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Abstract  

 Nowadays the uses of electrical power resources are integrated in the modern vehicle motion traction 
chain so new technologies allow the development of electric vehicles (EV) by means of electric motors 
association with static converters. All mechanical transmission devices are eliminated and vehicle wheel 
motion can be controlled by means of power electronics. The proposed propulsion system consists of two 
induction motors (IM) that ensure the drive of the two back driving wheels. The proposed control 
structure-called independent machines- for speed control permit the achievement of an electronic 
differential. The electronic differential system ensures the robust control of the vehicle behavior on the 
road. It also allows controlling, independently, every driving wheel to turn at different speeds in any 
curve. This paper presents the study and the design of the Backstepping control strategy of the electric 
vehicle driving wheel. Our electric vehicle feed-Back control’s simulated in MATLAB SIMULINK 
environment, the results obtained present the efficiency of the proposed control with no overshoot, the 
rising time is perfected with good disturbances rejections comparing with the classical control law. 

Keywords: Electric vehicle, traction chain, driving wheels, Backstepping control, propulsion system 

1   INTRODUCTION 

Electric vehicles (EVs) are developing fast during this decade due to drastic issues on the 
protection of environment and the shortage of energy sources. While commercial hybrid cars 
have been rapidly exposed on the market, fuel-cell-powered vehicles are also announced to 
appear in 5–10 years. Researches on the power propulsion system of EVs have drawn significant 
attention in the automobile industry and among academics. EVs can be classified into various 
categories according to their configurations, functions or power sources. Pure EVs do not use 
petroleum, while hybrid cars take advantages of energy management between gas and electricity 
[1].Indirectly driven EVs are powered by electric motors through transmission and differential 
gears, while directly driven vehicles are propelled by in-wheel or, simply, wheel motors [2]. The 
basic vehicle configurations of this research has two directly driven wheel motors installed and 
operated inside the driving wheels on a pure EV. These wheel motors can be controlled 
independently and have so quick and accurate response to the command that the vehicle chassis 
control or motion control becomes more stable and robust, compared to indirectly driven EVs. 
Like most research on the torque distribution control of wheel motor, wheel motors [3] proposed 
a dynamic optimal tractive force distribution control for an EV driven by four wheel motors, 
thereby improving vehicle handling and stability. 
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The researchers assumed that wheel motors were all identical with the same torque constant; 
neglecting motor dynamics the output torque was simply proportional to the input current with a 
prescribed torque constant. In this paper, a Backstepping decoupling controller for electric 
vehicle speed control is proposed. The reminder of this paper is organized as follows. Section (2) 
reviews the principle components of the Electric traction chain with their equations model. 
Section (3) shows the direct field-oriented control (FOC) of induction motor. Section (4) shows 
the development of Backstepping controllers design for Electric vehicle .The proposed structure 
of the studied propulsion system is given in the section (5). Section (6) gives some simulation 
results of the different studied cases. Finally, the conclusion is drawn in section (7). 

2   ELECTRIC TRACTION SYSTEM ELEMENTS MODELLING 

Fig. 1 represents the general diagram of an electric traction system using an induction motor (IM) 
supplied by voltage inverter [4, 8]. 

 
Figure 1:  Electrical traction chain 

2.1   Energy Source 

The battery considered in this paper is of the Lithium-Ion [9], the battery current is calculated by: 
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Where:  
Pb :   Output power of battery  
Rint:   Internal resistance  
Voc:   The open circuit voltage  
Rt  :   The terminal voltage of the battery   

2.2   Static Converter  

In this electric traction system, we use a three balanced phases of alternating current inverter with 
variable frequency from the current battery [4]. 
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The iS  are logical switches obtained by comparing the control inverter signals with the 
modulation signal.  
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2.3   Traction Motor 

