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Electric vehicles (EVs) require efficient and robust motor control systems to ensure smooth speed tracking, fast
dynamic response, and high energy efficiency. Conventional PID controllers are widely used due to their simplicity, but
their performance degrades under nonlinear conditions and varying loads. To overcome these limitations, this research
proposes a fuzzy- PID motor controller designed and simulated using MATLAB/Simulink. The model was developed in
MATLAB/Simulink, simulations were carried out, and results were observed. In this simulation model, the speed of the BLDC
motor is controlled using a fuzzy-coupled PI controller. The overshoot, downshoot and settling error will be reduced
drastically with the help of a fuzzy PI controller. The proposed control strategy is suitable for electric vehicle propulsion
systems that require robustness and adaptability.

Electric Vehicle, Fuzzy Logic Control, PID Controller, MATLAB/Simulink, BLDC Motor, Intelligent control.

Electric vehicles have gained significant attention due to environmental concerns and advancements in
power electronics. The performance of EV propulsion systems largely depends on the effectiveness of the motor
control strategy. Traditional PID controllers are commonly applied in speed regulation because of their simple
implementation. However, EV motors operate under nonlinear conditions, varying loads, and parameter
uncertainties, making conventional PID control less efficient. An electric vehicle system basically comprises
an electric motor, power converters, controller, power source and drive train. Power can be supplied to the system
by any stored electrical energy device, such as a battery, fuel cell, or ultracapacitors. Generally, electric vehicles
use a battery system as their main energy source. As the electric vehicles are driven by a stored electrical energy
source, the drive range is always limited, depending upon the efficiency of the system and the capacity of the energy
source. One way to improve the efficiency of the system is by improving the control system of the electric
vehicle. Therefore, an effective control system is required for the robust and energy-efficient operation of the
electric vehicle. For this, an adaptive fuzzy technique is proposed in this work to control the system operation
efficiently.

The PID control system is widely used in industrial control. The success of the PID controller depends on
the accuracy in determining the PID constant (amplification). In a control system with PID controllers, there
are several types of control measures, namely proportional control measures, integral control measures, and
derivative control measures. Each control action has certain advantages, where the proportional control action has
the advantage of being able to improve the transient response, especially the rise time and settling time. The
proportional controller has an output proportional to the magnitude of the error signal (the difference between
the desired quantity and its actual value). The integral controller functions to produce a system response that
has a zero steady state error. A differential controller has the same properties as a derivative operation. A sudden
change in controller input will result in a very large and rapid change. When the input does not change, the
controller output also does not change, whereas if the input signal changes suddenly and goes up (in the form
of a step function), the output produces an impulse-shaped signal. Its benefit-derived control action is to reduce
delta errors or reduce overshoot / undershoot. In order to get high output and low error, we can combine these
controls into PID actions.

Fuzzy logic control offers an intelligent alternative by mimicking human decision-making and
handling nonlinear behaviour. By combining fuzzy logic with PID control, a Fuzzy-PID controller achieves adaptive
tuning of control gains, leading to improved system performance.
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2.1 Previously, researchers have explored intelligent control techniques for Electric Vehicles for motors:

e A fuzzy-PID controller designed for EV regenerative braking improved stability and reduced transient overshoot
compared to traditional PID methods.

e Simulation studies on BLDC motors demonstrated that fuzzy-PID control provides a more stable speed response
and minimises oscillations.

e Advanced EV models implemented in MATLAB/Simulink showed that fuzzy logic controllers improve speed
tracking and disturbance rejection.

e Research comparing conventional PID and fuzzy control indicates that fuzzy-based strategies offer faster
settling time and lower steady-state error.

e In recent years, various research methods based on advanced control strategies in electric vehicles have been
introduced. The authors used intelligent fuzzy control to increase the system's efficiency while handling complex
operating modes. Different control strategies based on Pl methods are used to control the electric vehicle
system by performing mathematical modelling of the electric motor and the electric vehicle dynamics.

e Nowadays, fuzzy logic is used to control such control systems by determining the controller gains
online, based on the error signal and its time derivative. These fuzzy logic controllers may be nonlinear PID
controllers.

3.1. Conventional PID Controller:
Conventional PID controllers suffer from:

* Fixed gain parameters
* Sensitivity to parameter variations
* Poor performance under nonlinear conditions

* Overshoot and longer settling time
Electric vehicles require controllers that adapt automatically to changing operating conditions. Therefore, an
intelligent control strategy such as Fuzzy-PID is proposed. The PID controller generates control action based on:

de(t)
dt

u(t) = K,e(t) + K; /e(f)dt + K,

Where:
* ¢(t) = error between reference speed and actual speed
* Kp, Ki, Kd = proportional, integral, derivative gains.

