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Article Info. Abstract

Induction motors are widely used in commercial and industrial applications due to their robustness, high efficiency, low
maintenance requirements and durability among other reasons. Consequently, their speed should be controlled for better
performance. This paper describes utilization of a scalar speed control of a three-phase squirrel cage induction motor
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1. Introduction

Since induction motors are inexpensive, well-constructed, robust and require little maintenance, they are widely used in industrial applications
and manufacturing processes [1]. In the last few decades, the developments of electrical drives contributed to increasing the usability of
induction motors [2]. If a three-phase induction motor is powered by the mains of a three-phase source, then its rotational speed will be
equivalent to the synchronous speed during loading or unloading processes. Sometimes it is required to control the speed of this motor over a
high range of speeds to levels more than the synchronous speed. For this purpose, an inverter is used. An inverter has the ability to supply
variable voltages and frequencies. Decisions about the values of these voltages and frequencies are made through a controller [3]. There are
various kinds of controllers that can be employed for three-phase motors. They include scalar (V/F) control or vector control which includes
field-oriented control (FOC) and direct torque control (DTC) [4]. In contrast with vector control, scalar control is simple which makes it widely
employed in many applications [5]. In this technique, various kinds of controllers can be used including PI, fuzzy logic, and sliding mode
controllers, among others. Numerous researchers have published their results for accomplishing speed control of three-phase induction motors.
Venkateswarlu et al. [6] controlled the speed of a three-phase induction motor with a sliding mode controller (SMC). Using this method, control
is made using no sensor, but instead observation of stator and rotor flux was employed. Also, SMC was used by El-gendy et al. [7] for speed
control, as well, using a (V/F) method. A space vector modulation technique was also used. The performance of SMC via the scalar method
was compared with a P1 controller. Pati et al. [8] used SMC with a scalar method to improve the transient response of a motor. SMC performance
was compared with a PI controller. An adaptive SMC with fuzzy logic controller (FLC) was used by Zeb et al. [9]. They employed the scalar
method as well, where the FLC was based on the steepest descent with adaptive SMC. The controller performance was compared with a Pl
controller. Yaseen and Nasser [10] used SMC for speed control of a three-phase induction motor. They proposed estimation of the frequency
of stator voltage, whereas the slip speed was based on a quadratic function of current.
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Nomenclature

DTC Direct Torque Control ISMC Integral Sliding Mode Controller

FLC Fuzzy Logic Controller PWM pulse width modulation

FOC Field - Oriented Control SCIM 3-phase Squirrel Cage Induction Motor
Symbols

\Y Voltage Wy Electrical speed of the rotor

ng Synchronous speed H Inertia

f Supply frequency Tm Mechanical torque

p Number of poles Te Electrical torque

ws  Synchronous angular speed Mi Modulation index

w,, Mechanical speed of the motor A Peak amplitude of Reference sine signal
wg;p  Slip speed Ac Peak amplitude of the triangle carrier signal
w,  Rotational electrical frequency (Ae) or (¢) Change of error

i Current o Sliding surface

r Leakage resistance s Auxiliary sliding variable

o) Flux linkage z Uncertainty

Their proposed control method was compared with a P1 controller. For inverter modulation with scalar speed control, a comparison of various
pulse width modulation (PWM) techniques was done by Divyam et al. [11]. Comparison was made between space vector PWM, sinusoidal
PWM, and multiple PWM. The current work examines speed control of a three-phase squirrel cage induction motor (SCIM). Speed is controlled
using an integral sliding mode controller (ISMC). This paper is organized as follows: An introduction is given, followed by a system description,
speed control of three-phase induction motor, simulation results and conclusions.

2. System Description

Normally, a system consists of a three-phase squirrel cage induction motor (SCIM) supplied with AC voltage through a three-phase inverter.
The supply voltage of the inverter is DC, which can originate from either a battery or rectified AC from a three-phase or single-phase source.
A tachometer or speedometer was used to measure the rotational speed of the motor. A description of the main parts of the system are given in
the following sub-sections.

