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Fuzzy Logic Enhanced DTC Control Topologies 
For A Four-Wheel Drive Electric Vehicle 

 
Ndoumbe Mateke Max, Nyobe Yome Jean Maurice 

 
Abstract : In this work, a direct torque control (DTC) method for four-wheel drive electric vehicles (EVs) is applied. Each wheel has an induction motor 
that provides its motion. Firstly, the DTC control method associated with the model-referenced adaptive system (MRAS) is used for speed control, and 
the management of magnetic quantities is provided by the variable master-slave control (VMSC) to the topology of the vehicle under investigation. In 
order to increase the technical performance of the studied system, a DTC method has been combined with a fuzzy logic approach. For this scenario, the 
control and management mechanisms of the dynamic and magnetic parameters are unchanged except for those with a speed that can be regulated via 
the PI. An electronic differential (ED) is used to control speeds during specific phases such as turning, climbing, and descending. The proposed control 
method allows highlighting the speed, accuracy, stability, and metric robustness during specific stress tests imposed on the wheel motor. The results 
obtained in MATLAB/Simulink software allowed us to compare the technical performances obtained against other control methods. The DTFC control 
method responds favorably to electric vehicle traction chain systems by the nature of the comfort and safety provided 
 
Index Terms  : Induction  motor, Direct torque control, Electric vehicle, Fuzzy logic, Variable master slave control, Electronic differential. 
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1 INTRODUCTION  
With a rapid increase of energy demand and a global goal of 
preserving the environment by reducing greenhouse gas 
emissions, the new generation of electric vehicles has proven 
to be essential assets [1]-[3]. Thus, the development of 
electric mobility opens doors to new technologies, especially 
in the field of electric drive [4], [5]. The electric vehicle is 
based on electric actuators which are responsible for the 
traction systems mechanism. Induction machines are mostly 
used for this purpose due to their reliability, low cost, and 
great robustness [6]-[9]. The electric actuator that makes up 
the vehicle can only function optimally if it is driven by an 
adequate control system such as direct torque control (DTC) 
[10]. Indeed, this control system ensures a fast dynamic 
response of the torque and stator flux arising some drawback 
issues which impact the wear of engines acceleration and 
contribute to increasing noises in the passenger compartment. 
Since its invention by Takahashi and Noguchi [10], this control 
system has undergone several changes and improvements 
such as direct torque control associated with vector 
modulation (SVM-DTC), direct torque control based on 
artificial intelligence such as fuzzy logic (DTFC), neural 
networks (DTNC), and genetic algorithms [2]. Usually, the 
motor is controlled by a converter. When an application 
requires multiple motors, multiple converters must be 
available to supply power to motors. The multi-machine 
technology used for the propulsion systems of EVs offers 
numerous advantages over internal combustion vehicles [11]-
[13]. However, its major disadvantage is related to the 
important volume for the overall system which generally 
impacts its control system. Several works have been carried 
out to provide effective solutions to such problems. 
 
  
 
 
 
 
 
 
 
 
 
 