The used motorization consist of three phase induction motor (IM) supplied by a voltage inverter 
controlled by Pulse Width Modulation (PWM) techniques. The dynamic model of three-phase, 
Y-connected induction motor can be expressed in the d-q synchronously rotating frame as [4, 6, 
13] 
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Where σ  is the coefficient of dispersion and is given by (3): 
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sL , rL , mL  stator, rotor and mutual inductances; 

sR , rR   stator and rotor resistances; 

eω , rω  electrical and rotor angular frequency; 

slω   slip frequency ( )re ωω − ; 

rτ    rotor time constant  ( )rr RL ; 
P   pole pairs 

2.4   Mechanical Part 

The developed globally traction chain model based on the data uses from the Leroy-Somer 
Society, [4] is shown in Fig. 2: 
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Figure 2:  Electromechanical structure 
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2.4.1   The Vehicle As Load 

The vehicle is considered as a load is characterized by many torques which are mostly considered 
as resistive torques [4, 5, 12, 15, 17, 18]. The different torques includes: 

- The vehicle inertia torque defined by the following relationship: 

dt
dw

.JT v
vin =                                                                        (5) 

- The aerodynamics torque is :  
2
r

3
rxaero w.R.T.Sρ

2
1T =                           (6) 

- The slope torque is : 
αsin.MgTslope =                                                                                          (7)

   
The maximal torque of the tire which can be opposed to the motion has the following expression: 

rrtire R.MgfT =                                                                                          (8) 
We obtain finally the total resistive torque: 

aerotireslopev TTTT ++=                                                                           (9)  

2.4.2   Gear 

The speed gear ensures the transmission of the motor torque to the driving wheels. The gear is 
modelled by the gear ratio, the transmission efficiency and its inertia. 

The mechanical equation is given by: 
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The modelling of the traction system allows the implementation of some controls such as the 
vector control and the speed control in order to ensure the globally system stability.  

3.   VECTOR CONTROL 

The main objective of the vector control of induction motors is, to control independently the flux 
and he torque as DC machines, this is done by using a d-q rotating reference frame synchronously 
with the rotor flux space vector [6, 7]. In ideally field-oriented control, the rotor flux linkage axis 
is forced to align with the d-axes, and it follows that [7, 10, 13, 14]: 
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Applying the result of (13) and (14), namely the indirect field-oriented control, the torque 
equation become analogous to the DC machine and can be described as follows: 
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And the slip frequency can be given as follow: 
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Consequently, the dynamic equations (3) yield: 
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Using (12) and (13) the desired flux in terms of ids can be found from: 

r
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The decoupling control method with compensation is to choose inverter output voltages such that 
[6]: 
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According to the above analysis, the direct field-oriented control (DFOC) [2,3,6] of induction 
motor with current-regulated PWM drive system can reasonably presented by the block diagram 
shown in the Fig. 3, as first time we choose the classical regulators for field oriented control. 
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Figure 3:  Block diagram of DFOC for an induction motor 

4   THE SPEED CONTROL OF THE IM USING BACKSTEPPING TECHNIQUE 

4.1   Backstepping Technique 
Consider the system: 

( ) ( )uxgxfx +=& , ( ) 00f =                        (21) 
Where nRx∈  is the state and Ru∈ is the control input. Let ( )xαudes = , ( ) 00a =  be the desired 
feedback control law, which, if it's applied to the system in (21), it's ensure the globally 
boundedness and regulation of ( )tx  to the equilibrium point 0x = as ∞→t , for all ( )0x  and 
( )xV  is a control Lyapunov function, where : 
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Consider the following cascade system: 

( ) ( )yxgxfx +=& , ( ) 00f =                        (23) 

( ) ( )uζ,xβζ,xmζ +=& , ( ) 00h =                        (24) 
( )xhy =                        (25) 

Where for the system in (23), a desired feedback ( )xa and a control Lyapunov function V(x) are 
known. Then, using the nonlinear block backstepping theory in [10, 11, 14, 18], the error between 
the actual and the desired input for the system in (23) can be defined as αyz −= , and an overall 
control Lyapunov function ( )ζ,xV  for the systems in (23) and (24) can be defined by augmenting 
a quadratic term in the error variable z  with ( )xV : 

