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Abstract—This paper introduces the design steps and 

implementation of Electric Vehicle (EV) based on variable 

structure fuzzy PID control. The role of fuzzy logic is making 

change in the membership function to tune the fuzzy action 

according to the error and change of error. The control 

implementation was executed using a low-cost Arduino mega 

2560 and had been programed by MATLAB SIMULINK.  Also, 

a nonlinear model for the EV was built and validated by the 

actual performance of the EV experimental setup. The overall 

EV closed loop implemented on the MATLAB SIMULINK to 

select the proper control parameters. The proposed variable 

structure fuzzy PID control had been compared to the 

traditional PID control to ensure robustness and reliability. The 

results show that the proposed control technique can deal with 

the EV disturbances and continuous change in the operating 

points.  

Keywords—Electric Vehicle; Fuzzy Logic; PID; Variable 

Structure. 

I. INTRODUCTION  

The use of electric vehicle (EV) technology is required 

due to the escalating environmental issues and the increasing 

demand for fossil fuel resources [1]-[4]. In recent years, EVs 

have become more and more popular due to their high 

efficiency, low maintenance requirements, and simple 

operations [5]-[9]. Urban cities now have improved 

sustainability and a significant reduction in pollution because 

of the growing EV trend. The performance of an EV has been 

significantly influenced by its propulsion system. Industrial 

and academic researchers have mainly concentrated on 

creating controls for the electric vehicle's drivetrain [10]-

[14]. The two most important aspects, efficient performance, 

and desirable energy management call for thorough and 

targeted research. The controller should deliver the fastest 

possible speed while consuming the least amount of energy 

[15]-[18]. The fluctuating road conditions, motor 

characteristics, and outside disturbances make the EV system 

highly nonlinear, time-dependent, and uncertain. As a result, 

it is difficult to build a controller that completely removes 

external disturbances and manages uncertainty with little 

control signal [19]-[30]. 

Due to their simplicity and ease of tuning, conventional 

PID controllers are frequently used in a variety of industrial 

applications [30]-[40]. However, they do not guarantee 

desired dynamic performance and do not operate effectively 

under a variety of operating conditions. With self-tuning 

capabilities [40]-[45]. Due to the windup, it produces a strong 

control signal, which causes it to overshoot and increase as 

the accumulated error is unwound (compensated by errors in 

the other direction), and the differentiator causes noise 

amplification [46]-[50]. Until now, there is no definite 

method the select the proper parameters. So, several 

optimization techniques can be used to solve this problem 

such as Genetic Algorithm (GA), Particle Swarm 

Optimization (PSO), Backtracking Search Algorithm (BSA), 

Bee Colony Optimization (BCA), Harmony Search (HS), Ant 

Colony, differential evolution (DE) and COVID-19 

optimization [50]-[60] 

Artificial intelligence (AI) based controllers have gained 

importance due to their satisfactory performance in various 

motor control applications, including speed assessment and 

torque ripple minimization [61]-[64]. However, AI-based 

controllers suffer from drawbacks, such as large data 

requirements, extended learning, and training duration.  

Fuzzy logic finds successful applications in a wide range 

of control systems, from air-conditioners and traffic lights to 

washing machines and large economic systems. Unlike 

traditional control systems that rely on precise models and 

objective functions, fuzzy logic control (FLC) allows for the 

utilization of human expertise and experience in designing 

controllers. The core of fuzzy control lies in the formulation 

of IF-THEN rules, which capture the knowledge and 

decision-making process of human operators. 

When designing a fuzzy logic control system, several key 

assumptions need to be made. Firstly, it is assumed that the 

plant under control is observable and controllable, meaning 

that the necessary input, output, and state variables are 

available for monitoring and adjustment. Additionally, the 

existence of a knowledge body is assumed, which comprises 

linguistic rules and input-output data sets that serve as the 

foundation for rule extraction. Fuzzy logic control also 

operates under the assumption that a solution exists, although 

it may not necessarily be optimal. The control engineering 

process aims for a "good enough" solution within an 

acceptable range of precision, while stability and optimality 

are addressed implicitly rather than explicitly. 

