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a b s t r a c t

This paper introduces analysis, control, and comparison of two benchmarking optimization approaches

called Genetic Algorithm (GA) and Particle Swarm Optimization (PSO) for Direct Torque Control (DTC)

of a three-phase Induction Motor (IM). This study aims to determine the most efficient and robust of

the two different metaheuristic optimization techniques including PID-PSO and PID-GA for DTC of IM.

The purpose of the proposed control technique that has been presented is to get over the most significant

drawback of DTC, which is a high level of torque output. The issue of torque ripples needs to be reduced to

a significant amount using the two proposed control methods PSO-DTC and GA-DTC. As a result, PSO-DTC

is the most applicable scheme. The proposed PID-PSO of DTC provided an excellent work performance for

IM system drive. The comparison results of the suggested control methods showed a significant improve-

ment of the control system compared to the classical DTC. The result is a high fidelity estimate of elec-

tromagnetic torque and speed for computation of motor parameters. A high ripple suppression capability

was achieved by the PSO-DTC, which was measured at 22.5 % out of 47.28 % for the traditional approach.

Both proposed control schemes were implemented using MATLAB/Simulink platform.

Copyright � 2022 Elsevier Ltd. All rights reserved.

Selection and peer-review under responsibility of the scientific committee of the 5th International Con-

ference on Advances in Steel, Power and Construction Technology. This is an open access article under the

CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The IMs are become widely used for changeable speed applica-

tions by using variable speed drives (VSD) for instance; pumps,

crushers, blenders, saws, escalators, and derricks [1,2]. Beyond

designing appropriate IMs in terms of security and the probability

of energy reserving, induction motors are subjected to many inves-

tigations to achieve the best operational performance [3]. Many

electrical loads are shared by induction motors, which are crucially

characterised as preserving used energy and being highly effective

[4]. Energy-saving is a major concern in electrical systems and is

estimated correctly under different load conditions [5]. Likewise,

the effectiveness of IM drive systems can be improved to operate

the mechanical equipment with less energy usage at about 30 %,

and it may also reduce the power demand by roughly 15 % [6].

Over the last decades, the majority of the VSD of IMs control

techniques have been continuously upgraded and implemented

in many types of applications, whether as motors or generators.

The most commonly used IM control speed techniques are classi-

fied as Field Oriented Control (FOC) and Direct Torque Control

(DTC) [7-9]. FOC has been classified as one of the best control tech-

niques for the control of IMs. However, it mainly relies on the IM

parameters which do need more control loops, such as a current

regulator. This implementation complexity is the main drawback

of FOC. In this case, the required control performance may not be

achieved [8,10,11]. Moreover, DTC has been established to be a

powerful control drive for IMs [12,13]. This control scheme has

provided many features compared to FOC; fast torque response

as the transient and steady-state torque conditions are much bet-

ter than FOC technique. In addition, DTC does not need coordinate

transformations, nor PI current regulators or a particular form of

modulation techniques to generate pulse signals such as SVM or

PWM. In the other hand, DTC suffers from many drawbacks like

high torque ripples at low speed, variable switching frequency,

and also the absence of direct current as a result, in harmonic

losses and a high level of acoustic noise [14].

Many DTC control techniques have been developed in recent

years to reduce the amount of torque ripples [15-17]. As a further

matter, DTC has been modified to obtain constant switching fre-

quency, such as Direct Torque Control with Space Vector Modula-
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tion (DTC-SVM) [18] and Direct Mean Torque Control (DMTC) [19].

Furthermore, Artificial Intelligence (AI) strategies have been suc-

cessfully employed in DTC and become acting instead of traditional

strategies as referred in the literature review [20-22]. Fuzzy logic

control (FLC) is one of the AI that has become a crucial component

in the development of DTC [23]. It has been utilized whether on an

outer loop as a speed control [24,25] or inner control loop using a

membership function to create a switching table between the main

three estimation variable of torque, flux, and flux angle [26,27]. FLC

showed high work performance and robustness of IM drive system.

