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Abstract: The increasing demand for high performance and energy efficient 
electric vehicles has driven research into advanced motor control strategies for 
Permanent Magnet Synchronous Motors. This study investigates the design and 
performance evaluation of a Fuzzy PID controller as the speed regulator to 
address the limitations of the typical PID controllers in EV propulsion and a 
field-oriented control strategy is used. A conventional PID controller is initially 
implemented and tuned using the Ziegler-Nichols closed loop method. A Fuzzy 
Inference System is developed and then integrated with the PID controller to 
form a hybrid Fuzzy PID controller capable of adjusting the PID gains in real 
time. The performance of both controllers is evaluated under various test 
scenarios including speed variations, load disturbances, and parameter changes. 
Simulation results demonstrate that the Fuzzy PID controller significantly 
reduced overshoot by 0.5%, reduced rise time by 32.04%, improved settling 
time by 8.04%, and therefore enhanced system stability and responsiveness 
compared to the typical PID controller. These improvements validate the 
effectiveness of fuzzy logic in managing the uncertainties associated with 
PMSM control in EV applications. 
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1. Introduction 
The advancement in electric vehicle (EV) technology has increased the demand for more efficient motor 
drives. Among various motor types, the Permanent Magnet Synchronous Motor (PMSM) has gained 
significant attention due to its superior performance. It is an AC synchronous motor where permanent 
magnets embedded in the rotor, generate a constant magnetic field, eliminating the need for external 
excitation. It has no rotor windings, which means minimal copper losses in the rotor and thus high 
efficiency. This motor provides high torque even at low speeds and its capable of high speeds without 
sacrificing torque. It is light and compact which is ideal for space constrained EV designs. It lacks 
brushes and commutators which reduces wear and maintenance needs [1] [2] [3] [4]. The Proportional-
Integral-Derivative (PID) controller is a feedback controller that calculates an error value as the 
difference between a desired set point and a measured process variable. The controller then applies a 
correction based on proportional, integral, and derivative terms, represented by three constants (Κp, Κi 
and Κd), to minimize the error over time [5] [6] [7] [8]. Fuzzy logic is a mathematical method that deals 
with approximate reasoning rather than fixed and exact values. Fuzzy logic was invented by Lotfi A. 
Zadeh, a professor at the University of California, Berkeley. He introduced the concept in his seminal 
paper, "Fuzzy Sets," published in 1965 [9] [10] [11] [12].  

PMSMs in EVs experience varying load conditions, changing speed and torque demands imposed 
by inclines or declines in the roads. Temperature variations may affect stator resistance and magnet 
strength altering motor performance, extreme temperatures or over current scenarios may also degrade 
the permanent magnets [6] [7]. Traditional PID controllers are parameter sensitive, that is to say 
variations in motor parameters (stator resistance, inductance) due to temperature changes during 
extended operation can degrade PID performance. PID controllers also struggle to reject load 
disturbances efficiently. The PID tuning process is often trial and error or relies on methods like Ziegler-
Nichols, Cohen-Coon which provide suboptimal performance under varying system dynamics [5] [13] 
[14] [15]. Advanced methods such as Model Predictive Control (MPC) and Sliding Mode Control 
(SMC) offer improved robustness and transient performance, but their high computational cost and 
issues such as chattering restrict practical real time deployment on embedded EV hardware. Direct 
Torque Control (DTC), although fast and simple, suffers from high torque and flux ripple and variable 
switching frequency, making it unsuitable for smooth, energy efficient EV operation [7] [8] [16] [17].  

This calls for robust control strategies that can maintain consistent performance across diverse 
operating conditions. Fuzzy-PID control offers a promising alternative by eliminating strict reliance on 
mathematical models and instead using rule-based reasoning that accommodates nonlinearities and 
parameter variations. Its adaptive rule structure enables real-time adjustment of control actions, reducing 
torque ripple, improving energy efficiency, and lowering computational requirements compared to MPC 
and SMC. This makes fuzzy-based control strategies more practical for embedded EV drive systems 
and readily scalable to other AC machine types [7] [9] [10] [16]. Prior studies have not adequately 
addressed the combined effects of nonlinear PMSM parameter variations, external disturbances such as 
sensor noise, actuator limitations, and temperature deviations in real world EV conditions. Existing 
fuzzy-PID approaches typically tune only the controller output rather than independently adjusting each 
PID gain, limiting adaptability and control precision [18] [19]. This paper offers independent tuning of 
each leg of the PID controller based on real time motor behavior for more adaptive control, accounting 
for external disturbances by using noise filters and investigating the effects of temperature variations on 
the control strategy. 