2.1. Three-Phase SCIM

There are two types of induction motors, wound rotor and squirrel cage types. An SCIM does not contain rotor windings. Instead, the rotor is
constructed from steel bars that are short-circuited from its terminals. Thin disks are merged between the terminals and held together to form a
laminated cross-section. The advantage of this laminated structure is a reduction of eddy currents. Owing to this construction, an SCIM does
not require periodic maintenance since it does not have brushes or slip rings [12]. Thus, SCIMs are often employed in many industrial, dusty,
and greasy environments. If the motor is supplied by a main voltage and frequency, then its speed will not exceed the synchronous speed. The
synchronous speed (ng) is the speed of the rotating magnetic field between stator and rotor as:

120 xf
ng= - (1)

where f is the supplied frequency, and P is the number of poles. Also, ng can be represented as angular speed ws where:

2mng
Ws = % )

All electrical parameters are referenced to the stator [12]. Each value of stator and rotor parameters can be analysed as (d - q) expressed as
follows [13-14, 8]:

. d
Vis = I'sigs + E(Pds — WsPgs 3)
. d
Vqs = Tslgs + 3t Pas + WsPgs 4)
; P d .
Var = I'lar + g Par — (ws — wp) Pqr 5)
s ;. d .
Vqr =Tylgr + c Par + (w5 — o) Par (6)

where the suffixes, s and r, refer to stator and rotor, respectively, while d & q refer to direct and quadrature axes, respectively. V represents
voltage, i is current, r is leakage resistance, and ¢ is flux linkage. w, represents the electrical speed of the rotor. The acute accented variables
in Eq. 5-6 refer to the rotor referenced to the stator. Electromagnetic torque (Te) is calculated as:

Te = 1.5 P (@gsigs — Pgsids) ™
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The dynamic mathematical equations of a SCIM are represented via a synchronous rotating reference frame. ¢ is represented as:

®gs = Lsigs + L 14r 8)
@gs = Lsigs + Linlgr ©9)
@ar = Lldr + Liias (10)
@qr = Liigr + Linigs (11)

The mechanical system of a SCIM is given by the following equation:

d
amm = i (Te — 0m — Tin) (12)

where H represents inertia, wyand Ty, are mechanical speed and torque of the motor, respectively. All of the above equations are used to design
a dynamic model of a three-phase SCIM.

2.2. Three-phase inverter

An inverter is DC/AC converter that changes a supplied DC voltage into an AC voltage at a desired amplitude and frequency. A three-phase
inverter has three legs. Each leg has two switching devices that are normally MOSFETSs or IGBTSs. The upper switches are responsible for
positive polarity, while the lower switches are responsible for the negative polarity of the three-phase output voltage. The output line to line
voltages are represented as [15]:

Vpe . . .
Vao = Zras. 22 sin () sinsin not+5) 13
_ 0 4Vpc . nmwy\ . nm . T
Vbe = Xn=135,. 5 Sin () sin—-sin n(wt — E) (14)
Vb . . .
Vea = Z?:m,s,...% sin (?) smns—nsm n(wt — %ﬂ) (15)

Modulation techniques are used to reduce harmonics and attain a smooth AC voltage. The modulation technique employed in this work is
sinusoidal pulse width modulation (SPWM). Three pure sine waves shifted by 120° are considered as modulating (reference) signals at the
desired frequency. These signals are compared with a triangle carrier at a high frequency. The root mean square (RMS) value of the output
voltage is regulated by varying the modulation index (M;), which can be calculated as:

Ar

Mi =
Ac

(16)

where Ar and A are the peak amplitude of a reference sine signal and triangle carrier, respectively. The simulation model of the modulation
portion of the system was done using MATLAB Simulink as depicted in Fig. 1:
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W(1)'sin(u(2)+(2°pi)13) ::E L(%
> »(5
L NOT (&)

Fig. 1 Simulation model of inverter modulation
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3. Speed Control of Three-Phase Induction Motor

One technique that can be used to control the speed of a three-phase SCIM is stator voltage and frequency control, otherwise known as the
scalar (V/F) method. This technique requires a three-phase inverter supplied by a constant DC voltage with the capability of regulating its output
voltage and frequency. Voltage regulation is done by controlling the modulation index. Frequency regulation is accomplished by controlling
the frequency of the three modulating signals. In the (V/F) method, the maximum torque (T max) of the motor is kept at a constant value for
speeds ranging between 10-15% of its w, and up to w,. For speeds greater than wg, T max will start to decrease. Then, the load torque should
be reduced accordingly to maintain the required speed of the motor. In this work, the speed of the three-phase SCIM is controlled using the
(VIF) technique via use of the controllers described in the proceeding sub-sections.

