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Abstract: The primary objective of this paper is to present an overview
of DTC-SVPWM of PMSM driven electric vehicle (EV) drives. The
DTC scheme is applied to PMSM driven EV units powered by three-
phase supply. the Speed control of the PMSM driven EV is achieved
through the Direct torque control technique and we are also improve
our DTC control by using in conjunction with Fuzzy logic controller.
DTC-FLC controller applying for tuning of PID controller. This study
explores the fuzzy logic based controller is using with DTC-Space
vector PWM. Additionally the research work includes the discussion
on simulation-based results obtained after the simulation is done in
MATLAB software.

Index Terms: Fuzzy Logic Control (FLC), Direct Torque Control
(DTC),Space Vector Pulse Width Modulation (SVPWM), Field
Oriented control(FOC),Permanent Magnet Synchronous Motors
(PMSM), MATLAB (2016)

I.  INTRODUCTION

Permanent Magnet Synchronous Motors (PMSMs) are
widely used in various applications due to their advantages over
other types of industrial motors. These advantages include high
power density, excellent speed control, and the ability to operate
at higher speeds. As a result, PMSMs are commonly found in
robotics and automation systems. Various torque control
methods have been studied for PMSM drives, with two major
control strategies being widely used: Field-Oriented Control
(FOC) and Direct Torque Control (DTC).

Recently, the adoption of Direct Torque Control with
Space Vector Pulse Width Modulation (DTC-SVPWM) in
PMSM drives has increased, particularly for Electric Vehicles
(EVs). This approach allows for rapid and efficient control of
motor torque and stator flux with minimal implementation
complexity. In DTC, stator voltage information is processed to
select the appropriate voltage vector, while estimated torque is
compared with stator voltage to minimize errors. While DTC-
SVPWM offers fast dynamic response, its digital implementation
is limited by issues such as high sampling requirements, variable
switching frequency, and torque ripple. Furthermore, the limited
application of voltage vectors can reduce torque control
accuracy.

PMSMs are becoming more popular as energy-efficient
alternatives to induction motors, especially for high-power
applications like industrial robots and machine tools. Their
compact design, high power density, and low maintenance
requirements make them a preferred choice. The key benefits of
PMSMs include high energy density, cost-effectiveness, good

efficiency, favorable inertia ratio, and ease of maintenance,
which contribute to their widespread use across different
industries.

The widespread use of synchronous motors, especially
PMSMs, is attributed to advances in vector control
technologies. These technologies allow for independent
torque and speed control, which minimizes torque ripple
during phase transitions. However, operating at higher
switching frequencies increases switching losses, reducing
overall system efficiency. To address the nonlinear and
coupled behavior of AC motors, specialized algorithms are
needed to manage the variables. Field-Oriented Control
(FOC) addresses these challenges by reducing torque
variations and ensuring stable motor performance at a
constant switching frequency. However, the performance of
proportional-integral (P1) controllers used in FOC can be
impacted by changes in parameters, load disturbances, and
variations in speed.

In conclusion, PMSMs offer significant benefits, such
as high efficiency and low maintenance, making them a
popular choice for demanding industrial applications.
However, the control methods used, particularly DTC-
SVPWM, come with certain challenges, including torque
ripple, variable switching frequency, and limitations in
digital control implementation. Continued development of
advanced control strategies is needed to overcome these
limitations and enhance the performance of PMSMs in high-
performance applications.

I. MATHEMATICAL MODELING OF PMSM

The PMSM has been represented through both the
ABC and DQ models represent in fig. 1. These models make
the assumption that the rotor flux remains constant and are
concentrated along the d-axis. Additionally, it is considered
that the stator winding has an equal number of turns per
phase [8, 9].

Figure 1.Surface Mounted PMSM
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The rotational coordinate of the stator serves as the base
for the x-y coordinate system, with the stator flux linkage
oriented in the positive direction of the x-axis, as illustrated in
Figure 2. Utilizing the stator flux (xy), rotor flux (dg), and
stationary (DQ) frames allows for the representation of the rotor
flux linkage (f) and stator flux linkage vector (s) of the PMSM.