3.2Fuzzy Logic Controller:

In order to set the correct PID parameters in real time, a two-level control system was built. The first level
for defining the PID parameter is by finding the minimum and maximum values of kp, ki and kd by the reaction
method curve. The second level is to design a Fuzzy logic system to set PID parameters automatically, then
formulate a combination of 49 fuzzy if-then rules to get the values of kp, ki, kd, error and changes in delta error
values.

The fuzzy controller uses linguistic rules instead of precise mathematical models.

Inputs:
*Error (e)
*Change in error (Ae)

Membership functions: Membership functions are used within the Fuzzy Pl controller to define the ranges and
relationships of the input and output variables for the fuzzy logic system. The presenter briefly shows how these
functions are configured, indicating their graphical representation and the ranges they cover, such as from -2000
to 2000 for certain inputs and 0 to 0.2 for others. More broadly, in fuzzy logic, membership functions are curves that
map input values to a degree of membership between 0 and 1. This degree indicates how much an element belongs
to a vague set, allowing systems to handle imprecise data (like "low speed™ or "high temperature"). They are
fundamental for converting crisp inputs into fuzzy sets for reasoning, often using shapes like triangles, trapezoids,
or Gaussians.

Fuzzy sets of error and change in error are combined to produce rules for the system. These rules are known
as the rule base of the system, which is shown in Table I11. Through the knowledge of fuzzy, an inference is drawn which
gives the output of the system.

*Negative Large (NL)

*Negative Small (NS)

*Zero (2)

+Positive Small (PS)

+Positive Large (PL)

The rule base determines how gains change according to motor behaviour.
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elce NB NM N5 IE BS M B
NE NB NBE NB NB NM NS ZE
NM NB NE NB NM NS ZE PS

NS NB NE BM N5 ZE Ps M
IE NB NM N3 IE BS M FB
P5 NM NS IE PS EM FE FB
M N3 IE B PM FB 3z} B
PB ZE PS M PB FB PB B

Table.1 Rule Base Matrix for Output

3.3Formation of Fuzzy Logic Controller

1. Seven fuzzy sets for both inputs and outputs

2. Fuzzification of inputs using a continuous universe of discourse
3. Connotation using Mamdani's 'min' operator

4. Defuzzification using the 'centroid' method

The fuzzy system dynamically tunes PID gains.

Using a Fuzzy PI controller for BLDC motor speed control helps to drastically reduce overshoot, downshoot,
and settling error. It achieves a smoother speed setting without any overshoot, which is a significant improvement
over regular PI controllers.

) BLDC_PIFis17a B

Fig. 1 Simulation Architecture of MATLAB

The above figure shows a MATLAB/Simulink model that represents a closed-loop speed control system for a
Brushless DC (BLDC) motor using a Fuzzy-PI controller. The main objective of this design is to regulate rotor speed
by adjusting inverter switching signals according to speed error.

4.1 The system consists of:

» Reference Speed Input

« Error Calculation Unit

* Fuzzy-Pl Speed Regulator

* PWM Voltage Source Inverter

+ BLDC Motor Model

» Hall Sensor Decoder and Gate Logic

» Speed and Torque Feedback Blocks

This architecture is widely used in electric vehicle drive systems due to its efficiency and adaptability.
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A) Reference Speed and Error Generator
The left side of the model shows a constant block providing Reference Speed= 1000 RPM. The actual rotor
speed is fed back and subtracted from the reference to produce:
» Speed Error (e)
* Change in Error (Delta e)

These signals are inputs to the fuzzy controller. Purpose:
*Maintain desired EV speed.
*Enable closed-loop control.

B) Fuzzy-PI Speed Regulator

The central block labeled Fuzzy Pl Speed Regulator implements intelligent tuning.
Inputs:

*Error (difference between desired and actual speed)

*Derivative of error

Output:
«Control signal modifying motor voltage

Unlike traditional PID, this fuzzy regulator adjusts gains dynamically, improving performance under
varying load conditions typical in electric vehicles.

C) Integrator and Gain Blocks
Before the inverter stage, you can see:
Integrator (1/s)

*Gain block (Ki)

These form the integral action of the controller, ensuring:
«Zero steady-state error
*Smooth acceleration of the motor.

D) Voltage Source Inverter
The switching bridge (three-phase inverter block) converts DC supply into controlled AC signals for the
BLDC motor.

The inverter receives gating signals from:
*Hall decoder
*Gate logic blocks

Function in EV system:
*Controls motor torque and speed through PWM switching.

