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Abstract - Fuel cells are becoming quite popular these days 

due to their benefits, such as simplicity, reliability, low 
pollution, and noiselessness. Despite the numerous flaws in 

the advancement of fuel cell-based electric vehicles (EV), the 

objective is to test the accomplishment of Fuzzy PID 

controlled Permanent magnet synchronous motor (PMSM) 

propelled electric vehicle powered by proton exchange 

membrane (PEM) fuel cell in terms of control design and 

motor drive mechanism. In this paper, the dynamics of 

electric vehicles are considered, and space vector pulse 

width modulation (SVPWM) converter control methodology 

is employed. This research provides a Fuzzy PID controller-

based control approach for different motor-loaded 
conditions, and it is compared with a classical PID 

controller. The system is modeled and simulated in 

Matlab/Simulink environment. The control strategy was 

found to be effective based on the outcomes. The findings 

confirm that the PEM fuel cell electric vehicle's control 

technique is effective and efficient throughout a vast speed 

range. 

Keywords  — electric Vehicle (EV), permanent magnet 

synchronous motor (PMSM), Proton exchange membrane 

(PEM), space vector pulse width modulation (SVPWM). 

I. INTRODUCTION  

There is indeed a rising need for ecological automobiles 

all around the world, and this demand is likely to expand 

dramatically in the coming years, and so severe emissions 

regulations are enforced. The objective of such limitations is 
to achieve zero particulate discharges and carbon dioxide 

abatement; therefore, it is not astonishing that demand for 

greener, zero-emission sources of energy is surging. EVs are 

one of the options to the ever-increasing need for 

cleaner automobiles, and so they are incredibly effective, 

emit zero emissions, are quieter [1]. All vehicle 

manufacturing firms are currently grappling with energy and 

environmental challenges. Producing clean energy vehicles 

are the current fashion for personal mobility [2]. The demand 

for environmental preservation and depletion of the earth's 

oil reserves have led to the consideration of electric vehicles 

as one of the feasible alternatives. EV technology, when 
compared to traditional automobiles, offers an excellent 

option towards obtaining superior performance [3].  

For well over a decade, researchers have been studying the 
fuel cells for their use in automobiles [4]-[7]. Nowadays, 

Fuel cells have attracted growing interest as a possible 

renewable energy source due to their low ecological damage. 

In the fuel cell, hydrogen and oxygen combine in the 

presence of a catalyst and get transformed into water and 

heat. This electro-chemical process results in the production 

of electric energy [8], [9]. The PEM fuel cell has 

gained significant interest in the past couple of decades 

because of its numerous benefits. Rapid response, High 

power density, good overall efficacy, negligible exhaust 

discharges, inexpensive, less operational temperature, and 
quick start-up are only a few of features [10]. As a result, 

PEMFCs are regarded as the hopeful prospects for upcoming 

energy production equipment, specifically mobility, home 

electricity production, and wearable digital devices [11], 

[12]. 

The PEMFC EV battery power systems are investigated in 

this work, where the FC serves as a prime energy provider, 

whereas the Li-ion cell serves as the supplementary energy 

supplier. Li-ion batteries have a huge capacity, less price, 

and a vast number of cycles for charging and 

discharging relatively to all other types of battery cells [13], 

[14]. The fuel cell provides power to charge until the Li-ion 
battery achieves a higher state of charge (SOC). The fuel cell 

is linked to a DC/DC unidirectional boost converter, which is 

subsequently connected to the DC bus.  Then, a Li-ion 

battery is immediately connected to the DC bus, sustaining 

the bidirectional flow of power. The benefits mentioned so 

far are the primary factors why fuel cell battery units 

are extensively used in EVs. 

PMSM is commonly employed to propel automobiles 

these days. Because of PMSM's remarkable qualities, which 

include great efficiency, high torque to volume proportion, 

and power factor and so it is recognized as a worthy choice 
for EVs [15] - [17]. The power conversion systems 

consisting of a DC/DC boost converter as well as an 

SVPWM inverter provide power from the fuel cell to the 

PMSM. Due to their lower generated output voltage, DC/DC 

boost converters were the highest preferred equipment 

used in PEM fuel cell systems. While dealing with the 

PMSM drive system, traditional control strategies PI and PID 
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were often employed. These control techniques could be 

more effective for linear systems. Moreover, because of the 

nonlinearity of the PMSM drive system, it is hard to analyze 

system parameter fluctuations. A fuzzy-based PID controller 

is regarded as one of the best methods for controlling 
dynamic non-linear systems. As a result, the dynamic system 

response is improved. Moreover, the fuzzy PID controller is 

well-known as a reliable control mechanism for handling 

complex systems. 