3.1. Speed control using a PI controller

Speed control using a proportional integral (PI) controller is done by calculating the error (¢) between measured speed om and the desired set
point w}, where:
e= Wy — Wy 17

In any control method, should be zero at a steady-state condition. The generated e is fed to Pl controller where a controlling variable u(t) is
generated such that:

u(t) = e(t) xKP + % [e(Ddt (18)

where KP and KI are the proportional and integral gains of the PI controller [16]. These gains can be set or tuned to attain the required response
of the system. The controller generates the slip speed wg;p signal that is added with wp, that yields synchronous speed we. Fig. 2 represents
speed control of a three-phase SCIM by a PI controller.

¥ v
—»
) 6 switches
* Oslip Three-phase
Oy + e + Inverter
— Pl controller —>
0‘)9
= A -I‘“
Om

()

Fig. 2 Speed control of a three-phase SCIM by a PI controller

Om

.

In this figure, the difference between wy, and om represents an error (e). u(t) represents o slip, which is added to wm to get we. Then, we
represents the rotational electrical frequency where the supply frequency can be extracted. In this case, the supply frequency may vary depending
on the action of the PI controller. According to the supplied frequency, the resulting modulation index is calculated through a linear relationship
between them it and then fed along with frequency to a three-phase inverter.

3.2. Speed control by an integral sliding mode control (ISMC)

Sliding mode control (SMC) is a robust, nonlinear and discontinuous control technique. It has the capability to slide the system states on a
particular surface in a state-space environment. The trajectory of the system states is called a sliding surface [17]. In SMC, system state variables
are near the sliding surface [18]. The sliding surface is defined using a surface equation (o) such that:

oc=¢é+ce (19)

where ¢ is a constant and always > 1, e represents the error as a state variable, ¢ is the change of e with respect to time. The aim of SMC is to
drive o to a value of zero. An integral sliding mode controller (ISMC) is used to compensate for system disturbances without the existence of
a reaching phase [19]. This objective is achieved when the equivalent control variable u, (t) is equal to -1 multiplied by (z). Thus, the auxiliary
sliding variables are defined as:

Ss=0—2z2 (20)
z= —1 Xuy(t) (21)
where z represents uncertainty. In order to complete the controller design, then:
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u,(t) =kxo (22)

Here, k is a constant > 1. Now, u, (t) is a nominal control variable that is used to drive auxiliary sliding variables to zero where:

u; (t) = p X signs (s) (23)
and p represents a control parameter. Finally, the controlling signal u(t) is defined by the following formula:
u(t) = uy () + u (1) (24)

Speed control of a three-phase SCIM is done using ISMC through definition of state variables that include error (€) and change of error (&), as
is shown in Fig. 3.

+ Qs
¥ <
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- e Three-phase
O, + —> Inverter
3 ISMC

< >
e| controller @
e
-1 "“.

Fig. 3 Speed control of a three-phase SCIM by ISMC
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4. Simulation Results

Operation of the SCIM was simulated using MATLAB Simulink R2017a. The suggested ISMC controller was simulated as shown in fig. 4
and, in parallel, a P1 controller was also simulated for comparison. The parameters used in the SCIM of this paper are listed in the Table 1.
Various simulations were done according to the cases presented in the following sub-sections to elucidate the speed control and system
behaviour.

4.1. System response at the start

The desired speed reference was 1000 RPM or 104.71 rad per second. At the beginning, a PI controller was used. Fig. 5 shows a high overshoot
and delay time compared to ISMC, which will subsequently be used. In the ISMC case, the simulation results show a rapid response to reach a
steady-state condition with a lower overshoot value. Fig. 6 represents the system trajectory of error (e) and change of error (Ae, or €) when
ISMC is used. The speed of the motor starts from zero until reaching steady state at the desired set point. In comparison with Figure (5), the
motor speed decreases for a short period of time, then the motor accelerates towards the set point.

Table 2 represents both controller responses. The gains of the PI controller were set after tuning. They were kp = 0.01 and Ki =0.3.

