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1. INTRODUCTION  
 

3-phase induction motors are the most widely used motors 
in the industry. On the other hand, single-phase induction 
motors are also commonly prefered in low power drive 
systems. The speed of the induction motors varies very little 
based on the load. While the speed of direct current motors 
can be varied within wide limits, the speed of an induction 
motor can only be increased or decreased to a limited extent 
by conventional control methods. Induction motors are 
cheaper in all respects, require less periodic maintenance and 
do not produce electric arcs during operation. Because of these 
features, three-phase and single-phase induction motors are 
the most widely utilized motors in the industry [1]. Despite 
these advantages, single-phase induction motors have some 
drawbacks which are being nonlinear and fifth-order, and the 
complex modeling. Although conventional speed control 
methods are proper for the linear applications, they are not 
adequate for the single-phase induction motors, which have a 
nonlinear structure [2]. Since single-phase induction motors 
provide a wider speed range for load torques that vary with the 
square of the speed, Alternating Current (AC) chopper is 
considered as a suitable solution [3]. In the literature, some 
studies carried out in this area are handled. Firstly, Zigirkas 
and Kalomiros propose an asymmetric PWM technique and 

fuzzy logic controller for the voltage control of a single phase 
induction motor [4]. Bouzidi, Harrouz, and Mansouri present 
a fuzzy logic control of an induction motor based on the 
variation of the rotor resistance and control of the rotational 
speed [5]. Agyare, Asiedu, and Biney study a fuzzy logic 
controller to monitor the behavior of the induction motor 
based on the amplitude characteristics of the stator currents 
[6]. Mekrini and Seddik design a fuzzy logic based controller 
to improve the direct torque control and provide desired 
torque and flux in the machine [7]. Maghfiroh, Saputro, 
Fahmizal, and Baballe use the fuzzy logic and PI controllers 
together for the speed control of the induction motor. Since 
PID performances degrade when system conditions change, a 
fuzzy logic is used as a tunable algorithm to change the PID 
gain [8]. Gobimohan and Murali focus on the design of a 
closed-loop control for a capacitor-driven asynchronous 
motor drive with pulse width modulated AC chopper control 
using a bacteria collection based optimization algorithm. A 
linearized boost model for the PWM AC chopper is shown for 
a specific functional point of the drive [9]. Ariff and his/her 
friends address the problem of the speed control for indirect 
field steering of an induction motor in the designed system. 
The problems in the speed control cause the performance 
degradation of the induction motor in high performance 
applications. Takagi-Sugeno type fuzzy logic controller is 
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used as a speed controller to reduce the speed distortion [10]. 
In the paper, Ahmed and Soliman present the modeling of a 
motor fed by a pulse width modulated, voltage controlled AC 
chopper circuit. The advantages of the system are high power 
factor and low total harmonics in the motor current [11]. 
Mohan, Pathak, and Dwivedi propose a reactive power based 
speed control of an induction motor drive for wide speed range 
applications. This approach involves the control of the 
reactive power curve entering and leaving the motor for the 
speed control of the induction motor using a fuzzy logic 
method. The main advantage of this approach is to achieve the 
desired power factor operation [12]. Daoudi, Lazrak, Ouanjli, 
and Lafkih develope a fuzzy direct torque control for a two-
level inverter driven induction motor drive. The aim of them 
is to improve the system performance by reducing the 
electromagnetic torque and stator flux fluctuations while 
improving stator current waveforms. A comparative study 
between direct torque control based on the fuzzy logic and 
nonlinear sliding mode direct torque control is performed by 
using MATLAB/Simulink [13]. Muthamizhan, Shivaj, and 
Aijaz control the speed of the induction motor in the study by 
using the V/f control technique via three phase multilevel 
inverters. The multilevel inverter used are 7, 9, and 11 level 
diode clamped multilevel inverters. The V/f control system is 
based on a fuzzy logic controller which replaces the 
conventional closed loop proportional integral controller for 
the induction motor drive. The study is realized by a 
MATLAB/Simulink software including a multilevel inverter 
with a V/f control [14]. As mentioned above, AC chopper 
circuit, PWM signals, and fuzzy logic are the preferred and 
studied methods for the speed control of a single phase 
induction motor. These methods, which are also easy to 
implement, are open to improvement.  

