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Single-phase induction motors, like poly-phase induction motors, have a nearly constant 
speed characteristic. Many methods are used to control these motors. In this paper a new 
method for speed control is presented for controlling such motors. The method used 
employs, only, a naturally commutated triac placed in the supply line. The triac is 
controlled for both variable frequency and variable voltage operation to prevent saturation 
from becoming excessive. Variation of frequency is obtained by using ring-tail counter 
(Johnson counter) circuit which implements integral-cycle control technique to obtain the 
required fundamental frequency. Variation of voltage is obtained by using a phase control 
delay circuit. A mathematical model based on symmetrical components is proposed for 
digital simulation of the machine. The proposed system was validated experimentally and 
comparison is made between theoretical and experimental results. 
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1. Introduction  

 
Single-phase induction motors are mostly 

built in the fractional horse-power range. 
These motors are used for many types of 
equipment in homes, offices, shops, and 
factories. Single-phase induction motors, like 
poly-phase induction motors, have a nearly 
constant speed characteristic.  

Many methods are used to control these 
motors. Controlling the applied voltage to the 
machine is considered the most common 
technique [1-5]. The main drawback of such a 
technique is the reduced starting and 
breakdown torque capability, making it 
suitable for fans or similar centrifugal loads. 
Also, for this method of speed control the slip 
increases at lower speeds, making the 
operation inefficient. 

Another technique used for the speed 
control of the machine employs a chopper 
circuit in the stator side [6]. The chopping 
switch is placed across a diode rectifier bridge, 
which terminates the stator winding from the 
opposite side to the supply. This technique is 
considered as a non-conventional cyclocon-
verter. There is no need for a dc bus capacitor. 
The good thing about this technique is that 
changing the frequency is followed by a 
reduction in the rms value of applied voltage 
to the machine terminals. This technique 
provides an intermediate range of speed 
variation. Fig. 1 shows a schematic diagram 
for the dc chopper-fed drive reported in ref. 
[6]. 

More complex and expensive techniques 
used for adjustable speed single-phase 
induction motor drives are those of PWM 
strategies. Among them, the most widely used,  
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Fig. 1. DC chopper-fed single-phase induction motor. 
 

are sinusoidal PWM and Space Vector PWM 
(SVPWM) techniques [7-10].  

In the present paper a new scheme is 
suggested to control the machine. It is 
considered as a modification for the previous 
work presented in ref. [6]. Only one naturally 
commutated triac is placed in the supply line. 
Here, the firing circuit used will fulfill two 
requirements: (i) Changing the frequency of 
the applied voltage to the motor (integral cycle 
control), and (ii) Changing the applied voltage 
to the motor(phase angle control). The reason 
for this is to prevent saturation from becoming 
excessive and probably damaging the 
machine. A mathematical model based on 
symmetrical components is proposed for 
digital simulation of the machine [11].  

A three-phase induction motor can be 
operated from a single-phase supply system 
using a capacitor, by connecting the stator 
windings as shown in fig. 2. This connection 
was used to provide adequate basis of 
comparison with the results of ref. [6]. The 
connection shown in fig. 2-a applies to a delta-
connected motor; while that shown in  fig. 2-b  
is suitable for a star-connected motor; where 
sa , sb , and sc represent the three stator 
windings and C is the capacitor. 

 The proposed system was validated 
experimentally and comparison is made 
between theoretical and experimental results.  

 
2. The mathematical model 

 

Here, the instantaneous symmetrical com-
ponents technique is used to analyze the 
machine operation. The instantaneous, power 
invariant, three-phase symmetrical compo-
nents transformation is given by: 

















=

1

1

111

3

1
][

2

2

aa

aac .
                               (1)   

 

Fig. 2. Stator connections for single-phase operation of 
the three-phase induction motor. 

 

Where,  
 

ea j 3/2π= . 

 
The instantaneous symmetrical compo-

nents for the three-phase quantities ua, ub, 
and uc are: 

 

[u]abc = [c] [u]
± 0.       

                             (2)  

 
Where: 
 

T
cbaabc uuuu ][][ =     ,                           (3) 

 
T

uuuu ][][ 00 −+−+ =  ,                         (4) 

 
where u+, u- , and u0 are the positive, negative 

and zero sequence quantities, respectively, 
and T denotes the transpose. For the stator 

connections shown in fig. 2, zero sequence 
quantities are absent. Furthermore, the 
negative sequence quantities are always 
complex conjugates of the corresponding 
positive sequence quantities. Thus, only the 
positive sequence quantities are required for 
the complete solution.  