E) Gate Logic and Decoder
The “Gates” and “Decoder” blocks process Hall sensor signals.

They:

*Detect rotor position

*Generate commutation sequence

«Control inverter switching states

This ensures correct phase energising in the BLDC motor.
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Fig. 2 Gate Logic
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Fig. 3 Decoder

F) BLDC Motor Model
The yellow block represents the BLDC motor with outputs:
* Rotor Speed (rad/s)
* Electromagnetic Torque (Te)
* Phase currents
The motor receives three-phase inputs from the inverter and converts electrical energy into mechanical
rotation.

G) Measurement and Conversion Blocks

The model includes:

* rad2rpm conversion — Converts angular speed to RPM.
 Current measurement blocks.

* Voltage measurement (Vab).

» Scope displays showing speed and torque.

These outputs help evaluate system performance.

BLDC motor is a type of permanent magnet synchronous motor, which uses position detectors and an
inverter tocontrol the armature currents. BLDC motor is referred to asan inside out do motor, since its armature
is in the stator and the magnets are on the rotor, and its operating characteristics resemble those of a de motor.
Mechanical commutators are used in the case of DC motors, whereas the commutation is done electronically in
BLDC motors, resulting in maintenance-free. There are two main types of BLDC motors: trapezoidal type and
sinusoidal type. In the trapezoidal motor, the back-emf induced in the stator windings has a trapezoidal shape,
and its phases must be supplied with quasi-square currents for ripple-free operation. The sinusoidal motor, on the
other hand, has a sinusoidally shaped back - emf and regulates sinusoidal phase currents for ripple-free torque
operation. The shape of the back -emf is determined by the shape of the rotor magnets and the stator winding
distribution.

5.1 Working Principle of the proposed control system:

Reference speed is set to 1000 RPM.

Actual motor speed is measured and fed back.

Error and change in error are processed by the fuzzy controller.

Fuzzy logic adjusts Pl gains dynamically.

Controller output drives PWM inverter switching.

The inverter supplies controlled three-phase voltage to the BLDC motor.

Rotor speed stabilizes according to the desired reference.

ThIS adaptive control improves performance compared to conventional PID methods.

NogkhwhE

5.2 Simulation pattern:
From the model, an important parameter is:

* Discrete sampletime: 5 \times 107 seconds
This ensures a high-precision switching simulation suitable for EV drive analysis.
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5.3 Role of the design in the Electric Vehicle:
This Simulink architecture represents a real EV motor drive, where:

* Fuzzy-Pl ensures smooth acceleration.

* Hall sensors provide accurate rotor positioning.
* Inverter enables efficient power conversion.

* Feedback loop maintains stable vehicle speed.

Such intelligent controllers are essential for:
* Urban driving conditions

* Load variations

* Energy efficiency optimization.

Effect of control parameter

Control Rise time Overshoot Settling Time Steady State
Parameter Time

Ep Decrease Increase Small change Decrease

Ki Decrease Increase Increase Eliminate
Ed Small change Decrease Decrease No change

Table.2 Effect of Control Parameters

Based on the design:

a. Faster rise time compared to classical PID.
b.Reduced oscillations during speed changes.
c. Stable torque output.

d. Improved robustness against disturbances.

Future research may include:

* Optimization algorithms (PSO, GA)

* Adaptive neural-fuzzy systems

* Real-time hardware implementation

* Integration with battery management systems

The MATLAB/Simulink-based fuzzy-PI motor controller presented in this work demonstrates an effective
control strategy for electric vehicle propulsion systems. By integrating fuzzy logic with conventional PI control,
the proposed system adapts controller parameters according to speed error and dynamic operating conditions,
overcoming the limitations of fixed-gain controllers. The simulation model consisting of a reference speed unit,
fuzzy-PI regulator, inverter switching logic, Hall sensor decoding, and BLDC motor validates the feasibility of
intelligent speed control in EV applications.

Results obtained from the simulation indicate improved transient response, reduced overshoot, and faster
settling time compared to traditional control approaches. The fuzzy-PI controller maintains stable rotor speed even
under disturbances and varying load conditions, while also minimizing steady-state error and torque fluctuations.
This enhances overall drive efficiency and provides smoother vehicle operation.

Therefore, the fuzzy-Pl control technique implemented in MATLAB/Simulink proves to be a reliable and
robust solution for modern electric vehicle motor drives. Future work can focus on hardware implementation,
optimization algorithms for automatic rule tuning, and integration with battery management systems to further
improve performance and real-time applicability.
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