 

mailto:araby@arabiat-eg.com


Journal of Robotics and Control (JRC) ISSN: 2715-5072 1714 

 

Mohamed A. Shamseldin, A Low-Cost High Performance Electric Vehicle Design Based on Variable Structure Fuzzy PID 

Control 

The fixed membership fuzzy cannot deal with the violent 

disturbances of the EV system. So, this study merges the 

simplicity of the traditional PID control and the fuzzy system 

with variable membership structure to achieve high EV 

performance. The proposed technique had been compared to 

the conventional PID control. The results provide that the 

proposed control can absorb the system uncertainty to track 

accurately the preselected trajectory. 

The rest of the article organized as follows the first section 

demonstrates the EV design steps and the EV main 

components. The second section shows in detail the proposed 

technique. The third section displays the EV performance 

using the proposed control technique. The last section 

illustrates the paper conclusion. 

II. ELECTRIC VEHICLE SYSTEM 

The EV's three subsystems are primarily divided into 

three categories: propulsion, energy supply, and auxiliary 

subsystems. The vehicle controller, power electronic 

converter, electric motor, mechanical gearbox, sensors, and 

driving wheels make up the propulsion subsystem, as shown 

in Fig. 1. The energy supply subsystem consists of the energy 

source, the energy management unit, the charger unit, and 

other components. The auxiliary subsystem is composed of 

the power steering unit, the air conditioning motor and its 

controller, and the auxiliary supply unit. By merging the 

subsystems, the Electric Vehicle Drivetrain System is 

created. The main EV components are demonstrated in Fig. 

1. 

 
Fig. 1. A simple structure of an electric vehicle 

A. Chassis Design 

The cockpit design must consider the 95th percentile of a 

male human body to meet the ergonomic requirements for the 

driver. The interior dimensions of the cockpit must also be 

designed to maximize safety and comfort for the driver. 

These dimensions include the stiffness, space, and vision 

requirements of the cockpit, including head clearance, 

steering wheel position and angle, pedal locations, seat 

location and angles, seat belt angles, control switches and 

display locations. 

The space frame kind of chassis design was selected as 

shown in Fig. 2. Because it could be prototyped at a lower 

cost. The chassis has undergone multiple trials of varying 

materials, member cross-sections, and segmentation after 

adhering to the aforementioned considerations. Frontal 

impact, side impact, rollover, and torsional stiffness stress 

analysis experiments were utilised in the design and 

modelling phases to verify the safety of the chassis. Until 

acceptable safety factors and deflections were obtained in 

every instance, the procedure was repeated. 

 

Fig. 2. A simple structure of an EV chassis 

Stresses can be measured and calculated using various 

techniques. The common methods used are to physically 

apply loads to the chassis and measure the deflections by 

sight or by attaching strain gauges. When the deflection is 

known the stress can be calculated. Stresses can also be 

calculated using simple formulas and hand calculations, but 

this usually requires many simplifications to be made as 

demonstrated in Fig. 3. 

 

Fig. 3. A simple structure of an EV chassis 

When complex structures such as chassis are analyzed, 

the formulas become very large and complex, therefore 

computer programs are required to calculate the stresses 

involved. When analyzing the formula SAE chassis both 

physical and numerical tests will be performed to calculate 

realistic stresses that might be experienced in the chassis 

under race conditions. Using both methods, comparisons can 

be made to verify the accuracy of the results. 

Because of the complexity of the spaceframe chassis, 

hand numerical calculations would prove extremely lengthy. 