The positive sequence operational equiva-
lent circuit of three-phase induction motor is 
as shown in fig. 3 [11]. In this circuit Rs and 
Xls are the per phase resistance and leakage 
reactance of the stator; Rr and Xlr are the per 

phase rotor resistance and leakage reactance 
referred to stator, and Xm  is  the   magnetizing 
reactance. V and I refer to voltages and 

currents, subscripts s/r refer to stator/rotor. 
The operator p = (1/ω)d/dt; where ω is the 
base supply radian frequency, υ is the p.u. 

speed with synchronous speed as base speed. 
All rotor quantities are referred to stator.  
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Fig. 3. Operational positive-sequence equivalent circuit. 

 
The equivalent circuit shown in fig. 3 can 

be justified as follows. The equations of the 
induction machine in terms of stationary (d-q) 
reference axes expressed in matrix form-with 
the  operator p defined as  p = (1/ω)d/dt - are: 
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which is in the form  v = Z i. Using the 
transformation matrix, 
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to transform the impedance matrix Z to 
positive, negative, forward and backward axes, 
leads to : 
 

CZC*
tZ' = . 

 
It can be shown that, viewed from the 

primary terminals, in terms of positive, 
forward axes, the machine appears as an 
impedance Z+s given by: 
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If this is expressed in terms of Xls and Xlr, 

defined by the equations:  
 
 

Xs=  Xls +Xm , 
 
XR=  Xlr +Xm , 

 
it becomes: 
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which can be represented by the equivalent 
circuit shown in fig. 3. 

From fig. 3, the voltage equation in terms 
of the positive sequence operational imped-
ance Zs+ is: 

 
+++

= sss IZV
,
                                                 (5) 

 
For the negative sequence: 
 

−−− = sss IZV .                                              (6) 

 
The negative sequence circuit is the same 

as the positive sequence circuit shown in fig. 3 
with j replaced by -j. It should be noted that 

the effect of frequency on the rotor resistance 
for negative sequence might be incorporated 
easily into the mathematical model if the re-
sistance/frequency characteristic is known. 
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The developed electromagnetic torque in 
terms of sequence quantities may be ex-
pressed as:   

 

Te= j (Xm|ωm) I+r I-s – I+s – I+s I-r) .                   (7) 
 
Where ωm  is the synchronous speed in mec-
hanical radians/sec [11]. 

In this analysis, saturation, core losses 
and skin effect have been ignored. All machine 
parameters are assumed constant. 
 
2.1. Delta-connected motor 

 
For the delta-connected motor shown in 

fig. 2-a, the terminal constraints are: 
 
V – Vsa = 0, 

 

0   )I -(I  
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X
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c
sc =+ ,                             (8) 

 
where 
 
Xc = 1/ωC . 
 

Writing the winding voltages and currents 
in terms of their instantaneous symmetrical 
components as given by eq. (2), eq. (8) be-
comes: 
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Using eqs. (5) and (6), and the operational 

equivalent circuit of fig. 2, eq. (9) can be 
written as: 
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The instantaneous symmetrical compo-

nents of Is and Ir being complex, they can be 

written in terms of their real and imaginary 
parts as: 

 

ryrxr

ryrxr

sysxs

sysxs

jIII

jIII

jIII

jIII

−=

+=

−=

+=

−

+

−

+

                                         (11) 

 
Substituting eq. (11) into eq. (7), the 

developed torque can be written as: 
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Substituting eq. (11) into eq. (10) we get: 
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Where: 
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pIq sysy /= ; or  pqsy = Isy .
                     

 (17) 

 
2.2. Star-connected motor 

 
For the star-connected motor shown in fig. 

2-b, the terminal constraints are: 

V – Vsa + Vsb = 0, 
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Using the previous procedures the matrix 

[X] and the array [V] of eqs. (15) and (16) are 
now: 
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.  
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3. Experimental setup 

 
A method is introduced to control the 

speed of single-phase induction motors by 
changing both the frequency and amplitude of  
the applied voltage on the motor. This strategy 
needs generating control pulses synchronized 
with  the  supply.  A  power  switch,   such  as 

 
 

Fig. 4. Block diagram for the proposed drive. 