The objectives of this research are to design a mathematical model of a Permanent Magnet 
Synchronous Motor (PMSM) that accurately represents its steady-state and dynamic characteristics, and 
to integrate this model with a PID controller to evaluate its performance under various operating 
conditions. Furthermore, the study aims to optimize the PID control parameters using a Fuzzy Inference 
System to enable adaptive control and achieve improved performance. Finally, the performance of the 
Fuzzy PID controller will be compared with that of the conventional PID controller by analyzing their 
speed response plots, focusing on key performance metrics such as settling time and overshoot. 
 
2. Literature Review 
2.1. The Permanent Magnet Synchronous Motor 
A permanent magnet synchronous motor has two main parts; the stator which is the stationary part and 
the rotor, the rotating part. The stator consists of an outer cylindrical frame, a core which provides a 
path for the magnetic flux and stator windings as shown in Figure 1. 
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Figure 1. PMSM Structure [2] 
 
 
 

The stator is similar to that of an induction motor, consisting of a laminated steel core with three 
phase windings, for a three phase PMSM. These windings are physically distributed 120º apart to 
produce a rotating magnetic field when energized [7] [20] [21]. The rotor contains permanent magnets 
instead of windings or squirrel cages. The magnets are embedded or surface mounted on the rotor core. 
The operation of a PMSM is based on the interaction between the rotating magnetic field produced by 
the stator windings and the static magnetic field of the rotor magnets [10] [22] [23]. When three phase 
AC currents are applied to the stator windings, they generate a rotating magnetic field. They create 
three-time varying magnetic fields that are spatially 120° apart [7] [16] [24] [25]. The superposition of 
these fields results in a single magnetic field that rotates continuously around the stator. This behavior 
is due to the nature of three phase AC systems and the sinusoidal variation of the currents. The direction 
of rotation is determined by the sequence of the three phase currents. The rotor, which contains 
permanent magnets, aligns itself with the rotating magnetic field, causing the rotor to rotate 
synchronously with the stator field. Torque is produced due to the magnetic attraction and repulsion 
between the stator and rotor fields. In IPMSMs, additional torque is generated through reluctance torque 
due to salience [26] [27]. The motor speed is controlled by varying the frequency of the stator currents, 
while the torque is controlled by adjusting the amplitude and phase of the currents.   

 
2.2. Electrical Circuit of a PMSM 
The stator windings are modelled as resistances and inductances in series with back emfs induced by 
the rotor magnets [8]. 

  
 

 
 

Figure 2. Electrical Circuit of a PMSM 
 
 
 

2.3. PMSM Mathematical Modelling 
The dq model is based on a transformation of the three-phase stationary reference frame into a rotating 
reference frame aligned with the rotor. The purpose is to simplify the analysis and control of PMSMs 
by converting the sinusoidal variables into DC like quantities in the rotor reference frame. 
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Figure 3. Reference Frames 
 
 

1) ABC Frame  
The voltage equations in the frame are given as: 
 

υa=Ria+
dλa

dt
  (1) 

 

υb=Rib+
dλb

dt
  (2) 

 

υc=Ric+
dλc

dt
  (3) 

 
 

The flux linkages are related to the currents and rotor position by, 
 

λa=Lsia+λm cos θr  (4) 
 

λb=Lsib+λm cos (θr-
2π

3
)  (5) 

 

λc=Lsic+λm cos (θr+
2π

3
)  (6) 

 
 
The back emfs are sinusoidal and depend on the rotor position θr . The model is difficult to analyse 

because it involves sinusoidal time varying quantities. To simplify, we transform this system into the 
rotating reference frame. 

 
2) Clarke’s Transformation  
The three phase abc frame is converted into a two phase αβ stationary frame. The αβ0 frame is 
orthogonal, with axes fixed in space [12]. For a balanced system the zero-sequence component is 
omitted as the matrix equation below shows, where f stands for electrical quantities; current or voltage. 

 

ቈ

 
fα
fβ

቉ =
2

3
቎
1

-1

2

-1

2

0
√3

2

-√3

2

቏ ൥
fa
fb
fc

൩  (7) 

 
The factor 2/3 ensures that the magnitude of the transformed vector remains consistent with the 

original three phase system.  
 

3) Park’s Transformation 
The stationary αβ frame is transformed into the rotating dq0 reference frame aligned with the rotor. This 
transformation is time dependent and uses the rotor position. For a balanced system the zero-sequence 
component is ignored [12]. 
 

