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Abstract: Electric vehicles in concern with its innumerable 

advantages, replaces the internal combustion engine vehicles 

(ICEV). The efficiency and performance of the Electric Vehicle 

(EV) depends mainly on the electric motor and its control 

technique. The Brushless DC (BLDC) Motor is used as the 

electric motor in the EV as it has high efficiency and high 

starting torque. The sensorless direct torque control technique is 

used to enhance the performance of the EV. The Adaptive Fuzzy 

PI (AFPI) Controller is the proposed controller in the EV. The 

comparison of reference torque and actual torque produce the 

error. It is applied to the AFPI controller which produces an 

output of reference torque. The EV with stationary reference 

frame theory of direct torque control with AFPI controller is 

simulated using MATLAB/SIMULINK. 

 
Keywords: Adaptive fuzzy PI controller, Battery, BLDC 
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I. INTRODUCTION 

The electric vehicles are the prime future due to the 

foremost crisis of fuel scarcity. There are numerous 

advantages of EVs over conventional ICEVs. The EVs does 

not affect the environment as it works on electric motor 

rather than the consumption of fossil fuels. Evidently, it 

does not emit greenhouse gases. EV does not root to noise 

pollution [1]. Moreover, the performance of EVs 

overthrows ICEVs. The EVs has greatest advantages of 

extreme speed operation and control, smoothness, swiftest 

control. The EV comprises of a battery pack system which 

delivers the power to the whole vehicle [2]. The vital 

portion of the vehicle is the motor. The chief portion of the 

system which is responsible for the perfect operation of the 

EV is the controllerAn inverter is employed in this structure 

whose gate pulses are controlled according to the variations 

in the system.  The EV manufactures prefer brushed DC 

motor or induction motor or BLDC motor. The construction 

of the rotor with permanent magnets improves its 

performancewhen compared to the other motors. 
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The stator which has windings is commutated 

electronically. Elimination of brushes, led to less 

maintenance of BLDC motor [3].Moreover, its efficiency is 

very much higher to the order of 85% - 90% with a smaller 

size and less weight. It has smooth and swift operation at 

fluctuating speed and road conditions. So, the control 

mechanism is quicker and trouble-free. When comparing 

with other motors, BLDC motor shows superior 

performance ss[4].The controller determines the 

performance of the EV. It has to be designed precisely. 

According to the road condition and taking traffic into 

accountability, the speed of EV varies widely. So, for 

operating the motor in wide speed range, the direct torque 

control system is preferable [5]. Conventionally, 

Proportional Integral (PI) controller is used due to its 

simplicity and robustness. But, the intelligent method [6] of 

controlling will provide better control over PI controller. 

The EV with BLDC motor is opted here. The Adaptive 

Fuzzy PI (AFPI) controller is used for the sensor less direct 

torque control technique. The operation of EV with BLDC 

motor and AFPI controller is simulated using MATLAB 

software. 

II. MODELING OF ELECTRIC VEHICLE 

Figure 1 shows the electric vehicle system. It comprises 

of a battery supplying the motor via the voltage source 

converter. The controller controls the BLDC motor. It uses 

the error value from the difference between the reference 

and actual value. The controlling parameters can either be 

torque or speed. Conventionally, PI controller is used. But 

intelligent techniques will provide precise control when 

compared to PI controller. 

 
Fig. 1. The electric vehicle system 

The BLDC motor has a trapezoidal back EMF. BLDC 

motor has better efficiency, higher starting torque. Usually, 

a hall effect sensor is attached to the motor to sense the 

position of the rotor. But there are more ripples in the torque 

which causes the motor torque cogging and the waveforms 

will be imperfect [9]. So, the sensor less direct torque 

control technique is designed in [8]. 
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Fig. 2. The several forces acting on the EV 

 

The EV modeling plays a significant role. It should be 

modeled prudently and precisely. While designing the EV, 

various factors like road condition, load variation, balancing 

and the forces acting on the vehicle [10]. Figure 2 shows the 

several forces acting on the EV. 