However, the proposed model is slowing dwon the computational

time [28]. Another control scheme of AI called Artificial Neural

Network (ANN), a comparison work by [29] showed that the

ANN approached better performance compared to DTC in terms

of reducing torque ripple and also concluded that the Adaptive

Neural-Fuzzy Inference System (ANFIS) model is technically supe-

rior to its system dynamics comparison with ANN. A comparison

study presented by [30,31] regarding Sliding Mode Control (SMC)

is also contributed to eliminating the drawback of DTC, space vec-

tors was appropriately used via switching vectors table by using

SMC.

All these mentioned contributions provided the improvement

of the work performance of the DTC. In the meanwhile, the system

leads to more complex of control schemes. Moreover, when per-

forming in-depth analysis for these works, the DTC scheme appears

to have lost one of its fundamental features. Although, the variety

of the drawbacks of the DTC technique of induction motors in

accordance with the literature review, the DTC is still efficiently

employed in many applications due to its benefits by the nonexis-

tence of:

� Coordination transformation

� PI regulator and current regulator

� Modulation signals PWM

The biggest challenge facing DTC is the torque ripple problem,

particularly at the low speed range where it would lead to deteri-

orating performance of the system. This issue is generated from the

switching table which is associated with the limit number of the

selected vector during the duration of the sample period. In addi-

tion, the selection of voltage vector is dependent on the error

and change of error signals of both torque and flux, which causes

an inaccurate voltage vector selection.

The suggested strategy in this paper is to modify the optimal

parameters of metaheuristic optimization approaches for GA and

PSO for DTC of IM in order to obtain the most optimal values of

the tuned PID controller gains. Dynamic modelling of IM was

demonstrated and discussed. A concise explanation is given to

demonstrate the fundamentals of conventional DTC design. Both

optimization techniques, PSO and GA algorithms, have been

enhanced to deliver a faster dynamic of torque while reducing tor-

que ripple much more than traditional DTC. The implementation

outcomes of the proposed strategies have been compared.

2. Modeling of induction motor

The necessity of an appropriate mathematical model of induc-

tion motor is required to facilitate the behavior study of the direct

torque control model based on the expression of two-phase coor-

dination d� qð Þ [32]. Three phase induction motor drive can be

generated under both dynamic and normal conditions. conse-

quently, this model enables to determine the IM drive variable val-

ues such as stator and rotor current, stator and rotor voltage, stator

and rotor flux, and electromagnetic torque. Afterword it is easily

expressed a 3-phase induction motor drive to the differential equa-

tions form after transferring the main three phase quantities for

stator and flux such as voltage, current, and flux. These quantities

are transformed to two axis theory frame ‘‘d-q axis” or stationary

frame by axis transformation as shown in Fig. 3(a). Equivalent cir-

cuit in ‘‘d-q axis” of IM drive is represented in Fig. 1, This was uti-

lized to design this model and the stator and rotor quantities

expressed as equations.

To refer the stator variables to a synchronously rotating refer-

ence frame fixed in the rotor, the park transformation is applied;

as a result, the stator and rotor parameters rotate at synchronous

speed, and all simulated variables in the stationary frame appear

as DC quantities in the synchronously rotating reference frame.

Table 6 in appendix A illustrates the IM parameters.

Representing the mathematical model of IM based on the form

of d� qð Þ is shown from Eq. (1) to Eq. (14) as follows:

� Electrical equations are from Eq. (1) to Eq. (8):

o voltages:

Vds ¼ Rsids þ
d

dt
wds ð1Þ

Vqs ¼ Rsiqs þ
d

dt
wqs ð2Þ

Vdr ¼ Rridr þ
d

dt
wdr �wrwqr ð3Þ

Vqr ¼ Rriqr þ
d

dt
wqr þ jwrwdr ð4Þ

o Current:

ids ¼
wds Llr þ Lmð Þ � wdrLm
LlsLlr þ LlsLm þ LlrLm

ð5Þ

iqs ¼
Wqs Llr þ Lmð Þ �WqrLm
LlsLlr þ LlsLm þ LlrLm

ð6Þ

idr ¼
Wdr Lls þ Lmð Þ �WdsLm
LlsLlr þ LlsLm þ LlrLm

ð7Þ

iqr ¼
Wqr Lls þ Lmð Þ �WqsLm
LlsLlr þ LlsLm þ LlrLm

ð8Þ

� Magnetic equations are from Eq. (9) to Eq. (12):

