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The aim of this paper is the control of electric powered wheelchairs (EPW) which was made 

for people suffering of temporary or permanent disabilities due to illnesses or accidents. The 

EPW is powered by two Permanent Magnet Synchronous Motors (PMSM) that are 

characterized by high efficiency, high torque, low noise and robustness; hence the dynamic 

model of the both EPW-motors is presented in the first. After that, a comparative study is made 

between two nonlinear command theory; Integrator Backstepping based on the second method 

of Lyapunov which combine the choice of the energy function with the laws control, and, fuzzy 

logic introduced to approach human reasoning with the help of an adequate representation of 

knowledge. To evaluate the performance of the two controls, numerical simulations are 

presented to show the evolution of electrical and mechanical quantities, the energy consumed 

and the squared error of the displacement and velocity. However, the reference trajectory used 

is that generated by the fifth-degree polynomial interpolation, which ensures a regular 

trajectory that is continuous in positions, velocities and accelerations. 
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1. INTRODUCTION

People who suffer from lower and upper extremity 

impairments face serious complications to autonomously 

move in their daily lives. However, a large number of research 

projects which propose different powered wheelchair control 

systems are arising. 

The electric wheelchair is a unicycle robot with two driving 

wheels and two idle ones, kinematic and dynamic modelling 

confirms its multivariate nonlinear nature [1]. It is an 

electromechanical system whose complete analysis calls 

together the main disciplines: mechanics, electromechanics, 

power electronics, automatic, computer science [2].  

However, electric motor and navigational controls are the 

essential parts for the electric powered wheelchair moving. 

Several strategies have focused on the EPW’s velocity and 

direction control using different kinds of motors such as DC 

Motor [3], PMSM [4], brushless DC motors. We can find 

several examples in previous works such as adaptive controller 

[5], neural control techniques [6], robust controllers [7, 8], 

sliding mode [9, 10], backstepping [3], and fuzzy logic [11-

14]. 

The main purpose of this paper is to apply integrator 

backstepping nonlinear controller based on the second method 

of Lyapunov which combine the choice of the energy function 

with the laws control, in the first case. After that, the 

application of the fuzzy logic nonlinear controller with a 

generated trajectory reference. 

The interest of fuzzy logic lies in its ability to deal with the 

imprecise, the uncertain and the blurred. It stems from man's 

ability to decide and act appropriately despite the lack of 

available knowledge. Indeed, fuzzy logic has been introduced 

to approach human reasoning with the help of an adequate 

representation of knowledge [15-19]. The main advantages of 

fuzzy logic controllers are: simplicity and flexibility; can 

handle problems with imprecise and incomplete data; can 

model nonlinear functions of arbitrary complexity; cheaper to 

develop and can cover a wider range of operating conditions, 

more readily customizable in natural language terms. 

Thereafter, a comparative study of the two controllers is done. 

After introduction section, the organization of the paper is 

as follows: section 2 covers the dynamic modelling of EPW 

based on PMSM actuator. After that, integrator backstepping 

and fuzzy logic control applied to the global system is 

proposed in section 3 and 4. Simulations and result analysis 

are carried out in section 5. Finally, we draw conclusions in 

section 6. 

2. DYNAMIC MODELLING OF THE EPW BASED ON

PMSM ACTUATOR

The dynamic model of the electric wheelchair is essential 

for the controller design and simulation analysis, it is 

determined based on the Lagrange method, taking into 

consideration the different forces that affect its motion unlike 

kinematics model where the forces are not taken into 

consideration. 

Lagrange dynamics approach is a very powerful method for 

formulating the motion equations of mechanical systems. This 

method, which was introduced by Lagrange, is used to 

systematically derive the equations of motion by considering 

the kinetic and potential energies of the given system [10, 20]. 

To analyze the motion of this system; a fixed coordinate O-
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xy has been assigned as shown in Figure 1. 

 

 
 

Figure 1. Wheelchair model going up a slope 

 

Terms used in this part have the meaning summarized in 

Table 1. 