In this paper, hysteresis band PWM controlled AC circuit 
and fuzzy logic controller are studied for the speed control of 
a single phase induction motor. The high-speed power 
switches used in the AC chopper circuit are preferred to 
control the speed of the single-phase induction motor by 
changing the voltage waveform of the motor. PWM signals 
generated by the hysteresis band are used to trigger the power 
electronics elements. Depending on this control method, a 
fuzzy logic controller is used to get better results especially in 
the speed graph. With the fuzzy logic method, which is widely 
preferred in complex systems, a closed loop is created and the 
model gives better results. 

 The methods used in the design are explained in the 
Sections 2, 3, 4 and 5 of the study. Sections 6 and 7 present 
the design and results. 

 

2. A SINGLE PHASE INDUCTION MOTOR MODEL 
A single-phase induction motor with auxiliary winding is 

used in the model. 

 

2.1. Auxiliary Winding Motors 
 

    A motor consisting of two different stator windings 
placed at 90° to each other as shown in Figure 1 is called an 
auxiliary winding motor. When the motor speed reaches 75-
80% of the synchronous speed, the start switch disables the 
auxiliary winding. This switch is opened by the centrifugal 
force. The rotor of this type motor is a squirrel cage. In the 
starting process, the two windings are connected in parallel to 
each other and also to the supply source [15].  

 
Figure 1. Equivalent circuit of a single phase induction motor with 

auxiliary winding. 

2.2. Mathematical Model of a Single Phase Induction 
Motor 

In order to analyze a single-phase asynchronous motor, a 

mathematical model is required. With the help of the 

equivalent circuit given in Figure 2, the d-q model is created 

and can be analyzed in this way [16]. In the equations, V, λ, I,  

R, and L are the voltage, flux, current, resistance, and 

inductance value for the d-q axis, respectively. d𝜃/dt is the 

rotor angular speed, Tm is the motor torque, Ty is the load 

torque, 𝜔 is the angular speed and j is the coefficient of the 

inertia. Sub-indexes s, r, d, and q represent the stator, rotor, d-

axis, and q-axis, respectively. 

 

 
Figure 2. Circuit of a single phase induction machine [16]. 

 

The voltage equations are given below. 

𝑉𝑞𝑠 = 𝑅𝑞𝑠 ∗ 𝐼𝑞𝑠 +
𝑑𝜆𝑞𝑠

𝑑𝑡
                                                                 (1) 

𝑉𝑑𝑠 = 𝑅𝑑𝑠 ∗ 𝐼𝑑𝑠 +
𝑑𝜆𝑑𝑠

𝑑𝑡
                                                                (2) 

𝑉𝑞𝑟 = 𝑅𝑟 ∗ 𝐼𝑞𝑟 − 𝜆𝑑𝑟 ∗
𝑑𝜃𝑟

𝑑𝑡
+

𝑑𝜆𝑞𝑟

𝑑𝑡
                                             (3) 

𝑉𝑑𝑟 = 𝑅𝑟 ∗ 𝐼𝑑𝑟 + 𝜆𝑞𝑟 ∗
𝑑𝜃𝑟

𝑑𝑡
+

𝑑𝜆𝑑𝑟

𝑑𝑡
                                            (4) 

The fluxes can be obtained from the voltage equations as 

follows 

𝜆𝑞𝑠 = ʃ(𝑉𝑞𝑠 − 𝑅𝑞𝑠 ∗ 𝐼𝑞𝑠)𝑑𝑡                                                        (5) 

𝜆𝑑𝑠 = ʃ(𝑉𝑑𝑠 − 𝑅𝑑𝑠 ∗ 𝐼𝑑𝑠)𝑑𝑡                                                        (6) 
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𝜆𝑞𝑟 = ʃ (𝑉𝑞𝑟 − 𝑅𝑟 ∗ 𝐼𝑞𝑟 + 𝜆𝑑𝑟 ∗
𝑑𝜃𝑟

𝑑𝑡
) 𝑑𝑡                                  (7) 

𝜆𝑑𝑟 = ʃ (𝑉𝑑𝑟 − 𝑅𝑟 ∗ 𝐼𝑑𝑟 − 𝜆𝑞𝑟 ∗
𝑑𝜃𝑟

𝑑𝑡
) 𝑑𝑡                                 (8) 

The flux equations can be given as follows 

𝜆𝑞𝑠 = 𝐿𝑙𝑞𝑠 ∗ 𝐼𝑞𝑠 + 𝐿𝑚𝑞 ∗ (𝐼𝑞𝑠 + 𝐼𝑞𝑟)                                        (9) 

