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Abstract—This paper presents an experimental study of the
electronic differential system with four-wheel, dual-rear in wheel
motor independently driven an electric vehicle. It is worth
bearing in mind that the electronic differential is a new
technology used in electric vehicle technology and provides better
balancing in curved paths. In addition, it is more lightweight
than the mechanical differential and can be controlled by a single
controller. In this study, intelligently supervised electronic
differential design and control is carried out for electric vehicles.
Embedded system is used to provide motor control with a fuzzy
logic controller. High accuracy is obtained from experimental
study.
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. INTRODUCTION

In road transport systems, the differential plays an
important role in preventing the vehicle from slipping in
curved roads. In practice, mechanical differentials are used, but
they are cumbersome due to increased weight. Also, electric
vehicles are not particularly suitable for those who use separate
drives for both rear wheels. The electronic differential system
(EDS) constitutes the latest technological developments in the
design of electric vehicles, provide better control and balancing
of a vehicle in curved paths [1].

In automotive engineering, an EDS is a differential form
that provides the torque needed for each driving wheel and
allows for different wheel speeds, used in place of the
mechanical differential in multiple drive systems. When
cornering, the inner and outer wheels rotate at different speeds
because the inner wheels define a smaller radius of rotation.
The EDS controls the power of each wheel, using the steering
wheel control signal and engine speed signals, thus providing
all the wheels with the torque they need.

The EDS scheme has several advantages over the
mechanical differential. These are simplicity that avoids
additional mechanical components such as a gearbox or clutch,
independent torque for each wheel provides additional
capabilities (e.g. traction control, stability control),
reprogrammable to add new features or adjusted to the driver's
preferences, allows distributed regenerative braking, as with a
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mechanical differential, torque is not limited by the least-
wheeled wheel, fast response time, accurate information on
torque per wheel [2].

In this work, the intelligent supervised EDS for electric
vehicles is designed and realized. There are studies in this issue
in the literature. This technology has many applications and
vehicle performance has been improved with successful
applications. The movement of this earthmoving truck is
provided by an electric drive system consisting of two
independent electric motors. Providing a maximum power of
2700 kW, these engines are controlled to adjust their speed
when cornering, thereby increasing traction and reducing tire
wear. Eliica is also equipped with an EDS. This eight-wheel
electric vehicle has the ability to drive up to 370 km/h with
excellent torque control on each wheel. There are also
microcontroller systems for smaller vehicles and general
vehicle applications for traction.

In an EDS designed for an electric vehicle driven by two
induction motors, five joint transducers were used in the
control of two induction motors. The performance of the five
joint transformers with two induction motor drives was
compared [3]. The DSP TMS320LF2407 is used as the
controller for twin-wheel induction motor-driven electronic
differential systems. In the proposed front-wheel drive system,
direct torque control, adaptive flux and fast observer-based
algorithms are used [4]. Two electric motors with permanent
magnets are used in an EDS operation to ensure that the
electric vehicle is able to achieve better road holding in rough
roads. At this point, the losses of the gear systems have been
destroyed. As a result of their simulation, the control of electric
vehicle engines in slippery and winding roads is provided with
high accuracy thanks to the EDS [5].

In an EDS design that will provide good vehicle stability on
a rough road, the traction system is provided by two permanent
magnet synchronous motors (PMS) on the rear wheels. With
the proposed control structure, the torque for each hub motor is
controlled by fuzzy logic. Different simulations have been
made: the straight road, the slope, the drive on the straight
road, and the drive on the road. Simulation results show that a
good vehicle stabilizes on a curved path [6]. The control of the
electric differential of an electric vehicle using the direct torque
control method has been carried out. Direct torque control of
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the electric wvehicle is modeled in Matlab/Simulink

environment [7].

