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ABSTRACT

In predictive control of induction motors, control signals are adjusted by predicting the future behavior of the motor. These predictions are made on important 
parameters such as motor speed, current, and torque, and are supported by real-time data. In general, in model predictive control (MPC) method, the input and output 
of the system are optimized using cost functions based on reference values. Although the induction motor operates in continuous time, discretization methods are 
needed for performing the necessary current switching and feedback control with microprocessors. For reference speed tracking in this study, the stator current of a 
three-phase induction motor with specifications of 60 Hz, 50 HP, and 460 V was decomposed for the first time using Crank–Nicholson, Verlet integration, and Runge–
Kutta Ralston methods, which are finite control set (FCS)-MPC discretization methods. In this paper, we compared the Forward Euler, Runge–Kutta 4, Runge–Kutta 
Ralston, Taylor series, Crank–Nicolson, and Verlet integration techniques, which are FCS-MPC methods, with the conventional discrete-time indirect field oriented 
control (IFOC) method for speed control of induction motors. Based on the simulation data obtained from the induction motor, overshoot, settling time, reference 
speed root mean square value, and total harmonic distortion values were taken into account. The Verlet integration method had the least settling time than other 
methods, in the range of 0–4 s, including nominal speed transitions. When the response signals were examined, it was seen that the Verlet integration method gave 
the lowest settling time and overshoot percentage values for the 4–8 s, while the Forward Euler method gave the lowest settling time and overshoot percentage 
values for the 8–10 s.
Index Terms—Discretization, finite set control, induction motor, indirect field oriented control (IFOC), model predictive control (MPC), Verlet integration
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I. INTRODUCTION

Induction motors (IMs) are widely used in many industries due to their low cost, robustness, and 
reliability, and they are essentially multi-phase machines connected to an AC power supply in 
either the stator or the rotor [1, 2]. The control of IM drives is generally divided into as scalar and 
vector control. Scalar control only requires magnitude control. However, scalar control has a poor 
dynamic response and combined torque/speed characteristics. With vector control, the dynamic 
response of the IM drive has been improved. Vector control is also known as field-oriented control 
(FOC). Field-oriented control, being an adaptive control method based on the rotor flux model, 
is a popular technique for low-speed induction motors [3–7]. In literature on induction motor 
articles, the indirect field-oriented control (IFOC) method previously utilized speed and current 
controllers for outer-loop and inner-loop controls to manage flux and torque. However, with the 
active use of proportional-integral (PI) controllers, the need for flux sensors has been eliminated, 
and sensorless operation provides an advantage in system control [8, 9]. However, the use of lin-
ear controllers in the speed control loop reduces the speed control performance with unknown 
disturbances and mechanical parameter changes. For this reason, recently, model predictive con-
trol (MPC) has emerged as an alternative in the control of power converters and electric drives 
[10, 11]. Due to the structure of the controllers, discrete-time prediction-based control introduces 
a cumulative cost function and is particularly effective in terms of control strategy when applied 
to real-time systems compared to classical control methods [12]. Model predictive control, evalu-
ating torque, flux, and current errors in terms of cost function, offers advantages over traditional 
control methods [13]. The MPC approach uses a mathematical model of the system to predict 
its behavior within a certain time frame. By combining control objectives, predicted variables, 
and system constraints, an optimization problem is solved, and as a result, the implementation 
of control actions is ensured [14, 15]. With respect to the implementation method, MPC used in 
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electric drives can be classified as finite control set MPC (FCS-MPC) 
and continuous control set MPC (CCS-MPC). Finite control set MPC 
typically utilizes all possible switching states of power converters, 
and control variables can only be selected from among the possible 
switching states in each control cycle, hence the control variables are 
relatively optimal rather than absolute, and the switching frequency 
of the converter in FCS-MPC is not fixed [16–18]. When comparing 
the classic control method with the FCS-MPC method in terms of the 
number of commutations per second, it is necessary to use the FCS-
MPC control scheme to reduce the number of commutations [19]. 
When evaluated in terms of cost function parameters, the FCS-MPC 
method, which is a control method for induction motors, is primar-
ily examined in two main parts: predictive current control (PCC) and 
predictive torque control (PTC). The cost function of FCS-MPC-based 
direct torque control is different from PCC. This is because flux and 
torque values are used in the cost function [20–22]. In FCS-MPC, a 
volta ge-sw itchi ng-ba sed cost function is used to select the volt-
age vector closest to the reference vector by examining all possible 
states in the cost function, and this method requires a high amount 
of calculations [23]. Due to its fixed switching frequency, CCS-MPC is 
typically preferred over FCS-MPC for second-order DC/DC convert-
ers such as boost, buck, buck–boost, and non-inverting buck–boost 
converters [24].

