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Abstract: Energy efficiency plays a vital role in electric and hybrid vehicles (EVs) due to their limited energy storage
capacity. Besides its excellent stability and low cost, minimizing losses enhances the efficiency of the induction motor.
Furthermore, when operating below its maximum load, it may consume more power than necessary for its tasks. This
study proposes a fuzzy logic control (FLC)-based method for applications in electric vehicles. The FLC controller is
capable of conserving additional power and improving the initial current amplitude. The performance of the control was
validated through simulation using the MATLAB/SIMULINK software program. The simulation results indicate a swift
rejection of disturbances impacting the system and demonstrate superior performance outcomes in the time-domain
response compared to the conventional proportional integral derivative controller. Consequently, the core losses of the
induction motor are significantly reduced, thereby enhancing the efficiency of the driving system.

I INTRODUCTION

The significant rise in fossil fuel usage, particularly over the last few decades, has led to an increase in atmospheric CO2
levels. In light of the escalating concerns regarding climate change and rising sea levels due to global warming, there is
an urgent necessity for global efforts to reduce carbon dioxide emissions. Enhancing vehicle fuel efficiency is crucial, as
transportation accounts for approximately 20% of total carbon dioxide emissions [1-6]. Electric vehicles (EVs) offer
numerous advantages, including being quieter, more environmentally friendly, more efficient, and generally less reliant
on fuel [7]. The choice of electric machine greatly influences the cost and efficiency of the drive. Electric motors are
essential components in all drive systems, including hybrid and EV models [8]. The primary types of machines that can
be utilized in electric vehicles (EVs) are induction motors (IMs) and synchronous motors [9]. The following propulsion
characteristics should be integrated into the EV-drive motor [7, 10—12]: (I) high efficiency to enhance driving range; (ii)
high torque density to ensure adequate driving force during starting, climbing, and acceleration; (iii) the capability to
manage flow effectively to extend the range of static power speeds. Due to its durability, affordability, and minimal
maintenance needs, the IM is the preferred choice for EVs and is more commonly employed for traction drives [13—16].
However, its losses are considerably higher in EV applications [17, 18], which leads to a decrease in the machine's
efficiency. The primary challenges in integrating these vehicles into the transportation system include their increased
weight, low energy density, prolonged battery life, and extended charging times [19]. Consequently, the effective use of
energy is crucial for the operation of electric vehicles [20— 22]. It is generally acknowledged that proportional integral
derivative (PID) control, commonly used in various industrial drives, is one of the most prevalent components.
Additionally, PID controllers are utilized in industrial settings and form part of the majority of control loops currently
implemented [23, 24]. A significant decline in performance may occur when operating conditions change, as components
may become outdated or the working environment may shift [25]. Fuzzy logic control (FLC) represents an intelligent
control method that can provide superior performance compared to precise analytical modeling of a controlled system,
as it is less ambiguous and more user-friendly [26-28]. The FLC framework offers numerous strategy rules that utilize
linguistic tags in a more straightforward manner. Several other investigations into energy demand control in electric
vehicles have adopted this approach [7]. FLC operates in a model-free manner, meaning it does not rely on a mathematical
model of the controlled system [28, 29]. Therefore, the FLC system controller should be designed with adaptive features
to enhance the performance of the electric vehicle traction when the system encounters areas with persistent errors. Other
considerations in FLC involve identifying suitable trade-offs between minimal overshoot, minimal steady-state error, and
rapid rise time [30]. Nevertheless, the objective of the current design methodologies is to minimize steady-state losses
[31, 32]. During transit, the machine may experience high and excessive current peak losses with variable flow linkages,
particularly when high stability efficiency is the design objective for conventional induction machines. Consequently, the
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losses associated with transient machines that occur during the highly dynamic driving cycle frequently experienced by
the electric vehicle traction motor drive are the primary focus of this article. A variety of alternative control structures for
electric vehicle (EV) applications have been documented in the literature. These include simple linear methods such as
direct torque and field-oriented control [8, 33], sliding mode control [36], and other control strategies [34, 35]. The finite
element approach [17] is employed to reduce secondary winding harmonic losses, utilizing the golden section method
[33], alongside a model reference adaptive system featuring an optimal base power scheme. Additionally, the adaptive
quadratic interpolation-based search controller (SC) is utilized to optimize the loss of the induction motor (IM) drive
[20], while a fuzzy controller with nine rules is implemented for slip control, generating frequency by using the variation
in speed error as an input. For electric vehicle applications, this paper proposes a fuzzy logic controller (FLC)-based
approach. Subsequently, a comparison between the controllers (PID and FLC) is presented, focusing on their impact on
the performance of the induction motor (IM). The key findings from this study can be summarized as follows: Efficiency
serves as a metric for energy expenditure, with the primary objective being the reduction of the drive's life cycle cost at
anticipated speeds and beyond. The efficiency of the inverter is contingent upon the overall driving efficiency.
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Fig. 1 EV drive with an IM