 

A. Aerodynamic Force 

The vehicle friction creates a force when moving 

through the air. This force is the aerodynamic force which is 

taken into account for the modeling of EV. 

 

𝐹𝑎𝑒𝑟𝑜 =
1

2
𝜌𝐴𝑓𝐶𝑎𝑖𝑟𝑣2   (1) 

 

Where,  𝑣 is the velocity of the driving vehicle, 𝐴𝑓 is the 

frontal area of the EV, 𝜌 represents the air density on a free 

stream, 𝐶𝑎𝑖𝑟  is the coefficient of air. 

 

The aerodynamic torque produced is: 

 

𝑇𝑎𝑒𝑟𝑜 =
1

2
𝜌𝐴𝑓𝐶𝑎𝑖𝑟𝑅𝑡𝑦𝑟𝑒𝑣2  (2)

  

Where, 𝑅𝑟 represents the radius of the tyre. 

B. Rolling Resistance Force  

The tyres rolling on the road creates the rolling 

resistance. The bearing and gearing systems also produces 

friction which is also taken into account. The rolling force is 

directly proportional to the weight of the vehicle. The 

rolling force on the tyre is: 

 

𝐹𝑡𝑦𝑟𝑒 = 𝑚𝑔𝜇𝑟𝑟   (3) 

 

Where, 𝑚 is the mass of EV, 𝑔 represents the gravity 

acceleration and 𝜇𝑟𝑟 denotes the coefficient of rolling 

resistance. 

The rolling torque is given by: 

 

𝑇𝑡𝑦𝑟𝑒 = 𝑚𝑔𝜇𝑟𝑟𝑅𝑡𝑦𝑟𝑒   (4) 

 

 

C. Hill Climbing Force  

The EV requires a force to climb on the slopes and hilly 

roads. The weight of the EV acts along the sloppy road. 

 

𝐹𝑠𝑙𝑜𝑝𝑒 = 𝑚𝑔 sin 𝜑   (5) 

 

The slope torque is given by: 

 

𝐹𝑠𝑙𝑜𝑝𝑒 = 𝑚𝑔 sin 𝜑 𝑅𝑡𝑦𝑟𝑒   (6) 

D. Acceleration Force  

The force generated due to acceleration of the EV also 

gets added to the total force acting on the EV. 

 

𝐹𝑎 = 𝑚
𝑑𝑣

𝑑𝑡
    (7) 

The dynamic model of the EV and the force that controls 

the vehicle and its wheel kinetics is given by: 

 

𝐹 = 𝐹𝑎𝑒𝑟𝑜 + 𝐹𝑡𝑦𝑟𝑒 + 𝐹𝑠𝑙𝑜𝑝𝑒 + 𝐹𝑎   (8) 

 

𝐹 =
1

2
𝜌𝐴𝑓𝐶𝑎𝑖𝑟𝑣2 + 𝑚𝑔𝜇𝑟𝑟 + 𝑚𝑔 sin 𝜑 + 𝑚

𝑑𝑣

𝑑𝑡
 (9) 

 

This force F produces torque to the EV motor which is 

given by, 

 

𝑇 = 𝐹 ×
𝑅𝑡𝑦𝑟𝑒

𝐺
    (10) 

Where, T is the torque of the motor of EV, 𝑅𝑡𝑦𝑟𝑒 is the 

radius of the tyre of EV and G is the gearing ratio. 

