claims that this new drive offers to the 
single-phase induction motor the facility by which its speed 
can vary from very low values to the full speed. However, 
there are evident undulations in these curves around an average 
speed for each as a result of the chopping action. These 
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Fig. 5. 
50 Hz. (a) Computed. (b) Experimental. 

Speed response with sinusiodal supply voltage at no-load (fc = 

3N MOTOR 31 

Cmputed Experimental 

Fig. 7. 
frequencies. 

Speed response at a load torque of 3.5 N.m for different chopping 
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Fig. 6. Speed response at no-load for different chopping frequencies. 

undulations become less remarkable when the machine drives 
a load. The effect of loading on speed undulations for these 
different chopping frequencies is manifested in Fig. 7. For 
this particular machine the variation of the percentage speed 
ripple against the chopping frequency is shown in Fig. 8. 
It is evident that under loading conditions a frequency of 
(15 Hz) can be regarded as the lowest practical chopping 
frequency. 

Fig. 9 demonstrates the theoretical and experimental wave- 
forms at steady state for stator voltage, stator current, rotor 
current and capacitor voltage at a chopping frequency of 
(50/2) Hz and a load of 3.5 N.m. The comparison reveals 
a good agreement between the theoretical and experimental 
waveforms except in the rotor current waveform where a 
remarkable discrepancy is evident. This discrepancy can be 
imputed to the effect of the stored energy in the magnetic 
field at the instant of thyristor turn-off and also, due to the 
charge on the motor capacitor during the OFF period. 

~ 

o * a o m * 6 0  

chopping frequency (Rz) 

Fig. 8 Variation of percentage speed ripple with the chopping frequencies. 

VI. CONCLUSION 
The paper presents a simple new drive which employs a 

dc chopper switch for controlling a single-phase induction 
motor. The drive comprises only a single forced commutated 
controlled device which can be a GTO or a thyristor and a 
diode bridge rectifier. 

Theoretical and experimental study has revealed that by 
this drive the speed of single-phase induction motors can 
be controlled from very low values to the rated speed. This 
can be achieved by controlling the chopping frequency of the 
chopper switch. Moreover, this drive provides the facility of 
phase control in addition to frequency control to keep the 
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Fig. 9. Comparison between computed and experimental waveforms. 

voltage to frequency ratio constant. However, low chopping 
frequencies are accompanied by remarkable speed ripples. 
Thus, for the test machine used in this paper a chopping 
frequency of (15 Hz) can be regarded as the lowest practical 
one. The attractive feature of this drive is that it can, also, 
effect ON/OFF control, which is the subject of future work. 

APPENDIX 

A l .  Selection of the Starting and Running Capacitor Values 

For satisfactory operation of the motor it is essential to 
choose the size of the capacitor or its reactance (IC,) such that 
the effect of negative sequence currents is considerably re- 
duced so that the undesirable features such as vibration, noise, 
etc. can be kept at a low level. For the circuit of Fig. 2(b), the 
positive and negative sequence voltage components are given 
in previous publications [7], [SI. The voltage unbalance factor 
for this circuit is defined as the ratio of the negative sequence 
voltage (VZ) to the positive sequence voltage (VI) phasors, i.e., 

U = - =  IV2l IWt120+GYlI 
IVll la + z 3 2  1-301 

where Yl, YZ are the positive and negative sequence imped- 
ances respectively. The condition of minimum unbalance is 
obtained by putting ( d U / d z , )  equal to zero and the value of 
IC,  can be obtained from the following equation: 

+ Bz,  + C = o 

(41 and 4 2  are the angles of the impedances 21 and Zz). 

A2. Test Machine Parameters 

The test machine has the following particulars: 
Rated output = 1.8 kW, 50 Hz 
Supply voltage = 380 V (star), 220 V (delta) 
Stator current = 7.8 A (star), 4.5 A (delta) 
while the machine parameters are: 

R, = 2.53 fl R, = 0.90 R 
Lss = 0.250 H L,, = 0.050124 H 

mms =0.1177H M,, = 0.024582 H 
M,, = 0.110 H J = 0.0160 Kg.m2 
P =  2 
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