In a study to provide an efficient and robust control scheme
for the EDS for an electric vehicle, two brushless DC motors
(BLDC) are used to drive the two rear wheels of an electric
vehicle. Maximum torque is provided and controlled by
Electronic Differential Control (EDC). The effectiveness and
robustness of the proposed methods have also been confirmed
and experimentally verified in the Matlab/Simulink
environment [8]. A modeling and simulation of an EDS are
performed using a new wavelet transform controller for two
brushless DC motors to drive the right and left rear wheels.
Numerical simulation test results of controllers are presented
on a straight road, right turning and left turning to verify
operation [1].

In a study in China, numerical simulations of four-wheel
electric vehicles have been carefully studied on control
performance. The results show that EDS feedback gain plays
an important role in control performance, especially in terms of
steering characteristics. In addition, analysis and discussion
reveal the mechanics of the relationship between feedback gain
and steering characteristics [9]. EDS control in a mini electric
vehicle with two-wheel electric motor uses torque and two-
mile slip ratio balance as control variables of wheel torque,
taking into account the effects of axle load transfer [10].

PID methods have been used with neural networks in the
EDS speed setting of a vehicle consisting of four wheel motors.
According to the steering kinematics, a three-degree-of-
freedom dynamic steering model has been provided and an
EDS speed control system for the four-wheel motor has been
proposed [11]. In a simulation study, a fuzzy logic controlled
EDS for an electric vehicle with two wheels was designed.
With fuzzy logic, the slip rate for each wheel is calculated in a
complex and nonlinear system. Then the necessary power and
torque distribution are made with the EDS. The efficiency and
validity of the proposed control method are evaluated in
Matlab/Simulink environment. The simulation results show
that the new EDS control system can maintain the slip ratio in
the optimum range, thus ensuring the vehicle has a smooth or
curved lane stability [12]. Fuzzy logic controller provides good
performance at closed-loop feedback control systems [13].

According to the fast development of electronic technology
and requirements of electronic markets, electronic products
aim to become smaller and faster [14]. In this study, fuzzy
logic controlled EDS was realized with an embedded system.
Using embedded systems has some advantages such as less
coding, ease of use, practicality, flexibility, fast building time,
time-savings, and reliability. With the aforementioned reasons,
the study contributes to researchers, manufacturers, research
and development laboratories that are related to this area [15].
The system was tested on a four-wheeled vehicle powered by
two motors from the rear. The vehicle's physical measurements
and steering position information are applied to the EDS.
Speed control with fuzzy logic is performed according to the
calculated left and right motor reference speed information. In
this case, according to mechanical differential electrical
vehicles, the mechanical differential losses are eliminated and
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the friction of the electric vehicle will be reduced and energy
saving will be achieved.

In the second section of this study the detailed information
and mathematical equations about EDC are given. The
following section is about the design and control algorithm of
the system. Brief description of fuzzy logic algorithm is used in
this study and system’s integrated scheme is located in that
section. MATLAB model of the intelligent supervised
electronic differential system is given and their explanations
are made. The electric vehicle used in electronic differential
tests is illustrated and the specifications of the vehicle are
given. The graphics of experimental studies are shown. Finally
in conclusions section the importance of EDS is emphasized
and accuracy of the developed system is displayed. The
advantage of this study and future scope of the paper are
discussed.

1. ELECTRONIC DIFFERENTIAL SYSTEM

The EDS is a system that controls the speeds of the drive
motors so that the difference between the speeds of the inner
wheels and the speeds of the outer wheels can be obtained
when two independent motorized electric vehicles are turning
the vehicle’s bends. Here the EDS fulfill the role of the
mechanical differential in single-drive multi-drive vehicles.
The structure of the vehicle is given in Fig. 1. There are two
independent engines that drive the wheels 3 and 4 of this
vehicle. Where L is the distance between the front and rear
wheels of the vehicle, d is the distance between the front or
rear wheels, 0 is the steering angle of rotation, wy iS the ang.

=

Gravity
point

R Cénter of rotation

Fig. 1. The structure of the vehicle.