The paper [6] presents an example of a developed DTC-SVM 
and compared it to the classic DTC for a multi-drive EV 
propulsion system. The results of the simulation show the 
major importance of the effectiveness of the developed 
method which can mitigate some inconvenience related to the 
torque ripple and stator flux. The peculiarity of this work relied 
on the use of the proportional integral (PI) controller and 
switching table, which have been replaced by the hysteresis 
controller. However, there is a weakening of the battery, which 
causes heating around the conductors supplying motors and 
consequently impacts its life span. The authors of [14] 
propose a sliding mode control technique for four wheels 
electric vehicle where each wheel consists of an 
asynchronous motor. The motors are each powered by a 
power converter and controlled independently by an electronic 
differential. The proposed control is compared to that of a 
classical PI controller. The results obtained show a rejection of 
disturbances and a good setpoint tracking. However, the 
presence of four converters and the fact that each motor is 
associated with a ýxe ratio gearbox to increase the mass 
torque increases the volume and complexity of the propulsion 
system. In recent years, artificial intelligence techniques have 
been introduced into the control of electric drive systems. 
They arouse a lot of interest due to their efficiency and power. 
Thus Karima et al. in [15], neuro-fuzzy control by the indirect 
orientation of rotor flux is introduced. The proposed propulsion 
system is a two-wheel drive system whose speeds are 
independently controlled by an electronic differential and 
taking into account the given road profile. The simulation 
results obtained are satisfactory based on technical 
performances such as speed control and traction force. But, 
the realization of such a device remains complex because of 
control system design and architecture, which depends on 
engine parameters able to affect the stability of EV. Recent 
work [16] provides the beginning of a solution to this observed 
instability of EV. The authors have proposed a method of 
adaptive fuzzy reasoning with compensatory fuzzy operations. 
This method increases handling efficiency and stability under 
various road stresses of the propulsion system. It can be 
observed the complexity of the algorithm developed. In the 
works presented by [11], the implementation of the SVM-DTC 
command and DTFC command for the twin-engine vehicle 
was carried out, the results showed that the association of 
fuzzy logic with direct command torque offers better 
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performance in terms of speed, robustness, and energy 
savings compared to the SVM-DTC control. However, 
powering each of the motors by a converter is quite expensive 
and increases the size of the traction system.--- In this sense, 
systems have been developed with several machines fed by a 
single converter in order to reduce the cost and size of the 
system. For example, the work of [17] presents an approach 
to longitudinal control achieved by acceleration slip regulation 
and antilock braking system, based on direct torque control 
combined with the nonlinear predictive system for multi-
machine system. This combination results in a high-
performance torque control for EVs. The authors use the fuzzy 
logic technique to determine the exact values of the weighting 
factors online and generate the optimal switching states that 
optimize the EV drives. The complexity of the proposed 
control system remains a major drawback, especially when 
prototyping is required. Taibi et al. in [18], have developed a 
control strategy based on the conventional DTC technique for 
the control of 04 permanent magnet synchronous motors for 
the wheels of the electric vehicle. Motors on each side of the 
vehicle are powered by a single converter for a total of 02 
three-phase inverters instead of 04. This system is based on a 
master-slave control strategy switchable between machines 
and using the model reference adaptive system for speeds, 
which is effective despite once again high oscillations of the 
electromagnetic torque and stator flux. The present study 
proposes to evaluate the direct torque control (DTC) method 
for four-wheel-drive electric vehicle drive train systems. The 
DTC method associated with the Adaptive Model Reference 
System (MRAS) for speed control and the VMSC system for 
the management of magnetic quantities of induction motors 
was developed based on previous work [18]. In order to 
provide an effective response to the difficulties caused by the 
previous method and the work carried out by [11], the 
conventional DTC was associated with the fuzzy logic 
technique and the VMSC system. The method proposed in 
this article differs from the previous ones by the use of control 
and management mechanisms such as the PI regulator for 
speed control and an electronic differential (ED), in order to 
obtain better flexibility, speed, more precision, and simplicity 
of implementation. The performances obtained through the 
simulations indicate its adaptability to the use of multi-machine 
systems for electric drives. 
 

2 COMPONENTS OF THE ELECTRIC VEHICLE 
In this part, a review of different components used for the 
traction chain designs is given based on their models. 

 
2.1  EV dynamics  
The architecture of the EV developed in this paper is a twin-
engine EV as shown in Figure 1. It contains key comonents of 
the conventional EV. 
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Fig.  1. Architecture of the EV under investigation  
 

Dynamics of vehicle are described by yaw rate, and speed 
both longitudinal and lateral is being as [19], [20]: 
 

Ö ÖÒ
 

ɿ                                 

(1) 

Ö Ö  Ö Ò ɿ                                        

(2) 

Ò Ö Ò ɿ &  & & &            

(3) 
 
When analysing Figure 2 presened as shown in, different 
forces applied to the vehicule are mentioned for a better 
understanding. Then, (4) indicating the EV resistance opposes 
to any movement can be easily carried out. Following forces, 
the tire rolling resistance Froll, aerodynamic resistance in drag 
& , levelling resistance & , and acceleration resistance 

&  are needed for a calculation of the required total force all 
these resistances are discussed detailly in [21], [22]. 
 