Yo o

Figure 2.Flux linkage of stator and rotor

The symbol & denotes the load angle between the stator
and rotor flux linkages. Under stable conditions, & remains
constant. The stator motion reference frame and the stator flux
linkage space vector ¥s are in phase along the x-axis [10, 11].
The Q-axis undergoes a counter clockwise rotation of 90 degrees
from the D-axis, as depicted in Fig. 2. Let Or represent the
rotational electric angle of the rotor, and @s be the rotational
angle of the stator flux vector.

deo,
=
0, =6,+3
Stator flux linkage is given by
v = Lgig + \I"afejer @

Where L = Stator self-inductance
¥.: = Rotor permanent magnet flux linkage.
In rotor reference frame, the stator voltage equation
(d-q reference frame) are given as [12, 13]

. dy
Vd = Rdld + d_td - OJr‘I-’q (2)

Vq

3 dw
= Rqiq + 5+ Or¥g 3)
Where R is for resistance and subscript d & q for d-axis
and g-axis.
Rs=Rg= Rs

A continuous Voltage source can be used to imitate
the excitation of permanent magnets. The rotor current on the
g-axis is zero. The flux linkage is then written.

vy = Lqig 4)

vg=Lalq + ¥ 5)

vris the flux due to permanent magnet

L, is mutual inductance between the rotor and stator
windings.
The torque equation is obtained by the below Equation.

Te = 23 P [\Pdiq - ‘I’qid] (7)

I11. DIRECT TORQUE CONTROL

The fundamental concept behind the DTC-
SVPWM principle lies in the selection of appropriate
voltage vectors based on the generated errors in torque and
flux in fig. 3 [14, 15]. The difference between the actual
flux and torque, as measured at the motor terminal and their
respective set values is essentially termed as the flux and
torque error. The torque expression is influenced by the
interaction between the fluxes in the stator and rotor. To
ascertain torque and flux ratings, we measure the stator
voltage and current at the motor terminals, respectively.

Figure 3.Speed Control of PMSM driven EV drive

Hysteresis comparators play a crucial role in
governing the control of stator flux and torque. They give
way an output that is subsequently utilized to select the
optimal voltage vector for controlling the Voltage Source
Inverter (VSI) from the set of six non-zero and two zero
vectors. Each of the six switches is represented in binary
form, with states 1 and 0 denoting their on and off positions,
respectively. The combination of these binary states across
the three branches results in a total of 2™ = 8 switching
states. With three switch configurations (S;, S,, Ss), one for
each inverter leg as illustrated in Fig. 4, it becomes possible
to realize every conceivable combination. In this example,
the top switches of the voltage source inverter are denoted as
S1, Sy, and S3. When the top switch is closed, it has a binary
value of 1, while the bottom switch has a value of 0, and vice
versa is representing in table 1. It is imperative that the
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switch position on top is always opposite to the switch position
on the bottom to prevent a short circuit in the power supply [16,
17].

The stator voltage space vector is given by :-

Vszg*vdc*(sl+s3ei2n/3+ Ssei4n_/3) (8)
e
R
[ | o)
((Sl ({ 53 (‘( S5 [
"dc b
C

PMSM based EV

O
C(Sg \

o)

Figure 4.VSI Conned with PMSM Driven EVs Drive

Table 1: Switching Conditions & Space Vectors

Switching State State
Condition SpaceVector
1.2,60n 1(100) A
2.310n 2(110) Vs
3,4,20n 3(010) A
4,5,30n 4(011) VA
5,6,40n 5(001) Vs
6,150n 6(101) Ve
1,3,50n 7(111) Vv,
4,6,20n 8(000) Ve

Our research work is going to be focused in three type
of speed control approaches, when we are using DTC-
SVPWM technique, Fuzzy logic controlled-DTC and PSO
tuned DTC.

Case 1: DTC-SVPWM scheme of PMSM drove EVs Drive.

Case 2: Fuzzy Logic controlled DTC (FLC-DTC) scheme of
PMSM Driven EVs Drive.

Case3: PSO Tuned DTC scheme of PMSM Driven EVs Drive

Case-1: In DTC-SVPWM (Direct Torque Control by using
Space Vector Pulse Width Modulation) of PMSM driven
Electric Vehicles (EVs) drive supplied by an SVPWM
inverter ,when applying voltage in the vector's direction
increases the magnitude of the stator current vector. When a
voltage is applied on the stator side perpendicular to the flux
vector, the flux vector inherently tends to rotate. However, the
torque produced, whether it increases or decreases, depends
on the direction of this rotation.