 

Table 1. Parameters of the EPW 

  
Symbol Description Value 

V 
Longitudinal velocity of the 

EPW 
m/s 

ar, al 
Rotational angle of the right/left 

wheel 
rad 

𝛼𝑚𝑟 , 𝛼𝑚𝑙  
Rotational angle of the right/left 

motor 
rad 

𝐶𝑒𝑚𝑟 , 𝐶𝑒𝑚𝑙  
Electromagnetic torques of the 

right/left motor 
N·m 

𝐶𝐹𝑟  , 𝐶𝐹𝑙 
Torque applied on the right/left 

wheel 
N·m 

Cr, Cl 
Load torques required of the 

right/left motor 
N·m 

𝛺𝑟 , 𝛺𝑙 
Angular rotor velocities of the 

right/left motor 
Rad/s 

Id, Iq d- and q-axis stator currents A 

Vd, Vq d- and q-axis stator voltages V 

M EPW with operator mass 210 kg 

Mw Mass of driving wheel 2 kg 

L 
Distance between the two driving 

wheels 
0.57 m 

l Length of the EPW 0.87 m 

R Radius of the driving wheel 0.17 m 

J Moment of inertia of the EPW 16.08 kg.m2 

Jw 
Moment of inertia of the driving 

wheel 
0.0289 kg.m2 

g Acceleration due to gravity 9.81 m/s2 

𝜓 Slope angle % 

fw 
Viscous friction coefficient of 

the wheel 

0.008 

N.m.s/rad 

𝜎 Gear ratio 0.03 

Ja Moment of inertia of the motor 0.0008 kg.m2 

fv 
Viscous friction coefficient of 

the motor 

0.00005 

N.m.s/rad 

Rs Per phase stator resistance 2.56 Ω 

Ld d-axis stator inductances 0.0064 H 

Lq q-axis stator inductances 0.0056 H 

𝜑𝑓 Permanent magnet flux 0.06 Wb 

P Number of pairs of poles 4 

Pn Rated power 400 W 

Nn Rated speed 3000 rpm 

 

The last two wheels are powered independently by two 

PMSM which their output is the right and left torque.  

We start by establishing the equations of motion of the right 

and left motors, which is given by: 

 

{
𝐽𝑎
𝑑Ω𝑟
𝑑𝑡

+ 𝑓𝑣Ω𝑟 + 𝐶𝑟 = 𝐶𝑒𝑚𝑟

𝐽𝑎
𝑑Ω𝑙
𝑑𝑡

+ 𝑓𝑣Ω𝑙 + 𝐶𝑙 = 𝐶𝑒𝑚𝑙

 (1) 

 

where: 

 

𝐶𝑒𝑚 = 𝑃[(𝐿𝑑 − 𝐿𝑞)𝐼𝑑𝐼𝑞 + 𝜑𝑓𝐼𝑞] (2) 

 

The nonlinear Park model of PMSM is defined in a rotor d-

q reference frame by following expression: 
 

{
 
 

 
 𝑑𝐼𝑑

𝑑𝑡
= −

𝑅𝑠
𝐿𝑑
𝐼𝑑 + 𝑃𝛺

𝐿𝑞

𝐿𝑑
𝐼𝑞 +

1

𝐿𝑑
𝑉𝑑

𝑑𝐼𝑞

𝑑𝑡
= −𝑃𝛺

𝐿𝑑
𝐿𝑞
𝐼𝑑 −

𝑅𝑠
𝐿𝑞
𝐼𝑞 +

1

𝐿𝑞
𝑉𝑞 −

𝑃𝛺

𝐿𝑞
𝜑𝑓

 (3) 

 

The Lagrange equations of the right and left wheel are given 

by: 

 

{
 
 
 
 

 
 
 
 �̈�𝑟 ((𝑚𝑤 +

𝑀

4
)𝑅2 + 𝐽𝑤 + 𝐽

𝑅2

𝐿2
) + �̈�𝑙 (

𝑀

4
−
𝐽

𝐿2
)𝑅2

+(𝑚𝑤 +
𝑀

2
)𝑔𝑅𝑠𝑖𝑛 𝜓 = 𝐶𝐹𝑟 − 𝑓𝑤�̇�𝑟

�̈�𝑙 ((𝑚𝑤 +
𝑀

4
)𝑅2 + 𝐽𝑤 + 𝐽

𝑅2

𝐿2
) + �̈�𝑟 (

𝑀

4
−
𝐽

𝐿2
)𝑅2

+(𝑚𝑤 +
𝑀

2
)𝑔𝑅𝑠𝑖𝑛 𝜓 = 𝐶𝐹𝑙 − 𝑓𝑤�̇�𝑙

 (4) 