Therefore, the numerical tests will be completed using finite 

element analysis (FEA) software. This software allows 

complex numerical calculations to be performed in feasible 

time. Property settings required to conduct FEA can often be 

complicated to simulate the real conditions. 
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B. Suspension System 

The main suspension system requirement is to isolate the 

passenger response from the road disturbance to achieve 

human ride comfort, passenger safety, and vehicle 

traction/braking performance. To achieve this, the ride 

comfort zone must be considered first. This constitutes the 

suspension natural frequencies to the values suggested by the 

ISO 2631- 1978 (E) standard (Ding et al., 2020; Suspension 

Geometry and Computation, n.d.), based on the expected 

sprung mass of the vehicle. The suspension type chosen for 

the present platform was the double wishbone for the front 

suspension and trailing arm for the rear suspension, as shown 

in Fig. 4. The front double wishbone was chosen for the front 

suspension due to its simplicity and low cost while 

maintaining a satisfactory ride performance for such an urban 

style vehicle. The rear trailing arm was chosen due to its 

suitability for the proposed rear individual drive arrangement. 

The roll centers/axis analysis and the anti-squat analysis were 

carried out to maintain the ride characteristics of the vehicle 

as shown in Fig. 5. 

  

Fig. 4. Ackerman steering geometry for rack-and-pinion system 

 

Fig. 5. The obtained relation between inner (𝛿𝑖) and outer (𝛿𝑜) steering 

angles compared to the Ackerman angles after optimizing the steering 

linkages’ lengths 

The quarter-car and the half-car models were used to 

predict the ride performance of the vehicle as demonstrated 

in Fig. 6. This includes the natural frequencies and locations 

of the bounce and pitch oscillation centers of the vehicle. This 

led to choosing the proper proportionality between the front 

and rear suspension stiffness. The final step in the suspension 

design procedure was checking the stresses and safety factors 

of the individual components of the suspension system. 

 

Fig. 6. System arrangement; (a) Roll axis and anti-squat analyses for rear 

trailing-arm suspension, (b) Roll center analysis for front double-wishbone 

suspension 

C. Steering System 

The main requirement of the steering system is to safely 

achieve a minimum turning radius of 4 m. Since the simplest 

design is the rack-and-pinion steering system, it was 

considered in the present work. The steering system linkages’ 

lengths were optimized to closely achieve the Ackerman 

angles. This optimization considered the trigonometric 

equations relating the vehicle's main dimensions and the 

steering linkages’ lengths as illustrated in Fig. 7. Stress 

analysis of steering components was carried out. 

 

Fig. 7. The proposed steering system after implementation 

D. Braking System 

To achieve the simultaneous all-wheel lock and the 

minimum stopping distance requirements of the brake 

system, the brake proportioning should be addressed during 

the brake system design. Starting from the static front/rear 

load distribution and passing through the maximum 

deceleration level, the front-to-rear brake force ratio, namely 

brake proportioning, is constituted. The hydraulic brake 

design parameters should be selected to achieve the desired 

brake proportioning as well as the required total brake force. 

Along with all brake design parameters, the selection of 

front/rear discs' effective radii and the front/rear wheels 

pistons’ diameters gives the easiest way to achieve those two 

conditions. Fig. 8 shows the brake proportioning line for the 

present vehicle. 
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Fig. 8. Full braking system 

III. FINAL EV ASSEMBLY AND MATHEMATICAL MODEL 

The nonlinear state space model of proposed EV can be 

considered as follows. 

�̇� = 𝑓(𝑋) + 𝑔(𝑋)𝑢  (1) 
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𝑣 =  𝜔 ×
𝑟

𝐺
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where 𝑚 is the mass of the electric vehicle, 𝑔 is the gravity 

acceleration, 𝑣 the driving velocity of the vehicle, 𝜇𝑟𝑟 the 

rolling resistance coefficient, 𝜌 the air density, 𝐴 the frontal 

area of the vehicle, 𝐶𝑑 the drag coefficient and 𝜑 the 

hillclimbing angle, 𝑖 is considered the armature and field 

current, 𝜔 the angular speed of the motor, 𝐿𝑎 the armature 

inductance, 𝑅𝑎 the armature resistance, 𝐿𝑓 the field winding 

inductance, 𝑅𝑓 the field winding resistance, 𝐿𝑎𝑓 the mutual 

inductance among the field and armature windings, B the 

viscous coefficient, 𝐽 the moment of inertia of the motor, 𝑇𝐿  

the external torque and 𝑉 the input voltage. Table I describes 

the EV parameters and specifications. 