This research sought to investigate fuzzy PID 

controlled space vector modulation inverter-based indirect 

vector control, which regulates the PMSM to reduce speed 

and torque irregularities. The drive parameters are 

automatically corrected, and indeed the governing rules are 

refined in response to load variations of the PMSM during 

the actual functioning of the PEM fuel cell electric vehicle. 

Modeling of the propulsion system is required for a piece of 
complete knowledge about vehicle dynamics. The dynamic 

model of the system is designed and simulated in 

MATLAB/SIMULINK at different loading circumstances. 

The simulation results are provided and confirmed for the 

system under various operating scenarios. 

The paper is structured; section I of this paper introduces 

the work. Section II contains all of the EV dynamic modeling 

formulations. Section III discusses the mathematical 

modeling of indirect space vector control of PMSM drive 

and SVM inverter. Section IV discussed the fuzzy PID 

controller. Section V dealt with PEMFC, DC-DC boost 
converter, and battery. Finally, in section VI, the simulation 

results of various driving circumstances are displayed and 

followed by a conclusion in section VII at last. 

 

 

II. ELECTRIC VEHICLE DYNAMIC MODEL 

ICE vehicles must adhere to a mass-to-power proportion, 

and electric vehicles must do the same. As a result, the 

tractive effort 𝐹𝑇  (N) must be estimated first in order to 

construct and evaluate an EV, as shown in Fig. 1. 

 
 

𝐹𝑇 = 𝐹𝑟 + 𝐹𝑎 + 𝐹ℎ + 𝐹𝑎𝑐𝑐 + 𝐹𝜔 (1) 

 

 

Where  𝐹𝑟 is the force due to rolling resistance, 𝐹𝑎 is the 

force due to aerodynamic drag, 𝐹ℎ is uphill ascent force, 𝐹𝑎𝑐𝑐 
is the force necessary to accelerate and 𝐹𝜔 Is the force 

necessary for angular acceleration. 

Where 𝜇𝑟 Is rolling resistance coefficient, g is gravity 

acceleration (m-s-2), and m is vehicle mass (kg). 
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Fig. 1. Forces exerted upon the vehicle 

 

𝐹𝑟 = 𝜇𝑟𝑚𝑔 (2) 

 

The vicious opposition of the air blowing on the vehicle is 

characterized as aerodynamic drag, 𝐹𝑎 . 
 

𝐹𝑎 = 
1

2
𝜌𝐶𝑑𝐴𝑉

2 (3) 

 

Where 𝐶𝑑 Is drag coefficient, approximately 0.2, 𝜌 is the 

density of air (kg.m-3), 𝑉 is vehicle speed (m-s-1), and 𝐴 is 

the frontal area (m2). 

The uphill force is considered as positive during ascent 

and negative during descent for grading angle 𝛼. 

 

𝐹ℎ  =  𝑚𝑔 sin𝛼 (4) 

 
Applying Newton’s second law, the accelerating force of 

the vehicle is given in Eq. (5). 

 

𝐹𝑎𝑐𝑐  =  𝑚𝑎 (5) 

 

Where 𝑎 is the acceleration of the vehicle (m-s-2), it is also 

vital to include the force required to make the revolving part 

meet the desired speed and torque requirements for a more 

realistic representation. As a result, the angular acceleration 

is given in Eq. (6). 
 

𝐹𝜔  =  
𝐼

𝜂𝑔
(
𝐺

𝑟
)
2

𝑎 (6) 

 

Where 𝜂𝑔 The efficiency of the gear ranges from 0.84 – 

0.96, 𝐺 is the gear ratio, 𝐼 is a motor moment of inertia (kg-

m-2), and 𝑟 is the radius of wheel (m). 
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III. DESIGN OF PMSM DRIVE 

A. Mathematical modeling of PMSM 
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Fig. 2. Structure of permanent rotor magnet and stator 

3-φ windings of PMSM 

 

The stationary reference frame makes it difficult to 

analyze and solve synchronous motors because they contain 

a set of non-linear equations. So, as per the vector 

transformation theory, the PMSM model in a coordinate 

system of the synchronous rotating frame is shown in Fig. 2. 

The rotor in PMSM with surface-mounted permanent 
magnets could be regarded as magnetically round, having the 

same reluctance along any axis through the machine's center. 

The magnetic field developed by both the permanent magnet 

and stator 3-φ winding is assumed to be spatially sinusoidal. 