 

Taking all these relations to introduce the motors dynamics 

in the total dynamic that includes the two driver wheel as well 

as the total mass, the parameter which connects them is called 

gear reduction ratio noted by 𝜎 such as:  

 

{
�̈�𝑚𝑟 =

1

𝜎
�̈�𝑟

�̈�𝑚𝑙 =
1

𝜎
�̈�𝑙

{
�̇�𝑚𝑟 =

1

𝜎
�̇�𝑟

�̇�𝑚𝑙 =
1

𝜎
�̇�𝑙

{
𝐶𝑟 = 𝜎𝐶𝐹𝑟
𝐶𝑙 = 𝜎𝐶𝐹𝑙

 

 

The system has two degrees of freedom [ar, al], where their 

stored values are the displacements Sr and Sl such as: 

{
𝑆𝑟 = 𝑅𝛼𝑟
𝑆𝑙 = 𝑅𝛼𝑙

. 

Finally, the nonlinear global model of the EPW is as follow: 

 

{
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

�̇�1 = 𝑥2
�̇�2 = 𝑙1𝑥2 + 𝑙2𝑥4 + 𝑦1𝑃[(𝐿𝑑 − 𝐿𝑞)𝑥5𝑥7 + 𝜑𝑓𝑥7]

+𝑦2𝑝[(𝐿𝑑 − 𝐿𝑞)𝑥6𝑥8 + 𝜑𝑓𝑥8] + 𝑏1𝑇

�̇�3 = 𝑥4
�̇�4 = 𝑙3𝑥2 + 𝑙4𝑥4 + 𝑦3𝑃[(𝐿𝑑 − 𝐿𝑞)𝑥5𝑥7 + 𝜑𝑓𝑥7]

+𝑦4𝑃[(𝐿𝑑 − 𝐿𝑞)𝑥6𝑥8 + 𝜑𝑓𝑥8] + 𝑏2𝑇

�̇�5 = −
𝑅𝑠
𝐿𝑑
𝑥5 +

𝑃𝐿𝑞

𝜎𝑅𝐿𝑑
𝑥2𝑥7 +

1

𝐿𝑑
𝑉𝑑𝑟

�̇�6 = −
𝑅𝑠
𝐿𝑑
𝑥6 +

𝑃𝐿𝑞

𝜎𝑅𝐿𝑑
𝑥4𝑥8 +

1

𝐿𝑑
𝑉𝑑𝑙

�̇�7 = −
𝑃𝐿𝑑
𝜎𝑅𝐿𝑞

𝑥2𝑥5 −
𝑅𝑠
𝐿𝑞
𝑥7 −

𝑃𝜑𝑓

𝜎𝑅𝐿𝑞
𝑥2 +

1

𝐿𝑞
𝑉𝑞𝑟

�̇�8 = −
𝑃𝐿𝑑
𝜎𝑅𝐿𝑞

𝑥4𝑥6 −
𝑅𝑠
𝐿𝑞
𝑥8 −

𝑃𝜑𝑓

𝜎𝑅𝐿𝑞
𝑥4 +

1

𝐿𝑞
𝑉𝑞𝑙

 (5) 

 

where, 𝑥 = [𝑆𝑟 �̇�𝑟 𝑆𝑙 �̇�𝑙 𝐼𝑑𝑟 𝐼𝑑𝑙 𝐼𝑞𝑟  𝐼𝑞𝑙]
𝑇

, 𝐵𝑣 = [0  𝑏1 0 𝑏2]
𝑇 , 

𝑢 = [𝑉𝑑𝑟 𝑉𝑑𝑙𝑉𝑞𝑟𝑉𝑞𝑙]
𝑇
, 𝑉 = 𝑇. 
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With 𝑙1 = 𝑙4 = −
𝑎𝑐