Conventional Forward Euler and Backward Euler methods are 
employed in the cost function when the discretization accuracy 
requirements are insufficient, resorting to different transforma-
tions. The necessary transformations should be selected to be 
compatible with predetermined frame models of stator and rotor 
fluxes, both in the cost function calculation and observer design 
[25–28]. In conventional MPC, since the weighting factor is con-
stant, some studies design a basic weighting factor, provide trans-
formations in the cost functions, and define the parameters used 
with different algorithms [29–31]. In some studies for the optimi-
zation of the FCS-MPC structure, the prediction model is realized 
via Taylor series expansion [32]. With this model, the minimization 
of the cost function can be easily achieved without the need for 
online optimization [33]. While Euler methods produce a highly 
oscillatory current reference, the second-order Taylor discretiza-
tion of the mechanical model ensures smooth reference tracking 
with only a small overshoot [34]. In addition to the Taylor series 
method, studies have compared the Euler, Tustin, Runge–Kutta 4, 
and Runge–Kutta 2 methods in terms of the dynamic response of 
parameters such as α–β stator current, rotor flux linkage, rotor shaft 
speed error, reference speed tracking, and similar motor param-
eters [35, 36]. Model predictive control method is very advanta-
geous in industries where dynamic performance is important, such 
as industries where induction motors are used. Total harmonic 
distortion (THD) negatively impacts the overall performance of 
the system. Some studies have used the predictive current con-
trol method to minimize THD, where stator currents are calculated 
using torque and speed values directly related to motor dynamics, 
so studies have been conducted for the predictive optimization of 
conventional FCS-MPC [37–39].

The contributions of this study are summarized as follows:

• In this study, Runge–Kutta Ralston, Verlet integration, and Crank–
Nicholson methods have been employed in theFCS-MPC of induc-
tion motors in the stator cost function. Reference speed tracking 
and distortions in stator current are compared based on the meth-
ods used.

• Predictive control algorithms were used for the drive system to 
ensure the optimum level of overshoot, settling time, and THD 
effects when using the induction motor.

• The stator current of the induction motor was examined and 
compared with the traditional IFOC method and six discretiza-
tion methods of FCS-MPC (Runge–Kutta Ralston, Verlet integra-
tion, Crank–Nicholson, Forward Euler, Fourth Order Runge–Kutta, 
Taylor series).

• Verlet integration method had the least settling time than other 
methods, in the range of 0–4 s, including nominal speed transi-
tions. When the response signals were examined, it was seen that 
the Verlet integration method gave the lowest settling time and 
overshoot percentage values for the 4–8 s, while the Forward Euler 
method gave the lowest settling time and overshoot percentage 
values for the 8–10 s. When examined in terms of settling time val-
ues, it was observed that the lowest settling time method was the 
Verlet integration method in the positive region (186 rad/s refer-
ence speed) and negative region (149 rad/s reference speed). It 
was observed that the Verlet integration method had the second 
lowest settling time value after the Forward Euler method in the 
positive region (223 rad/s reference speed).

• It has been observed that the IFOC method has less distortion 
in average harmonic distortion than the FCS-MPC discretization 
methods due to its control structure. The method with the high-
est average harmonic distortion is the FCS-MPC Forward Euler dis-
cretization method. Among the FCS-MPC methods, the method 
with the least average harmonic distortion is the Crank–Nicolson 
discretization method. The method furthest from the reference 
speed value of 180.7 rad/s is the Crank–Nicolson discretization 
method with an root mean square (RMS) value of 170 rad/s.

This paper is structured as follows: the MPC model of the induction 
motor is described in Section II. Applied discretization methods 
are explained in Section III. The simulation results are compared in 
Section IV. Some concluding remarks are included in Section V.