Wds ¼ Lsids þ Lmidr ð9Þ

Wqs ¼ Lsiqs þ Lmiqr ð10Þ

Wdr ¼ Lridr þ Lmids ð11Þ

Wqr ¼ Lriqr þ Lmiqs ð12Þ

� Mechanical movement equations are represented in Eq. (13) for

electromagnetic torque and Eq. (14) for rotor speed:

Te ¼
3

2

P

2
ðiqsWds � idsWqsÞ ð13Þ
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xr ¼
P

2J

Z

Te � Trð Þ ð14Þ

Where:

� Stator resistor ! Rs

� Rotor resistor ! Rr

� Stator leakage inductance ! Lls
� Rotor leakage inductance ! Llr
� Mutual inductance ! Lm

Fig. 1. The equivalent circuit of basic control scheme for DTC-IM based on ‘‘d-q axis”.

Fig. 2. The basic control scheme of DTC-IM.
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3. Conventional DTC

A very significant industrial contribution of DTC was introduced

firstly by ABB company [33] just a few short years later of its inven-

tion by Takahashi [12]. The main feature of DTC scheme is that the

torque and flux are controlled independently and directly by using

the switching mode to select the optimal value of the voltage vec-

tor signal to run a voltage source inverter (VSI). DTC extremely

depends on the estimation for actual values of both torque and

Fig. 3. (a) the trajectory space voltage vectors; (b) selecting space vectors based flux and torque changes.

Table 1

Switching table of conventional DTC.

w T Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6

1 V2ð110Þ V3ð010Þ V4ð011Þ V5ð001Þ V6ð101Þ V1ð100Þ

1 0 V7ð111Þ V0ð000Þ V7ð111Þ V0ð000Þ V7ð111Þ V0ð000Þ

�1 V6ð101Þ V1ð100Þ V2ð110Þ V3ð010Þ V4ð011Þ V5ð001Þ

1 V3ð010Þ V4ð011Þ V5ð001Þ V6ð101Þ V1ð100Þ V2ð110Þ

0 0 V0ð000Þ V7ð111Þ V0ð000Þ V7ð111Þ V0ð000Þ V7ð111Þ

�1 V5ð001Þ V6ð101Þ V1ð100Þ V2ð110Þ V3ð010Þ V4ð011Þ

Table 2

Applied and unapplied voltage vectors.

Sector Applied Vectors Unapplied Vectors

Sectors 1 V0 , V2 , V3 , V5 , V6 , V7 V1 , V4

Sectors 2 V0 , V1 , V3 , V4 , V6 , V7 V2 , V5

Sectors 3 V0 , V1 , V2 , V4 , V5 , V7 V3 , V6

Sectors 4 V0 , V2 , V3 , V5 , V6 , V7 V1 , V4

Sectors 5 V0 , V1 , V3 , V4 , V6 , V7 V2 , V5

Sectors 6 V0 , V1 , V2 , V4 , V5 , V7 V3 , V6

Fig. 4. Eight possible switching states of voltage source inverter.
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flux. DTC is an inherently sensorless behavior control scheme;

therefore, it is worth mentioning that the system is entirely

neglected the parameters of rotor position for choosing the voltage

vectors. There are two hysteresis controllers consists of switch off/

on points considered as two levels. Its purpose is to redirect each

flux vector in the space vector to be within the designated band

of the hysteresis comparator. Torque direction can be controlled

by the feature of two levels in the hysteresis control, they can pro-

vide whether negative or positive torque. Fig. 2 shows the funda-

mental design of DTC.

The output voltages of the inverter are based on control voltage

space vectors as demonstrated in Fig. 3(a). The switching table is

the main part of DTC to create flux orientation called space voltage

vectors according to torque and flux error with taking into consid-

eration the position of flux angle. The whole space vector area of

the inverter is split into six sectors. These voltage vectors work

as instantaneous values of eight vectors, six of them are active val-

ues, the other two are inactive which are equal to zero. Eq. (15) and

Eq. (16) can approximate the variation of the stator flux.