TABLE I.  PARAMETERS OF THE NONLINEAR EV SYSTEM 

Symbol Value Symbol value 

𝐿𝑎+𝐿𝑓 6.008 mH 𝑚 400 kg 

𝑅𝑎+𝑅𝑓 0.12 𝛺 𝐴 1.8 m2 

𝐿𝑎𝑓 0.001 mH 𝜌 1.25 (kg/m3) 

𝑖 25 𝜑 0° 
𝑉 0:48 V 𝐶𝑑 0.3 

𝐵 0.0002 N.M.s 𝜇𝑟𝑟 0.015 

𝐽 0.05 Kg.m2 𝐺 5 

𝜔 50 Km/h r 0.35 m 

 

The EV system is classified into two main sub-systems. 

The first is the electric motor drive system and the second is 

the chassis of the body with suspension parts (Fig. 9 and Fig. 

10). The nonlinearity source comes from the mutual 

inductance of the motor winding, mechanical transmission, 

measurement uncertainty. The purpose of the proposed 

controllers absorbs external disturbances such as 

aerodynamic resistance, road variations, and several 

operating points of speed. Moreover, overcoming internal 

disturbances such as the mentioned nonlinearity resources. 

 

Fig. 9. EV SolidWorks design 

 

Fig. 10. The final EV after overall manufacturing 

A comparison between the response of the proposed 

model state space and the EV experimental setup response. 

The result of this comparison is demonstrated in Fig. 11. It 

can be noted that the proposed model simulates significantly 

the EV experimental setup but the response of EV 

experimental setup suffers from high noise due to the system 

uncertainty.  

 

Fig. 11. The EV linear speed response for the proposed model and the EV 

experimental setup 

IV.  VARIABLE STRUCTURE FUZZY PID CONTROL 

Two different categories of adaptive fuzzy controllers 

exist. The first kind adjusts the fuzzy system's rules, which is 

why it is sometimes referred to as a self-organizing controller 
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or variable structure controller. The second class of fuzzy 

controllers, known as self-tuning controllers, allows for 

online scaling factor modification. The earlier experiments 

demonstrated that the first type of adaptive fuzzy controller 

is superior than the second type in terms of effectiveness. 

However, compared to the second type of adaptive fuzzy 

controller, the first type requires the designer to develop the 

fuzzy system from scratch without the use of a software 

toolbox. 

The proposed technique has an adaptive mechanism to 

tune the centroid of rule base membership online based on the 

optimal model reference adaptive system. 

Fig. 12 illustrates the general structure of variable 

structure fuzzy PID control. 

 

Fig. 12. Variable Structure Fuzzy PID (VSFPID) control 

The variable structure fuzzy PD control input/output 

relationship can be described as follows. 

𝑢(𝑠) = 𝐺𝑈. ∆𝑢(𝑠)  (6) 

∆𝑢(𝑠) = 𝜽𝑻ʓ(𝒙)  (7) 

𝐸(𝑠) = 𝐺𝐸. 𝑒(𝑠) (8) 

𝐶𝐸(𝑠) = 𝐺𝐶𝐸. 𝑐𝑒(𝑠) (9) 

𝐺𝐸 = 1,  𝐺𝐶𝐸 =
𝑘𝑑

𝑘𝑝
 , 𝐺𝑈 = 𝑘𝑝 (10) 

where u(s) is the output fuzzy controller, Where 𝜽𝑻is the 

centroid vector of the output membership function, ʓ(𝒙) is 

the vector of the fuzzy basis function, 𝑥 ∈ [−1, 1], and GU is 

the scaling factor for fuzzy PD controller. Inputs of the fuzzy 

controller are scaled using, 𝐺𝐶𝐸  scaling factors also known 

as fuzzy gains, 𝑒(𝑠) is the error between the reference 

position and the actual position of stage and 𝑐𝑒(𝑠)  is the 

change of this error (Fig. 13). Here, we introduce a reference 

model in the structure of the fuzzy controller to generate 

model error given by 

𝑒𝑚(𝑠) = 𝑦(𝑠) − 𝑦𝑚(𝑠) (11) 

In equation (7), the 𝑦(𝑠) is the actual system output, the  

𝑦𝑚(𝑠) stands for the desired performance and 𝑒𝑚(𝑠) 

considers the difference between the actual process value and 

the expected value of output. The reference model can be a 

first or second-order system. The model reference transfer 

function contains the desired response of the system such as 

the desired damping ratio, the desired natural frequency, the 

desired rise time, the desired settling time, and the desired 

overshoot.  If the order of the reference model is a stable first-

order system as the following transfer function. 