The PMSM drive model is a two-loop system with a 

current-loop considered as an inner loop and a speed-loop 
considered as an outer loop. Vector transformation has 

become one of the most popular schemes for the 

mathematical framework of PMSM in recent times. 

The CLARK and PARK transformation could transform 

3-φ parameters in the abc frame to 2-φ parameters in the dq 

frame [18], [19].  The principle of operation of PMSM is 

similar to that of the torque control strategy implemented in 

DC motors. The stator direct axis current 𝑖𝑑
∗  is kept zero, 

whereas the stator quadrature axis current 𝑖𝑞
∗Is responsible for 

the speed control of PMSM. The fuzzy logic-based PID 

controller in the speed-loop generates the q-axis reference 

current 𝑖𝑞
∗ , when the actual rotor speed 𝜔𝑟  is compared with 

the reference speed 𝜔𝑟
∗ With the help of a comparator. The PI 

controllers present in both dq channels generate the reference 

dq voltages 𝑣𝑑  and 𝑣𝑞From reference stator dq currents. 

These reference voltages are fed to an SVPWM inverter to 
generate the regulated dq voltages that are directed to the 

PMSM stator windings for control action. The PMSM 

dynamic equations are given in Eq. (7) [20]. 

 

 

 
Fig. 3. Vector control of fuel cell fed Electric vehicle functional diagram 
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𝑑𝑡
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𝑝[𝜓𝑓𝑖𝑞 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞] }

 
 
 
 
 
 

 
 
 
 
 
 

 (7) 

 

 

Where 𝑖𝑑  and 𝑖𝑞 are the stator direct and quadrature axis 

currents in the dq frame of reference. 𝑅 is the phase 

resistance of stator (Ω), 𝑣𝑑 and 𝑣𝑞 Are the stator direct and 

quadrature axis voltages in the dq frame of reference. 𝐵𝑟 Is 
rotor flux density (Wb-m-2). 𝜔𝑟 , 𝜔𝑚 and 𝛳𝑟 Are the rotor 
electrical speed, rotor mechanical speed, and angular 

position, respectively (rad-s-1, rad-s-1, rad). 𝜏𝑒  and 𝜏𝑙 is the 

electromagnetic torque and load torque, respectively (N-m).  

𝐽 is the combined inertia of load and motor (kg-m2), and p is 

the pole number. 

 

B. Modelling of SVPWM inverter 

When compared to sinusoidal PWM, SVPWM is the 

advanced way to design a basic sine wave that offers greater 

voltage at stator windings of PMSM and reduces total 
harmonic distortion. For SPWM the developed voltage is 

given in Eq. (8) [21], [22]. 

 

| 𝑣𝑠(𝑚𝑎𝑥)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |
𝐿−𝐿(𝑟𝑚𝑠)

=
√3𝑣𝑑𝑐

2√2
 =  0.612𝑣𝑑𝑐 (8) 

 

 

For SVPWM, the developed voltage is given in Eq. (9) 
 

 

| 𝑣𝑠(𝑚𝑎𝑥)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |
𝐿−𝐿(𝑟𝑚𝑠)

= 
𝑣𝑑𝑐

√2
= 0.707𝑣𝑑𝑐 (9) 

 

 

On comparing Eq. (8) and Eq. (9), the available voltage 

at the output is 15% more in the case of SVPWM 

methodology. 

The basic circuital of the SVPWM converter is depicted 

in Fig. 4. It comprises of DC voltage source, poles a, b, and 

c with switches Qa, Qb, and Qc. On the basis of their ON and 

OFF positions, logic 1 and 0 are ascribed to the switches. 

Qc, Qb, and Qa make up a 3-bit notation, resulting in six 
basic vectors and two zero vectors. 
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Fig. 4. The basic circuit of the SVPWM inverter 
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Fig. 5. Sectors and basic vectors representation 

 

The main purpose of this technique is to produce 

proportionate stator output three-phase voltages with 

respect to reference signals. In the implementation of 

SVPWM, the 3-φ voltage vectors get transformed to 2-φ 

voltage vectors, as an outcome space vector from 𝑣0⃗⃗  ⃗ to 𝑣7⃗⃗⃗⃗  ⃗ 
Are available as depicted in fig. 5. 𝑣1⃗⃗  ⃗ to 𝑣6⃗⃗⃗⃗  ⃗ are basic vectors 

and 𝑣0⃗⃗  ⃗,  𝑣7⃗⃗⃗⃗  ⃗ Are zero vectors. Each pole should change its 

position once in each switching period TS for SVPWM to 

obtain a steady switching frequency and best harmonic 

response. To establish the largest magnitude of the voltage 

at the output of stator voltage space vector 𝑣𝑠⃗⃗  ⃗, combine the 

ends of the basic vectors to construct a hexagon. The largest 

magnitude of voltage is given in Eq. (9). Fig. 21 depicts the 

control voltages developed by the SVPWM inverter. 
The gate signals are generated by comparing control 

voltages with the triangular voltage signal for a given DC 

voltage. These signals are given to a three-phase inverter to 

develop stator three-phase voltages and currents as shown 

in Fig. 21, 22. [23] 

