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Design of Fuzzy Logic Tuned PID Controller for Electric Vehicle based 
on IPMSM Using Flux-weakening

Ali Rohan†, Furqan Asghar* and Sung Ho Kim*

Abstract – This work presents an approach for modeling of electric vehicle considering the vehicle 
dynamics, drive train, rotational wheel and load dynamics. The system is composed of IPMSM 
(Interior Permanent Magnet Synchronous Motor) coupled with the wheels through a drive train. 
Generally, IPMSM is controlled by ordinary PID controllers. Performance of the ordinary PID 
controller is not satisfactory owing to the difficulties of optimal gain selections. To overcome this 
problem, a new type of fuzzy logic gain tuner for PID controllers of IPMSM is required. Therefore, in 
this paper fuzzy logic based gain tuning method for PID controller is proposed and compared with 
some previous control techniques for the better performance of electric vehicle with an optimal balance 
of acceleration, speed, travelling range, improved controller quality and response. The model was 
developed in MATLAB/Simulink, simulations were carried out and results were observed. The 
simulation results have proved that the proposed control system works well to remove the transient 
oscillations and assure better system response in all conditions.
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1. Introduction

Electric vehicle system basically comprises of 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 battery, fuel cell, ultra-
capacitors. Generally, electric vehicle use a battery system 
as its main energy source [1, 2]. 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 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. Using fuzzy logic 
allows to deal with the uncertainties or unknown variations 
in plant parameters in better way to increase the system 
robustness [3, 4]. This control method is more stable and 
allows various design objectives. Fuzzy controllers unlike 
PI controllers do not require the accurate mathematical 
model of the process, rather it needs the experience and 
knowledge about the controlled process to construct the 
rule base [5, 6].

Previously used control techniques involve controllers 

like PID, Fuzzy logic, neuro Fuzzy. In recent years, various 
research methods based on advanced control strategies in 
electric vehicles has been introduced. In [7, 8], authors 
used intelligent fuzzy control to increase the efficiency of 
the system while dealing with the complex operation 
modes. In [9, 10] different control strategies based on PI 
methods are used to control the electric vehicle system by 
performing mathematical modeling of electric motor and 
electric vehicle dynamics. These controllers are simple and 
do not perform well for control systems with changing 
parameters and require frequent on-line tuning. Tuning is 
done by manual or hit and trial methods to choose proper 
gains. The initial gain selection is an important factor in the 
performance of any controller, careful choice of these gains 
can lead towards better system response. Previously this 
initial gain selection is made upon the knowledge about the 
control system behavior but in case of a control system 
with changing parameters these gains should be tuned 
according to the changing system parameters. Nowadays 
fuzzy logic is used to control such control systems by 
determining the controller gains on-line, based on the error 
signal and their time derivative. These fuzzy logic 
controllers may be considered as nonlinear PID controllers. 
The fuzzy logic works well under the changing system 
parameters but in order to make the controller much 
precise the static initial gain must be selected properly to 
avoid the sub-optimal response. For this, another fuzzy 
logic is used to carefully tune the static initial gains 
working in parallel with the fuzzy tuned PID controller. 
This additional fuzzy logic controller provides the 
compensation in the gain tuning with ability to respond 
under changing system parameters and making the system 
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much reliable in the close loop operation. A rule based 
scheme for gain scheduling is proposed. Proposed system 
is tested under different scenarios using MATLAB/
Simulink. This paper is divided into following sections: 
Section 2 describes the modelling of electric vehicle 
comprising of vehicle dynamics, transmission unit and 
electric motor. Section 3 consists of the design and 
implementation of control techniques. Section 4 contains 
the simulation studies and section 5 outlines the conclusion.

2. Modeling of Electric Vehicle

Fig. 1. shows the Components of an electric vehicle 
system. Different types of electric motors can be used such 
as DC motor, BLDC (Brush Less DC motor), IM (Induction
motor), PMSM (Permanent Magnet Synchronous Machine) 
and IPMSM (Interior Permanent Magnet Synchronous 
Machine). In this paper, IPMSM is used as electric motor. 
Main objective behind selection of IPMSM is due to the 
simple and efficient control designs with high speed 
operation and reliable structure. Buck-boost power converter
is used for operational control and power conversion as 
required by IPMSM. Flux-weakening and MTPA (Maximum
Torque Per Ampere) control technique is used to control 
the operation of the IPMSM. Two loops of operation are 
proposed: the outer loop is the speed control loop which 
generates the nominal torque and flux references and the 
inner loop is the current control loop comprising of flux 
weakening and MTPA operation of the controller.