& =& +& +& +&                                                     (4) 

 
Where  
&ÒÏÌÌ  Ç-Ö #ÒÒ ÃÏÓɻ                                                             (5) 
 
& πȟυʍ3# 6 6                                                   (6) 

 
& Ç-ÓÉÎɻ                                                                     (7) 

 
& ɾ-                                                                               (8) 
 
The longitudinal forces of four-wheel motors can be calculated 
using the (9) [18]:  
 

& ʈÃÏÓɻ , Éɴ ρȟȣȟτ                                               (9) 
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The model of drive system can be described as shown in [18]:  
 
4 &2 .Ä, Éɴ ρȟσ                                                             
(10) 
4 &2 .Ä, Éɴ ςȟτ                                                                 
(11) 

 
 

 
 

Fig.2. Forces on  the vehicle  
 

Where Tri is the resistif couple; .., are normal front and rear 
forces calculated using the following expressions [18]: 
 

. ᶻ ɻ ɻ                                                   

(12) 
 

ὔ ᶻ ‌ ‌                                                   

(13) 
 
With a linear tire model, front and rear cornering forces can be 
expressed as the product of the cornering stiffness. (ὅ, ὅ) 

and sideslip angle (‌, ‌) [18]: 

 
Ὂ ὅ‌                                                                                             

(14) 
 
Ὂ ὅ‌                                                                                           

(15) 
 
Sideslip angles of the wheels are expressed using the side 

length and angular speeds, as well as the steering angle d. The 
explicit expressions of sideslip angles for front and rear axles 
are represented by (17) [18]. 
 

‌ ὸὥὲ                                                                        ‏

(16) 
 

‌ ὸὥὲ                                                                              

(17) 
 
The longitudinal slip needs to be determined for all four 
wheels as: 
 

‗  , Ὥɴ ρȟȣȟτ                                                              

(18) 
 
 

Where: 
 

i = 1,2,3 and 4 correspond to front left, front right, rear left and 

rear right = ὰὪȟὪὶȟὶὰȟὶὶ) wheels, respectively; Rw is the radius 

of wheel; wi is the angular speed of motor in the wheel, and ὠ 
is the linear speed at which the contact zone moves on the 

ground. Inter relationships between slip ratio l and the traction 

coefficient m can be described by various formulas. In this 
study, the widely adopted magic formula [11], [23] is applied to 
describe relationship between sliding and tensile forces in 
order to build a vehicle model in which following simulations 
are indicated by as shown in (19) [24], [25]. 
 

‘ ὅ ίὭὲὅὸὥὲὅ‗ ὅ ὅ‗ ὸὥὲὅ‗                     

(19) 
 
The sets of coefficients of C1, C2, C3 and C4 are defined in 
[26], [27]. 
 
2.2  Modeling of the electronic differential (ED)  
The ED allows the management of the driving wheel speeds 
of the EV. On a straight path, it maintains the two speeds of 
the driving wheels at the same value. And for a curvilinear 
trajectory, depending on whether we are going left or right, it 
allows the speed of the wheel at the outside position of the 
curve to be greater. This prevents the tires from losing traction 
[16]. Figure 3 shows the EV depicting a curve. The notations 
ὒ , Ὠ and ŭ represent the wheelbase, the distance between 
driving wheels and the steering angle, respectively. The 
speeds ‫ᶻ are the drive speeds of right and left ‫ᶻ and 
motors. 
So when: 
ŭ> 0 Ÿ Turn right 
ŭ = 0 Ÿ Straight ahead 
ŭ <0 Ÿ Turn left 

 
 

Fig.  3. Structure of the electronic differential [11], [16]  
 

It is possible to determine the reference speeds in relation to 
the driver's requirements. When vehicle arrives at the start of 
a path, the driver applies a steering angle on its wheel [6], 
[11], [16], [29]. The ED acts instantly on both motors, reducing 
the speed of the wheel drive located at the inside position of 
the curve, thus increasing the speed of the driving wheel 
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outside the curve. The angular speeds of the driving wheels 
are given by the relations: 
 

‫ᶻ
Ў

                                                                                           

(20) 
 

‫ᶻ
Ў

                                                                                           

(21) 
 
The difference between the angular speeds of the driving 
wheels can be expressed by [5], [10], [14]: 