A space vector chosen from Table-1 represents the

fundamental switching of all six switches in various
configurations [18]. Figure-V visually depicts the concept
of electromagnetic torque control for a three phase
inverter. The entire vector space is segmented into six
stator flux zones, each with a central point where all
possible inverter voltage vectors can be positioned. The
rotor flux vector is denoted by ¥r, and the stator flux
vector is represented by Ws. Fig. 5 also shows four voltage
vectors labeled AWs at the conclusion of the stator current
vector. These six voltage vectors, namely ViV,
V3,V4,Vs, and Vg exert distinct effects on the stator
current, illustrating how the current varies concerning the
application of the voltage vector.

V, Sector3 vV,

-

L
A
)

el Sectorl

Vs L Vs

Figure 5.Torquecontrol for DTC-SVPWM inverter of PMSM Driven
EVs Drive

Case 2: Fuzzy logic controlled DTC (FLC-DTC) of PMSM
driven EV Drive
Fuzzy logic control are widely adopted in designing
highly nonlinear controllers, is an analytical approach that
attached human critical intellectual thought processes and
information processing capabilities. When traditional control
theory proves inadequate, the exploratory nature of fuzzy logic
proves most effective [19]. Substituting a Fuzzy Logic Controller
in DTC for a conventional controller can yield highly optimized
outcomes across a broad spectrum of industrial applications,
including the control of PMSM driven Electric Vehicles (EVs)
drive. FLC exhibits near immunity to system disturbances and
can handle extremely fuzzy input data without necessitating
precise mathematical models. Furthermore, the existing system
configuration  typically requires minimal  modification.
Additionally, ~FLC-DTC  contributes to  cost-effective
enhancements in the performance of current control mechanisms.
Fuzzy logic has been applied to the reference values of the
speed control loop, and FLC-DTC has been integrated into the
control scheme the dynamic performance of DTC-SVPWM
control [20, 21]. The control rules follow a format such as "If
(antecedent 1) and (antecedent 2) are true, then (consequent),”
with a total of 49 rules developed in this structure. Tools like
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Rules Viewer and Surface Viewer prove useful for visualizing the
rules and regulations page. The determination of a can be
accomplished through various estimation algorithms.

Conventional rules and concepts: -The essential components of
control systems consist of implicit rules, conveyed through a series of
linguistic statements within operational control systems. Conditional
statements, like "if,”" are frequently employed to articulate specific
knowledge assertions. Member functions are uniformly distributed
across the entire system, and triangle functions are utilized to facilitate
computations [22]. To enhance accuracy, the member functions are
designed to be denser towards the initial part of each function, as
illustrated in matlab-based figures shown in Fig. 6 (a, b, €).
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Figure 6.Wave form of membership function for (a) Error (b) Change in error (c) Output
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Figure 7.MATLABmModel of PMSM Driven EVs by using FLC-DTC

Fig. 7 shows that the DTC scheme of PMSM driven EV unit
by employing a Fuzzy Logic Controller. This control scheme
integrates closed-loop speed and torque control. The current
feedback loop obtains measured three-phase voltages (V,, Vy, and
V,) from the rotor circuit [23, 24] And subsequently, these
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Voltages are transformed into DC components (Uy and Uy)
through separate Park's transformations. The FLC, working in
tandem with the current directions of the d, g, and i, axes, fine-
tunes the difference between the reference velocity and the
actual velocity.

For each DC component, iger and iger, a dedicated FLC
controller is employed to control both iy and i;. Within the
FLC, the speed error (w¢) and the speed shift error (dw,/dt)
function as two fuzzy input variables represent in fig. 8. The
regulated DC current generates three-phase stator currents, and
these voltages are then fed into the voltage source inverter to
generate the necessary torque and speed. Al,, represents the
FLC output, constituting a part of the overall product. Two
information factors are addressed by seven membership
functions, encompassing zero (ZE), Positive very
big(PVB),small positive (PS), medium positive (PM),
negative small (NS), negative large (NB), negative medium
(NM),negative very big (NVB) and large positive (PB).