In order to model an electric vehicle system, EV 
dynamics, power source, control and drive of IPMSM, 
transmission unit and rotational wheels are considered. EV 
dynamics are composed on all the forces acting on the 
vehicle. Transmission unit is modeled by high speed and 
low speed shaft with a gear reducer. Rotational wheels are 
attached as load with the transmission unit. Battery is used 
as power source whereas IGBT inverter is used to drive 
and control the operation of the IPMSM. 

2.1 Electric vehicle dynamics

Generally the modelling of an electric vehicle dynamics 
depends on the balance among the forces acting on a 
running vehicle.

Fig. 1 Block diagram of an electric vehicle

These forces are: 1) Force due to gravity, gravitational 
force. 2) Force required to cover inclined surface hindrance, 
hill climbing force. 3) Force between the tires and the road, 
rolling resistance force. 4) Force due to aerodynamic, 
aerodynamic drag force. Considering all these factors, a 
vehicle dynamic model that governs the kinetic of the
wheels and vehicle can be written as [11].

�� = �
��

��
+ �� + �� + ��																															(1)

Where �� is the total traction force, �� is the 
gravitational force, �� is the aerodynamic drag force, �� is 
the rolling resistance force, � is the mass of the vehicle 
and � is the linear velocity.

�� = �� sin� 																																																			(2)

�� =
1

2
�����																																																				(3)

�� = ���� cos�																																															(4)

Where � is the mass of the vehicle, � is the 
gravitational acceleration, 	� is the air density, � is the 
front area of the vehicle, � is the drag coefficient, � is the 
linear velocity, �� is the rolling resistance coefficient and 
�is the inclination angle. Therefore, simplified version of 
Eq. (1)-(4) can be written as:

�� = �
��

��
+ �� sin� +

1

2
����� + �� cos �						 		(5)

Eq. (5) summarizes the dynamics for an electric vehicle 
system.

2.2 Transmission unit

Transmission system is modelled using a gear reducer 
with a high speed shaft and low speed [12]. The 
relationship between force (��), radius(�), reduction ratio 
(�) and torque produced by driving motor �� is given as:

�� =
�.��
�
																																						(6)

IPMSM is coupled to the high speed shaft and rotational 
wheels with the low speed shaft. Whole system is modelled 

Fig. 2 Transmission system
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using the MATLAB/ Simulink. Fig. 2. shows the basic 
schematic of the transmission unit.

The reduction device dynamics are given as:

���
���

��
= �� −

��
��� ∗ �

																																	(7)

Where, ��� 	is the inertia of the reduction device, 
���

��
is 

the acceleration of the high speed side, �� is the torque 
transmitted by the high speed shaft to the input of the 
reduction device, �� is the torque transmitted by the low 
speed shaft from the output of the reduction device, ��� is 
the efficiency of the reduction device and �	is the reduction 
ratio.

The output speed ���� (speed of the low side) and ����
(speed of the high side) is:

���� =
����
�
																																																	(8)

The rotational load wheels coupled on the low speed 
shaft are given as: 

�
���

��
= �� −��																																										(9)

2.3 IPMSM control

For IPMSM, generally two types of control techniques 
are used. 1) Direct torque control (DTC) 2) Vector control. 
In DTC, the switching speed is low and motor has low 
inductance. Therefore, significant current and torque 
ripples are generated at low speed causing the limitation in 
the speed regulation of the system, whereas in vector 
control, these sort of problems can be handled [13]. 
Therefore, the vector control is used in this work to control 
the operation of IPMSM. 

Two loops of operation are used: 1) inner current control 
loop 2) outer speed control loop. Fig. 3. shows the basic 
block diagram of the control system. ���� , �� are the 
speed reference and speed of the low speed shaft 
respectively. Three types of speed controller are discussed 
and compared.

Fig. 3 Control system block diagram

3. Various Control Strategies 

3.1 Type 1: PI controller 

Simple PI controller is used to control the system response
as shown in Fig. 4. Speed controller takes the speed 
reference and the actual speed of the vehicle as an input 
and generate the torque and flux references as an output 
which is further given as an input to the inner current 
control loop. The inner current control loop regulates the 
current of the motor using the MTPA and flux-weakening 
operation. 

Eq. (10) gives the relation between the torque and dq-
axis current. Using torque reference, 	�� ∗ , �� ∗ are 
generated to regulate the current and PWM pulses to 
operate the inverter.

