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Abstract

Background: Nowadays, electric vehicle development takes a great attention in vehicle industry and researches,
due to demising supplies of fuel, less pollution, and developing many resources of generating electricity as renewable
energy and clean resources.

Results: This research is a part of the Autotronics Research Lab (ARL), applying researches on autonomous and electric
vehicles. The main aim of the research is to apply vector control method on traction control system of electric vehicle
(mini golf cart) by using two hub motors on the rear wheels while the two front wheels are used for steering; it is
assumed that the controlled vehicle is fitted with some equipment which can used in autonomous driving.
Simulation results show the output response of speed and torque of the vehicle motors and vehicle speed while the
vehicle is moving in a straight line or during steering and also show the fusion between vector control and power
steering algorithm.

Conclusions: The system preforms the efficiency, safety, accuracy, and more controllability of electric vehicle traction
system, leading to more stability in vehicle speed, lower troubleshoots, and less error in unstable surfaces and bad roads.

Keywords: Electric vehicle (EV), Induction motors (IM), Indirect vector control, Traction system, Power steering system,
Ackermann-Jeantnat model

Background
The main idea that will be discussed in this research is
the implementation of vector control system technology
on traction system (electronic power steering, acceler-
ation and deceleration by using regenerative torque) to
ensure reliability and efficiency of the controlled vehicle.
The performance of the controlled EV traction system

shown in Fig. 1 depends on many parameters such as
stability in curves and off roads, acceleration time, low
troubleshoots and stability in vehicle speed and motor
speed output signal while steering takes place.
The system design applied indirect vector control on

the two rear induction hub motors (Gang et al, 2012)
and discussed the fusion of vector control model with
Ackermann-Jeantnat model of steering kinematics, try-
ing to perform output speed of vehicle during acceler-
ation, deceleration, and steering while accelerating or
decelerating either in good roads or unstable surface;
this shows the system necessity.

Integration of accelerator pedal, brakes, and steering
wheel takes place as the main controller of the SIMUlink
model computing required motor speed signals as an in-
put to the vector control model which controls vehicle
motors; simulations take place for many different cases
of vehicle traction system.

Methods
Motor sizing
Vehicle parameters
The research is applied on EV; this section will explain
how to calculate the motor torque required for the desired
EV, and there are many parameters needed for motor siz-
ing calculations (Chauhan, 2015) and all other calculations
needed. All parameters are shown in Table 1.

Calculations required for motor torque
Factors affecting vehicle torque:

© The Author(s). 2020 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

* Correspondence: Eng.NadyEmad@gmail.com
Faculty of Engineering, Ain Shams University, Cairo, Egypt

Bulletin of the National
Research Centre

Ibrahim et al. Bulletin of the National Research Centre           (2020) 44:22 
https://doi.org/10.1186/s42269-019-0258-8

http://crossmark.crossref.org/dialog/?doi=10.1186/s42269-019-0258-8&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:Eng.NadyEmad@gmail.com


1. Rolling resistance (RR), which is the opposing
resistance at which the vehicle must overcome
during rolling motion

2. Grad resistance (GR), which is the force responsible
for pulling up the vehicle to an inclined surface

3. Acceleration force (FA)

where:

RR ¼ GW � Cr;

i:e:;GW ¼ 217kg ms−2
ð1Þ

GR ¼ GW � sin θð Þ ð2Þ

FA ¼ m� a;

where að Þ is the required acc:

ð3Þ

m ¼ GW=g;

i:e:; g ¼ 9:81m=s2
ð4Þ

Total tractive effort (TE) is the sum of total forces required
to make the vehicle move forward, and it is a very important
parameter in calculating required the motor torque where:

TE ¼ RRþ GRþ FA ð5Þ

Therefore, the motor torque (Tm) required for the de-
sired vehicle is:

Tm ¼ TE� Rf � rð Þ=2; i:e:; this is the torque required for each motor

ð6Þ

Vector control or field-oriented control (FOC)
The two main types of vector control are direct vector
control and indirect vector control. This section will dis-
cuss about using indirect vector control and its imple-
mentation on EV traction system.
The vector control provides superior dynamic perform-

ance for AC machines and brushless DC motors where
FOC operates motors softly and balanced over full speed
ranges without high troubleshoots; also, FOC operates the
motors with optimum stable torque, and FOC has very im-
portant characteristics for EV. It generates full torque at
zero speed and fast acceleration and deceleration for con-
trolled motors, giving high performance for EV. Figure 2
presents the FOC in the electrical traction chain.