𝜆𝑑𝑠 = 𝐿𝑙𝑑𝑠 ∗ 𝐼𝑑𝑠 + 𝐿𝑚𝑑 ∗ (𝐼𝑑𝑠 + 𝐼𝑑𝑟)                                    (10) 

𝜆𝑞𝑟 = 𝐿𝑙𝑟 ∗ 𝐼𝑞𝑟 + 𝐿𝑚𝑞 ∗ (𝐼𝑞𝑠 + 𝐼𝑞𝑟)                                      (11) 

𝜆𝑑𝑟 = 𝐿𝑙𝑟 ∗ 𝐼𝑑𝑟 + 𝐿𝑚𝑑 ∗ (𝐼𝑑𝑠 + 𝐼𝑑𝑟)                                      (12) 

The current equations can be written as follows 

𝐼𝑞𝑠 =
1

𝐿𝑙𝑞𝑠
∗ (𝜆𝑞𝑠 − 𝐿𝑚𝑞 ∗ (𝐼𝑞𝑠 + 𝐼𝑞𝑟))                                  (13) 

𝐼𝑑𝑠 =
1

𝐿𝑙𝑑𝑠
∗ (𝜆𝑑𝑠 − 𝐿𝑚𝑑 ∗ (𝐼𝑑𝑠 + 𝐼𝑑𝑟))                                  (14) 

𝐼𝑞𝑟 =
1

𝐿𝑙𝑟
∗ (𝜆𝑞𝑟 − 𝐿𝑚𝑞(𝐼𝑞𝑠 + 𝐼𝑞𝑟))                                        (15) 

𝐼𝑑𝑟 =
1

𝐿𝑙𝑟
∗ (𝜆𝑑𝑟 − 𝐿𝑚𝑑(𝐼𝑑𝑠 + 𝐼𝑑𝑟))                                       (16) 

The motion equation of the system is given below. 

𝑇𝑚 =
𝑃

2
∗ (𝜆𝑞𝑟 ∗ 𝐼𝑑𝑟 − 𝜆𝑑𝑟 ∗ 𝐼𝑞𝑟)                                            (17) 

𝑗 ∗
𝑑𝜔𝑟

𝑑𝑡
= 𝑇𝑚 − 𝑇𝑦                                                                     (18) 

 

3. PWM Controlled AC Chopper 
 

3.1. PWM Controlled AC Chopper  
AC voltage choppers are widely used in the speed control 

of 3-phase and single-phase induction motors, especially for 
load torques that vary with the square of the speed. The control 
methods used in these choppers cause non-uniform 
waveforms in the supply voltages and load currents. The 
single-phase pulse width modulation controlled AC chopper 
proposed by Kwon has high power factor, low harmonic input 
current, and high efficiency. In the PWM controlled AC 
Chopper for motor speed control, power switches are used to 
interrupt the source voltage. This method causes the pulse 
width of the AC voltage waveform to change. Therefore, this 
AC voltage control method is called symmetrical pulse width 
modulation. The circuit diagram of the system is given in 
Figure 3 [17].  

 
Figure 3. Symmetric PWM AC chopper circuit diagram [17]. 

 

3.2. Hysteresis Band PWM  
Hysteresis band current control to obtain the power 

switching signal in a way that reduces the current error [18]. 
As a result of this technique, a significant improvement is 
provided in the quality of the load current in the system 
simulation. The advantages of the system are its ease of 
industrial implementation, cost, and reliability [19]. This 

PWM method is commonly used in the current-controlled 
PWM applications. A feedback loop is utilized to measure the 
inrush value of the motor current. A sinusoidal current 
reference is monitored within a defined hysteresis band as 
shown in Figure 4. When the actual current exceeds the upper 
hysteresis band, the upper switch on one leg of the drive is cut 
off and the lower switch conducts. This is a current reduction 
state. If the current falls below the hysteresis band, the upper 
switch conducts and the lower switch cuts. When a positive 
voltage is applied to the phase, the current increases. 
Hysterezis band PWM is used to keep the motor current within 
the hysteresis band. This is an easy method to implement the 
PWM and since the response time of the controller is very fast, 
the controller does not need any other parameter other than the 
value of the current. Besides these advantages, this 
modulation method also has some disadvantages. The first one 
is that the PWM switching frequency does not have a fixed 
value, however, it varies within a frequency band. When the 
current ripple is not desired, the hysteresis band is narrowed, 
resulting in more switching per period (switching losses also 
increase at high switching frequency) [20]. 