�� =
3

2
���λ��� + ��� − ��������																										(10)

3.2 Type 2: Fuzzy tuned PI controller

In this type of controller, Fuzzy logic is used to generate 

Fig. 4. Block diagram of PI controller

Fig. 5. Block diagram of fuzzy PI controller
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(a)

(b)

Fig. 6. Membership functions: (a) Input membership 
functions, error �(�) and change of error Δ�(�); 
(b) Output membership functions ��, ��.

�� and �� gains, providing compensation for the parallel 
PI controller gains. Fig. 5. shows the type 2 speed 
controller.

As fuzzy system accepts the linguistic variables, so these 
variables need to be changed by fuzzification followed 
by the max-min method to set the rules of the controller. 
Control system cannot directly respond to the fuzzy 
control output generated by the fuzzy algorithm. Therefore 
defuzzification is used to change back the generated output.  

Fuzzy logic consists of two input variables: �(�) and 
Δ�(�) and two output variables: 	�� and �� . The 
membership functions are shown in Fig. 6.

Rule base used for �� and �� 	is given in Table 1 and 2 
respectively.

Table 1. Rule base for	�� (Proportional gain).

∆�(�)
�(�)� NB NM NS ZE PS PM PB

NB PB PB PM PM PS ZE ZE

NM PB PB PM PS PS ZE NS

NS PM PM PM PS ZE NS NS

ZE PM PM PS ZE NS NM NM

PS PS PS ZE NS NS NM NM

PM PS ZE NS NM NM NM NB

PB ZE ZE NM NM NM NB NB

Table 2. Rule Base for	�� (Integral gain).

∆�(�)
�(�)� NB NM NS ZE PS PM PB

NB NB NB NM NM NS ZE ZE

NM NB NB NM NS NS ZE ZE

NS NB NM NS NS ZE PS PS

ZE NM NM NS ZE PS PM PB

PS NM NS ZE PS PS PM PB

PM ZE ZE PS PS PM PB PB

PB ZE ZE PS PM PM PB PB

Fig. 7. Type 3 speed controller: adaptive Fuzzy PID 
controller

3.3 Type 3: Proposed fuzzy logic based static gain 
tuning for fuzzy tuned PID controller

In this type of controller, adaptive fuzzy logic technique 
is used to control the system. Fuzzy logic works as gain 
tuner for PID controller by calculating the �� , �� , ��
gains. Comparing with the previous types, the proposed 
controller works on the base of parameter estimation under 
changing system conditions and do not require any on-line 
tuning methods. Fig. 7. shows the proposed control scheme.

The Transfer function of PID controller is given as:

�(�) = �� +
��

�� + ���																																(11)

The discrete-time equivalent expression for PID control 
is given as:

�(�) = ���(�) + ������(�)

�

���

+
��
��
Δe(k)									(12)

Where 	�� , �� and �� are proportional, integral and 

derivative gains. Also, /i p iT K K= and /d d pT K K= . 

�� and �� are the integral and derivative time constants, 
respectively. �� is the sampling time of the controller.
�� and �� are normalized as:

��
� =

�� − ��.���
��.��� −��.���

																																	(13)

��
� =

�� − ��.���
��.��� − ��.���

																																	(14)

Therefore, integral time constant w.r.t derivative time 
constant is:
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�� = ��� 																																																									(15)

Whereas, Integral gain can be calculated as:

���
��

(���)
=

��
�

(���)
																																						(16)

Form Eqs. (13), (14) and (15):

�� = ���.��� −��.������
� + ��.���																(17)

�� = (��.��� − ��.���)��
� +��.��� 																(18)

(a)

(b)

(c)

Fig. 8. Membership functions: (a) Input membership 
functions error �(�) and change of error 	Δ�(�); 
(b) Output membership functions �� and �	�; (c) 
Output membership functions for	�

Table 3. Rule base used for	�� (Proportional gain)

∆�(�)
�(�)� NB NM NS ZE PS PM PB

NB B B B B B B B

NM S B B B B B S

NS S S B B B S S

ZE S S S B S S S

PS S S B B B S S

PM S B B B B B S

PB B B B B B B B

Table 4. Rule base used for �� (Derivative gain).

∆�(�)
�(�)� NB NM NS ZE PS PM PB

NB S S S S S S S

NM B B S S S B B

NS B B B S B B B

ZE B B B B B B B

PS B B B S B B B

PM B B S S S B B

PB S S S S S S S

Table 5. Rule base used for �.

∆�(�)
�(�)� NB NM NS ZE PS PM PB

NB 2 2 2 2 2 2 2

NM 3 3 2 2 2 3 3

NS 4 3 3 2 3 3 4

ZE 5 4 3 3 3 4 5

PS 4 3 3 2 3 3 4

PM 3 3 2 2 2 3 3

PB 2 2 2 2 2 2 2

Two input variables �(�) and Δ�(�) , three output 
variables 	�� , �� and � are used. � is used as a fuzzy 
number which has a singleton membership function. The 
membership functions are shown in the Fig. 8.