Theory of operation
FOC is a closed loop system which identifies three phase
components of stator currents as two components or-
thogonal on each other, this is done by Park and Clark
transformations (Q&D transformation) (Husien & Bazaz,
2015), and these components are represented as flux and
torque components similar to the two components of
the DC motors (armature flux Ia and field flux If)
where Ids (induction motor) ≡ If (DC motor)
and Iqs (induction motor) ≡ Ia (DC motor)
where Ids is the flux component and Iqs is the torque
component, and controlling two decoupled vectors is
more easier, giving high dynamic response. FOC calcu-
lates Ids and Iqs by Q&D transformation, and Ids and Iqs
are part of the calculating rotor angle θr which entered
in negative Q&D transformation.
The calculation of i*qs is through the desired torque

value (Te*) which is the output of PI controller that
tunes the reference speed with the actual speed, i*ds is
calculated through the desired value of the rotor flux (Ψr

*), then the two desired components are transformed to
three-phase desired components Ia*, Ib*, and Ic* by
negative Q&D transformation as shown in Fig. 4 (Ramesh
et al, 2015), and comparing these components to the ac-
tual three phase current components Ia, Ib, and Ic by
current regulator (hysteresis band), the output of the
hysteresis band pluses are controlling the inverter.

Fig. 1 Two-wheel drive vehicle

Table 1 Vehicle parameters, symbols, and quantities

Parameter Symbol and quantity

Length L = 1.25 m

Width W = 0.65 m

Mass of vehicle M = 22.15 kg

Gross vehicle weight GW = 217 kg ms−2

Co-efficient of rolling resistance Cr = 0.017 for fair asphalt

Cr = 0.060 for firm sand

Total tractive effort TE

Fractional losses Rf

Body moment of inertia J

Tire radius R

Steering angle δ

Acceleration due to gravity g = 9.81 m/s2

Inclination angle Θ<, = 15°

Desired rotor flux Ψ*r = 0.85
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Indirect vector control
The main difference between indirect vector control and
direct vector control is the computation method of elec-
trical rotor angle and number of sensors used, where the
indirect vector control can be called sensorless vector
control.
Indirect vector control calculates the rotor angle by

using rotor position measurements and machine param-
eter estimation (Gasbaoui et al., 2011), where the rotor
angle θr is calculated by the integration of the sum of
rotor mechanical speed Ѡr and calculated slip speed
Ѡr* as shown in Fig. 3, i.e., it allows high performance
control of speed and torque and rotor position of the con-
trolled motor.
Reasons for using indirect vector control over direct

vector control:

� Sensors are eliminated causing decreasing coast
factor

� Does not directly involve flux estimation
� Less sensitive to parameters variation
� Higher dynamic performance
� There are no drift problems such as indirect

FOC

Electrical rotor angle computation (θr)

θr ¼
Z

ωr þ ω�
r

� � � the main equation ð7Þ

ωr � rad=sð Þ ¼ Lm�iq= Tr�ψrð Þ ð8Þ

Tr sð Þ ¼ Lr=Rr ð9Þ

Lr mHð Þ ¼ Lm þ L10r ð10Þ

Ψ r ¼ Lm � id= 1þ Trð Þ ð11Þ

where Ѡr and Ѡr* are in rad/s, Tr is the rotor time con-
stant, Rr is the rotor resistance = 0.236 ohms, Lr, Lm, and
Ll’r are the coils from the equivalent circuit of the induc-
tion motor, and Ψr is the calculated rotor flux.

I*qs and I*ds computation
I ∗ ds = ψr ∗ /Lm
I∗q = (2/3) × (2/p) × (Lr/Lm) × (Te ∗ /ψr)
where p is the number of poles and Te* is desired

torque required.
The FOC method completes out calculations of the

needed required torque for the controlled machine. It
controls the inverter through the hysteresis controller
which compares each current line with its reference
value, and the result is six pulses control the univer-
sal inverter, as Fig. 4 shows the final and detailed
block diagram of the indirect vector control applied
in the software model integrated with steering model,
induction motor, universal inverter, and hysteresis
current regulator.