The speed of the left and right wheels connected to the
vehicle’s drive motors is a function of the angular velocity of
the vehicle. Angular velocities of left and right wheels are
calculated using oL and R using (1) and (2) [8].

d
Vi =aoy(R+3)
2 @

d
VR =y (R-2) v
R, the vehicle’s radius of rotation, is a function of the
vehicle steering position. R is calculated using (3).
L

B tan @ (3)
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The angular velocities of the right and left drive motors,
which depend on the steering position of the vehicle, are
calculated using (4) and (5).

L+gtan9

(DL Z(D\/f (4)
L+%tan9

0 =0y ——— (5)

The angular speed of the vehicle and the speed difference
between the right and left wheels depending on the steering
position is calculated by (6). The direction of rotation of the
vehicle according to the steering position is determined by (7).
The angular velocities of the left and right wheels are
calculated by (8) and (9) according to the vehicle speed and the
speed difference between the wheels.

d-tano
A=0, —0g = o,
L (6)
6>0— Turn right
06=0— Go straight (7
8<0— Tumn left
oL =0V + Ao
2 (8)
oL =0V - Ao
2 9)
The block diagram of the EDS is given in Fig. 2.
> oy + An/2 D » O
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> oy - Aw/2 on > OR

Fig. 2. Block diagram of the electronic differential.

1. CONTROL OF ELECTRONIC DIFFERENTIAL SYSTEM VIA
Fuzzy Locic CONTROL

The block diagram of the EDS designed in this study is
given in Fig. 3. In this system, the STM32F4 Discovery
development kit is used to control the EDS. The
STM32F407VGT6 microcontroller on this card has 1 MB
Flash and 192 KB RAM. It has a 32-bit ARM Cortex-M4F
core. Integrated ST-LINK/V2 JTAG debugger, running
directly with USB or external power with 5V, 3V and 5V
output pins, 3-axis digital accelerometer, the outputs that
enable the use of all 100 pins are other features of this
development kit. The fuzzy logic controller is embedded to this
microcontroller.

Matlab Fuzzy Logic Toolbox was used to create the fuzzy
logic model of the experimental work and the control of the
right and left motors was provided by the implemented fuzzy
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logic model. Speed control with fuzzy logic is performed
according to the calculated left and right motor reference speed
information. The error () and the change in the error (de)
inputs (du) are the motor speed. Seven sherds triangle type
membership functions are used for input and output variables.
The abbreviations NB, NM, NS, ZE, PS, PM and PB refer to
linguistic  variables  “negative-big”, “negative-medium”,
“negative-small”, “zero”, “positive small”, “positive-medium”
and “positive big”, respectively. Fuzzy logic models for right
and left motors were created after the input and output
parameter adjustments were made and rule base was
determined. Table 1 gives the rule base for this system. Fig. 4
shows the internal view of the right motor fuzzy logic
controller block. Fig. 5 shows the MATLAB model of the
intelligent supervised EDS embedded in the STM32F4. This
model was created in Matlab/Simulink environment and
embedded directly into the STM32F4 development card.

TABLE I. RULE BASE oF EDS

ce NB NM NS ZE PS PB
NB NB NB NB NB NM ZE
NM NB NM NS ZE PS NB
NS NM NS ZE PS PM NM
ZE NS ZE PS PM PB NS
PS ZE PS PM PB PB ZE

PM PB PM PB PB PB PS
PB PM PB PB PB PB NB
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Fig. 3. The connection diagram of the electronic differential system.
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Fig. 4. The internal view of the right motor fuzzy logic controller block.
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Fig. 5. MATLAB model of the intelligent supervised electronic differential system.

The electric car used in EDS experiments is given in Fig. 6.
The card developed for the EDS application is zoomed. Left
and right motor drivers are used to drive left and right HUB
motors respectively. The control algorithm is embedded to the
microcontroller of the system.