Hysteresis band

Upper band limit

Lower band limit

Real current

wt

+0.5Vd

PWM voltage signal

-0.5Vd

wt

Reference sine wave

0

0 180
o

 
Figure 4. Principle schematic of the hysteresis band PWM [20]. 

3.3. Fuzzy Logic Controller  
A fuzzy logic is an expert system that works from a 

knowledge representation based on the set theory. It consists 
of a database that counts all the information about the process 
and it allows us to define the membership functions and fuzzy 
rules of the fuzzy system [21]. Fuzzy logic controllers are 
preferred in the control of time-varying and nonlinear systems 
which mathematical model cannot be determined precisely. 
The concept of them had been first introduced by Lutfi A. 
Zadeh. In the fuzzy logic structure, the relationships between 
concepts are represented by verbal or numerical expressions. 
In the control process, there is a linguistic control structure 
created by an expert persons [22]. The fuzzy logic system has 
been proven to give better results and better torque response 
compared to classical methods for evaluating speed control 
performance [23]. Hence fuzzy logic speed controller is 
preferred due to its simplicity and low implementation cost. In 
addition, it exhibits strong performance in nonlinear controller 
systems without designing any mathematical model [24]. A 
fuzzy logic controller consists of three basic parts which are 
fuzzification, rule-based inference mechanism, and 
stabilization as shown in Figure 5 [25]. 

4. EXPERIMENTS  
 

 4.1. System Design  
The system model is realized with MATLAB/Simulink 

package program. In the designed model, the speed control of 
a single-phase induction motor with AC chopper controlled by 
asymmetric PWM signals generated from hysteresis band. 
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The tag values of the single-phase induction motor are given 
in Table 1. When the motor speed reaches 75% of the 
synchronous speed, the auxiliary winding is removed from the 
circuit. 

 
Figure 5. Block diagram of a fuzzy logic controller [25]. 

 
TABLE I   

LABEL INFORMATION FOR SINGLE PHASE INDUCTION MOTOR. 

Symbol Engine Information Numeric Values 

W motor power 8.98 W 

V voltage 

 

230 V 

Hz frequency  50 Hz 

Ω Main winding resistance(stator) 
 

149.5Ω 

H Main winding 

inductance(stator) 

0.58001 H 

Ω Main winding resistance(rotor) 
 

162.5Ω 

H Main winding inductance(rotor) 0.58001 H 

H Main winding common 
inductance  

 

3.1344 H  

Ω Auxiliary winding resistance 1625 Ω  

H Auxiliary winding inductance 

 

0.029 H 

j Moment of intertia 0.0146 kg*m2 
NS/Ns Winding ratio 1.18 

p Number of poles 4 

   

 

4.2. Research Findings  
In this study, it is aimed to create a fuzzy logic closed-loop 

model to prevent the speed drop when a load is connected to 

the shaft of the single-phase induction motor. In the previous 
model, the torque generated by the motor is used for the input 
of the hysteresis band. However, here, the input of the 
hysteresis band is changed. Firstly, a closed loop is created 
with a fuzzy logic controller. In the first input of the fuzzy 
logic controller designed with two inputs and one output, the 
speed error signals obtained from comparing the speed of the 
motor and the reference speed are used. The reference speeds 
are chosen as 1000-1200-1300 and 1400 rpm. The model is 
re-run for each reference speed value. For the second input, 
the derivative of the speed error signals is taken and the speed 
error change signals are obtained. The torque change signals 
obtained from the output of the fuzzy logic controller are 
summed with the torque signals produced by the motor and 
used for the input of the block where the hysteresis band is 
generated. Thus, only the input signal of the hysteresis band 
generation block is changed, the shape and values of the 
reference signal are used for the hysteresis band and the values 
of the relay are not changed. As shown in Figure 6, seven 
different load values (0.05-0.055-0.06-0.065-0.065-0.07-
0.75-0.08 Nm) are gradually connected to the motor shaft 
incrementally starting from the 25th second. 

 
Figure 6. Load values connected to the motor. 

The designed model is given in Figure 7.  The model is 

designed using a fuzzy logic controller. This consists of two 

inputs, one output, and seven membership functions. 
 