Fig. 2 Control system of IM

The remainder of this document is organized as follows: Section 2 provides a description of the circuit, while Section 3
outlines the control theory. Section 4 delves into the efficiency of the IM drive and the calculations of power loss. The
simulation results are presented in Section 5, followed by the experimental results in Section 6, and the conclusion is
drawn in Section 7.

II. CIRCUIT DESCRIPTION

As illustrated in Fig. 1, a battery-electric vehicle (BEV) is defined as a vehicle powered by electricity, consisting of three
fundamental components: an electric motor system, typically a single electrical machine (usually a three-phase AC),
which connects to the wheels via the differential and gearbox. The second component is a battery that chemically stores
energy. This battery interfaces with the device through an electronic DC/AC power adapter, along with the control system.
Lastly, the electric machine is outfitted with a three-phase frequency and voltage control system that modifies its
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operation based on the driver's requirements. This system is linked to the accelerator and/or brake pedals. The three-phase
electric machine depicted in Fig. 1 is responsible for providing traction to the wheels. The electric motor shaft adjusts its
high speed to match the low speed of the differential through a gear ratio. The left and right wheels receive power from
the wheels. An inverter, which converts the DC electricity from the battery into three-phase AC voltage, governs the
speed of the machine. When evaluating the power consumption of an electric vehicle (EV) that is not connected to the
grid, it is essential to consider component losses. Our commitment is to create suitable controllers for feedback to ensure
the EV system operates as required. By employing FLC methods, a controller that is sufficiently powerful, flexible, and
adaptive can be implemented for EV applications.

III. CONTROL METHOD

A. Conventional PID control

In the initial design approach, a conventional PID controller is employed to manage the speed of an indirect field-oriented
IM order. Furthermore, the initial conditions are analyzed. As illustrated, a phase-locked loop algorithm that synchronizes
with the utility current regulator and the (direct-quadrature-zero) transformation equations are incorporated into the
proposed control system depicted in Fig. 2. The phase currents (ia, ib, and ic) are converted from a—b—c coordinates into
a d—q frame. The subsequent transformations can be utilized to define the components of d—q:

2 4 2r ;
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The computation of active and reactive power now incorporates average and oscillation components. However, to derive
the average components for the outputs of the PID control loops, two external PID control loops are employed for both
reactive and active power. Figure 3 illustrates a block diagram of the conventional PID control. Based on the subsequent
conversions, this PID produces the active current reference (id*) and the reactive current reference.

@
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If ki represents the fundamental constant and kp denotes the proportional constant for the utilized PID controllers.