We (Y) = Weett (¥) — W (¥)
Cue = We () —We (y-1)
These w, and ¢ are partitioned by scaling factor SF and SQ

separately to change over the sign in per unit esteems the
adequacy of result of FLC is given as:

Iw(y) = Iw(y'l) + AIw

outputt

output!

outputt
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Figure 8.Generated Surface Viewer using FLC-DTC

Case3: PSO tuned DTC of PMSM driven EVs

In  process industries, nonlinear processes are
commonplace, and stabilizer designs are often employed to
enhance production rates. This research work utilizes the PSO
algorithm  for fine-tune the Proportional-Integral-Derivative
(PID) controller for stable and time-delayed unstable process
models. The inertial parameters are assigned fixed weights in the
search space with dimensions (c, Ry, and Ry). A comparison is
made between various inertial weights, including 0.5, 0.75, and
1. The results indicate that the proposed PSO tuned DTC
approach facilitates the achievement of improved controller
settings with minimal iterations.

The suggested method is implemented in real-time
within the PSO tuned DTC of speed control system, utilizing
both simulation and real-time data. The study reveals that the
PSO algorithm operates effectively, as demonstrated by the
examination of static and non-stationary process models.
Additionally, motor motion detection challenges are addressed in
this work through the use of the Bird swarm optimization
algorithms. The PSO algorithm, proposed by Kennedy and
Eberhardt in 1995, continues to prove its efficacy in optimizing
controller parameters for complex and dynamic processes.

F = Mp+ IAE

Objective function is used to minimize F, Where Mp =
Maximum Over shoot and IAE is lowest modified integral time
of absolute error

IAE = [} e(T) dt

PID Controller tuning by using PSO: The objective of the
controller design process is to minimize the considered objective
function by identifying the optimal values for the parameters of
the controller within the defined search space.

PSO Flow Chart: The following flow chart of PSO tuned DTC
is representing in fig. 9.

Generate initial populations

oy
-
A

y

Run the Direct Torque Control based EV
Model

!

Calculate the Pyt Of each partical and Gpest
of population

v

Update the velocity, position, Gpest, Ppest Of
particles

v

Calculate parameters[K;, K] of P1
controller

Print optimal parameters [K;, Ky]

Figure 9.Flow Chart of PSO Tuned DTC

IV. SIMULATION RESULTS

The result analysis involves that comparing of the
characteristics of PMSM driven Electric Vehicles fewer than
three different controllers: DTC-SVPWM controller, FLC-
DTC controller, and PSO tuned DTC controller. The
comparison is conducted with fixed speed reference at 500
rpm and different load conditions, specifically 0 Nm, 5 Nm,
10 Nm, and 15 Nm. The analysis considers different
simulation times until the actual speed reaches the reference
speed. This comparison aims to evaluate and understand the
performance of particular controller under varying load
conditions .This analysis seeks to understand how the DTC
performs under different load conditions within the specified
speed range of 500 rpm. The investigation may include
examining variables such as torque response, speed
accuracy, and overall system stability to gain insights into
the controller's effectiveness in managing varying loads at
the specified speed range.

Case-1 Analyzing the DTC-Space Vector Pulse Width
Modulation (DTC-SVPWM) controller involves assessing its
performance at a reference speed of 500 rpm under different
loading conditions. The analysis includes studying the
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system's response to changes in applied load, specifically when
the load is varied from 0 Nm, 5 Nm, 10 Nm, to 15 Nm.

Referenc | Actual | Load | . Settling - Overs | Under
y Ripple . Rise time
SNo | espeed | speed | torque (%) fime (ms) hoot | shoot
(rpm) | (rpm) | (Nm) (ms) %o h
1 300 300 0 0 376 1854 13.068 | 3.202
] 500 498 50 04 949 2.060 364 | 11183
3 500 454.1 10 12 1457 1.548 4177 | 2592
4 500 435.7 15 0.86 2129 3.6 -1.3 2

Case-11: Analyzing the Fuzzy logic controlled DTC controller
involves assessing its performance at a reference speed of 500
rpm under different loading conditions. The analysis includes
studying the system's response to changes in applied load,
specifically when the load is varied from 0 Nm, 5 Nm, 10 Nm, to
15 Nm.