𝑦𝑚(𝑠)

𝑢𝑐(𝑠)
=

𝑘𝑚

𝑡𝑚𝑠+1
  (12) 

where 𝑢𝑐  is the reference position, 𝑦𝑚 is the output of the 

reference model, 𝑘𝑚 represents the DC gain of the system 

ration between the input signal and the steady-state value of 

output and 𝑇𝑚 is the time constant which measures how 

quickly a first-order system response to a unit step input. 

The MIT rule is the original approach to model reference 

adaptive control. The name is derived from the fact that it was 

developed at the Instrumentation Laboratory (now the Draper 

Laboratory) at MIT. To adjust parameters in such a way that 

the loss function is minimized. 

𝑗(𝜽) =
1

2
𝑒𝑚

2   (13) 

To make 𝑗 small, it is reasonable to change the parameters 

in the direction of the negative gradient of 𝑗, that is, 

𝑑𝜽

𝑑𝑡
= −𝛾

𝜕𝑗

𝜕𝜽
= −𝛾𝑒𝑚

𝜕𝑒𝑚

𝜕𝜽
  (14) 

Where 𝛾 stands for the adaptation gain while 𝜽 is the 

centroid vector of the output membership function.  

 

Fig. 13. The input of membership functions (error and change of error) 

Fig. 14 demonstrates the adaptive output membership 

functions for VSFC. The linguistic labels of the outputs are 

{NB(𝜃1), NM(𝜃2), NS(𝜃3), ZE(𝜃4), PS(𝜃5), PM(𝜃6), 

PB(𝜃7)}. The output membership’s centers are not fixed and 

change continuously through a certain range to prevent the 

overlapping between the memberships.  

 

Fig. 14. The adaptive output membership functions 

From the adaptive output of the membership function can 

outcome the following equations. 

𝜃(0) = [ −1 − 0.66 − 0.33 0 0.33 0.66 1] (15) 

𝜽 = [𝜃1 𝜃2 𝜃3 𝜃4 𝜃5 𝜃6 𝜃7] (16) 
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The used defuzzification technique is the center of 

gravity. 

𝑢(𝑛𝑇) =
∑ 𝑢(𝑢𝑗)𝑢𝑗

𝑛
𝑗=1

∑ 𝑢(𝑢𝑗)
𝑛
𝑗=1

= 𝜃𝑇ʓ(𝑥) (17) 

where 𝑢 (𝑢𝑗) membership grad of the element 𝑢𝑗, 𝑢(𝑛𝑇) is 

the fuzzy control output, 𝑛 is the number of discrete values 

on the universe of discourse. Table II summarizes the 

adaptive rule base of VS fuzzy system. 

TABLE II.  ADAPTIVE MEMBERSHIP 

E/CE NB NM NS ZE PS PM PB 

NB NB(𝜃1) NB(𝜃1) NB(𝜃1) NB(𝜃1) NM(𝜃2) NS(𝜃3) ZE(𝜃4) 

NM NB(𝜃1) NB(𝜃1) NB(𝜃1) NM(𝜃2) NS(𝜃3) ZE(𝜃4) PS(𝜃5) 

NS NB(𝜃1) NB(𝜃1) NM(𝜃2) NS(𝜃3) ZE(𝜃4) PS(𝜃5) PM(𝜃6) 

ZE NB(𝜃1) NM(𝜃2) NS(𝜃3) ZE(𝜃4) PS(𝜃5) PM(𝜃6) PB(𝜃7) 