DWs ¼ V sDt ð15Þ

Ws ¼ Ws0 þ V sDt ð16Þ

Where: Ws0 is the stator flux at t = 0.

By choosing the proper voltage vectors, the stator fluxWs can be

maintained on the circle of constant flux, as indicated by the flux

and torque sliding surfaces in Fig. 3(b). Likewise, torque angle d

is possibly decreased or increased according to the selection of

voltage vector state as it is generating the torque control of IM

based on (13).

Fig. 5. Classical PID controller outer loop DTC drive system.

Fig. 6. The proposed GA-DTC algorithm.
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Electromagnetic torque and stator flux are estimated as follows:

The stationary reference frame is referred to q-dð Þ the transfor-

mation from two to three-phase stator terminals of IM. According

to stator voltages and DC bus voltages Vdcð Þ the switching state

Sa; Sb; Scð Þ are given in Eq. (22).

The estimation flux can be obtained as follows in Eq. (17) and

Eq. (18):

Wds ¼

Z

Vds � Rsids ð17Þ

Wds ¼

Z

Vds � Rsids ð18Þ

Stator flux wsð Þ can be determined by Eq. (5) to express as

follows:

ws ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

w2
ds þW2

qs

q

ð19Þ

The position of stator flux angle ðhWsÞ is obtained by Eq. (20):

h ¼ ]Ws ¼ tan�1ð
Wqs

Wds

Þ ð20Þ

The estimated electromagnetic torque can be derived by using

the estimated components of current and flux which can be

expressed by the following Eq. (21):

Te ¼
3

2

P

2
iqsWds � idsWqs

� �

ð21Þ

Table 1. shows a very simple switching table which is one of the

fundamental parts of DTC. This table represents the sequence of

selection voltage vectors. The actual voltage vector is selected with

the aid of flux and torque hysteresis comparators with considering

flux angle. This pattern of this table is depicted in Fig. 3. In this

case, the work performance of the drive system is sufficient during

the operating time of an induction motor.

Table 2. shows the applied voltage vectors based on the switch-

ing table of DTC. Each flux sector allows six voltage vectors to be as

a final pulsating signal applied to the inverter taking the form of

four active and two passive vectors.

In the other hand, the two-level inverter has been employed in

the proposed control according to the switching states of the

lookup table. The stator voltage vector V s is entirely depends on

the pulsating signals of Sa, Sb, and Sc , and can be summarised

directly by Eq. (22) as following:

V s ¼ V sd þ jV sq ¼

ffiffiffi

2

3

r

VdcðSa þ Sbe
j 2=3ð Þ þ Sce

�j 2=3ð Þ ð22Þ

Where Vdc is the de link voltage of the inverter and V sd and V sq

are the induced supply voltages of the three-phase induction

motor.

Fig. 4, demonstrates the possible switching states of three phase

inverter accordance to On-Off state of the converter semiconductor

switches of IGBT device based on Eq. (22). Moreover, two of the

eight states of the inverter switches are designated as zero voltage.

Consequently, the stator flux will be zero volts, whereas the other

six switches are distributed as shown in Fig. 3(a).(See Fig. 5 [32]).

4. PID controller

The PI controller has been widely used in industry sectors due

to low cost, simple implementation and the capability to apply in

a variety of applications of applications. In addition, it develops

the dynamic response of the system in terms of eliminates or

reduce the settling time error. It also reduces the overshoot and

rise time response where the load changes to force the feedback

to match a setpoint of the system. This can be achieved by provid-

ing an optimum value of proportional gain (Kp) using the error

input signal with an integral component correction (Ki). The

derivative response (Kd) is proportional to the rate of change of

the process variable. The set value of most practical control sys-

tems uses very small derivative time (Kd) due to its response is

highly sensitive to the process variable signal [34,40]. Eq. (23)

shows the closed loop of DTC systm for IM accordance to PID

controller.

uðtÞ ¼ KpeðtÞ þ K i

Z t

0

eðtÞdt þ Kd

ðtÞ

dt
ð23Þ

Where, uðtÞ is the output of the PID controller and eðtÞ is the

error signal.