E. Modeling of Battery 

The Li-ion battery pack is used to supply the motor and 

several other components in the EV. The batteries are 

connected in series and parallel combination for storage of 

energy according to the EV design. State of charge (SOC) 

and the terminal voltage Vb are the important parameters 

which are given in the equations below: 
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𝑉𝑏 = 𝑉𝑜 + 𝑅𝑏 ∗ 𝑖𝑏 − 𝐾
𝑄

𝑄+∫ 𝑖𝑏𝑑𝑡
+ 𝐴. 𝑒𝑥𝑝(𝐵 ∫ 𝑖𝑏𝑑𝑡) (11) 

 

𝑆𝑂𝐶 = 100 (1 +
∫ 𝑖𝑏𝑑𝑡

𝑄
)   (12)

  

Where, VO-open circuit voltage of the battery 

Rb- Internal resistance of the battery 

ib- Battery charging current 

K - Polarization constant 

Q - Battery capacity 

A - Exponential voltage 

B - Exponential capacity 

 

𝐴ℎ =
𝐸𝑏𝑎𝑡𝑡

𝜂𝑑𝑖𝑠[𝑁𝑐𝑒𝑙𝑙𝑠𝑒𝑟𝑉𝑑𝑖𝑠].𝐷𝑂𝐷𝑎𝑙.𝑁𝑏𝑎𝑡𝑡
   (13) 

 

Where, 𝐸𝑏𝑎𝑡𝑡 is the energy required from the battery,𝜂𝑑𝑖𝑠 

is the Discharge path efficiency, 𝑁𝑐𝑒𝑙𝑙𝑠𝑒𝑟  is the number of 

cells in series in one battery, 𝑉𝑑𝑖𝑠 is the average voltage of 

the cell in the course of discharge, 𝐷𝑂𝐷𝑎𝑙  is the Depth Of 

Discharge that is allowed to the maximum, 𝑁𝑏𝑎𝑡𝑡 is the total 

number of batteries connected in parallel. 

F. Modeling of BLDC Motor 

The trapezoidal back emf with 1200 conduction angle is 

given by the equations shown below. 

 

𝑖𝑎𝑠 = ∫
2𝑉𝑎𝑏+𝑉𝑏𝑐−2𝑒𝑎𝑠+𝑒𝑏𝑠+𝑒𝑐𝑠−3𝑅𝑖𝑎𝑠

3𝐿𝑠
𝑑𝑡  (14) 

 

𝑖𝑏𝑠 = ∫
−𝑉𝑎𝑏+𝑉𝑏𝑐+𝑒𝑎𝑠+2𝑒𝑏𝑠+𝑒𝑐𝑠−3𝑅𝑖𝑏𝑠

3𝐿𝑠
𝑑𝑡  (15)  

 

𝑖𝑐𝑠 = −𝑖𝑎𝑠 − 𝑖𝑏𝑠   (16) 

 

𝐿𝑠 = 𝐿 − 𝑀   (17) 

 

The electromagnetic torque generated by the BLDC 

motor is given by: 

 

𝑇𝑒 = 𝑝
𝑖𝑎𝑒𝑎𝑠+𝑖𝑏𝑒𝑏𝑠+𝑖𝑐𝑒𝑐𝑠

𝜔𝑒
  (18) 

 

Where, 𝑖𝑎𝑠 , 𝑖𝑏𝑠,𝑖𝑐𝑠 are the currents in the stator, 𝑉𝑎𝑏 , 𝑉𝑏𝑐 

are the line voltages of phases a and b, band c, 𝑒𝑎𝑠, 𝑒𝑏𝑠, 𝑒𝑐𝑠 

are the back EMF voltages of phases a, b and c, 𝑝 represents 

the number of pole pairs, R represents the resistance of the 

stator, L and M denotes the self and mutual inductances of 

the stator. 