II. CONTROL MODEL OF INDUCTION MOTOR

In this article, the MPC method and indirect FOC method of the 
induction motor are examined. For the control circuit of the induc-
tion motor, a driver and an induction motor are needed. The MPC 
MATLAB–Simulink model structure of the induction motor control 
with 60 Hz, 50 HP, and 460 V values is shown in Fig. 1. The reference 
speed control of the induction motor is achieved by driving the 
insulated-gate bipolar transistor (IGBT) inverter block depicted in 
Fig. 1 with a predictive controller. Fig. 1 is derived from [40-41] in 
terms of its main characteristics and is utilized in this study for the 
FCS-MPC method. In an industrial-type induction motor, the rated 
power is high. Its working principle is to provide movement through 
the induction of a magnetic field. Since there is no mechanical con-
nection between the rotor and the stator, the speed of the rotor in 
an induction motor is not exactly equal to the rotation speed of the 
magnetic field of the stator. Therefore, during the operation of the 
motor, a difference occurs between the rotation speed in the rotor 
magnetic field and the rotation speed of the stator magnetic field. 
This difference can lead to wave distortions that cause harmonics to 
be produced.

The simulation study of the FCS-MPC model is shown in Fig. 2. In 
Fig. 2, initially, the difference between the reference speed and the 
speed generated by the motor was taken for calculating the refer-
ence stator current required by the MPC. As illustrated in the figure, 
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the difference in reference speed has undergone a transformation, 
first to electromagnetic torque and then from electromagnetic 
torque to alpha–beta–zero stator current. As a result, in Fig. 2, the 
FCS-MPC model utilizing the difference between reference, mea-
sured speed, and stator currents was employed for simulation. The 
simulation was conducted using MATLAB–Simulink [41].

A. Mathematical Model of Induction Motor
In motors, the mathematical model consists of equations of the elec-
trical and mechanical system. In this model showing the behavior of 
the motor, the equations expressing the mechanical side are derived 
from Newton’s laws of motion, and the equations expressing the 
electrical side are obtained from Kirchoff’s current laws [42].

The model of the motor according to the stationary α–β axes rotat-
ing with any angular speed 4 ωm is as in (1) [42].
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Fig. 1 . Main model predictive control of induction motor [40].

Fig. 2 . FCS-MPC of induction motor.
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where ψrα, ψrβ, isα, isβ, vsα, and vsβ are the rotor flux value in the α-axis, 
the rotor flux value in the β-axis, the α-axis stator current, the β-axis 
stator current, the α-axis stator voltage, and the β-axis stator volt-
age, respectively. The equivalent resistance shown in (2) is utilized in 
the electrical modeling of the motor and is a parameter employed to 
represent the behavior of the actual motor.

R R
R L
L

E s
r m

r
� �

2

2  (2)

where RE, Rs, Rr, Lm, and Lr are the equivalent resistance, the sum of the 
stator resistance, the rotor resistance, mutual inductance, and rotor 
inductance, respectively.

The leakage factor, defined in (3) as the ratio of the rotor induc-
tance to the stator, represents the incurred inductance loss in 
the motor.

� � �1
2L

L L
m

s r
 (3)

Leakage factor σ affects the operating characteristics of an induction 
motor and involves the calculation of stator inductance Ls.

The induction motor simulated in our study is of the rotor type 
squirrel-cage. A squirrel-cage induction machine can be described 
by a set of equations as given below using the stator current as 
the reference axis and the induction motor state equations. To 
simplify the control processes depicted in (4), (5), (6), and (7), the 
three-phase induction motor is decomposed into α- and β-axis 
components.
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where is, ψr, and vs are the stator current, the rotor flux value, and sta-
tor voltage value, respectively.
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Equation (10) represents the voltage equation of the phase winding.

v i R
d
dt

s s s s� � �  (10)

Since a squirrel cage induction motor is considered in (11), the 
rotor voltage vector is equal to zero. Therefore, the rotor winding is 
short-circuited.

i R
d
dt

jpr r r m r� � �� � � 0  (11)

Stator flux ψs and rotor flux ψr are calculated using (12) and (13). The 
electromagnetic torque Te is proportional to the imaginary com-
ponent of the product of the stator flux equivalent and the stator 
current, as seen in (14). Considering the mechanical equation of the 
rotor, it can be seen that the torque is related to the mechanical rotor 
speed ωm.

�s s s m sL i L i� �  (12)

�r r r m sL i L i� �  (13)

T pIm i pIm ie s s r r� � � � � � �3
2

3
2

� �* *  (14)

The rotational inertia of the motor and its resistance to changes in 
speed is described in (15).

J
d
dt

T Tm e l� � �  (15)

where J, Tl, ωm, and ωr are the moment of inertia of the motor, the 
load torque, rotor angular velocity, and rotor currents angular veloc-
ity, respectively.

The relationship between the stator currents and mechanical rotor 
angular velocity according to the number of pole pairs is shown 
in (16).