( ) ( ) 2z
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Taking the derivative of both sides gives: 

( ) ( ) zzxVζ,xV &&& +=                        (27) 
The aim objective is to have practical solutions of ( )ζ,xu  and in other hand to get ( )ζ,xV&  
negative, yields a feedback control law for the full system in (23-25). One particular choice is [7, 
11, 14, 15, 18]: 
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4.2   Application to Induction Motor 
In this section we use the Backstepping algorithm to develop the speed control law of the 
induction motor. This speed will converge to the reference value from a wide set of initial 
conditions. 

Step 1: 
Firstly we consider the tracking objective of the direct current ( drφ ). A tracking error 

dr
*
dr1 φφz −=  is defined and the derivative becomes: 

( )drdsm
r

r
*
dr

1 φiL
L
R

dt
φd

z −⋅⋅−=&                        (29) 

To initiate Backstepping, we prpose dsi as a first virtual control. If the function stability is 
proposed as: 

dt
φd

τz
L
τ

c
L
φ

i dr
r1

m

r
1

m

dr*
ds ⋅+⋅⋅+=                        (30) 

We obtain: 

( )*
dsds

r
111 ii

τ
1zcz −⋅+⋅=&                        (31) 

Due to the fact that dsi is not a control input an error variable *
dsds2 iiz −=  is defined and we have 

the derivative as follows: 
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Viewing drφ  and qrφ as unknown disturbances we apply nonlinear damping [10, 14, 18] to design 
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the control function: 
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Step 3: 
We now search to find the torque tracking error. The tracking error is for 0φdr ≠ defined as: 
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Viewing drφ and qrφ as unknown disturbances we apply nonlinear damping [14, 15, 18] to design 
the control function: 
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The insertion of the control function in the dynamics of the variable error 3z  gives: 
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The combined controller is shown in Fig.4 where we have: 
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Figure 4:  Nonlinear field-oriented control of Electric Vehicle IM using Backstepping 

technique 
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4.3   Speed Control of Electric Vehicle Induction Motor's Using Backstepping Strategy 
To control the speed of the vehicle motorization, we find to search the error speed tracking. We 
consider that *

qsi  is the control law, so tracking error is defined as: 

r
*
r0 ωωz −=                       (41) 

So, its derivate is given as: 
r

*
r0 ωωz &&& −=                        (42) 
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The control law obtained is : 
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5   STRUCTURE OF THE STUDIED SYSTEM 

The general scheme of the driving wheels control is represented by Fig. 5. It is an electric 
vehicle, the back driving wheels are controlled independently by two IM. The reference blocks 
must provide the speed references of each motor taking into account information from the 
different sensors. 

 Speed References Computation 
It's possible to determine the speed references according to the decision of the driver. When the 
vehicle arrives at the beginning of a curve, the driver applies a curve angle on each driving wheel 
[12, 13, 16, 17, 18]. The electronic differential acts immediately on the two motors reducing the 
driving wheel speed situated inside the curve, and increases the speed of the driving wheel 
situated outside the curve. The angular speeds of the driving wheels are: 

w∆.k
R
V

w b
r

h
rR +=                               (45) 

w∆.k
R
V

w b
r

h
rL −=                           (46) 

With  kb = +1 corresponding to a choice of the direction of the wheel, (-1) for the right turn, and 
(+1) for the left turn. The driving wheels speeds variation's is imposed by the trajectory desired 
by the driver and is given by:  

( )
r

h

w

w

R
V.