Ў‫
 
Ȣ                                                                                         

(22)  
 
with ὒ  ὒ  ὒ  

 
2.3  Variable master slave control (VMSC)  
This is a switchable master-slave control strategy. In our 
system, it makes it possible to regulate the stator flux of 
machines placed in parallel. This is because the power to 
these machines is provided by a single converter, and it may 
happen that these machines do not undergo the same loads. 
This implies that the functioning of some can hamper that of 
others (for example, the magnetic circuit of one machine can 
become saturated without that of the other). To avoid this, a 
means must be found so that voltage vectors delivered by the 
converter supply each machine equitably by enabling it to 
develop speeds and torques which are respectively required 
of them. In our case, it is a matter of regulating the stator flux 
of one machine at a time. This machine will be called master 
and thus makes the other a slave. While the stator flux of the 
master machine is controlled, that of the slave machine 
evolves naturally without respecting the set point so as to 
avoid saturation. The master machine is the one with the 
lowest torque. We, therefore, observe that when the torque of 
a machine increases, its stator flux decreases and vice versa. 
 

3 DEVELOPMENT OF THE PROPOSED 
CONTROL TECHNIQUE 

The control technique proposed in this article is the DTC 
associated with fuzzy logic. The block diagram of this 
command (DTFC) for a multi-machine system is shown in 
Figure 1 above. The fuzzy regulator includes 4 inputs which 
are: 

- Ὡ : Difference between the reference stator flux and the 

estimated stator flux. 

- Ὡ  : Difference between the reference torque and the 
electromagnetic torque of motor 1. 

- Ὡ  : Difference between the reference torque and the 
electromagnetic torque of motor 2. 

- — : Position du vecteur de flux statorique. 
 
The stake around the control for multi-machine systems with 
one converter is to ensure the optimal functioning of the 
actuators in parallel. Indeed, it must be ensured that the 
converter provides an adequate voltage vector to meet the 
demands of the machines. Thus, just like the conventional 
DTC command applied to this type of system, the DTFC 
command comprises in its structure a control loop as shown 
Figure 4 of an electromagnetic torque regulation based on a 
Mandani type fuzzy regulator. 

Thus, it includes two inputs: 

- Ὡ Ὕ Ὕᶻ  for motor 1 

- Ὡ Ὕ Ὕᶻ  for motor 2 

 
And an exit 

- Ὡ   
 

 
 

Fig. 4. Structure of a fuzzy regulator for a multi -machine 
system  

 
The universe of discourses for each set is represented is 
being as:  
 
For Ὡ we have: N (negative) and P (positive). 

 
For Ὡ , Ὡ  we have: N (negative), Z (zero), and P 
(positive). 
 
Trapezoidal and triangular membership functions were 
chosen. The torque error entry is made up of three fuzzy sets: 
N (negative), Z (zero) and P (positive) as shown in Figure 5 as 
shown in. This fuzzy regulator is governed by all the rules set 
out in the Table 1 as shown in. 
 

 

TABLE 1 
Basis of adopted 

rules  

Ὡ  Ὡ  

P Z N 
P P P Z 
Z P Z N 
N N N N 

 

  
Fig.5. Membership function of torque error  

 
The output obtained will be used for the selection of the 
adequate voltage vector by another fuzzy regulator with as 
other inputs: 

- The stator flux error; 

- The position of the stator flux vector —.  
 
The position of the stator flux vector is subdivided into six 
sectors. And for the outputs, the pulse signals used for the 
selection of the voltage vectors by the inverter are Ὓ, Ὓ, and 
Ὓ [20]. Thus, all the rules obtained for the new method 
proposed can be deduced from the principle of Table 1 as 
shown in. 
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4 SIMULATION RESULTS  
The simulation parameters used in this article were chosen after 
an investigation in the literature. They come from the thesis work 
of [14] with prototyping but also of [10] and [15]. The vehicle 
model used is a four-wheel drive model of medium power, these 
simulation parameters correspond to this type of model to attest 
to the performance of EV. These performances are determined 
using the road constraints and the simulation parameters 
grouped in Table 2 and Table 3 applied to DTFC techniques. 
Table 3. Shows the parameters of the two-pole asynchronous 
motor of power 37 KW under 280 V 

 
TABLE 2  

 Electric vehicle parameters [18]  
 