 

IV. PID CONTROLLER BASED ON FUZZY LOGIC 

A. Concept of PID Control 

PID control essentially means regulating the three 

proportional, integral, and differential constants denoted by 

𝐾𝑃 , 𝐾𝐼 and 𝐾𝐷 Respectively. The controller's response 
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expression is shown in Eq. (10). 

 
𝑒𝑟𝑟𝑜𝑟 (𝑒) = 𝑜𝑢𝑡𝑝𝑢𝑡 − 𝑖𝑛𝑝𝑢𝑡

𝑢(𝑡) = 𝐾𝑃𝑒(𝑡) + 𝐾𝐼∫𝑒(𝑡) 𝑑𝑡 + 𝐾𝐷
𝑑𝑒(𝑡)

𝑑𝑡

 (10) 

 

Modify the PID controller specifications to fit the design 

criteria, resulting in an improved steady and transient 
behavior for the controlled object. Fig. 6(a) depicts the 

actual PID control design. 

 

a) Proportional Term: 
Governing and lowering bias through altering the 

design control proportionally to that same level of bias. The 

function of the scaling factor is to enhance the time by the 

system to respond. A higher value of scaling factor implies 

the quicker the response and vice-versa. 

 

b) Integral Term: 
It is employed to get rid of steady-state errors and 

enhance the system error rate. The degree of an integral 

connection is governed by the integral time constant, and 

however, if the integral activity is so powerful, it will 

impact the system's stability. 

 

c) Differential Term: 

This would change the system control quantity based 

upon that variability tendency of deviated quantity. A 

corrective signal is provided prior to a significant shift in 

the deviated signal that could accelerate the system 

operating speeds and minimize the control time. It is 
important to keep in mind when adjusting the differential 

factors because so much differential activity can create 

system oscillation. 

It seems to be easy to understand that the PID 

controller set of parameters would be the basic fundamental 

of the PID control scheme. In traditional PID control, the 

PID parameters are a collection of preset values [24]. 

 

B. Fuzzy PID Control 
Classical PID controllers lack the ability to make real-

time variable improvements and cannot handle the tough 
situations of a fuel cell electric vehicle. Here PID control 

with an adaptive fuzzy logic mechanism is implemented. 

Consider a speed control loop shown in Fig. 6(b). 

On comparing reference speed with actual speed, the 

speed error e is obtained. Let 𝑑𝑒 𝑑𝑡⁄  Is the rate of change in 

speed error. To begin, initialize the proportional, integral, 

and derivative constants 𝐾𝑃𝑂 , 𝐾𝐼𝑂 and 𝐾𝐷𝑂 Respectively. 

The e and 𝑑𝑒 𝑑𝑡⁄  undergo three stages, namely 

fuzzification, inference, and defuzzification to obtain the 

compensation in constants 𝛥𝐾𝑃, 𝛥𝐾𝐼 and 𝛥𝐾𝐷. By 

combining the original and compensation terms in Eq. (11), 

the control terms 𝐾𝑃 ,𝐾𝐼 and 𝐾𝐷Can be obtained [25]. 
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Fig. 6. (a) PID controller structure (b) Fuzzy PID 

Controller 

  

TABLE I. RULE BASE FUZZY CONTROL 
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 𝐾𝑃 = 𝐾𝑃𝑂 +  𝛥𝐾𝑃
𝐾𝐼 = 𝐾𝐼𝑂 +  𝛥𝐾𝐼
𝐾𝐷 = 𝐾𝐷𝑂 +  𝛥𝐾𝐷

} (11) 
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The self-tuning control system can be accomplished by 

repeatedly comparing the reference and actual speeds to 

obtain e and 𝑑𝑒 𝑑𝑡⁄ Which can then be used to adapt the 

control variables. Here, the triangle membership function is 
used by the fuzzy controller. All of the membership 

functions are symmetrically allocated. For defuzzification, a 

weighted average approach is utilized [26]. 