Fig. 2 Basic electrical traction chain

Fig. 3 Indirect vector control block diagram
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Traction system
Accelerator pedal
This section discusses the fusion of the accelerator
pedal and power steering and brake pedal with the
FOC, where the traction system expressed in power
steering, accelerator pedal, and brake pedal is com-
bined together in the model as one dynamic control-
ler in which its output feeds the two vector
controllers with the required speed signals to control
the two motor speeds according to the position of
the accelerator pedal and steering angle.
The accelerator pedal is the main item responsible

for the acceleration and deceleration for the vehicle.
The accelerator pedal has a direct connection with
the vector control while the steering angle is equal to
zero; each position on the accelerator pedal indicates
a specific required speed signal, tuning the FOC to
the required speed, and this position is indicated by
sensors such as potentiometer.
The length of the accelerator pedal used in the project

is 10 cm. This indicates that when the position of the
pedal is at the lowest level at 0 cm, the speed of the mo-
tors will be zero, and when the position on highest level
at 10 cm, the speeds of the motors could reach the
motor rated speed, so it can be indicated as the
following:

Speed signal ¼ pedal position� motor rated speed
pedal length

� π
30

output is in rad=s

where the speed signal is the input signal to the FOC to
operate the motors at this required speed. While the
steering angle is equal to zero, the velocity of the two
motors is equal to each other; although if the new speed
signal is higher than that of the last one, this means that

the FOC passes higher positive torque to the motors to
accelerate and reach the new speed and accelerate the
vehicle, and if the new signal is lower than that of the
last one, this means that the FOC passes negative torque
for the motors to decelerate and decelerate the vehicle.

Analysis of power steering system kinematics
The fusion of power steering system with vector control
in my model is by the Ackermann-Jeantnat model (Zhai
& Dong, 2011) of steering run for low speed vehicle
mode as shown in Fig. 5 where the two front wheels are
responsible for steering with angle δ and the two rear
wheels are responsible for driving the vehicle equipped
with two independent hub motors.
The basic idea of the model is to compute the speeds

of the two rear wheels during steering; Vrr and Vrl are
expressed as the following:

Vrr¼V 1þW � tan
δ

2� L

� �� �
ð12Þ

Vr1¼V 1−W � tan
δ

2� L

� �� �
ð13Þ

where Vrr is velocity of the rear right motor, Vrl is the
velocity of the rear left motor, V is the vehicle speed
computed according to the position of the accelerator
pedal, and δ is the steering angle, and according to Eqs.
(12) and (13), the speed of the driving wheels are vari-
ables in V and δ and changes with their changing, and
during steering to any direction, the outer motor speed
is higher than the inner one, where the Ackermann-
Jeantnat model expresses the kinematic relation between
the inner and the outer wheels during steering.
The steering angle δ indicates the trajectory direction

of the vehicle where δ < 0 turn left, δ > 0 turn right, and
δ = 0 moving in straight line.

Fig. 4 Indirect vector control detailed block diagram
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The accelerator pedal and power steering system
fusion takes place while steering, where the velocity
of the vehicle is directly proportional to the veloci-
ties of the driving wheels according to the Acker-
mann model, i.e., the output signals of the
Ackermann model modeled with accelerator pedal

and brake signal are defined as the main controller
of the system, and the main controller output is the
input speed signal of the FOC controller during
steering and while moving in straight line as pre-
sented in Fig. 6.

Six DOF dynamic electric vehicle models
The dynamic electric vehicle models are simplified
as shown in Fig. 7. There are six degrees of freedom.
They are expressed as four degrees of the four
wheels’ rotational motion, and the other two DOF
are expressed as the longitudinal motion and lateral
motion of the controlled mobile vehicle (Doumati
et al, 2010). This research model is expressed in low
speeds of motion where the front right wheel angle
is equal to that of the front left wheel angle, δfr = δfl
= δ.
Longitudinal equation of motion:

V0
x ¼ 1

m
Fxfl þ Fxfrð Þ � cosδ− Fyfl þ Fyfr

� �� sinδþ Fxrl þ Fxrr
� �

ð14Þ

Lateral equation of motion:

V0
y ¼ 1

m
Fyfl þ Fyfr

� �� cosδþ Fxfl þ Fxfrð Þ � sinδþ Fyrl þ Fyrr
� �

ð15Þ

where Fxfl, Fxfr, Fxrl, and Fxrr are the longitudinal forces
affecting on the four wheels (front-left and front-right

Fig. 5 The Ackermann-Jeantnat model

Fig. 6 Driving and steering wheel control system
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and rear-left and rear-right); also, Fyfl, Fyfr, Fyrl, and Fyrr
are the lateral forces affecting on the four wheels.

Results
This section explains many cases of the controlled ve-
hicle under many different conditions illustrating the
output results of the Simulink model showing the output
of the motor speed and torque, vehicle speed, and speed
commands.