 

III. CONTROL STRATEGIES 

A. Direct torque control of BLDC motor 

The state space equations which are in α-β axis is 

transformed into stationary reference frame is given by: 

 

𝑉𝑠α = 𝑅𝑖𝑠α + 𝐿
𝑑𝑖𝑠α

𝑑𝑡
+ 𝑒α   (19) 

𝑉𝑠β = 𝑅𝑖𝑠β + 𝐿
𝑑𝑖𝑠β

𝑑𝑡
+ 𝑒β   (20) 

 

The generated electromagnetic torque is given by: 

 

𝑇𝑒 =
3𝑝

2
(

𝑑𝜑𝑟α

𝑑𝜃𝑟
𝑖𝑠α +

𝑑𝜑𝑟β

𝑑𝜃𝑟
𝑖𝑠β)=

3𝑝

2
(

𝑒α

𝜔𝑟
𝑖𝑠α +

𝑒β

𝜔𝑟
𝑖𝑠β) (21) 

 

Where, 𝜃𝑟 is the rotor electrical angle,𝜑𝑟α, 𝜑𝑟βare the 

vector components of the rotor flux in α-β reference frame, 

𝑖𝑠α, 𝑖𝑠β are the stator currents in α-β reference frame. 

The stator and rotor flux equations are: 

 

𝜑𝑠𝑑 = 𝐿𝑑𝑖𝑠𝑑 + 𝜑𝑟𝑑;   𝜑𝑠𝑞 = 𝐿𝑞𝑖𝑠𝑞 + 𝜑𝑟𝑞   (22) 

 

Where, 𝑖𝑠𝑑 , 𝑖𝑠𝑞  are the vector components of stator 

currents in d-q reference frame, 𝐿𝑑 , 𝐿𝑞  are the stator 

inductances in d-q reference frame, 𝜑𝑠𝑑  ,   𝜑𝑠𝑞 are the flux 

linkages in stator in d-q reference frame and 𝜑𝑟𝑑,𝜑𝑟𝑞are the 

flux linkages in rotor in d-q reference frame. 

 
𝑑𝜑𝑟𝛼

𝑑𝜃𝑟
=

1

𝜔𝑟

𝑑𝜑𝑟𝛼

𝑑𝑡
=

𝑒𝛼

𝜔𝑟
;

𝑑𝜑𝑟𝛽

𝑑𝜃𝑟
=

1

𝜔𝑟

𝑑𝜑𝑟𝛽

𝑑𝑡
=

𝑒𝛽

𝜔𝑟
   (23) 

 

where, 𝜔𝑟 =
𝑑𝜃𝑟

𝑑𝑡
 

 

𝑑𝜑𝑟

𝑑𝜃𝑟
=

3

𝜔𝑟
= √(

𝑑𝜑𝑟𝛼

𝑑𝜃𝑟
)

2

+ (
𝑑𝜑𝑟𝛽

𝑑𝜃𝑟
)

2

=
1

𝜔𝑟
√𝑒𝛼

2 + 𝑒𝛽
2 (24) 

 

<
𝑑𝜑𝑟

𝑑𝜃𝑟
=<

𝑒

𝜔𝑟
= tan−1 (

𝑒𝛽

𝑒𝛼
) =< 𝑒 = 𝜃𝑒  (25) 

 

Where, 𝜑𝑟 is the flux of the rotor and 𝑒 is the vectors of 

the back EMF, 𝜃𝑒is the angular phase of the back EMF.  

The difference in phase between the stator current vector 

and back EMF vector is given by, 

 

𝜃𝑒𝑟 = 𝜃𝑖𝑠 − 𝜃𝑒     (26) 

 

Where, 𝜃𝑖𝑠 is the angular phase of the stator current 

vector. 