� � �s r mp� �  (16)

B. Model Predictive Control Method
Model predictive control has evolved significantly over the past two 
decades. This success can be attributed to the fact that MPC is per-
haps the most general way to pose the process control problem in 
the time domain. As mentioned in Fig. 3 in the MPC method, the out-
put of the system is used directly to obtain the feedback input [43].

In Fig. 3, the fundamental representation of the optimized future 
inputs, derived based on past inputs and outputs for tracking the 
reference signal using MPC, is depicted.

In MPC, the cost function that facilitates the optimization of the gen-
erated signal for tracking a reference signal is represented in terms of 
outputs and inputs, as shown in (17).

Fig. 3. Basic structure of MPC [43].
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where J is the cost function; p is the prediction horizon; m is the con-
trol horizon; δ is the coefficient of difference between reference out-
put and produced output; λ is the coefficient of manipulated input; 

j is the next step according to discrete time; y̆ t j t�� ��  is the output 
produced by MPC; w (t + j) is the referenced output; and Δu is the 
manipulated control input increment [43].

C. Cost Function Discretization Methods
In practical application of control systems for IM, the controller 
discretizes the feedback signals received from the motor. Control 
algorithms are then used based on these discretized signals. By mod-
ifying the discretization methods used in the control algorithm, the 
motor’s responses and measured outcomes can be altered. In this 
study, the currents utilized in the cost function of model predictive 
current control (MPCC) implemented in a finite control set are dis-
cretized using different methods.

When investigating the discretization methods used in MPC in the 
literature, it has been observed that a significant portion of the stud-
ies is conducted using the Forward Euler method. The Forward Euler 
method works well when the function is linear or close to linear; 
however, it may lead to significant errors otherwise. To solve this 
problem, the sampling time, or step size, is reduced. In the Forward 
Euler formula in (18), the value of xk in the next step is calculated by 
multiplying the first derivative of xk by the sampling time Ts and add-
ing it to xk.

x x T
d
dt

xk k s
xk

� � �1  (18)

where xk is the system state variable and xk+1 is the next state variable.

The Taylor series method is given in (19). The first-order Taylor series 
expansion is identical to the Forward Euler method.
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The Runge–Kutta fourth order method is given in (21). The step size 
for the derivative is formed by the combination of four different 
coefficients.
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where Runge–Kutta fourth order coefficients are r1, r2, r3, and r4. 
System control input is uk.

The Runge–Kutta Ralston method is derived from the Runge–Kutta 4 
method. As shown in (23), the Ralston method employs fewer steps 
compared to Runge–Kutta 4.
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where Runge–Kutta Ralston order coefficients are r1 and r2.

The Crank–Nicolson method is an implicit method, and its differen-
tiation from the Runge–Kutta methods is in its capability, as dem-
onstrated in (25), to amalgamate forward and backward time steps.

dx
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f t� � �x,  (24)
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Verlet integration method, in contrast to the Crank–Nicolson 
method, utilizes the value one step behind, as demonstrated in (28), 
in solving differential equations.

dx
dt

f t� � �x,  (26)

x xprev (previous time step)=  (27)

x x x f t� � � � � �2 2
prev sT x ,  (28)

where x is a variable belonging to the function f (x, t) and xprev is the 
variable of x from the previous step.

D. IFOC Method
The reference current components and transformation angle of the 
induction motor obtained through the IFOC method are converted 
to three-phase stator currents. The transformed reference currents 
are compared with the data from current sensors and brought within 
the hysteresis band, resulting in pulse width modulation (PWM) sig-
nals. The acquired PWM signals serve as gate signals for the inverter 
and supply it with power [43].

E. The Total Harmonic Distortion
In induction motors, power transmission systems such as motor 
speed and direct current link voltage are prone to fluctuations. Due 
to its expandable nature, the FCS-MPC method can be employed 
to minimize torque and flux fluctuations, which are among the 
causes of harmonic oscillations [43, 44]. The nonlinear loads pow-
ered from the voltage source generate a distorted waveform with 
harmonics. These harmonics can lead to various issues in induction 
motors, including conductor and insulation material degradation. 
Consequently, it is important to determine the full extent of the 
impact of these harmonics. The THD of a system refers to the sum 
of all harmonics present in the system. Harmonic distortion is a term 
commonly used to describe the amount of harmonic content pres-
ent in an alternating signal [45].
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III. COMPARISON OF APPLIED DISCRETIZATION METHODS

In this study, a finite control set MPCC method is proposed to ensure 
the reference speed tracking of the induction motor. The reason for 
using FCS-MPC is its practicality and the ease with which coefficients 
of the cost function can be developed based on human observa-
tion [46]. With the proposed control method, induction motor speed 
transitions are adjusted according to the system to be used, thereby 
reducing the overshoot and settling time values.