δcos.l
βδsin

2
dw∆ +

=                      (47)  

The relation between α  which the curve angle given by the driver wheel and δ  the real curve 
angle of the wheels is given by:    

dk
α

δ =                                           (48) 

The Fig. 6 shows the vehicle geometry of the studied system. 
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Figure 5:  The driving wheels nonlinear control (Backstepping) system. 
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Figure 6:  Vehicle geometry 

Where kd is the gear ratio. A proportionality coefficient between δ  and β  the vehicle slip angle is 
defined as: 
 δ.kβ =                                      (49) 
The speeds references of the two motors are:  

rRredmR w.Nw =∗                        (50) 

rLredmL w.Nw =∗                       (51) 

6   SIMULATION RESULTS 

In order to characterise the driving wheel system behavior, simulations were carried using the 
model of Fig. 5. They show vehicle speed variation for two types of controllers, PI and the 
Backstepping controller. 
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Figure 7.1:  Vehicle speed for two controllers Figure 7.2:  Vehicle torque in the two cases 
Table I: Performances of the PI and Backstepping controllers in the speed loop response   

Results Rising time  
[Sec] 

Overtaking  
[%] 

Steady state 
error [%] 

slope torque 
application time  

PI 0.1564 11.6666 0 At 2 Sec 
Backstepping 0.48112 0 0 At 2 Sec 

In order to simplify the control algorithm and to improve the control loop robustness, instead of 
using classical control, we use the Backstepping controller [18]. The advantage of this control 
law is its robustness, its capacity to maintain ideal trajectories of two wheels independently and 
the disturbances rejections efficiency with good rising time and good speed response loop and a 
perfected propulsion system against road parameters variations and vehicle torque parameter 
optimized and maintaining the system stability. To compare the effect of disturbances on the 
speed loop and resistive torques in the cases of two control laws, Fig. 7.1, 7.2 shows the system 
response in two cases. These figures show that the effect of the disturbance is neglected in the 
case of the Backstepping control. It appears clearly that the classical PI controller is easy to 
applied, however the control with Backstepping controller offers better performances in both 
control and tracking error. In addition to these dynamic performances, it respects the imposed 
constraints by the driving system such as the robustness of parameter variations. 
6.1   Case of Straight Way 

- Flat road with 10% slope at 60km/h speed 
In this test, the system is submitted to the same speed step. The driving wheels speeds stay 
always the same and the road slope does not affect the control law of the driving wheel. Only a 
change of the developed motor torque is noticed. The slope sensitize the motorization to develop 
more and more effort to satisfy the traction chain demand , as a results of the electromagnetic 
traction motor torque left and right improvement of each motor. The system behavior is 
illustrated by Fig. 8.1, 8.3, 8.4. The resistive torques are shown in Fig. 8.2. 

Table II: Performances of the PI and Backstepping controllers in vehicle speed loop 
Results w∆  *

refLV ∗
refRV α  Vh  wLV  wRV  

PI  0 60 60 0 60 59.87 59.87 
Backstepping  0 60 60 0 60 60 60 

Table III: Performances of the Backstepping and PI controllers 

Results 
Total vehicle 
torques (Tv) 

Tire torque 
(Ttire) 

Aerodynamique 
torque (Taero) 

Slope torque 
(Tslope) 

Maximum value –
Backstepping [Nm] 124.80 9.067 23.43 92.26 

Maximum value –PI [Nm] 195.00 9.067 93.7 92.26 
Time application [Sec] Permanent Permanent Permanent 2 
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Figure 8.1:  Vehicle wheel speed Figure 8.2:  Resistive torques 

Figure 8.3:  Left motor electromagnetic torque Figure 8.4:  Right motor electromagnetic torque 

6.2   Case of curved way 

- Curved road at right side with speed of 60km/h 
 The vehicle is driving on a curved road on the right side with 60km/h speed. The assumption is 
that the two motors are not disturbed. In this case the driving wheels follow different paths, and 
they turn in the same direction but with different speeds. The electronic differential acts on the 
two motor speeds by decreasing the speed of the driving wheel on the right side situated inside 
the curve, and on the other hand by increasing the wheel motor speed in the external side of the 
curve. The behavior of these speeds and torques are given by Fig. 9.3, 9.4 respectively, the       
Fig. 9.1, 9.2 shows the electromagnetic torque left and right variations. 