5. Proposed GA algorithm

off-line tuning algorithms are extremely challenging to deal

with constant variations in the induction motor parameters where

the nonlinearities that can be found in the inverter, the motor, and

the controller, This makes on-line tuning of controllers is becoming

increasingly popular in the engineering sector. The genetic algo-

rithm (GA) is a simulation process utilizing computer computation

Fig. 7. Flowchart of GA algorithm.
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that can associate with several concepts based on Mendel’s work in

genetics and Darwin’s theory on natural selection and attempting

the natural evolution of biological systems to be simulated. GA is

an optimization tool that figures out several locations of the search

space and can reveal multi-solution to solve an issue. it is an adop-

tion of three main genetic variables: reproduction, crossover, and

mutation. It was a significant contribution to the developing areas

of engineering and other sciences. It was introduced firstly by John

Holland and his colleagues in 1975 [34]. From the working princi-

ple of GA that mating and reproduction are the evolution candi-

dates, whereas mutations are used to explore the total research

space in order to prevent early confluence points. The work

sequence of GA is shown in Fig. 7. (See Fig. 8).

The application of these three genetic operators is a repetitive

process until stops at an optimal research solution toward the

issue. Afterward, this optimal value is used as PID parameters to

run the system online.

The modified drive system of DTC is shown in Fig. 1. The

upgrading study was focused to reduce the torque ripples of DTC

for induction motors which is a major issue of the classical design

of DTC. PID is designed as a speed controller. The genetic Algorithm

optimization tool is the main contribution of this modification for

DTC. GA is one of the best solutions to provide an optimal value by

tuning scaling factors of PID controller based on research strategy

[35]. As the initial random population is the initiate generating

parameters used in the simulation which going to be representing

the PID controller for kp, ki and Kd is demonstrated in Table 5.

Repetitive stimulation in an offline mode is the first step tuned

by GA optimization tool using the gains of PID controller. Once

the optimal value is found the PID gains can used online mode to

control the IM speed throught out Eq. (23). Table 5. shows the

obtained PID set using GA.

Fig. 6 is the block diagram for the proposed GA control scheme

based on PID controller. In this case, GA is utilized to tune the PID

gains (Kp, Ki and Kd) until the optimal control value is found. The

aim of this process is to develop the DTC work performance in

terms of reducing torque ripples. The simulation of GA algorithm

is based on the initial random population of individuals which is

acting as the parameters of PID controller gains as defined in

Table 4.

The gains of PID controller are evaluated by GA tuning procure

which is repeating the simulation in an offline mode to the best

Fig. 8. The proposed PSO-DTC algorithm.

Table 3

Parameters of PID upper and lower boundaries.

PID parameters Kp Ki Kd

Maximum value 20 5 1

Minimum value 0 0 0

Table 4

Operators of meta-heuristic techniques used to

determine the best PID gains settings.

Option Number/type

Genetic algorithm

No of variables 3

Limits boundaries (0,0,0,15, 5, 1)

Population size 20

Maximum iteration 100

Crossover probability 0.8

Mutation probability 0.2

Fitness function ITAE

Particle swarm optimization

algorithm

No of variables 3

Limits boundaries (0,0,0,15, 5, 1)

No. Particles 15

Max iteration 100

Fitness function ITAE

C1,C2 (2.4, 2.2)

Wmax 0.9

Wmin 0.2
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value of PID gains. Ultimately, if the optimal values are detected,

they can be utilized to the online mode of the DTC scheme.

GA is particular category of evolutionary algorithms that incor-

porate strategies such as selection, crossover, and mutation that

are inspired by evolutionary biology [23]. The sequences of GA

operations as a flowchart are shown in Fig. 7, taking on to account

which is a flowchart that adheres to the evolutionary principles of

a GA.