Specification Symbol  
Value 

Vehicle mass M(Kg) 1562 
Coefficient of air penetration ὅ  0.25 

Coefficient of resistance to bearings ὅ  0,001 

Air density ”(Kg/m
3
) 1.2 

Front surface Ὓ(m²) 2.04 

Wheel radius Ὑ (m) 0.294 

Moment of inertia of the vehicle ὐὑὫȢά  2630 

Wheel moment of inertia ὐ ὑὫȢά  1,284 

Distance between the front axle and the center of 
gravity 

ὒ ά  1,104 

Distance between the rear axle and the center of 
gravity 

ὒ ά  1,421 

Distance between the top of the vehicle and the 
center of gravity 

Ὤ ά  0,5 

Cornering stiffness for the front wheels ὔ ὔȾὶὥὨ 37407 

Cornering stiffness for the rear wheels ὔ ὔȾὶὥὨ 51918 

Distance between wheels Ὠ (m) 1,2 

 
 

TABLE 3  
 Motor parameters [11]  

 
Specification Symbol Value 

Nominal power ὖὑὡ  37 

Nominal voltage V(V) 280 

Number of Pole Pair P 1 

Stator resistance Ὑ(Ý) 0,0851 

Rotor resistance Ὑ(Ý) 0,0658 

Stator inductance ὒ (H) 0,0314 

Rotor inductance ὒ(H) 0,0291 

Mutual inductance M (H) 0,0291 

Moment of inertia J(Kg.m²) 0,23 

Nominal torque ὅ (Nm) 241 

Rated speed n (tr/mn) 2490 

Nominal power ὖὑὡ  37 

Nominal voltage V(V) 280 

Number of Pole Pair P 1 

 
4.1 Simulation of DT FC  system    
Before implementing the DTC command applied to the four 
wheel drive system, it is first desirable to evaluate the 
performance of this strategy through a simple test. Torques of 
loads are applied at different times to two induction motors 
supplied by the same inverter on the same side of the vehicle 
as shown in Figure 6. Thus between 0.4 s and 0.8 s motor 1 is 

subjected to the load of 30 N.m, between 1.2 s, and 1.6 s 
engine motor 2 is subjected to an identical load. We observe 
that the master machine is the one that provides the highest 
torque. Figure 6 shows that whatever the values of the 
torques supplied to the motors, the system is stable.  

 

 
 

Fig.6 . Load torques  
 

Figure 7 shows the speed of different motors. It is observed 
that speeds, regardless of the command, follow the reference 
set at 100 rad/s relatively well for this test whatever the load 
applied. A faster response is observed for the DTFC 
command. The speed difference gives a satisfactory rate, 
proof that the exchange between the master motor, and the 
slave motor is carried out with great precision despite the 
disturbances observed on the control side. 

 

 
 

Fig.7 . Angular speeds  
 

Naturally, for a command based on direct torque and flux 
control, there is a rapid dynamic response of the 
electromagnetic torque. Each of the motors develops torque 
corresponding to the imposed load. The results obtained show 
that oscillations are weak for fuzzy direct control of the torque. 
This result is due to the proposed control algorithm which 
allows, in master or slave operation of the motors, to ensure 
the rapid response of the electromagnetic torque. The results 
of figure 8 show that the fuzzy logic approach reduces 
considerably these ripples. 
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Fig.8 . Electromagnetic torque  
 

The evolution of stator currents follows those of the torques of 
each motor. So, when the torque of motor 1 increases, the 
amplitude of currents absorbed also increases (between 0.4 s 
and 0.8 s). Figure 9 show the waveforms of the stator currents of 
motor 1 controlled by the fuzzy logic controller. The waveforms of 
these currents are of good quality and confirm responses about 
load changes. However, the fuzzy logic approach method in 
addition to a good steady state response also offers an 
acceptable transient response, the advantage of the rule-based 
learning process. 