According to the simulation results, it has seen that the
EDS calculates the reference speed information for the drive
wheels according to the speed reference and steering positions.
Fig. 8 gives the output signals of the fuzzy logic supervised
EDS according to the 10°steering position given in Fig. 7 and
100 rpm reference speed value. The output signals of the fuzzy
logic supervised EDS are given in Fig. 9 according to the 15°
steering position given in Fig. 7 and 100 rpm reference speed
value. Left and right DC motor speed curves are given in
Fig. 10, while steering position is 10° and reference speed, is
200 rpm. Left and right DC motor speed curves are given in
Fig. 11, while steering position is 15° and reference speed, is
200 rpm.

Left Motor '[!
Driver

2

Fig. 6. The electric vehicle used in electronic differential tests.

et i diaicd E‘%mod (sec) 0,0000625
-1
Left Motor
Fuzzy Logic Controller RIGHT MOTOR
r * double
L: double 11 dule: USART1_Tx
double Packet: Binary
»double Transfer: Blocking
> double Ts (sec): 0.001
—»double
i UART Tx
ine Right |
).001 Current Module: USART 1_Setup
g y Loft | Baud (Bps). 115200
- Current DMA Buffer: 512/512
: ‘ volses To/Rx Pin: B6/B7
UART Setup

15 f ]
—10°
15°— —15°
10
o 5
Q
kA
8 SR\
o
£ 10°
@ -5
Q
-10
-15
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (s)
Fig. 7. Steering position 10° and 15°.
250 .
—— Reference Speed
200 Speed of Left DC Motor |
g = Speed of Right DC Motor
o Left DC Motor -
R Right DC Mot
c 150 Reference speed & oF
2
=}
© 100 < >
>
[0}
) / h\
0
0 500 1000 1500 2000
Time (s)

Fig. 8. Left and right motor speeds, while steering position is 10° and
reference speed, is 100 rpm.
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Fig. 10. Left and right motor speeds, while steering position is 10° and
reference speed, is 200 rpm.

250
Reference speed ?

200
€
=
T:’ 150 |
o / Left DC Motor Right DC Motor \\
§ 100
& / Reference Speed \\

50 Speed of Left DC Motor
/ Speed of Right DC Motor \\
|
O0 500 1000 1500 2000
Time (s)

Fig. 11. Left and right motor speeds, while steering position is 15° and
reference speed, is 200 rpm.

Relative error between reference speed and average speed
of two motors is calculated for each experiment at constant
speed values. Average success rate of the system is obtained.
The accuracy of the EDS is given in Table 2.

TABLE II. ACCURACY OF ELECTRONIC DIFFERENTIAL SYSTEM
No | Steering Angle Reference speed Accuracy
1 10° 100 99.58 %
2 15° 100 99.56 %
3 10° 200 97.92 %
4 15° 200 97.91 %
Average success rate 98.74 %
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V. CONCLUSIONS

In conclusion this study suggests an EDS instead of a
mechanical differential system used in conventional electric
vehicles. It occupies less space in the vehicle and saves the
vehicle from a large metal mass. It can only be used on electric
vehicles and is an alternative to internal combustion engines
because there are many types of electric vehicle engines.
Electric vehicle engines can be better controlled than internal
combustion engines. The absence of the need for a power
transmission system is also an advantage. In this study,
intelligent supervised EDS design and control for electric
vehicles were carried out. The fuzzy logic controller for motor
control is embedded to STM32F4 Discovery development kit
for four wheels, dual rearin-wheel motor independently driven
an electric vehicle. In real-time experiments at 10 degrees and
15 degrees steering positions at 100 rpm and 200 rpm reference
speeds the system performed with average 98.74% accuracy.
The advantage of this study is that it is low cost. We are
planning to make real time experiments using other type of
control algorithms and make a comparison study in future
work. This study is suitable on regenerative braking and cruise
control applications.
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