The reference for charging power is termed Pref, while the reactive power required by the AC source is referred to as
Qref.
The integration of the inner current loop and the outer voltage loop facilitates the control mechanism. The outer loop
generates current when the actual current is compared to the current reference, which in turn governs the inner loop.
Consequently, by evaluating the measured line currents obtained through the park transformation, the internal PID loops
are established. To derive the operating ratios in the d—q coordinates, the results (ed and eq) are initially aggregated based
on the disengagement conditions and subsequently normalized by the DC voltage as follows:
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The duty ratios in the frame coordinates (a, b, and c) can be derived through inverse matrix transformation and are
expressed as follows:
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B. Description of suggested FLC
Addressing this issue remains difficult due to the non-linear properties of AC motors, especially the squirrel cage
induction motor (SCIM), as various parameters (mainly rotor resistances) fluctuate based on the operational environment.
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As aresult, for electric vehicle (EV) applications, it is essential to implement an effective intelligent fuzzy logic controller
(FLC) [37] to enhance the traditional control technology (PID). In the design of a fuzzy system, the key variables to take
into account include:

(i) the formulation of fuzzy rules by experts in the field for particular control problems;

(i) the choice and fine-tuning of membership functions; and

(iii) the determination of scaling factors.

The fundamental FLC for EV applications was developed utilizing the second design approach. EV applications represent
a well-established domain for variable structure control units, recognized for their stability and durability. Figure 4
illustrates a typical FLC.

Fuzzy logic serves as a mathematical approach that enhances voltage, frequency, and current regulation for adjustable
speed drives. It is applicable in EV scenarios to address challenges when non-linearity and its dynamic characteristics are
too complex for conventional control methods to manage. Such challenges are prevalent in motor control.

C. Speed control FLC

In the context of motor speed regulation, Fuzzy Logic Control (FLC) necessitates two input parameters: the motor speed
error (we) and its derivative, representing the speed variation error (Awe). This encompasses both speed and the error in
speed. One method to elucidate the concept of variation error is as follows:

(6) We = Wrer — Wyey

where the terms "w*ref" and "wact" stand for the actual/measured motor speed and the reference motor speed,
respectively:

dwe _ Awe
dt — T,
@)

The incremental change in the control signal Au is the controller output. It is possible to obtain the control signal by
Au= A, =k -we+k,- Awe
@®)

where k1 and k2 represent the previous and current states of the system, respectively. As depicted in Fig. 5, the normalized
domain [—1, 1] establishes the universe of discourse for all membership functions pertaining to the controller inputs,
namely we and Awe, as well as the output, Au.

Fuzzy logic membership functions have been divided into five membership functions (MF) for the inputs and five MF
for the output fuzzy sets, as illustrated in Figure 5.

In this framework, two input variables are associated with a single output variable through a Mamdani fuzzy inference
method. The error (we) signifies the differences between the two input variables, which include the recorded speed, the
desired speed (set-point), and the change in error (Awe). In Fig. 4, the scaling factors Ge, Gde, and Gu perform the
normalization and denormalization of the individual variables of a conventional control gain.
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Fig. 4 Detailed construction of the fuzzy controller
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Fig. 5 Membership function of FLC (we), (Awe), (Au)
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Table 1 Rules of the FLC

Awe we

NB NS 4 PS PB
NB NB NB NS NS Z
NS NB NS NS z PS
Z NS NS Zz PS PS
PS NS z PS PS PB
PB Z PS PS PB PB

Fig. 6 Crisp in./out. Map

The values of these measurement factors are contingent upon the initial error, with Ge, Gde, and Gu representing the
error measurement, error variation, and FLC output factors, respectively. As shown in Fig. 5, constrained models are
utilized to minimize the error and the variance in the error between the input and output functions of the FLC, which
range from (1, —1), while the FLC rules are Logged into Table 1. Instead of merely utilizing NB, NS, Z, PS, and PB, this
feature proposes that a more precise continuous control rule can be developed by interpolating the fundamental table of
rules which represent, in that sequence, negative big, negative small, zero, positive small, and positive big. This time,
symmetrical triangles with an equal base and 50% overlap with adjacent MFs are chosen, with the exception of two
obscure groups at the outer edges (trapezoidal MFs are selected). Each variable consists of five fuzzy subsets, as shown
in Table 1, resulting in a total of 25 possible rules. A typical rule is stated as follows: "If e is NB and de is PB, then u is
Z." Due to the perturbation method altering the motor speed and output power, it is essential to implement speed
correction control. The output rotor speed of the motor must be maintained as consistently as possible. Figure 6 illustrates
the input/output mapping for the FLC. By employing this fuzzy controller in the outer loop and utilizing the speed error
along with the variation of error as input signals to formulate the corresponding control terms, it is possible to achieve
smooth torque and enhanced system performance for electric vehicle applications.