PS NM(𝜃2) NS(𝜃3) ZE(𝜃4) PS(𝜃5) PM(𝜃6) PB(𝜃7) PB(𝜃7) 

PM NS(𝜃3) ZE(𝜃4) PS(𝜃5) PM(𝜃6) PB(𝜃7) PB(𝜃7) PB(𝜃7) 

PB ZE(𝜃4) PS(𝜃5) PM(𝜃6) PB(𝜃7) PB(𝜃7) PB(𝜃7) PB(𝜃7) 

V. EXPERIMENTAL RESULTS 

The performance of the suggested controller for the EV in 

the presence of both internal and external disturbances is 

shown in this section. To ensure that the suggested controllers 

were flexible and robust, a number of experiments were run. 

In the first test, the dynamic response of each control method 

is measured at a single operating point of speed. 

The effectiveness of PID, or variable structure fuzzy PID 

(VSFPID) control in tracking the new Highway Fuel 

Economy Driving Schedule (HWFET) speed (km/h) test is 

shown in Fig. 14. It is clear that the speed profile is accurately 

tracked by VSFPID control. Furthermore, the PID control is 

unable to keep up with the speed profile's constant 

fluctuations. In order to verify that the VSFPID control has a 

short settling time and smooth behavior in comparison to 

alternative control techniques without an adaptive 

mechanism, a zoomed region was captured between 300 and 

500 seconds, as shown in Fig. 15. 

The incapacity of PID control to overcome system 

uncertainty and internal and external disturbances is the cause 

of its subpar performance. Furthermore, when the system 

experiences abrupt changes, like variable structure fuzzy 

logic, these controllers without adaptive mechanisms built 

into the auto-tuning PID controller cause the parameters to 

continuously adjust.  

 

Fig. 15. The Highway Fuel Economy Driving Schedule (HWFET) 

 

Fig. 16. Zoomed area for Fig. 15 

Fig. 17 shows the Performance of the PID and VSFPID 

control to track The EPA Urban Dynamometer Driving 

Schedule (UDDS) test. It is noticed that the VSFPID 

controller tracks accurately its reference velocity although the 

violent change in the reference speed and nonlinearity 

resources of the EV. In the case of the PID controller cannot 

track the profile where the gap between the reference and the 

actual velocity is high. 

Fig. 18 illustrates a zoomed area demonstrates the 

difference between the reference and the actual velocity. It 

can be noted that the error in case of the VSFPID control is 

very small compared to the PID control case. 

 

Fig. 17. The EPA Urban Dynamometer Driving Schedule (UDDS) test 

 

Fig. 18. Zoomed area for Fig. 17 
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Fig. 19 demonstrates the performance of PID, variable 

structure fuzzy PID (VSFPID) control to track New European 

Drive Cycle (NEDC) speed (Km/h) test. It is obvious that 

VSFPID control tracks accurately the speed profile. Also, the 

PID control cannot track the continuous changes in the speed 

profile. A zoomed area was taken from 300 seconds to 500 

seconds to ensure that the VSFPID control has a small settling 

time and smooth behavior compared to other control 

technique without an adaptive mechanism as demonstrated in 

Fig. 20. 

 

Fig. 19. New European Drive Cycle (NEDC) 

 

Fig. 20. Zoomed area for Fig. 20 

VI. CONCLUSIONS 

The design and implementation of electric vehicles (EVs) 

based on variable structure fuzzy PID control are presented 

in this work. Fuzzy logic's job is to adjust the membership 

function so that the fuzzy action is tuned based on error and 

error change. MATLAB SIMULINK was used to program an 

inexpensive Arduino Mega 2560, which was used to carry out 

the control implementation.  Additionally, a nonlinear model 

for the EV was developed and verified by the experimental 

setup's real performance. To choose the appropriate control 

parameters, the entire EV closed loop was developed on the 

MATLAB SIMULINK. To verify robustness and reliability, 

the suggested variable structure fuzzy PID control was 

contrasted with the conventional PID control. The outcomes 

demonstrate that the suggested control strategy is capable of 

handling EV disruptions and ongoing changes to the 

operating points. 
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