A fuzzy set is taken as {nh, nm, nl, z, pl, pm, ph}, input 

has discourse universe of [-4, 4], output has discourse 

universe for 𝐾𝑃 ,𝐾𝐼 and 𝐾𝐷 are [-0.4, 0.4], [-0.08, 0.08] and 

[-4, 4] respectively. According to the fuzzy control rule 

base, rules are put together for 𝐾𝑃 , 𝐾𝐼 and 𝐾𝐷 From top to 

bottom, as shown in Table I. 

 
V. DESIGN OF PEM FUEL CELL 

A. Fuel Cell Model 

Depending on their unique characteristics, fuel cells are a 

great option for electric vehicle applications [27]. A fuel 

cell directly converts chemical energy into electricity.  As 

depicted in Fig. 7, fuel hydrogen enters into the fuel cell 

from the left side, whereas oxygen from the 

atmosphere enters from the right. Accompanying catalyst, 

hydrogen atom splits into hydrogen ions and electrons. 

These ions combine with oxygen to form water and heat. 
Electrons that enter the cathode are in charge of producing 

electric energy. The chemical changes that occur at the 

anode and cathode are listed below in Eq. (12). 

As a result, the PEM fuel cell supplies electricity to load. 

In contrast to a battery, the matter consumed in the process 

of electrochemical reaction is constantly replenished, so the 

fuel cell is not required to be recharged. 

 
𝐴𝑡 𝑎𝑛𝑜𝑑𝑒 𝐻2  ↔ 2𝐻+ + 2𝑒−

𝐴𝑡 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 2𝐻+ +
1

2
𝑂2 + 2𝑒

− ↔ 𝐻2𝑂

𝐻2 +
1

2
𝑂2  ↔  𝐻2𝑂+ 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦}

 
 

 
 

 (12) 

 

  With the assistance of hydrogen gas and atmospheric 

oxygen, fuel cells (FCs) can generate electricity with good 

efficiency, reduced processing noise, and zero emissions. 

PEM fuel cells are a kind of fuel cell that is primarily built 

for electrical vehicles. They are mainly devised for road 

transport, along with static and compact fuel-cell 
implementations [28]-[30]. Lower temperature and pressure 

span with a peculiar proton-conducting polymer electrolyte 

layer differentiate them 

PEM fuel cells generate electric energy and work on the 

inverse concept of PEM electrolysis, which utilizes 

electricity. They are a strong contender to replace aging 

alkaline fuel-cell innovation. The voltage output 𝑣𝑓𝑐 In a 

PEM fuel cell is given by Eq. (13) [31]. The terms 

description of Eq. (13) is given in Table II. 

The voltage developed in the fuel cell is less. So, N 
numbers of fuel cells are put together in series. The net 

voltage 𝑣𝐹𝐶 is given in Eq. (14) [32] 

 

𝑣𝐹𝐶 = 𝑁. 𝑣𝑓𝑐 (14) 
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Fig. 7. Fuel cell internal structure 

 
𝑣𝑓𝑐 = 𝐸𝑐𝑒𝑙𝑙 − 𝑣𝑎𝑐𝑡 − 𝑣𝑐𝑜𝑛 − 𝑣𝑜ℎ𝑚

𝐸𝑐𝑒𝑙𝑙 = −
𝛥𝐺

2𝐹
+
𝛥𝑆

2𝐹
(𝑇 − 𝑇𝑟𝑒𝑓)

                                       +
𝑅𝑇

2𝐹
(𝑙𝑛(𝑃𝐻2) +

1

2
𝑙𝑛(𝑃𝑂2))

𝑣𝑎𝑐𝑡 = 𝜉1 + 𝜉2. 𝑇 + 𝜉3. 𝑇. 𝑙𝑛(𝐶𝑂2) + 𝜉4. 𝑇. 𝑙𝑛(𝐼)

𝑣𝑐𝑜𝑛 = 𝐵. 𝑙𝑛 (1 −
𝐽

𝐽𝑚𝑎𝑥
)

𝑣𝑜ℎ𝑚 = 𝐼. (𝑅𝑚 +𝑅𝑐) }
 
 
 
 
 

 
 
 
 
 

 (13) 

 

TABLE II. TERMS DESCRIPTION 

Symbol Description 

𝐸𝑐𝑒𝑙𝑙 Open circuit voltage (V) 

𝑣𝑎𝑐𝑡 , 𝑣𝑐𝑜𝑛 and 𝑣𝑜ℎ𝑚 
Polarization losses in the fuel cell 

(V) 