Table 1 SCIM parameters

Parameters Values

Rated Voltage 400 V line to line
Input Power 4 kW

Output power 5.4 hp
Frequency 50 Hz

Rated Speed 1430 RPM
Stator Resistance 1.405 Q

Stator Inductance 0.005839 H
Rotor Resistance 1.395Q

Rotor Inductance 0.005839 H
Mutual Inductance 0.1722 H
Inertia 0.0131 J(kg.m?)
No. of poles 4

Table 2 Speed response for the controllers
Overshoot (%)  Steady state Time (s)  Steady state error (RPM)
Pl 44 0.26 6
ISMC 5 0.03 0.16
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Integral SMC speed control (Closed Loop)
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Fig. 4 System simulation by MATLAB Simulink when ISMC is used
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4.2. System response to change in the desired speed

In this case, the motor load torque is kept constant at its rated value. The speed of the motor changes from 700 RPM to 1200 RPM. When a PI
controller is used, during speed change, the simulation results show a clear overshoot in the speed response and electrical torque (Te) of the
motor, as shown in Fig. 7. During this transient period, which lasted for 0.08 seconds, the Te of the motor reached more than twice its rated
value. Also, the speed overshoot is high, but less than shown in Fig. 5. This is due to the low-speed differences in the cases examined. Simulation
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results when ISMC is used are shown in Fig. 8. In this case, the transient period lasted to 0.02 seconds with low overshoot in the speed response.
In this short period, the Te of the motor was high, reaching approximately five times its rated value. However, this high change might not affect
the motor operation or the entire system due to the very short duration of this transient period.
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Fig. 7 Change in motor speed from 700 RPM to 1200 RPM when a PI controller is used
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Fig. 8 Change in motor speed from 700 RPM to 1200 RPM when ISMC is used

4.3. System response to change in load torque

Another case that must be taken into consideration is the load torque change. The load torque was changed from half to full load, where the full
load torque is 26 N.m. When a PI speed controller is used, the stator current of the motor increases in a smooth manner during the transient
period. Also, the speed response exhibits a small dip in its value up to 200 RPM. The torque of the motor (Te) increases as well, during the
transient period. Te shows an overshoots to approximately twice its rated value. The transient period of load change lasted for 0.15 seconds, as
shown in Fig. 9. In the case of control by ISMC, the speed response shows no dip in its value during the transient period as the load is increased.
Te reaches its rated value very quickly as well. Moreover, the stator current changes immediately, but it suffers from harmonics due to a
chattering phenomenon that is related to ISMC. This chattering leads to a continuous change in the control variable, which is translated to the
driver frequency and modulation index. In comparison with a Pl controller, ISMC in the transient period after load exhibited a change that
lasted for 0.02 seconds, as shown in Fig. 10.

To overcome the issues related to chattering, several techniques can be applied. These include either increasing the switching frequency of the
inverter, adding an LC filter between the inverter output terminals and the motor, or use of an unsaturated activation function for the controlling
variable. Each of these solutions can be applied singly or in conjunction with others. The factors related to the enhancements are the system
nature, size, and cost. Application of all the aforementioned solutions with the experimental work of this paper will be made in a future study.

4.4. Controller test for uncertainty

One of the control uncertainties is change in the DC supply voltage (\VVdc) of the three-phase inverter. The change may result in a voltage above
or below the rated value. The rated Vdc value that results in a three-phase 400 V RMS line to line voltage is 565 V. To check the robustness of
the ISMC, the Vdc was increased to a higher value, 600 V. Then it was decreased to a lower value, 500 V, as shown in Fig. 11. In both cases,
the simulation results show no effect on the steady-state values of each speed and Te during and after the VVdc change. When PI control is used,
for the same Vdc change, it can be noted in Fig. 12 that when Vdc is increased or decreased, the speed and Te are affected. Then, after the VVdc
change, the PI controller will return the motor return to its desired rotational speed. In each test, the desired speed was 1000 RPM.
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Fig. 12 System response to changes in VVdc with Pl control
5. Conclusions

In this study, scalar control of a three-phase SCIM is made using Pl and ISMC controllers. Numerous simulations were used to test motor
performance under various operating conditions. The simulations started at a desired set point, changing the rotational speed under a constant
load, changing the load, and finally changing the supplied DC voltage. The results showed that ISMC has an extremely low values for overshoot,
settling time and steady-state error. These properties make it more robust and faster than a conventional Pl controller. Thus, ISMC can be
applied to control the speed of a three-phase SCIM in manufacturing processes, industrial applications, or in electrical vehicles that use SCIMs.
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