6. Proposed PSO algorithm

Eberhart and Kennedy created the PSO algorithm in 1995 as one

of many optimization strategies. This strategy, which is taken from

social psychology, has been demonstrated to be resilient in solving

issues with non-differentially and ono-linearity [36]. It was

inspired by the social behavior and dynamic movement with com-

munications of insects, birds flocking and fish schooling, and it has

shown to be effective in addressing continuous nonlinear opti-

mization problems. PSO is becoming more popular owing to its

simplicity and ease of implementation [37,38]. The PSO method

is superior to other stochastic approaches in terms of its ability

to provide high-quality solutions in a shorter amount of time and

with a more steady convergence characteristic. Because the PSO

technique is an effective optimization methodology and a potential

solution for handling the challenge of finding the best values for

the PID controller settings [39].

Therefore, the PSO-PID controller, which searches to find the

optimum PID values based on Eq. (23). This particular PID con-

troller is developed and referred to as the PSO-PID controller.

Table 5

Optimum parameters of DTC gains by GA and PSO towards ITAE.

Tuned Parameters PSO-DTC GA-DTC PSO-ITAE GA-ITAE

Kp 9.43 11.23 9.6049

Ki 0.1 2.3 9.8935

Kd 0.001 0.01

Fig. 9. Flowchart of PSO algorithm.
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Each solution in PSO is a ‘‘bird” in the search space; this is

referred to as a ‘‘particle.” The swarm is represented as particles

in a multi-dimensional space with locations and velocities. These

particles must remember their optimal position and be recognize

of the global best position. Members of a swarm communicate

and move at high speeds depending on their best locations accord-

ing to their flying experience with other particles. The particles are

updated using the Eq. (24) and Eq. (25) below [40].

vi;j kþ 1ð Þ ¼ w:vi;j kð Þ þ C1r1 gbest� x kð Þi;j

� �

þ C2r2 pbestj � X kð Þi;j

� �

ð24Þ

X kþ 1ð Þi;j ¼ x kð Þi;j þ V kð Þi;j ð25Þ

Where:

vi;j is velocity.

i; j: are particle and dimension.

C1;C2 are acceleration constant (cognitive individual and social

group) learning rate.

W is inertia weight factor.

r1; r2 are random numbers between 0 and 1.

pbest is the best position of a specific particle.

Gbest is the best particle position of the group.

From Eq. (24) the velocity of the swarm can be determined

firstly by the previous speed is represented in w:vi;j kð Þ which is

to prevent the particle from drastically changing the direction.

The middle part of Eq. (24) is to make the particle tracks its best

position C1r1 gbest� x kð Þi;j

� �

the last part of Eq. (24) is to make

the particle tracks the best position by found by the group as fol-

lows C2r2 pbestj � X kð Þi;j

� �

.

Using the PSO method and a specified number of iterations, the

software determines the final optimum value of the fitness func-

tion as ‘‘best fitness” and the last global optimal point as ‘‘gbest.”

Table 4. outlines the PSO parameters. Fig. 9 depicts the proposed

PSO-DTC-IM flowchart.

7. Performance criteria of PSO and GA with PID controller

In most intelligent optimization algorithms, there are com-

monly performance criteria such as: integrated Absolute Error

(IAE), the integrated of square error (ISE), and Integrated of Time

Square Error (ITSE). That can be evaluated analytically in frequency

domain. These performance criteria are including the overshoot,

rise time, settling time and steady state error. Table 3. illustrates

the boundaries of three variables for PID controller. In addition, it

has been indicated the optimization, and robust of the drive sys-

tem [41]. The performance criterion formulas are as follows:

ISE ¼

Z 1

0

e2ðtÞ:dt ð26Þ

IAE ¼

Z 1

0

jeðtÞj:dt ð27Þ

ITSE ¼

Z 1

0

t:e2ðtÞ:dt ð28Þ

IATE ¼

Z 1

0

t:e2ðtÞ:dt ð29Þ

In this study ITAE is employed as a fitness function for evaluat-

ing the performance of PID controller. According to objective func-

tions that mentioned above in Eq. (29) that ITAE was provided the

lowest error which can be classified as the best fitness function

among others. The optimum tuned set values for Kp, Ki and Kd

can yield a good step response to the proposed scheme. Table 4.

demonstrates both operators of meta-heuristic techniques GA

and PSO are modified to define the most optimum values for the

scaling factor of PID controller. Table 4. Shows the optimum

parameters of DTC gains that have achieved by using GA and PSO

with selection of ITAE fitness function.