! Reference | Actual Load Ripple | Setiling Rise Overs | Under
SNo | speed speed | forque o i i hoot | shoot
(pm) | Gpm) | () | (9 | fimelm) fimelm)) Sy |y
1 500 500 0 0 122 0.512 1.851 11.29
2 500 497 5 0.6 945 1.835 4014 | 28.89
3 500 494.1 10 12 534 1.756 36.56 | 30.95
4 500 490.7 15 2 2.398 2398 | 23144 | 28144

Case-l11: Analyzing the PSO tuned DTC controller involves
assessing its performance at a reference speed of 500 rpm under
different loading conditions. The analysis includes studying the
system's response to changes in applied load, specifically when

the load is varied from O Nm, 5 Nm, 10 Nm, to 15 Nm.

] Reference | Actual | Load Ripple | Setfng Rise Overs | Under
SN0 | speed | speed | torque | ) . . hoot | shoot
. (%) | fime(ms) | time(ms)
(rpm) | (rpm) | (Nm) %o %

1 500 500 0 0 47 44 19 | 2151
2 300 500 3 0 1049 1700 L3 | 3132
3 500 498 10 04 1100 134 4737 | K
4 500 497 15 0.6 1128 313 8152 | 12138

Case 1:-Results of DTC-SVPWM Controller: -It appears that
the machine achieves the reference speed of 500 rpm in 0.747
seconds at no load condition. The reference speed is set at 500
rpm and the estimated simulation time for the machine is 0.6
seconds. This information suggests that the machine efficiently
reaches the specified speed within a relatively short duration,
showecasing its performance under the given condition shown in
fig. 10.
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Figure 10: Results of DTC-SVPWM Controller, Speed 500 rpm, at no load
condition &simulation time is 0.56ms

Case 2: Results of Fuzzy Logic controlled DTC
controller: In the scenario where the reference speed is set
at 500 rpm with No Load condition, the machine records the
actual speed. The simulation time is 2.5 seconds, and the
system achieves stability with an estimated settling time of
0.12seconds. This information provides insights into how the
machine responds and stabilizes when aiming to reach and
maintain a speed of 500 rpm under the specified conditions
shows in fig. 11.

speed in pm
| T T }
i
—
Juo ‘
i
¢ I I I I
L LA} 0z ol o4 s a6 or a8
Tme (second)
Tercue )
| T T }
S
s ‘
S
&
8 |]‘r ‘
) I
| 1 | |
L L4} [H [ 2] o4 s as o7 o
Time [seconds)
Cumrert I & Ig {amp)
T T
» —
E
H
A0
| | I
)

L LA EH (2] o [ a8 o7 e
Figure 11. Result of Fuzzy DTC controller Speed 500 rpm, Torque is 0 nm,
running time is 0.56ms

Case3: Results of PSO Tuned DTC Controller: -It seems
that the machine successfully attains the actual speed when
the reference speed is set at 500 rpm with no load torque.
The simulation time is set to 2 seconds, and the estimated
settling time is recorded as 0.16 milliseconds. This data
provides valuable insights into the machine's performance,
demonstrating its ability to reach and stabilize at the desired
speed within the specified conditions shows in fig. 12.
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Figure 12. Results of PSO Tuned DTC Controller at reference Speed of 500
rpm, at no load condition &running time is 0.8ms

V. CONCLUSION

The provided results indicate that the system is stable, and the
machine successfully achieves the reference speed when
employing a DTC-SVPWM controller within an appropriate
settling time. Although the machine attains the desired speed
and experiences reduced speed ripple, some initial disturbances
are observed during the starting phase of operation. Moreover,
it is noted that the DTC-SVPWM controller exhibits a slower
speed control response when compared to both the fuzzy Logic
Controlled DTC controller and the PSO Tuned DTC controllers.
The utilization of the Particle Swarm Optimization (PSO)
algorithm, with various inertia weights, proves effective in
achieving the research objective of optimizing controller
parameters. The reference speed is increased, and the constant
inertial mass method ensures good parameter accuracy.

In summary, the study suggests that the fuzzy Logic
Controlled DTC controller and PSO Tuned DTC controllers
outperform the DTC-SVPWM controller in terms of speed
control response. This highlight the advantages of optimization
techniques such as the PSO algorithm in enhancing the
performance of motor speed control systems, ultimately leading
to improved speed control and reduced disturbances during
operation.to the provided results, the system is stable and
the machine achieves reference speed when using a DTC-
SVPWM controller at the appropriate setting time. While the
machine has reached its proper speed and the speed ripple has
decreased, there are still some initial disturbances are observed
during the starting phase of operation.  Additionally,
it is discovered that the
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