In this study, the working principles, advantages, and application 
areas of FCS-MPC for induction motors have been examined. The 
FCS-MPC method emerges as an effective solution for speed and 
current control in the utilized induction motors. Finite control set 
model predictive control is an advanced control strategy employed 
to predict system behavior and compute control signals using a 
mathematical model. This control strategy solves an optimization 
problem to determine the most appropriate control signals for the 
subsequent step within a specific control period. The resolution of 
this optimization problem is based on the optimization of cost func-
tions. In this optimization process, the accurate discretization and 
control of stator currents play a significant role. This study exam-
ines the advantages provided by different discretization methods 
of stator currents in the cost function. The selection of appropriate 
discretization methods according to the requirements significantly 
impacts the motor’s control strategy and performance. Therefore, an 
algorithm flowchart has been developed for FCS-MPC, depicted in 
Fig. 4. The innovation in the rules shown in Fig. 4 for the induction 
motor involves the utilization of various mathematical discretiza-
tion methods, namely Forward Euler, Taylor series, Verlet integration, 
Crank–Nicolson, Runge–Kutta 4, and Runge–Kutta Ralston, in the 
calculation of stator current. Thus, in the proposed different control 
methods, the error between the reference speed and the measured 
speed of the induction motor is maintained at a minimum value. In 
Fig. 4, Vdc, Ts, J, Lm, Lr, Ls, Rr, Rs, Iref, Imeas, ωm, and Ik1 are voltage, sampling 
time, motor inertia value, mutual inductance value, rotor inductance 
value, stator inductance value, rotor resistance value, stator resis-
tance value, reference current, measured current, angular velocity, 
and predicted current value, respectively. With these values given 
in Fig. 4, the stator current Ik1 that we defined in MATLAB–Simulink 
is calculated, and then the calculated stator current Ik1 is converted 
into a cost function with reference values. The value obtained from 
the cost function (g) is compared with the previously determined 
cost function (g_opt) scalar value. The transition continues as long 
as the cost function value is less than the predetermined optimal 
cost function value.

When Table I and Fig. 4 are examined, two fundamental input param-
eters determining the operation of the induction motor at desired 
speeds are identified. These are the predicted stator current and the 
cost function values.

The Forward Euler discretization method [46], given by the following 
equations, was chosen as the primary discretization method.
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where kr, rσ, tσ, Fr, and Fs are the coefficient of mutual inductance, the 
rotor’s electrical resistance, the time constant of losses, the magnetic 
force of the motor, and the stator current-related magnetic force, 
respectively.

The Forward Euler method directly computes the estimated rate 
of change, which is the derivative of the variable at the next time 
step. This method is preferred due to its simple structure and ease 
of implementation, forming the basis of discretization methods, 
and is typically used first in systems where control will be applied. 
The Runge–Kutta 4 method calculates split sampling time values to 
calculate the next step more accurately. While this method involves 
more complex mathematical calculations and heavier computa-
tional load, it provides more precise results. The Crank–Nicolson 
method calculates the next step by taking the average of past and 
future steps, whereas the Forward Euler method directly computes 
the next step. The Crank–Nicolson method tends to produce more 
accurate results because it uses information from both current and 
future steps. The Runge–Kutta Ralston method uses two estimates to 

Fig. 4 . FCS-MPC method flowchart. The parameter values of the 
induction motor given in Table I are utilized as integer and input 
values in the FCS-MPC method software [40].
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calculate the next step based on the previous step. It offers a more 
balanced approach, generally performing better in a variety of elec-
tromechanical systems with nominal high speeds. The Taylor series 
method is expressed as an expanded approximate series of a func-
tion, providing higher accuracy by including higher-order deriva-
tives. Verlet integration calculates the next step using the current 
position and velocity. It uses second-order differential equations and 
predicts the next position and velocity using the current ones. Verlet 
integration is generally more balanced in terms of system dynam-
ics due to features such as conservation of energy and Hamiltonian 
mechanics.

Additionally, the values of the proportional and integral con-
trollers used in the classical control method, IFOC, for speed-to-
e lectr omagn etic torque conversion are provided in Table II [41]. 
Unlike MPC methods, IFOC does not use as much mathematics in 
calculations as MPC.