Fig. 8 MATLAB model of three-phase IM
IV.  POWER LOSS CALCULATION AND EFFICIENCY OF INDUCTION MOTOR DRIVE

To verify the assessed efficiency, the subsequent power losses of the proposed control scheme are analyzed for a worst-
case scenario under full load. This section presents the complete array of provided and calculated parameters as shown
in Table 2. The typical values from the datasheet serve as the source for these parameters. Subsequently, several computed
parameters will be exhibited. Reference [38] indicates that the stray losses are negligible. The three-phase inductive motor
consumes 60 A at a power factor of 0.85 lagging under full load current (FLC) conditions and 62.6 A at a power factor
of 0.85 lagging when operating with proportional-integral-derivative (PID) control. The input power losses can be
estimated as
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P = 3% Vilicosf =3 x Vpnlphcos € ©

It is estimated that the copper losses in the stator amount to 2 kW, while the core losses are 1.8 kW. The air-gap power
losses can be approximated as

Pag = Pin — (PscL + Peore)

2Ry Prer
=PC0n\-'+PRCL=3-"23 = <

(10)
Table 2 Given and calculated parameters

- = D e R

Item

Symbol Value
voltage (line-to-line) Vi 460V
frequency F 60 Hz
number of poles P 4
power factor PF 0.85 lagging
three-phase IM is drawing (PID) I 626 A
three-phase IM is drawing (FLC) I 60 A
stator copper losses (PID) PsclL 2kW
stator copper losses (FLC) PseL 1.8 kW
rotor copper losses (PID) PrcL 700 W
rotor copper losses (FLC) PrcL 500 W
core losses PCore 1.8 kW
friction and windage losses Peaw 600 W

Table 3 Results of power losses analysis under full load and efficiency estimation of IM drive using PID and FLC

ltem Power losses calculation  PID FLC
input power P = \[5 x Vi I cosd 42.395 kW 40.634 kW
=3 x Vinlgeos 8

air-gap power Pag = Py = (PscL + Peore)  38.595 kKW 37.034 kW

losses

converted power Peony = Pag = PreL 37.895 KW 36.534 kW

losses

output power Pou = Peony = (Prgw + Paay) 37.295 kW 35.934 kW
i P, 979 439

efficiency )= ;u[ « 100 87.97% 88.43%

Peony = Pag — PreL

pRd =35 _ Pral -5)

=3 S

(11)

The sole rotor copper losses factored into the power conversion calculation amount to 700 W. It is feasible to approximate
the converted power losses as
Pegpy = (1 = S}PAG
12)

The calculation takes into account the premise that stray losses are negligible, indicating that both the friction and windage
losses amount to 600 W each. A method to assess the output power losses is presented in Table 3.
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(13)
The efficiency of the IM drive concerning load percentage is illustrated in Fig. 7. This figure indicates that energy
efficiency increases when the IM operates at optimal performance. By comparing the results achieved by the controller

tuned with several established tuning rules to those generated by the proposed rules, it is evident that the suggested
approach yields superior performance.

V. SIMULATION RESULTS

Two instances have been analyzed in the simulation, utilizing the Simulink and power sum toolboxes of the MATLAB
software, as illustrated in Fig. 8. The initial case study employs a PID controller to operate a 50-horsepower inline motor.
During the first five seconds of its operation, three-phase voltage and current measurements are recorded and analyzed.
Additionally, the torque resulting from the acceleration curve is also examined. In the subsequent scenario, a Fuzzy Logic
Controller (FLC) is implemented to directly control the motor. The response of the PID controller is compared with that
of the FLC, with the results presented in Figs. 9-11.
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Fig. 10 Simulation response of PID and FLC for rotor speed (rpm)
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Fig. 12 Harmonic speed waveform of the PID model
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Fig. 14 Speed response comparison for PID and FLC when the reference speed is 1432 rpm