In α-β reference frame, the stator current vector 

components are reformed by: 

 

𝑖𝑠𝛼 = |𝑖𝑠| cos(𝜃𝑒 + 𝜃𝑒𝑟); 𝑖𝑠𝛽 = |𝑖𝑠| sin(𝜃𝑒 + 𝜃𝑒𝑟) (27) 

 
𝑑𝜑𝑟𝛼

𝑑𝜃𝑟
= |

𝑑𝜑𝑟

𝑑𝜃𝑟
| cos(𝜃𝑒) ;  

𝑑𝜑𝑟𝛽

𝑑𝜃𝑟
= |

𝑑𝜑𝑟

𝑑𝜃𝑟
| sin(𝜃𝑒𝛼)  (28) 

 

From the above equations, the electromagnetic torque is 

given by: 

 

𝑇𝑒 =
3𝑝

2
(|𝑖𝑠| |

𝑑𝜑𝑟

𝑑𝜃𝑟
| cos 𝜃𝑒𝑟)     (29) 

 
The torque pulsation gets decreased if the back EMF of 

the stator current is in phase. Then, the torque density will 

be high. The torque will be sensitive to the changes in the 

position of the rotor. So, the electromagnetic torque can be 

controlled by the vector position of the rotor flux. The 

torque generated can be controlled by a switching pattern. 

This can be achieved by the error. Table 1 shows the 

switching pattern with reference to the vector position of the 

rotor flux.   
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Table-1: Vector selection for direct torque control 
  𝛗𝐬 Tl 𝛉𝐫 

330o-30o 30o-90o  90o-150o 150o-210o 210o-270o 270o-330o 

0 1 V2(001001) V3(011000) V4(010010) V5(000110) V6(100100) V1(100001) 

-1 V5(000110) V6(100100) V1(100001) V2(001001) V3 (011000) V4(010010) 

 

B. Adaptive Fuzzy PI Controller 

The proposed controller is the Adaptive Fuzzy PI (AFPI) 

controller is a blend of Fuzzy logic controller and PI 

controller. It is capable of providing better performance and 

precise control over the BLDC motor when comparing with 

the PI controller. The triangular membership functions 

(MSF) [7] with 7 sets each in error, change in error and the 

output. Figure 3 shows the MSF of error, change in error 

and the output.The MSF are DH (Depreciate Huge), DI 

(Depreciate Intermediate), DT (Depreciate Tiny), NT 

(Neutral), AT (Appreciate Tiny), AI (Appreciate 

Intermediate)and AH (Appreciate Huge). The centroid 

method is used in defuzzifier module to estimate the output 

of this FLC.The rule base for the controller is shown on 

Table II. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 3. The MSF of a) Error b) Change in error c) output 

 
Table-II: Rule base for the controller 

E/C

E 

DH  DI DT NT AT AI AH 

DH DH DH DH DH DI DT NT 

DI DH DH DH DI DT NT AT 

DT DH DH DI DT NT AT AI 

NT DH DI DT NT AT AI AH 

AT DI DT NT AT AI AH AH 

AI DT NT AT AI AH AH AH 

AH NT AT AI AH AH AH AH 

 

 
 

IV. SIMULATION AND RESULTS 

 

A 140 kW, 15000 rpmBLDC motor with a torque of 340 

Nm is designed. The Li-ion battery pack with a capacity of 

65 kWh is used to supply the EV BLDC motor. The battery 

characteristics during the working of the EV are shown in 

figure 4. 

 

 
Fig.  4. The battery characteristics 

 
The BLDC motor is supplied through the battery via a 

three phase inverter. The reference speed and the actual 

speed are compared and produce an error. This error and 

change in error are given as input to the AFPI 

controller.With the references from the torque and flux the 

reference currents are computed from the line currents of 

the BLDC motor. Then the PWM pulses through a three 

phase regulator. Figure 5 shows the torque, speed and power 

of BLDC motor. 

 

 
Fig. 5. The torque, speed and power of BLDC motor 

 
For the attainment of the torque-speed characteristics in 

an extended range, the amplitude and the phase of the 

current are changed whenever the flux weakening is 

essential.  
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V. CONCLUSION 

The EV is designed with BLDC motor and the battery 

pack which supplies the necessary power to the motor. The 

direct torque control technique with stationary reference 

frame is used. The AFPI controller is used to produce the 

reference torque. It provides precise control over the EV 

and helps in maintaining the EV’s performance at all 

conditions.  
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