ቈ

 
fd
fq

቉ = ൤
cos (θr) sin (θr)
-sin (θr) cos (θr)

൨ ቈ

 
fα
fβ

቉  (8) 
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4) DQ Frame Equations 
In the dq frame, the voltage equations for a PMSM are: 
 

νd =Rid + 
dλd

dt
 - ωsλq  (9) 

 

νq =Riq + 
dλq

dt
 + ωsλd  (10) 

 
where, 
 
λd= λad+λm=Ldid+λm (11) 
 
λq= λaq=Lqiq  (12) 

 
 

The cross-coupling terms ωLdid  and ωLqiq represent the interaction between the axes. ωλm represents the back 
emf from the permanent magnet flux [10]. The equivalent circuit of the PMSM as shown in Figure 4. 
 
 
 

 
 

Figure 4. Equivalent Circuit dq Model [8] 

 
Torque Equation 
The electromagnetic torque, which is power divided by mechanical speed can be represented as: 
 

Τe = 
3

4
Ρ[λmiq + (Ld-Lq)idiq] (13) 

 
For SPMSMs, Ld=Lq, so the torque equation simplifies to: 

 

Τe = 
3

4
Ρ[λmiq ] (14) 

 
Mechanical dynamics of the rotor 

 

J
dω

dt
 + Bω = Te-TL (15) 

 
 

2.4. PID Tuning 
The process of adjusting the kp, ki, and kd of a PID controller to achieve a fast response time, minimal 
overshoot, accurate setpoint tracking, and stable system performance.  Figure 5, shows a PID controller 
connected to a plant. 

  
u(t) = kp∙e(t)+ki ∫ e(t)dt +kd

de(t)

dt
  (16) 

 
 
The proportional term produces an output that is proportional to the current error. It provides an 
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immediate correction based on the magnitude of the error. The integral term integrates the error over 
time, addressing any accumulated offset that the proportional term alone cannot correct. It helps 
eliminate steady-state error. The derivative term responds to the rate of change of the error, providing a 
damping effect that improves system stability and reduces overshoot [3] [17] [25] [28]. 

 
 

 
 

Figure 5. PID Controller 
 

2.5. Fuzzy Logic  
Fuzzy logic starts with the concept of a fuzzy set. A fuzzy set is a set without a crisp, clearly defined 
boundary. It can contain elements with only a partial degree of membership [14] [29] [30]. A fuzzy 
logic system typically consists of three main steps: 

 Fuzzification: Involves converting crisp numerical inputs into fuzzy sets using membership 
functions. 

 Fuzzy Inference: Applies fuzzy rules to determine how inputs map to outputs. 
 Defuzzification:  Converts fuzzy results back into crisp numerical values 

 
The block diagram of a typical fuzzy logic controller is shown in Figure 6. 
  

 

 
 

Figure 6. Fuzzy Logic Controller 
 

 
1) Membership Functions 
A membership function is a curve that defines how each point in the input space is mapped to a 
membership value (or degree of membership) between 0 and 1. The function itself can be an arbitrary 
curve whose shape we can define as a function that suits us from the point of view of simplicity and 
efficiency [14] [27] [31]. The simplest membership functions are formed using straight lines. Of these, 
the simplest is the triangular membership function, and it has the function name trimf. This function is 
nothing more than a collection of three points forming a triangle as shown in Figure 7.  
 
2) If-Then Rules 
If-then rule statements are used to formulate the conditional statements that comprise fuzzy logic. A 
single fuzzy if-then rule assumes the form If x is A, then y is B where A and B are linguistic values 
defined by fuzzy sets on the ranges (universes of discourse) X and Y, respectively [14] [29].  
 
3) Fuzzy Inference System 
A fuzzy inference system (FIS) is the central unit in a fuzzy logic system, responsible for reasoning and 
decision making. The main types of FIS are the Mamdani Fuzzy Inference System which uses fuzzy 
sets and rules to determine outputs and the Sugeno Fuzzy Inference System which uses mathematical 
functions instead of fuzzy sets [15]. 
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Figure 7. trimf [13] 
 
 

4) Defuzzification Techniques 
Defuzzification is the process of converting fuzzy output values obtained from a Fuzzy Inference 
System into a single crisp value. Several defuzzification techniques exist, including: The Centroid 
Method, Weighted Average Method, Bisector Method. Among these, the centroid method is the most 
commonly used [15] [18] [19]. 