According to the data provided, concerning the magnitude of initial currents, both the temporal response of acceleration
and its outputs have shown improvement. The phase current exhibits fewer loss components of the same order when the
recommended method is employed. This indicates that the technique reduces speed variation and yields a smoother actual
torque [30]. The harmonic speed waveforms for the PID model and the FLC model are illustrated in Figs. 12 and 13,
respectively. Both PID and FLC were utilized in various simulation tests to control the IM speed. The speed reference
was incrementally adjusted to assess the performance results of the control unit under consistent torque at load, as shown
in Figs. 14—16. Table 4 provides a comparison of the performance of FLC and PID in terms of peak overshoot, settling
time, and rise time when subjected to multistep speed input. It is clear from Table 4 that FLC offers a quicker response
in both settling and rise time compared to PID for multistep speed input, with the exception of the rise time at 1145 (rpm).
Consequently, FLC outperformed PID. Additionally, FLC exhibited enhanced control over the speed of the three-phase
IM.
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Fig. 15 Speed response comparison for PID and FLC when the reference speed is 1145 rpm
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Fig. 16 Speed response comparison for PID and FLC when the reference speed is 859 rpm

PID and FLC were employed in various simulation studies to regulate the IM speed for electric vehicle (EV) applications.
The simulations were carried out under a variety of operational parameters, such as applied load and reference speed.
The performances of PID and FLC were analyzed and compared. Figures 17a and b depict the speed response of FLC
across a spectrum of reference speeds, as well as its performance during a load disturbance. The results of a 20-second
simulation are presented in Figure 18. The vehicle comes to a complete halt at time t = 0, and the accelerator is suddenly
pressed to 70%. The vehicle initiates in electrical mode when the power requirement reaches 10 kW (att= 0.8 s). Att=
12 s, the brakes are engaged to 70%. This action activates the electric motor to transfer brake energy to the battery and
charge it for a duration of four seconds. At time t = 16 s, the accelerator is abruptly returned to 70% [39].
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Table 5 circuit parameters

Item Parameters Symbol Value Unit
battery DC input voltage Vi 780 v
inverter snubber resistance Rg 1000 Q
forward voltages Vi 08 v
switching frequency Fow 10 kHz
M nominal power Pa 73 kVA
voltage (line-fine) v 460 Vims
frequency Fa 60 Hz
number of poles P 4 -
mutual inductance Ln U mH
stator resistance Rs 0.087 Q
rotor resistance R 0.228 Q
stator and rotor leakage inductance L=l 08 mH
moment of inertia J 1.662 kgm?
rated speed N 1780 pm
friction coeficient Fe 01 Nms
raled power Py 50 hp

Table 6 Controller parameters
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Q
= - s
5 1000 [ -
2
o 500 v FLC
g =PI
Q 0 I | | |
n
0 2 4 6 8 10 12 14 16 18 20
Time (s)
a
£1500
Q
-
5 1000 N
-
s
o 500 “FLC
e — PID)
Q L A
0 0
0 2 4 6 8 10 12 14 16 18 20
Time (s)
b

Fig. 17 Speed response comparison for PID and FLC (a), (b) IM response to speed variations + 100 rpm during 10 s of
rated load

VI. CONCLUSION

Induction motors (IM) may consume more power than necessary when operating below their maximum load capacity.
This excess power generates heat. The Fuzzy Logic Controller (FLC) can be employed to manage the amplitude of the
initial current, allowing for greater electricity savings during this phase. The fuzzy controller takes as inputs the speed
error and the rate of change of the error, which are utilized in the outer loop to formulate an equivalent controller term.
This study focused on a simulation of a 50 horsepower IM-driven electric vehicle (EV). Various performance metrics
were evaluated, including peak overshoot, steady-state error, rise time, and settling time. The results indicated a reduction
in loss components (smaller amplitude) while maintaining the same order components in the phase current of the proposed
system. The simulation outcomes of the suggested FLC scheme exhibited remarkable stability and enhanced performance
compared to the conventional PID controller, particularly in terms of peak overshoot, rise time, and settling time.
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