IV. SIMULATION RESULTS AND DISCUSSION

In this simulation study, FCS-MPC discretization methods including 
Forward Euler, Runge–Kutta 4, Runge–Kutta Ralston, Crank–Nicolson, 
Verlet integration, Taylor series, and the conventional IFOC method 
were examined. The output signals for the speed tracking control of 
the induction motor using FCS-MPC methods and the IFOC method 
are shown in Fig. 5.

The zoomed signals for the speed tracking control of this induc-
tion motor are for 0–4 s in Fig. 6a, for 8–10 s in Fig. 6b, and for 
4–6  s in Fig. 7. The arrows indicate the settling times and over-
shoot percentage values in all figures. When the induction motor 
operates without load, with the nominal operating speed selected 
as the reference speed, the percentage overshoot and settling 
time values are shown in Fig. 6a. A detailed representation of 
the speed variation between 8 and 10 s of Fig. 5 is provided in 
Fig. 6b. This includes the transition from 149 rad/s (20% decrease 
from the nominal speed) to 223 rad/s (20% increase from the 
nominal speed).

When between 0 and 4 s positive region (at 186 rad/s speed) in 
Fig. 6a are examined, it is seen that Verlet integration method has 
the least settling time value as 1.624 s, while Taylor series, Runge–
Kutta 4, and Runge–Kutta Ralston methods have the least over-
shoot percentage value as 7.26. When between 4 and 8 s negative 
region (at 149 rad/s speed) are examined in Fig. 7, it is seen that 
Verlet integration method has both the least settling time value 
and overshoot percentage value. When between 8 and 10 s posi-
tive region (at 223 rad/s speed) are examined in Fig. 6b, it is seen 
that the Forward Euler method has both the least settling time 
value and overshoot percentage value. When examining Fig. 7, 
it is observed that the motor speed decreases from the nominal 
speed of 186–149 rad/s. In Fig. 7, when comparing the negative 
region overshoot values, it has been observed that all discretiza-
tion methods belonging to FCS-MPC exhibit less overshoot per-
centage compared to the IFOC method.

TABLE I. INDUCTION MOTOR PARAMETERS [40]

Parameters Value

Stator resistance 0.087 Ω

Rotor resistance 0.228 Ω

Stator and rotor inductance 0.8e-3H 

Mutual inductance 34.7e-3H

Inertia 1.662 kg/m2

Pole pair 2

Friction factor 0.1 Nm/s

Nominal power 50 HP

Rated speed 1780 Nm

Voltage 460 V

Frequency 60 Hz

TABLE II. IFOC PI PARAMETERS [40]

The values Coefficients

Proportional (Kp) 13

Integral (Ki) 26

Torque limit (N/m) 300

Fig. 5. The output signals for speed tracking of an induction motor.
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Fig. 8 shows the effect of electromechanical torque on the reference 
speed.

In Fig. 9, a mechanical torque of 100 Nm is applied to the induction 
motor in the form of a pulse at the “second” second within the +5% 
error band of the 186 rad/s reference speed, as shown in Fig. 8. It 
is observed that the applied torque does not cause the motor to 
deviate outside the error band of the reference speed. Considering 
the speed peak value as a result of the electromechanical torque 
applied to the reference speed, Taylor series, Runge–Kutta 4, and 

Runge–Kutta Ralston discretization methods have higher speed 
peak values than all other methods.

In Fig. 10, during the tracking of the reference speed of 149 rad/s with 
a near-zero error band, a mechanical torque of 100 Nm was applied 
to the induction motor at sixth seconds. Similar to Fig. 9, the applied 
mechanical torque did not cause the motor to deviate outside the 
band of the reference speed. In the results obtained in Fig. 10, IFOC 
and Crank–Nicholson discretization methods have similar peak 
values with other methods except the Forward Euler discretization 

Fig. 6.  (a) Transient responses in positive region (186 rad/s speed). (b) Transient responses in positive region (223 rad/s speed).

Fig. 7. Transient responses in negative region (149 rad/s speed).
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method. It was observed that the Forward Euler method exhibits 
more switching noise in response to applied torque at speeds lower 
than the nominal speed of the induction motor compared to all 
other methods.

Table III shows peak values of the responses to the applied mechani-
cal torque at second seconds and sixth seconds for FCS-MPC discreti-
zation methods and IFOC method.