The Centroid Method (Center of Gravity or Center of Area) calculates the defuzzified output as the 
center of mass of the fuzzy set.  

 
Crisp value=

Weighted integral of output variable

Total area under aggregated membership function
  (17) 

 
 

3. Methodology 
3.1. Block Diagram 
For speed control of PMSMs, electric vehicles typically employ a FOC scheme which uses Park and 
Clarke transformations to decouple the torque and flux producing currents. Inverse Clarke and inverse 
Park transformations convert the dq voltages back to abc voltages for inverter switching.  
 

  

 
 

Figure 8. Schematic Diagram of PMSM Field Oriented Control Scheme 
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Current Controllers 

The PI controllers regulate id and iq to achieve flux and torque control. They work in dq frame by 

generating the control reference voltages vd and vq.  

iq(s)=
vq(s)-ωLdid(s)-ωλm

Lqs+R
  (18) 

Ignoring the cross-coupling terms, the open loop transfer function simplifies to: 

G(s)=
i(s)

v(s)
=

1

Ls+R
  (19) 

 

This transfer function indicates that the system is a first order system with a gain of 1 L⁄  and time 
constant of L R⁄ . The standard PI controller in Laplace domain is, 

 

GPI(s)=Kp+
Ki

s
=Kp ቀ1+

1

Tis
ቁ  (20) 

The open loop transfer function is, 

GOL(s)=GPI(s)G(s)=Kp ቀ1+
1

Tis
ቁ ቀ

1

Ls+R
ቁ  (21) 

The closed loop transfer function is got from, 

GCL(s)=
GOL(s)

1+GOL(s)
  (22) 

GCL(s)=
i*

i
=

Kp൬1+
1

Tis
൰ቀ

1
Ls+R

ቁ

1+Kp൬1+
1

Tis
൰ቀ

1
Ls+R

ቁ
=

Kp(Tis+1)

s2+
(Kp+R)s

L
+

Kp
TiL

  (23) 

We compare with the second order closed loop transfer function, 

TCL=
ωn

2

s2+2ζωns+ωn
2  (24) 

Where ζ is the damping ratio and ωn is the natural frequency, 

Kp=2ζωnL-R  (25) 

Ti=
2ζωnL-R

ωn
2L

  (26) 

Ki=ωn
2L  (27) 

Direct axis current controller 

vd(s)=Kped+
Ki

s
ed  (28) 

Where the current error is, 

ed=id
*-id  (29) 
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Quadrature Axis Current Controller 

vq(s)=Kpeq+
Ki

s
eq  (30) 

Where the current error is, 

eq=iq
*-iq  (31) 

 
Speed Controller 
The PID controller regulates the rotor speed ω, by generating the iq reference current iq

*, which is sent 
to the inner q axis current control loop.  
 

iq
*=Kpeω+

Ki

s
eω+sKdeω  (32) 

Where the speed error is, 

eω=ω*-ω  (33) 

The output of the PID controller is iq
*, however iq is limited physically by the motor’s current rating. 

|iq
*|≤imax  (34) 

Where imax is the motor’s peak rated current. 
 
 
Noise filter 
A low pass filter is added in series to the derivative path. The speed error passes through the low pass 
filter to produce a filtered signal to eliminate out the high frequency noise.  The standard first order 
low pass filter is; 

Glp(s)=
N

s+N
=

1
1
N

s+1
  (35) 

Where N is the cutoff frequency and it’s related to the time constant by τ=
1

N
 

 
 
Anti-Windup Mechanism 
When the PID controller output reaches a saturation limit, the integrator keeps accumulating error. 
When the error corrects, the integrator takes time to recover, causing overshoot. Anti-windup prevents 
this by stopping integration when saturation occurs (clamping) or using a feedback loop with anti-
windup gain Kbwith the difference between the saturated output and the unsaturated controller output 
(back calculation). Clamping prevents further integration when iq

*  reaches its limit, thus preventing 
accumulation of integral error. The clamping conditions are; the controller output is saturating and the 
error is the same sign as the controller output. 
 
 
Fuzzy logic optimization 
The inputs chosen are the speed error and the change of speed error which is the difference between current 
and previous error. Change in error tells how fast and in which direction the error is. 
 

e(t)=ωm
* (t)-ωm(t)  (36) 

ce(t)=e(t)-e(t-1)  (37) 
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Figure 9. Speed PID Controller Block 

 

 

 
Figure 10: Fuzzy PID Block Model 

 
 
The linguistic variables for the inputs are Negative large (NL), Negative medium (NM), Negative 

small (NS), Zero(Z), Positive small (PS), Positive Medium (PM), and Positive large (PL). 
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Figure 11. Membership Functions For Speed Error Input 

 
 

The linguistic variables for outputs are Very small (VS), Medium small (MS), Small (S), Medium 
(M), Large (L), Medium Large (ML), and Very Large (VL). This gives 49 rules.  