F Faraday’s constant 

𝛥𝐺 Gibbs energy reaction change 

𝛥𝑆 entropy reaction change 

𝑃𝐻2  Hydrogen partial pressure 

𝑃𝑂2 Oxygen partial pressure 

T Operating temperature 

𝑇𝑟𝑒𝑓  Reference temperature 

𝐶𝑂2 Concentration of oxygen 

𝜉1, 𝜉2, 𝜉3 and 𝜉4 Parametric coefficients 

𝑅𝑚 
Electron flow Equivalent 
resistance (Ω) 

𝑅𝑐 Proton Resistance (Ω) 

𝐽 Current density (A.m-2) 

B Cell type specific parameter. 
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B.  DC-DC Boost Converter Model 

The boost converter raises the potential of the fuel cell to 

the potential of the battery. Because fuel cell potential and 

current vary with the requested load power. A DC/DC boost 

converter connecting the fuel cell to the DC bus is needed to 
make sure of dynamic output power levels. The role of the 

boost converter is to ensure the potential of the fuel cell to 

match with the potential of the battery. The circuitry 

schematic for the boost converter is shown in Fig. 8, which 

comprises the inductor (L), capacitor (C), switching element 

(S), and diode (D) [33]. 

FCv
Ov

C

L D
Oi

Li

S
+

_

+

_

+

_

 

Fig. 8. Boost electric converter circuitry 

 

The relation for voltage developed in fuel cell 𝑣𝐹𝐶 and 

boost converter enhanced voltage 𝑣𝑜 is given in Eq. (15). 

 

𝑣𝑜 = [
1

1 − 𝑆
]𝑣𝐹𝐶 (15) 

 

Two different system operation scenarios are depicted in 

Eq. (16) and (17) according to the ON and OFF positions of 

the switch. 

 

𝑓𝑜𝑟 𝑆 = 1 {
 
𝑑

𝑑𝑡
𝑖𝑜 =

1

𝐿
𝑣𝐹𝐶

 
𝑑

𝑑𝑡
𝑣𝑜 =

1

𝐶
(−𝑖𝑜)

 (16) 

𝑓𝑜𝑟 𝑆 = 0 {
 
𝑑

𝑑𝑡
𝑖𝑜 =

1

𝐿
(𝑣𝐹𝐶 − 𝑣𝑜)

 
𝑑

𝑑𝑡
𝑣𝑜 =

1

𝐶
(𝑖𝐹𝐶 − 𝑖𝑜)

 (17) 

C. Battery 

A battery is a device that may be electrically charged to 

produce a constant voltage for power or discharged to 

provide an electric current as required. This works under the 

principle of electrochemical conversion of energy. The 

basic components of a battery are the anode, cathode, and 
electrolyte. The most commonly used batteries are Li-ion, 

Lead-acid, metal-H2Ni, Ni-Cd batteries. The selection of the 

battery depends upon the battery's individual characteristics. 

Lithium-ion batteries are extensively utilized in mobile 

phones, computers, and EVs for their benefits like low rate 

of self-discharge, stability, safety, better energy density, and 

specific energy compared to conventional batteries [34]. To 

meet the load's power management requirements, the 

battery employed in transportation applications should be 

appropriately modeled. The efficacy of an electric 

vehicle battery is affected by temperature, state of charge 

(SOC), and charge/discharge current.  The battery's SOC is 
computed by Eq. (18) [35], [36]. 

 

 

𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶𝑜 −∫
𝑖𝑏𝑎𝑡(𝑡)

𝑄

𝑡

0

 (18) 

 

Where 𝑖𝑏𝑎𝑡 And 𝑄 are the current and maximum capacity 

of the battery, respectively. 

 

VI. EV SIMULATION, RESULTS, AND DISCUSSION 

The vector control method based on fuzzy PID 

controller-driven PMSM was utilized to verify that the 

layout of the PEM fuel cell-powered EV has adequate 
dynamic and static capabilities. During various operating 

conditions, a MATLAB/Simulink modeling of the 

comprehensive EV system is constructed and examined. 

Fig. 9 shows a thorough Simulink model of the 

proposed vector control method for the entire EV system of 

Fig. 3. To develop a simulation model, one such model 

incorporates the concept of segmented simulation, which 

divides the overall control system into segments. Fig. 10 

shows the Simulink model of the PEM fuel cell subsystem. 

Simulink model of the boost converter is depicted in Fig. 

11. The fuzzy PID controller Simulink model is depicted in 

Fig. 12. The following parameters shown in Table III and 
Table IV are considered in the dynamic modeling of EV 

and PMSM drive, respectively. 