In Fig. 11, overshoot and settling time values were presented in detail 
in the form of radar charts. In Fig. 11a, the overshoot percentage 
value of the induction motor at the nominal operating speed (186 
rad/s) was largest for the Verlet integration method. This is due to 
the utilization of position and velocity values in the calculation of the 
next step in the Verlet integration method. The reason why the Taylor 
series, Runge–Kutta 4, and Runge–Kutta Ralston methods yield simi-
lar results and have less overshoot compared to other methods is 

Fig. 8. The applied electromechanical torque value.

Fig. 9. The responses to the applied mechanical torque at “second” seconds.

Fig. 10. The responses to the applied mechanical torque at sixth seconds.
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attributed to the second-order differential equation nature of the 
cost function. These three methods are achieved by refining the step 
interval used in Euler methods.

The transient regime parameter values corresponding to a 20% 
increase in the nominal speed of the induction motor are provided 
in Fig. 11b and d. Here, the speed of the induction motor operating 
at 149 rad/s for 4 s is increased to 223 rad/s. Since the step inter-
val used in the Forward Euler method is constant, it is expected 
to exhibit faster response in simple systems according to the cal-
culation method. However, due to the utilization of a high-power 
induction motor, the inertia of the motor itself needs to be taken 
into account. When Fig. 11b and d are examined, it is seen that the 
Forward Euler has the smallest overshoot percentage and settling 
time compared to other methods. In Fig. 11c, the settling time value 

of the induction motor at nominal speed (186 rad/s) is examined for 
all methods. Among the methods using Verlet integration, it has the 
smallest settling time value.

The RMS values of the speeds obtained by IFOC and FCS-MPC meth-
ods for the induction motor simulated for 10 s in this study are 
presented in Table IV. Upon examining Table IV with respect to the 
reference speed RMS (rad/s) values, it is determined that the Taylor 
series method is the closest to the reference speed in terms of speed 
tracking.

Table V shows the percentage overshoot values and settling times 
of all methods used in controlling the simulated induction motor 
at speeds of 186 rad/s (positive region), 149 rad/s (negative region), 
and 223 rad/s (positive region). When between 0 and 4 s positive 

TABLE III. RESPONSES TO APPLIED ELECTROMECHANICAL TORQUE

FCS-MPC Discretization 
Methods and IFOC Method

Electromechanical Torque Applied in 2nd Seconds Electromechanical Torque Applied in 6th Seconds

Peak Value of the Negative Region (Speed Response rad/s) Peak Value of the Negative Region (Speed Response rad/s)

Forward Euler 187.200 145.719

Runge–Kutta 4 187.719 146.911

Runge–Kutta Ralston 187.719 146.910

Crank–Nicolson 187.077 146.97

Verlet integration 186.57 146.94

IFOC 187.196 146.97

Taylor series 187.719 146.890

Fig. 11. (a) Radar charts for overshoot percentages comparison at 186 rad/s. (b) Radar charts for overshoot percentage comparison at 223 rad/s. 
(c) Radar charts for settling time comparisons at 186 rad/s. (d) Radar charts for overshoot percentages comparison at 223 rad/s.
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region (at 186 rad/s speed) are examined, it is seen that Verlet inte-
gration method has the least settling time value as 1.624 s while 
Taylor series, Runge–Kutta 4, and Runge–Kutta Ralston methods 
have the least overshoot percentage value as 7.26. When between 4 
and 8 s negative region (at 149 rad/s speed) are examined, it is seen 
that Verlet integration method has both the least settling time value 
and overshoot percentage value. When between 8 and 10 s positive 
region (at 223 rad/s speed) are examined, it is seen that the Forward 
Euler method has both the least settling time value and overshoot 
percentage value.

On the other hand, harmonic distortion percentage values occurring 
during the control of the induction motor are presented in Table VI. 
It has been observed that the FCS-MPC methods produce more har-
monics than the classical IFOC method due to the large number of 
switching signals and mathematical operations. This phenomenon 
can be attributed to the dynamic nature of the switching signals pro-
duced by FCS-MPC methods, as opposed to the linear structure used 
in the IFOC method.

V. CONCLUSION

In this paper, we compared the Forward Euler, Runge–Kutta 4, 
Runge–Kutta Ralston, Taylor Series, Crank–Nicolson, and Verlet 
Integration techniques, which are FCS-MPC methods, with the 

conventional IFOC method for speed control of induction motors. 
The results indicated that the Taylor series discretization method 
exhibited an RMS value close to the reference speed compared to 
other methods for induction motor speed control. It was seen that 
the method furthest from the reference speed RMS value was the 
Crank–Nicolson method. This was attributed to the averaging of past 
and future steps in calculating the next step.