First case
This case shows the response of the two motors when the
vehicle is moving in straight line in a smooth way applying

acceleration and deceleration to the vehicle through the
accelerator pedal, where the starting mode is from zero
with highest torque. As shown in Fig. 8, the speed starts
from zero with acceleration, then the motor acts as a
brake (regenerative torque) decelerating the vehicle then
accelerating again, then moving with constant speed, then
decelerating with negative torque, and finally moving in
constant speed, where the output of the two motors are
the same due to the steering angle being equal to zero (δ
= o). The first figure shows the speed command and
motor speed (RPM), the second figure shows the electro-
magnetic torque and output torque of the motors (Nm),
and the third one shows the line current [A].

Fig. 7 Two independent driving wheel models

Fig. 8 Speed command, actual motor speed, currents, and torque
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Second case
This case shows the output response of the vehicle
and the motors’ command and speeds while the ve-
hicle is moving in straight line from zero and then
accelerating at (T) < 2 and moving with constant
speed at 2 < (T) < 4.5 and then applying steering
angle to the left at δ = 20 and moving with constant
speed at (T) > 4.5; the results in this case shows the
output of the vehicle speed (rad/s) and the difference
between the speed of the two motors during steering
(rad/s).

The first figure (Fig 9a) shows the difference be-
tween the speed commands of the two motors, the
second figure (Fig. 9b) shows the difference between
the left motor speed and command (rad/s), the third
figure (Fig. 9c) shows the difference between the right
motor speed and command, and the fourth figure
(Fig. 9d) shows the vehicle speed.

Third case
This case shows the output response of the vehicle
speed and motors speed and command while the

Fig. 9 a Speed command signals of the two motors (rad/s). b Vehicle speed (rad/s). c Right motor output speed and command signal (rad/s).
d Vehicle speed (m/s)
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vehicle is moving in straight line in a rough road as
firm a sandy road, at time (T) > 3 s, then turned right
with angle δ = 0 to δ = − 15 from T = 3.5 s to t = 5
s, then steering with constant speed; at 7 < T < 8 s,
the vehicle is accelerating while steering take place
with δ = − 15, and finally at T > 8 s, the vehicle is ro-
tating with angle δ = − 15 with higher constant speed
Fig. 10.

Discussion
The simulation results discuss the main idea and aim of the
research, at which it shows the implementation of indirect
vector control on the vehicle traction system under many dif-
ferent cases as accelerating and decelerating by using acceler-
ator pedal, using steering wheel during constant speed and
using steering wheel during acceleration.
The results shows good symmetry between the speed com-

mand and actual speed of motors either in case two for good

roads or in case three for unstable roads and also shows the
constant speed of electric vehicle during steering with differ-
ent angles either in the second or in third case.
The system has some limitations: first, the

Ackermann-Jeantnat model is used for low speeds of
vehicles giving higher troubleshoots for high speeds;
second, the inclination angle for inclined surfaces is
limited at Θ<, =15°; and third, the brakes are applied as
a signal only in the software model to stop controlling
of FOC on the motors and not applied as a brake
model.

Conclusion
The research has focused on the feasibility, accuracy,
and stability of the real EV traction system integrated
with vector control of two rear hub motors.
This research showed up the fusion between indirect

vector control applied on two rear independent driving

Fig. 10 a Difference between command speed signal of two motors (rad/s). b Left motor output speed and speed command signal (rad/s).
c Right motor output speed and speed command signal (rad/s). d Vehicle speed (m/s)
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wheels and Ackermann-Jeantnat model for power steer-
ing, the combination between vehicle traction system
models expressed in accelerator pedal model, and the
power steering model and brakes are the main controller
of the vehicle which feeds the indirect vector control
with the required input speed signal.
The indirect vector control models improve the driv-

ing wheel speeds with high accuracy in curved roads,
straight roads, and inclined roads and also provide
optimization and perfection of vehicle speed and motion
during acceleration and deceleration, giving low trouble-
shoot percentage of ± 1.5%, and using regenerative
torque in decelerating the vehicle speed will help in self-
recharging of the battery and increase its life time.
Using this criteria of controllers improves the control-

lability of the independent driving wheels leading to
optimum torque commands and lower troubleshoots in
unstable surfaces giving high performance for the trac-
tion system overall.
Motor control strategies and properties can affect ve-

hicular steering properties directly; therefore, the two
hub motors’ independent driving vehicle should be at-
tached with high speed controller properties.
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