 

 

  

 

Figure 7. Model for the speed control of a single phase induction motor using hysteresis band PWM with a fuzzy logic controller. 
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The model is tested for different reference speed values and 

the same controller is used for these speed values. The rule 

surface of the fuzzy logic controller is given in Figure 8. 

 

 

 
Figure 8. Rule surface. 

The speed graph of the single-phase induction motor 

controlled by an asymmetric PWM without a fuzzy logic 

controller is given in Figure 9 and Figure 10 for unloaded and 

loaded conditions. 

 

 
Figure 9. Speed graph for no-load condition. 

     

 
Figure 10. Speed graph for loaded state. 

After the control system is created by the fuzzy logic 
controller, the graphical results obtained for some reference 
speeds which are 1000-1200-1300, and 1400 rpm and different 
load values are given as below. 

By using 1000 rpm reference speed value and load values 
given in Figure 6, the speed, voltage, current, and torque curves 
produced by the motor are given in Figures 11-14. 

 
Figure 11. Speed curve of the motor for 1000 rpm reference speed value. 

 
Figure 12. Voltage curve of the motor for 1000 rpm reference speed value. 

 
Figure 13. Current curve of the motor for 1000 rpm reference speed value. 

 
Figure 14. Torque curve produced by the motor for 1000 rpm reference 

speed value. 

By using 1200 rpm reference speed value and the load 
values given in Figure 6, the speed, voltage, current, and torque 
curves produced by the motor are shown in Figures 15-18. 

 

 
Figure 15. Speed curve of the motor for 1200 rpm reference speed value. 
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Figure 16. Voltage curve of the motor for 1200 rpm reference speed value. 

 
Figure 17. Current curve of the motor for 1200 rpm reference speed value. 

 
Figure 18. Torque curve produced by the motor for 1200 rpm reference 

speed value. 

By using the reference speed of 1300 rpm and load values 
given in Figure 6, the speed, voltage, current, and torque curves 
produced by the motor are drawn in Figures 19-22. 

 

 
Figure 19. Current curve of the motor for 1300 rpm reference speed value. 

 
Figure 20. Voltage curve of the motor for 1300 rpm reference speed value. 

 
Figure 21. Current curve of the motor for 1300 rpm reference speed value. 

 
Figure 22. Torque curve produced by the motor for a reference speed of 1300 

rpm. 

    By using 1400 rpm reference speed value and the load values 

given in Figure 6, the speed, voltage, current and torque curves 

produced by the motor are illustrated in Figures 23- 26. 

 

 
Figure 23. Speed curve of the motor for 1400 rpm reference speed value. 

Figure 24. Voltage curve of the motor for 1400 rpm reference speed value. 

 
Figure 25. Current curve of the motor for 1400 rpm reference speed value. 
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Figure 26. Torque curve produced by the motor for a reference speed of 1400 

rpm.  

5. CONCLUSION  
 

In this paper, a solution method for the speed control 
problem of the single-phase induction motors which is one of 
the biggest problems of these motors is proposed. Thus, it is 
aimed to increase the usage areas of theese motors. The speed 
control of the motor is achieved by the help of an AC chopper 
that changes the voltage waveform applied to the motor. A 
hysteresis band is created for triggering the power electronics 
elements. For the inputs of the hysteresis band, the torque 
generated by the motor and the reference signal are used. A saw 
tooth is also chosen for the reference signal. The PWM signals 
obtained by comparing the motor torque and reference signal 
are utilized for triggering the power electronics switches. The 
speed control of the motor is carried out, however, when a load 
is connected to the motor shaft, a fall is observed in the speed 
curve.  

A closed loop system is created by using a fuzzy logic 
controller to prevent the drops in the speed curves. At this 
stage, the torque input produced by the motor used for the 
hysteresis band is changed. For the first input of the fuzzy logic 
controller, the speed error is obtained by the difference between 
the reference speed value and the motor speed. For the second 
input, the derivative of the speed error value is taken to obtain 
the speed error change. The torque values obtained from the 
output of the fuzzy logic controller and the produced by the 
motor are summed and used as the new input of the hysteresis 
band. Thus, power electronics switches are triggered with the 
new PWM signals obtained. As a result, it is observed that the 
proposed fuzzy logic speed controller method gives successful 
results in the closed loop system.  
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