When analyzing the reference speed tracking of both unloaded and 
loaded conditions, the Taylor series method exhibited similar results 
to the Runge–Kutta 4 and Runge–Kutta Ralston methods. When 
the mechanical load response of the induction motor after reach-
ing its nominal speed from zero speed was examined, it was seen 
that Taylor, Runge–Kutta 4, and Runge–Kutta Ralston methods gave 
smaller overshoot percentage values than other methods. When 
response signals were examined between 0 and 4 s at 186 rad/s 
speed, it was seen that Verlet integration method had the least set-
tling time value as 1.624 s, while Taylor series, Runge–Kutta 4, and 
Runge–Kutta Ralston methods had the least overshoot percentage 
value as 7.26. When comparing the overshoot percentage values for 
between 4 and 10 s, the reason for the higher overshoot value of the 
IFOC method compared to other methods was the linear controller 
coefficients minimizing the current error at constant values. When 
response signals were examined between 4 and 8 s at 149 rad/s 
speed, it was seen that Verlet integration method has both the least 

TABLE IV. THE SPEED RMS VALUES OF THE SIMULATED INDUCTION MOTOR 
SPEED

The Utilized Control Methods Speed RMS (rad/s)

Reference 180.7

FCS-MPC Forward Euler 170.8

FCS-MPC Verlet integration 174.3

FCS-MPC Crank–Nicolson 170

FCS-MPC Taylor series 174.5

FCS-MPC Runge–Kutta Ralston 173.5

FCS-MPC Runge–Kutta 4 173.5

IFOC 174.3

TABLE V. TRANSIENT REGIME CRITERIA FOUND FROM SIMULATIONS FOR THE INDUCTION MOTOR

FCS-MPC Discretization 
Methods and IFOC 
Method

Positive Region (Between 0 and 4 s) 
at 186 rad/s Reference Speed

Negative Region (Between 4 and 8 s) 
at 149 rad/s Reference Speed

Positive Region (Between 8 and 10 s) 
at 223 rad/s Reference Speed

Settling Time (s) Overshoot (%) Settling Time (s) Overshoot (%) Settling Time (s) Overshoot (%)

Forward Euler 1.702 7.33 4.18 3.17 8.86 1.69

Runge–Kutta 4 1.724 7.26 4.184 2.95 9.042 5.79

Runge–Kutta Ralston 1.724 7.26 4.184 2.95 9.042 5.79

Crank–Nicolson 1.652 7.73 4.178 2.94 8.97 6.24

Verlet Integration 1.624 8.53 4.174 2.93 8.924 7.02

IFOC 1.670 8.33 4.176 3.62 8.97 6.27

Taylor Series 1.724 7.26 4.184 2.95 9.042 5.79

TABLE VI. STATOR CURRENT HARMONIC DISTORTION VALUES

Stator Current Harmonic Distortion (%)

IM Control Type 0–4 s 4–6 s 6–8 s
Three Different 

Seconds Average

IFOC 8.28 30.33 38.36 25.66

FCS-MPC Forward Euler 21.73 55.21 41.58 39.51

FCS-MPC Verlet integration 33.35 43.67 25.84 34.29

FCS-MPC Crank–Nicolson 12.67 48.59 28.33 29.86

FCS-MPC Taylor series 25.59 56.83 32.63 38.35

FCS-MPC Runge–Kutta Ralston 25.48 56.8 31.85 38.04

FCS-MPC Runge–Kutta 4 25.59 56.83 32.48 38.30
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settling time value and overshoot percentage value. When response 
signals were examined between 8 and 10 s at 223 rad/s speed, it was 
seen that Forward Euler method had both the least settling time 
value and overshoot percentage value. Furthermore, when inves-
tigating the response to the mechanical load given at 80% of the 
nominal speed of the induction motor, it was observed that, except 
for the Forward Euler method, the other methods yielded similar 
results of minimal switching loss.

When examining the current harmonic values generated by the 
induction motor driven using FCS-MPC control methods, it was 
observed that the Crank–Nicolson discretization method exhibited 
less harmonic distortion compared to other FCS-MPC methods. The 
reason for this is the Crank–Nicolson discretization method’s utili-
zation of both the future and current steps in predicting the next 
step calculation. It is a well-known fact in the literature that the IFOC 
method generally produces fewer harmonics compared to MPC 
due to the reduced switching operations. In future work, we plan 
to experimentally verify these theoretical findings on an induction 
motor in real time.
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