 

 
 

Fig.9 . Stator currents for motor 1  
 

4.2  Simulation of the proposed EV propulsion system   
The dynamics of a vehicle are defined by the driver through 
his actions on the accelerator pedal and the steering wheel. 
Here you can set reference speed of the motors on the left as 
well as the right side and steering angle. A zero steering angle 
means that vehicle is traveling on a straight road and 
therefore the electronic differential does not act, the 04 
engines run at the same speed. But otherwise, it means the 
vehicle is in a bend and distributes different torques and 
speeds between the inside and outside wheels in the bend to 
keep the EV stable. For this test, the vehicle leaves a state of 
complete stop (V = 0 m/s) to reach its set speed from t = 2 s 
(V = 10 m/s) as shown in figure 10 (a). A right turn is initiated 
from t = 5 s, the steering angle reaches its maximum value at t 
= 8 s and maintains it for 4 s, then is canceled at t = 15 s 
figure 10 (b). It can be seen in figure 10 (c) that during the turn 
the speeds of the inside wheels (right side) decrease while 
those of the outside wheels increase: this is the effect of the 
electronic differential. Despite the turn, we notice a good 
follow-up of the setpoint speed imposed by the driver with a 
longitudinal speed of the vehicle which seems similar to the 
speed of the vehicle according to figure 10 (d). The lateral 

speed ὠ  and the yaw moment r only come into play during 

the turning phases as shown in figure 10 (e). To respond to the 
imposed stresses by the movement of vehicle illustrated by figure 
10 (f) representing the requested traction forces, each motor 
develops the corresponding torque and this is observed in figure 
11. The motors provide high tractive forces to move the vehicle 
from the start. This seems normal since these forces must 
overcome the forces of overall resistance to the movement of the 
vehicle. This ensures the stability of the vehicle. This effect is 
observed for the control method proposed. The turn being made 
on right side, wheels on the same side must develop a higher 
torque because the weight of the vehicle shifts to the right. At the 
same time, we notice that wheels on the left side are being driven, 
where the torques of these motors become negative. It is observed 
that the oscillations are less significant with the DTFC control in 
figure 11. 

 

 
(a) 

 
(b)  

 
(c)  

 
(d) 
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(e) 

 
(f)  

Fig. 10. Dynamic quantities of the vehicle, (a) linear 
velocity of the vehicle, (b) steering angle input, (c) 

rotational speed of motors, (d) longitudinal velocity, (e) 
lateral velocity, (f) traction forces  

 

 
 

Fig.11 . Torque of motors  
 

The stator fluxes of each of the machines follow their 
reference despite multiple variations in torque. Figure 12 
shows that the flow ripples are less significant and the fuzzy 
controller provides effective reference tracking. The 
robustness of this control strategy is once observed because, 
in spite of the external disturbances, we notice a perfect 
follow-up. 

 

 
 

Fig.12. Stator flux  
 
 

Figures 13 show the evolution of the stator currents absorbed 
by each motor for each control strategy used. Between 0 and 
2 s, this is the starting phase which is characterized by high 
current amplitudes reaching 80 A. We see after this phase, 
when the vehicle has reached its reference speed, the current 
amplitude stabilizes at 30 A. During the turn, the currents 
follow the evolution of the electromagnetic torque developed 
by the corresponding motor, until reaching a value of 50 A. 
 

 
 

Fig.13. Stator currents for motor  
 

In figure 14 we observe the zoom on the stator currents of the 
motor. Their waveforms allow us to appreciate the spectral 
quality and the resolution. These current waves are less 
polluted which makes it possible to reduce the vibrations of 
the motor shaft and the noises which have the effect of 
reducing the life of the various motors while ensuring a certain 
comfort in the passenger compartment. This advantage may 
justify the choice of the DTFC method applied to such training 
systems. 

 

 
 

Fig.14. Zoom of stator currents for motor  
 

The above simulations show the method of controlling the 
driving wheels of an electric vehicle. DTFC has proven to be 
effective in the dynamic stability control behavior of EVs under 
various imposed road constraints. To justify and observe the 
effect of disturbances on vehicle speed, this method has been 
used under various road conditions. Some performance of this 
control on driving wheel speed is summarized in Table 4. As 
shown, the DTFC control has a reduction of 1.4% of the rise 
time, a ripple rate of the magnitudes magnetic flux, and 
electromagnetic torque very low, which provides efficiency in 
speed control. The advantage of the fuzzy controller is its 
robustness, its ability to maintain perfect trajectories for 
independently controlled driving wheels. But also, ensures the 
evacuation of disturbances from the road during the bend 
phases. The characteristics thus given for an electric 
powertrain are the key point of the propulsion systems of EVs. 