 

Figure 9.1:  Left motor electromagnetic torque Figure 9.2:  Right motor electromagnetic torque 
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Figure 9.3:  Vehicle speed in right turn in 

curved way 
Figure 9.4:  Resistive torques in right turn in 

curved way 

Table IV: Performances of the Backstepping controller in the vehicle speed loop 

Results v∆       
[Km/h] 

*
refLV      

[Km/h] 
∗

refRV     
[Km/h] 

Time 
curve    
[Sec] 

Curve 
angleα   

[°] 
Vh       

[Km/h] 
wLV      

[Km/h] 
wRV      

[Km/h] 
PI 5 65.74 54.26 2 5.81 60 65.6 54.15 

Backstepping 5 65 55 2 5.81 60 65 55 
 

Table V: Performances of the Backstepping and PI controllers on the vehicle torques response  

Results Total vehicle 
torques (Tv) 

Tire torque 
(Ttire) 

Aerodynamique 
torque(Taero) 

Slope torque 
(Tslope) 

Maximum value –
Backstepping  [Nm] 32.54 9.114 23.43 0 

Maximum value –
PI[Nm] 102.5 9.114 93.7 0 

Time application [Sec] Permanent Permanent Permanent No 
Application 

7   CONCLUSION 

In the field of electric drives with variable speed, an application of the electric vehicle controlled 
by an electronic differential is presented .The research outlined in this paper has demonstrate the 
feasibility of an improved vehicle stability which utilizes two independent back drive wheels for 
motion by using the Backstepping control. This paper proposes an 'independent machine's' 
control structure applied to a propulsion system by the Backstepping speed control law. The 
results obtained by simulation show that this structure permits the realization of an robust control 
based on Lyapunov feedback control which ensures good dynamic and static performances, 
however a good rising time, good disturbance rejection's response with no over shoot.The 
proposed Backstepping model controls the driving wheels speeds with high accuracy either in flat 
roads or curved ones and gives more and more safety to the electric vehicle drive in any slope 
and the disturbances do not affect the performances of the driving motors, the exciting result 
obtained by the feedback control is the absence of the overshoot and the tracking error. 

APPENDIX  

Table VI:  Electric vehicle Parameters          Table VII:  Induction Motors Parameters 
Te Motor traction torque  247 Nm 
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Je Moment on inertia of the drive train 7.07Kgm2 

Rw Wheel radius 0.36m 
a Total gear ratio 10.0 
η Total transmission efficiency  0.93 
M Vehicle mass 3904Kg 
fe Bearing friction coefficient  0.001 
Kd Aerodynamic coefficient 0.46 
A Vehicle frontal area  3.48 m2 

fv Vehicle friction coefficient 0.01 
α Grade angle of the road rad 
Lw Distance between two wheels and axes 2.5m 
dw Distance between the back and the front wheel 1.5m 

       
Table VIII:  Symbols, Designation and Units. 

Symbols Nomenclature  units 
Jv Vehicle inertia  Kg.m2 
Tv Vehicle torque  Nm 
Tslope Slope torque  Nm 
Taero Aerodynamique torque  Nm 
Ttire Tire torque  Nm 
Tin Inertia vehicle torque  Nm 
Nred Report of speed gear % 
G Gear box - 
NC Nonlinear Control - 
ρ Air density  
Cx Aerodynamic drag coefficient   
g Gravitational acceleration  N/m 
Udc Battery voltage Volt 
Kb Choice of direction coefficient Rad/sec 
∆W Angular speed variation given by electronic differential Rad/sec 
WrR Right wheel angular speed Rad/sec 
WrL Left wheel angular speed  Rad/sec 

∗
mRW  Right wheel angular speed of reference Rad/sec 
∗

mLW  Left wheel angular speed of reference  Rad 
δ Reel angle wheel curve’s Rad 
β Vehicle slip angle  Rad 
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