 
 

 
 
 
 
 
 
 

 
 

Fig. 5. Zero voltage crossing detection circuit. 

 
triac, is used as shown in fig. 4. This method 
is simple, inexpensive and reliable. The firing 
circuit fulfills two requirements: 
1. Changing the frequency of the applied 
voltage to the motor (integral-cycle control). 
2. Changing the amplitude of the applied 
voltage to the motor (phase angle control). 

To fulfill these requirements we need the 
following circuits: 

•  Zero Voltage Crossing Detector (ZVCD) that 
detects the zero voltage point which is the 
start of measuring the firing angle α. This 
circuit is common to both phase control and 
integral-cycle control circuits. Fig. 5 shows 
this circuit. 

• Ring-tail counter circuit (Johnson counter) 
which changes the firing signal according to 
the required frequency (integral-cycle control 
circuit). Fig. 6 shows this circuit. The input to 
this circuit is the output signal from the ZVCD 
circuit. Fig. 7 shows the output of the circuit, 
according to the required frequency, to fire the 
triac.  

• Delay circuit which initiates the pulse after 
the firing angle α (phase control circuit). Fig. 8 
shows the circuit used. The firing angle is 
counted starting from ZVCD circuit output 
pulse. It is generated in digital form. The PLC 
outs 4 bits containing the required delay, 
which is latched in the appropriate latch. At 



M.Y. Abdelfattah et al. / Multi-speed operation of induction motor 

294                                      Alexandria Engineering Journal, Vol. 42, No. 3, May 2003 

the beginning of each half-cycle of supply, 
which is marked by the ZVCD circuit, the 
counter is loaded by the desired delay from 
the latch IC-74273 output. The counter begins 
to count down, then a pulse is taken from the 
borrow out pin of counter IC-74193. Both the 
counter and the D-type flip flop IC’s operates 
on a clock signal, which comes from the 
oscillator circuit.  

• Oscillator circuit as a clock signal. Fig. 9 
shows the circuit used. In order to fire the 
triac at any firing angle, the half cycle is 
divided into 16 parts so the resolution is 
180o/16 = 11.25o. The counter should count 
16 times in 10-ms. This means that the 
counter clock frequency should be 16/0.01 = 
1.6-kHz. This oscillator is realized using the 
NE-555 timer.  

• Pulse conditioning circuit, which is used for 
conditioning the firing pulses of the triac and 
send it to the triac gate after being amplified. 
Fig. 10 shows the circuit used. In this circuit 
the D-type flip-flop 7474 is used to give the 
adequate pulse duration and the pulse 
synchronized with the clock pulses. The n-p-n 
transistor is used to amplify the pulse sent to 
the triac gate. 
 

4. Experimental results 

 

    A systematic experimental investigation is 
undertaken to evaluate the effectiveness of the 
proposed speed control scheme. 
 
4.1. Delta-connected motor 
 

    Fig. 11 shows speed response at no-load for 
four speeds for the delta-connected motor. The 
speed response corresponds to the fundamen-
tal frequencies f/3, f/4, f/5 and f/7, where f is 
the supply frequency (f = 50-Hz). 
    Fig. 12-a shows the speed response for a 
load of 1-Nm for f/3. The speed drops due to 
loading by 9% and the starting time increases 
by 30%. Fig. 12-b shows the applied voltage to 
the motor and the drawn current. 
    Fig. 13-a shows the speed response for a 
load of 1-Nm for f/7. The speed drops due to 
loading by 35% and the starting time 
increases by 25%. Fig. 13-b shows the applied 
voltage to the motor and the drawn current.  

The voltage control by increasing the firing 
angle can be noticed in fig. 13-b. Also, it 
should be noticed that, at the intervals of 
current discontinuity an induced voltage is 
observed for both f/3 and f/7 having the 
fundamental frequency.  

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Ring-tail counter circuit. 
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Fig. 7. Firing signal and output voltage at different required frequencies for resistive load with delay angle α = 0. 
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Fig. 8. The delay circuit. 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

Fig. 9. The oscillator circuit. 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 

Fig. 10. The pulse conditioning circuit. 

 
4.2. Star-connected motor 

 
Fig. 14 shows the speed response at no-

load for f/3, f/4, f/5 and f/7. Comparing fig. 
14 with fig. 11 reveals that the starting time of 
the motor is larger for star-connected motor 
than that for delta-connected motor. This is 

attributed to the reduced phase voltage for the 
star-connected stator. 