Fig. 10. Convergence characteristics of the GA and PSO tuned the proposed DTC design.
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8. Simulation results and discussion

The main concern of this study is to investigate both proposed

optimization tools namely GA and PSO of DTC-IM to be able to

reduce a sufficient torque ripples issue under a wide range of tor-

que loads. The proposed scheme control based on the GA algorithm

has greatly declined the torque ripple by around 20 % compared to

the conventional DTC. However, PSO was recorded the greatest

reduction of torque ripples at roughly 25 % in accordance to the

traditional DTC as shown in Fig. 11(a) and Fig. 14. The speed has

shown a great response towards the torque loads. The transient

and study state conditions have been improved dramatically for

all variables, flux, torque, and speed. Fig. 11(b) is representing rotor

speed; it is clearly shown the behavior of the transient state and

steady state were significantly improved for both suggested PSO

and GA schemes. However, the PSO was in the lead, which means

the measured speed signal of the PSO was almost the same as the

reference value for the entire period given compared to the GA

algorithm. Fig. 12 (a) and (b) shows the current performance of

the proposed schemes of DTC under a variable torque operation

Fig. 11. (a) load torque responses; (b) rotor speed responses of the proposed PSO, GA, and PID towards the classical DTC.
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for both; d-q axis stator current reference frame and three-phase

stator current, respectively. Fig. 13 shows stator flux with excelent

performance toward the proposed methods.

Fig. 10 is a convergence graph for GA and PSO algorithms. It is

demonstrated the characteristics between GA and PSO algorithms

based on DTC of three phase induction motor. From Fig. 10 it is

observed that the PSO algorithm is slightly improved compared

with GA algorithm.

Fig. 14 shows the percentage improvement of reducing torque

ripples in DTC optimized by GA and PSO also demonstrate the pro-

posed mothed was significantly reduced torque ripples compared

to the conventional DTC. Also, it is observed that the total percent-

age of torque ripples of DTC is 47.28 % this amount of torque rip-

ples was reduced gradually using classical PID, GA algorithm and

PSO algorithm by 33.57 %, 28.19 % and 22.5 % respectively.

Fig. 12. (a) d-q axis stator current reference frame responses; (b) three-phase stator current responses.
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9. Conclusion

This research offers two suggested GA and PSO optimization

strategies for monitoring load conditions and reducing torque rip-

ples in an IM direct torque control drive system. The GA and PSO

algorithms have been utilized to obtain the best values for PID

parameters. The achieved optimal values of PID gains gave a high

dynamic performance of the DTC drive system. The results

obtained from tuned PID by both GA and PSO algorithms are com-

pared with PID-DTC and classical DTC. In simulation result, the GA-

DTC and PSO-DTC reduced the torque ripple dramatically for a

wide range of torque loads. Moreover, the developed drive system

based on DTC has not lost any of its fundamentals compared to the

work studies in the literature review.

The PSO was the best proposed scheme which reduced torque

ripples to a great extent at about 1.9 N.m where it was in the con-

ventional DTC at about 4.5 N.m. it was observed from the testbed

of both proposed techniques that the PSO provides superior

dynamic performance in terms of reducing torque ripples com-

pared to second proposed GA scheme. The PSO recorded the atten-

uation of torque ripples at more than 25 % whereas GA has

achieved only 20 % compared to the classical DTC. Consequently,

Fig. 13. Stator flux.

Fig. 14. Percentage of improvement in reducing torque ripples for DTC tuned by PID, GA and PSO.
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the result came out that the PSO overwhelmed the second pro-

posed GA scheme. The drawback of this scope is that the expecta-

tion of flux ripples has not been reduced enough because both

proposed schemes were focused on the error and change of error

for the torque signal only.

Future work will explore on how to accurately control the pro-

posed method to reduce the torque ripples and how to further

design more robust DTC strategy when taking into account the

error and change of error for both flux and torque by means of

intelligent techniques.
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