 

 

 

Figure 12. Membership Functions for the Kp Output 

 

The rule base is chosen from an understanding of the PID gains and their effects on system response. 
If the speed error is large, increase kp aggressively to reduce rise time. If error is near zero, keep kp 
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moderate to avoid overshoot and If error is decreasing fast, reduce kp to prevent overshoot. For the ki 
output, if error is large, keep ki moderate to avoid windup. If error is small but persistent, increase ki to 
eliminate steady-state error. If error is decreasing, reduce ki to prevent overshoot. For kd, if error is near 
zero, keep kd moderate to avoid excessive damping. If error is changing rapidly, adjust kd aggressively 
to improve stability.  

 

 

Figure 13. Fuzzy Reasoning Flowchart 

 
 

 

Figure 14. kp fuzzy Inference System 
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Table 1. Rule Base for Δkp 
 

e | ce NL NM NS Z PS PM PL 

NL VL VL VL VL ML L M 
NM VL VL VL ML L M S 

NS VL VL ML L M S MS 

Z VL ML L M S MS VS 

PS ML L M S MS VS VS 

PM L M S MS VS VS VS 

PL M S MS VS VS VS VS 
 

 

 

Figure 15. Control Surface for kp 

 

4. Finding and Discussion 

4.1. Paramaters 
Motor parameters shows in Table 2. 

 
Table 2. Motor Parameters 

 

Parameter Symbol Value Units 

Poles P 4 - 
Stator winding resistance R 18.7 Ω 
Inductance Ld,Lq 0.02682 H 
Permanent magnet flux  λm 0.18 Wb 
Rotor inertia constant J 0.0008 Kgm2 
Damping constant B 0.00001 Kg/s 

 
 

Table 3. Controller Gain Values 
 

Controllers 
Speed Controller gains Current controller gains 

   D axis Q axis 
 Kp Ki Kd Kp Ki Kp Ki 
PID 0.014 0.19 0.0001 71.54 1.52e5 71.54 1.52e5 
Fuzzy PID Updated each sampling 71.54 1.52e5 71.54 1.52e5 
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4.2. FOC Model 
The simulation environment is MATLAB/Simulink 2016, PWM frequency is 20kHz, sampling time is 
1e-6s and a simulation time of 2 seconds. 
 

 

Figure 16. Complete Field Oriented Control Scheme 
 
 
1) No Load Test 
A reference speed of 500 rpm is set and no-load torque is put on the machine. 
 

 

 
Figure 17. Speed Response at No Load 
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Figure 18. Torque Response at No Load 

 
 

 

 
Figure 19. Stator Currents at No Load 

 
Both controllers experience some overshoot, however the fuzzy PID controller achieves less 

overshoot of 8.3% to the PID’s 9.34%. The fuzzy PID also achieves a faster rise time of 10.421ms and 
the PID, 15.362ms as shown in Figure 17. The PMSM has a high starting torque but since no load has 
been placed on the motor, the electromagnetic torque reduces to approximately zero to support only the 
retard friction as shown in Figure 18. The electromagnetic torque affects the amplitude of the stator 
currents. Initially at high starting torque, the stator currents have a large amplitude but quickly 
approximate to zero at steady state because no load has been placed on the motor as shown in Figure 
19. 
 
 
2) Constant Load Test 
A constant load of 1Nm is placed on the motor and two incremental speeds are subjected to the motor 
at t = 0s and t = 0.65s of 200rpm and 300rpm respectively before breaking at t = 1.4s. 
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Figure 20. Speed Response at Varying Loads 

 
 
 

 
Figure 21. Stator Currents For Speed Variation at a Constant Load 

 
 

The fuzzy PID outperforms the PID controller with a faster rise time of 10ms, less overshoot of 
8.4%. The PID experiences a rise time of 16.6ms, overshoot of 8.9%. The stator currents have the same 
amplitude after each change but have different frequencies as shown in Figure 20. This is because 
reference speed input affects the stator currents frequency, when the reference speed is increased, the 
stator currents frequency also increases and vice versa. The amplitude spikes of the currents are due to 
the transient torque variations. This is because of the cross coupling between the torque and flux 
components of the dq currents.  
 