The PEM fuel cell is constituted of 42 cells that have a 

peak power of 6 kW.  At a pressure and temperature of 

0.6 bar and 32°C, respectively, hydrogen fuel is delivered 

into the fuel cell. Then PEM fuel cell unit meets load 

requirements, and thus the developed voltage of the boost 

converter is almost equivalent to 200V. 

 

TABLE III. EV DYNAMIC PARAMETERS 

Parameter, Symbol 
Value 

(dimension) 

Mass of Vehicle, m 1000 kg 

Gravity acceleration, 𝑔 9.8 m.s2 

Front Area, 𝐴 2.5 m2 

Rolling Resistance Coefficient, 

𝜇𝑟 
0.005 

The radius of the wheel, 𝑟 0.29 m 

Aerodynamic coefficient, 𝐶𝑑 0.2 

Density of air, 𝜌 1.3 kg.m-3 

Gear Ratio, 𝐺 0.95 

The efficiency of gear, 𝜂𝑔 0.9 

Grading angle, 𝛼 0 
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Fig. 9. Simulink model of vector controlled fuel cell fed Electric vehicle 

 

 
Fig. 10. PEM fuel cell Simulink model 

 

 

 
Fig. 11. DC-DC Boost converter simulink model 

 

 

 

 
Fig. 12. Simulink model of fuzzy PID controller 

 

TABLE IV. PMSM AND SVPWM INVERTER 

PARAMETERS 

Parameter, Symbol Value (dimension) 

Power rating 6 kW 

Voltage rating 200 V 

Current rating 30 A 

Rated Speed 5000 RPM 

Phases 3 

Torque Rated 40 N-m 

d, q axes inductance  Ld, Lq 4.6  mH, 10.4 mH 

Stator Resistance, R 1.54 Ω  

Magnetic flux, ψf 0.08127 V-s 

Number of poles, p 4 

Moment of inertia, J 1.474X10-4 kg-m2 

Switching Frequency, fSW 10 kHz 

Reference triangular voltage, Vtri 5 V 

Battery Voltage, Vdc 200 V 

. 
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For proper validation of fuzzy PID control methodology, 

place specifications for PID speed loop controller to 𝐾𝑃 =
90, 𝐾𝐼 = 25,𝐾𝐷 = 0.05, and also place specifications for PI 

current loop controller to 𝐾𝑃 = 110, 𝐾𝐼 = 25. By considering 

the above parameters, the fuzzy-based indirect space vector 

control method of PMSM drive powered by is implemented. 

A long-span speed reference drive was chosen, and responses 

were studied under various operational conditions such as 

trapezoidal, staircase, step, and uneven patterns. 

In the perspective of the execution strategy of indirect 

control of PMSM, holding 𝑖𝑑 = 0, and the fuzzy PID speed 

controller supplies the q-axis current according to the 

requirement. The q-axis reference current is approximated 

from the torque equation given in Eq. (7). The error current 
signals generated in dq channels are directed to the PI 

controller to generate the necessary quadrature voltages. 

Further, these voltages undergo reverse park transformation 

and then finally to the SVPWM unit to generate gate signals. 

These gate signals are given to the inverter to generate the 

required stator three-phase voltages. Fig. 9 depicts the 

Simulink model of the above-proposed system. 

For every electric vehicle validation, driving the motor in 

compliance with the nominal speed is essential. Simulating 

the above system under both conditions, namely steady speed 

altering torque and steady external torque altering speed, 
determines the validity of the system. 

The simulation is performed for a period of 0.6s in the 

condition of steady speed altering torque operation. An initial 

value of control torque is fixed at 10 N-m at a steady speed 

reference of 50 RPM, and then a step control torque of 20 N-

m is imposed at time 0.4 s. In the operation of PMSM under 

the Fuzzy PID control strategy, at 0.4s, the speed drops from 

50 RPM to 45 RPM and returns to its command value in less 

than 0.1s, as shown in Fig. 13. Whereas in classical PID 

control of the operation, at 0.4s, the speed drops to 40 RPM 

and returns to its command speed in 0.15s. It is also observed 

that the level of overshoot and undershoot in torque profiles 
is more in the case of conventional PID control scheme of 

operation. It is quite worth noting that the torque developed 

by fuzzy PID-controlled PMSM is consistent with the 

reference step torque, with a torque recovery time of 0.05s. 
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Fig. 13. Speed and torque responses for steady speed 

altering torque operating condition 

 