Fig. 15-a shows the speed response for a 
load of 1-Nm corresponding to f/5. The speed 
drops due to loading by 12%. Fig. 15-b shows 
the applied voltage to the motor and the 
drawn current when the motor is loaded with 
1-Nm. 

Fig. 16-a shows the speed response for a 
load of 1-Nm corresponding to f/7. The speed 
drops due to loading by 14%. Fig. 16-b shows 
the applied voltage to the motor and the 
drawn current when the motor is loaded with 
1-Nm. 

The voltage control by increasing the firing 
angle can be noticed in both f/5 and f/7. Also, 
it should be noticed that, at the intervals of 
current discontinuity an induced voltage is 
observed having the fundamental frequency.  

The main disadvantage of the proposed 
speed control technique, when compared to 
the much more expensive inverter drives, is 
the pronounced harmonic distortion in the 
drawn current. In order to assess the 
harmonic distortion an experimental spectral 
analysis was performed. Fig. 17 shows the 
spectral analysis for the stator current for f/3, 
f/4, f/5 and f/7. Although higher frequency 
harmonics appear in the spectral analysis, the 
rotor runs at a speed corresponding to the 
fundamental frequency. This is mainly due to 
the low-pass filter effect of the mechanical 
time constant of the motor, which shows its 
corner frequency at a low frequency.  
 

5. Simulation results 
  

   Fig. 18 shows the simulation results for the 
star-connected motor for f/5. Fig.18-a shows 
no-load speed response. Fig. 18-b shows the 
stator current for a load of 1-Nm. Fig. 18-a 
and fig.18-b are comparable to fig.14 for f/5 
and fig. 15-b, respectively. 
 

6. Conclusions 

 

     This paper presents a new scheme for 
multi-speed operation of a single-phase 
induction motor. The scheme is simple, cheap 
and reliable. Its performance is not compara-
ble to an inverter; as it is not able to provide 
continuous speed control. It can  only  provide  
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Fig. 11. Different speed response at no-load for different fundamental frequencies for delta-connected motor. 

 

 

 

 
 

 

 

 

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 

Fig. 12. Speed response, applied voltage to motor and drawn current corresponding to a load of 1-Nm for f/3. 
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Fig. 13. Speed response, applied voltage to motor and drawn current corresponding to a load of 1-Nm for f/7. 
 

 
 

Fig. 14. Different speed response at no load for different fundamental frequencies for star-connected motor. 
 

 
 

Fig. 15. Speed response applied voltage to motor and drawn current corresponding to a load of 1-Nm for f/5. 

 
 

 
 
 
 
 
 
 
 

Fig. 16. Speed response, applied voltage to motor and drawn current corresponding to a load of 1-Nm for f/7. 
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Fig. 17. Spectral analysis of stator current at different fundamental frequencies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 18. Simulation results for star-connected motor for f/5. 

 
discrete multi-speed operation. On the other 
hand, the circuit topology of the proposed 
scheme is quite simple, as it comprises only a 
single naturally commutated device, a triac. 
Theoretical and experimental study provided 
substantial evidence that the scheme can 
provide a wide variety of speeds. This can be 
achieved by controlling the fundamental 
frequency of the supply. This was achieved 
using ring-tail counter circuit which 
implements integral-cycle control technique. 
Moreover, it provides, also, the facility of 
phase control to keep the voltage/frequency 
ratio constant. However, low frequencies are 
accompanied by remarkable speed ripples. 

These ripples are due to the harmonics, which 
can be observed in the stator current 
spectrum analysis. Although higher frequency 
harmonics appear in the spectral analysis, the 
rotor runs at a speed corresponding to the 
fundamental frequency. This is mainly due to 
the low-pass filter effect of the mechanical 
time constant of the motor, which shows its 
corner frequency at a low frequency.  
 

Appendix A 
     

The machine used is a three-phase, 
squirrel-cage, induction motor, 380-V, star-
connected, 0.52-A, 175-W, 50-Hz, 4-pole, 
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1360-rpm. The machine parameters are as 
follows : 
 

Rs =  48.56 Ω,               Lls = 0.175 H, 

Rr =  26.65 Ω,               Llr = 0.175 H,  
Lm =  3.0 H. 

 

Moment of inertia      J = 1.24 × 10-4 Kg.m2, 

Viscous coefficient B = 1.435 × 10-5 
N.m./rad/sec. 
Starting and running capacitor for delta-

connected motor  C = 40 µF. 
Starting and running capacitor for star-

connected motor  C = 80 µF. 
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