 
3) Load Variation Test  
A constant speed of 500rpm is applied. An initial load torque of 0.5Nm is put on the motor, then at t = 
0.63s another load of 0.5Nm is added, finally at t = 1.4s a load of 0.7Nm is removed from the motor. 
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Figure 221. Electromagnetic Torque at Varying Loads 

 
 

 
Figure 232. Speed Response at Varying Loads 

 
 

 
Figure 243. Stator Currents at Varying Loads 
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Figure 25. Dq Currents at Varying Loads 

 
 

Initially the electromagnetic torque is high because of the high starting torque of the motor but it 
quickly achieves a steady state of 0.5Nm and then varies with the set load torques as shown in Figure 
21. The fuzzy PID controller achieves a faster rise time of 12.07ms but it however produces more 
overshoot initially which is undesirable. The PID controller achieves a rise time of 21.58ms. The stator 
currents amplitudes vary with the load torques; stator currents amplitude increases at t = 0.63s when the 
load torque is increased to 1Nm but they decrease when a load torque of 0.7Nm is removed from the 
motor as shown in Figure 24. As expected, the id current component is fairly constant but the iq current 
component varies with the load torque applied on the motor as shown in Figure 25. 

Another simulation of Stator currents and electromagnetic torque at increasing loads from 0Nm at t 
= 0s, 0.5Nm increments at t = 0.5s, t = 1s and t = 1.5s.  
 
 

 
 

Figure 26. Stator Currents at Increasing Loads 
 

 
As expected, we get increasing amplitudes for the stator currents but their frequency remains the 

same as shown in Figure 26. This is because the speed applied is constant. The electromagnetic torque 
varies with the load torque increments as shown in Figure 27. 
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Figure 27. Electromagnetic Torque at Increasing Loads 

 
 
4) Parameter Variation 
Motors heat up during prolonged operation, this affects the stator resistance, inductance and permanent 
magnet flux which vary with increase in motor temperature. Considering the temperature dependence 
of the copper windings in the stator. The stator resistance is given by, 
 

 Rt = R0(1+α∆T) (39) 
 

where by R0 is the resistance of the copper windings at standard temperature (25℃),  
 

 α is the temperature coefficient of copper (0.00393℃-1) 
 ∆T is the change in temperature. 
 

Assuming a temperature above the normal operating temperature of 100℃, the stator resistance 
becomes 24.2Ω. 

 

 
Figure 28. Speed Response at 24.2Ω Stator Resistance 
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Both controllers track the reference speed, however the fuzzy PID controller achieves a better 
performance of 653ms rise time, 5.83% overshoot. The PID gets 655.36ms rise time, 9.32% overshoot. 
The fuzzy PID controller tunes the PID gains dynamically to minimise overshoot and reduce the rise 
time even when the parameters of the machine vary. 

 
 
 

Table 4. Summary of Results 

 Rise time Settling time Overshoot 

 PID FPID PID FPID PID FPID 

No load test 15.36ms 10.42ms 19.879ms 18.28ms 8.3% 9.34% 
Constant load test 16.6ms 10ms 17.04ms --- 8.9% 8.4% 
Load variation test 21.58ms 12.07ms --- --- 2.3% 

undershoot 
1.9% 

undershoot 
Parameter 

variation test 
35.36ms 23ms --- --- 9.32% 5.83% 

 
 
 
5. Conclusion 
This paper addresses the limitations of conventional PID controllers in the speed control of Permanent 
Magnet Synchronous Motors used in electric vehicle propulsion systems. Through detailed modeling 
and simulation in MATLAB/Simulink, the study successfully demonstrates that the Fuzzy PID 
controller significantly outperforms the conventional PID controller across a range of performance 
metrics. Notably, it achieved faster settling times, reduced overshoot, and improved speed tracking 
under both constant and varying load conditions. A compelling case for the adoption of intelligent 
hybrid control systems in electric vehicle propulsion.  

This paper focuses on software simulation, future research should consider hardware in the loop 
simulation or real time embedded implementation using digital signal processors to validate the 
controller’s effectiveness in practical settings. Additionally, integrating advanced optimization 
techniques like Genetic Algorithms, Neural networks or Reinforcement Learning with fuzzy control 
may yield even more efficient tuning and thus better results. Lastly, the designed controller could be 
combined with a simulation of the wider EV drive train to fully assess its impact on the mechanical 
components of the vehicle thus giving a well-rounded view of ride comfort. 
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