The driving curve is defined for a long-span speed control 

reference drive for a time period of 6 s in the condition of 

steady torque altering speed functioning of the system, as 

shown in fig. 14. Under this state, the external torque is fixed 

at zero throughout the simulation period. The reference speed 

drive incorporates a staircase speed, step, trapezoidal, and 

uneven pattern signals for intervals of [0.1, 1.3s], [1.5, 2.3s], 

[1.8, 2.8s], and [4.5, 6s] respectively, as depicted in Fig. 14. 
Fig. 15, 16, 17, and 18 show magnified images of Fig. 14 for 

staircase, step, trapezoid, and uneven 

speed pattern responses. From Fig. 24, it is evident, to steer 

the speed of the vehicle in accordance to reference speed-

drive, the d-axis current is maintained approximately at zero, 

whereas the q-axis current regulates the speed of the PMSM. 

The PMSM and vehicle speed responses track the 

commanded speed with zero speed error and stabilize rapidly 

over frequent speed variations of the entire time period. This 

really is particularly noticeable when staircase and 

stepped speed signal inputs are adapted. When a fuzzy PID 

speed controller is utilized, the response time of PMSM and 
EV are 0.25s and 0.3s, respectively, to track the reference 

speed. However, when a conventional PID speed controller is 

used, it takes 0.45s. Thus, in terms of quick responsiveness, 

the fuzzy PID outperforms. 
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Fig. 14. Speed and torque responses for steady torque 

and altering speed operating condition 
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Fig. 15. Stair-case command speed responses magnified 

image 
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Fig. 16. Step command responses magnified image 
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Fig. 17. Trapezoidal command speed responses magnified 

image 
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Fig. 17. Uneven pattern command speed responses 

magnified image 
 

Fig. 18 shows the V-I and P-I characteristics of the PEM 

fuel cell. It was found out that the average DC output voltage 

available at its terminals is equal to 51.1 V, and the power 
produced by the fuel cell steadily grows to MPP as the 

current increases. The V-I and P-I characteristics of a boost 

converter are included in Fig. 19. The average voltage output 

accessible at load terminals equals 200 V, and as the current 

rises, the power developed by the fuel cell progressively 

advances to the MPP. Fig. 20 depicts the fuel cell and boost 

converter voltages under ideal conditions, the PEM fuel 

system in conjunction with boost converter meets the system 

load requirements, and the resulting boost converter potential 

was pretty much equal to 200V. 
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Fig. 18. V-I and P-I characteristics of PEM Fuel Cell 
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Fig. 19. V-I and P-I characteristics of Boost Converter 

 

0 1 2 3 4 5 6
Time (s)

0

50

100

150

200

250
V

o
lt
a
g

e
 (V

)

C
u
rr

e
n
t
 (A

)
Boost Converter Voltage (V)

Fuel Cell Voltage (V)

 

Fig. 20. PEM fuel cell, boost converter output voltages 
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Fig. 21. Control voltages developed by SVPWM inverter 

 

This project makes use of a lithium-ion battery. The 

battery specifications are as follows, nominal discharge 
current I is 30 A, internal resistance R is 0.0133 Ω, the 

capacity of the battery at rated voltage is 46 Ah, cut-off 

voltage is 150 V, open-circuit voltage 𝐸𝑜 Is 204.5 V. The 

battery voltage remains constant in the nominal area, 

gradually decreasing over time, as shown in Fig. 25(a) and 

26(a). Figure 25(b) and 26(b) depicts battery voltage versus 

ampere-hour and battery voltage versus time characteristics, 

respectively, for various discharge currents of 6.5, 13, and 

32.5. 
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Fig. 22. PMSM three-phase stator voltages 
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Fig. 24. Quadrature d-axis and q-axis currents 
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The vehicle and PMSM control strategy aspects have 

evidently been proven. In actuality, the vehicle speed is 

expected to be at its desired reference and was achieved. 

Furthermore, the stator d and q-axis current module 

responses demonstrate the decoupled functionality 
of PMSM. 

 

VII. CONCLUSION 

In this study, a PEM fuel cell in combination with a boost 

converter is developed to deliver electric power to a PMSM 

fed electric vehicle. The indirect vector control of the PMSM 

mathematical model is designed and simulated. Further, the 

dynamics of an electric vehicle were considered, and fuzzy 

PID controller was developed, and the performance was 

compared with a classical PID controller. The system is 

tested under constant torque and constant speed mode of 

operations. The proposed system with a fuzzy PID 
controller was shown to have a quicker dynamic speed 

response. Therefore, the proposed system looks to be 

particularly promising in reliability, static and dynamic 

responsiveness, efficiency, and performance. 
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