In Fig. 7. Fuzzy logic controller 1 uses the same rule 
base as in type 2 fuzzy PI controller, whereas the Fuzzy 
logic controller 2 uses the rule base shown in Table.3, 4, 5.

4. Simulation Studies

Proposed system is designed in MATLAB/Simulink and 
simulation studies are carried out to verify the system 
feasibility. Designed system is tested under different road 
and command speed scenarios. Simulink model of the 
system is shown in Fig. 9. 

4.1 Implementation of controllers and transmission 
unit

Simulink representation of the type 1, type 2, type 3 
speed controller and current or vector controller is shown 
in the Fig. 10.

Transmission system used in the system with high speed 
and low speed shafts modelled in Simulink and shown in 
Fig. 11.

4.2 Simulation results

To test the control systems; type1, type 2 and type 3, 
simulation studies are carried out with some specific speed 
profiles. Fig. 12. shows the obtained results. It can be 
observed from the speed and torque profile and the output 
mechanical power that the proposed controller have a 
better response and works well under changing load 
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parameters. The proposed controller causes the system to 
work efficiently and less amount of output mechanical 
power is consumed. 

Fig. 13. shows the �� , �� current and �� , �� voltages 
response under proposed control system. At time t= 1.6 sec, 
t=4.5 sec, t=10 sec flux weakening is performed to limit 
the back electromotive force of the motor and �� current 
component is increased negatively. Three phase current of 
the motor is shown in Fig. 14.

Fig. 15. shows the output of the type 3 proposed 

controller. It can be observed that 	��, �� , �� gains and 
alpha value changes as per the system changing parameters.

The performance of the proposed control system is 
analyzed using some parameters like Sum of Square Error 
given as:

���� = ���(�)�
�

���

																																	(19)

Fig. 9. Simulink model of proposed system

(a)

(b)

(c)

(d)

Fig. 10. Simulink representation of controllers: (a) Type 1; (b) Type 2; (c) Type 3; (d) Vector control or current controller
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Fig. 11. Simulink representation of the transmission system

Performance index is calculated for all the three types 
of control system, values obtained are 3.1977�13 for 
type 1 controller, 3.1974�13 for type 2 controller and 
3.1965�13 for type 3: proposed controller. The values 
shows that the proposed system performance is much 
better than the other types of controller 

To systematically test the performance of the type 3 
controller, New European Driving Cycle (NEDC) is used. 
The NEDC is a driving cycle consists of four repeated 
ECE-15 driving cycle and an Extra-Urban driving cycle. 
The test result is shown in the Fig. 16. The maximum 
speed is scaled as 114 km/h or 31.6 m/s. These results 

Fig. 12. Output response of type 1, type 2, type 3 controller

Fig. 13. ��, �� and 		�� , �� response for proposed controller

Fig. 14. Three phase current of IPMSM
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Table 6. Parameters

Parameters Value

Electric Vehicle (EV)

�: EV mass 800	��

�: Frontal Area 1.8	��

�: Air density 1.25	��/��

�:Aaerodynamic coefficient  0.3

��: Rolling resistance coefficient 0.015

�: Tire radius 0.25	�

�: Gravitational acceleration 9.8	�/��

�: Gear ratio 10

�: Inertia 50	����

�: Friction coefficient 0.01

�: Inclination angle 0�

���: Efficiency 95%

Motor

��: Rated Power 2.5	��

��: Rated Torque 50	��

�: Rated angular speed 3600	���

��:	Number of poles 2

��, ��: dq-axis inductance 8.5���	�

��: Flux Linkage 0.175

�: Current 25	�

Battery

Battery capacity 15	�ℎ

���: Dc voltage 400	�

show that the proposed type 3 controller tracks the speed 
profile efficiently and better than the type 1 and type 2 
controllers.

The parameters used are shown in Table 6.

5. Conclusion

To improve the performance, a new approach is used to 
design and model the electric vehicle system considering 
all the aspects such as drive train, wheels and torque load 
characteristics. Fuzzy logic based efficient control system 
is proposed for IPMSM with flux-weakening and maximum
torque per ampere operation. Different simulations are 
carried out to test the system feasibility using MATLAB/
Simulink. The results show that the proposed technique 
works better in all conditions and give fast and accurate 
torque response.  
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Fig. 15. Controller output for	��, ��, ��  gains and alpha

Fig. 16. Output response for NEDC
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