𝑎2−𝑏2
, 𝑙2 = 𝑙3 =

𝑏𝑐

𝑎2−𝑏2
, 𝑦1 = 𝑦4 =

𝑎𝑅

𝑎2−𝑏2
, 

𝑦2 = 𝑦3 = −
𝑏𝑅

𝑎2−𝑏2
, 𝑏1 = 𝑏2 =

𝑅

𝑎+𝑏
. 𝑇 = −𝜎 (

𝑀

2
+

𝑚𝑤)𝑔𝑅𝑠𝑖𝑛𝜓  and 𝑎 , 𝑏 , 𝑐  are the functions of the physical 

parameters as follow: 𝑎 =
𝐽𝑎

𝜎
+ 𝜎 {𝐽𝑤 + (

𝑀

4
+𝑚𝑤) 𝑅

2 +

(
𝑅

𝐿
)
2

𝐽}, 𝑏 = 𝜎𝑅2 (
𝑀

4
−

𝐽

𝐿2
), 𝑐 =

1

𝜎
𝑓𝑣 + 𝜎𝑓𝑤. 

The model obtained is multivariable (MIMO), nonlinear 

and strongly coupled. 

The second input of the system 𝑉𝑑𝑟,𝑙is determinate using the 

PMSM vector control in order to eliminate the coupling related 

to the inputs of the system by keeping 𝐼𝑑 equal to zero.  

 

𝑉𝑑 = −𝑝𝛺𝐿𝑞𝐼𝑞  (6) 

 

Since both rear wheels are driven by two motors, the speed 

of each driving wheel can be independently controlled. The 

electronic differential is therefore used to provide the required 

torques and speeds for each wheel. The slip on the rear wheels 

is ignored, so the speed of the wheels can be defined as a 

function of the radius of the wheels [21-23].  

The Figure 2 shows the steering left of the FRE. 

 

 
 

Figure 2. EPW design model during steering 

 

The linear speed of each wheel drive can be expressed as: 

 

{
𝑉𝑙 = 𝑤𝑉 (𝑟 −

𝐿

2
)

𝑉𝑟 = 𝑤𝑉 (𝑟 +
𝐿

2
)

 (7) 

 

where, 𝑟 =
𝑙

𝑡𝑎𝑛𝛿
 and 𝛿 is the steering angle, the angular speeds 

are: 

 

{
 
 

 
 
𝑤𝑙 =

𝑙 − (
𝐿
2
) 𝑡𝑎𝑛𝛿

𝑙
𝑤𝑉

𝑤𝑟 =
𝑙 + (

𝐿
2
) 𝑡𝑎𝑛𝛿

𝑙
𝑤𝑉

 (8) 

 

If the steering angle 𝛿 > 0, the EPW drives left and if 𝛿 <
0, the EPW drives right. If 𝛿 = 0, the EPW drives straight 

ahead. 

𝑤𝑉  is the centre of turn angular speed expressed by: 

 

𝑤𝑉 =
𝑤𝑙 + 𝑤𝑟

2
 (9) 

 

3. INTEGRATOR BACKSTEPPING CONTROL (IBC) 

OF THE GLOBAL SYSTEM 
 

The backstepping is based on the second method of 

Lyapunov, which combine the choice of the energy function 

with the laws control. In addition to the task for which the 

controller is designed (tracking and/or regulation), this 

warranty at any time, the overall asymptotical stability of the 

compensated system.  

Backstepping is a recursive procedure based on Lyapunov’s 

stability theory. Step by step, system states are chosen as 

virtual inputs to stabilize the corresponding subsystem [24].  

One of the solutions to improve the robustness of the control 

by backstepping and to be able to eliminate the residual errors, 

in the presence of disturbances, is the introducing of an 

integral action in the controllers generated by the backstepping.  

The steps of the control design are as follows: 

 

Step 1: Control of right wheel position. 

First, for right wheel position tracking objective defines the 

tracking error as: 

 

𝑒1 = 𝑥1 − 𝑥1𝑟𝑒𝑓 + 𝑘𝑥1∫ (𝑥1 − 𝑥1𝑟𝑒𝑓)𝑑𝑡
𝑡

0

 (10) 

 

The Lyapunov law considered and it derivate are: 

 

𝑉(𝑒1) = (1 2)𝑒1
2⁄  (11) 

 

�̇�(𝑒1) = 𝑒1(�̇�1 − �̇�1𝑟𝑒𝑓 + 𝑘𝑥1(𝑥1 − 𝑥1𝑟𝑒𝑓)) (12) 

 

According to the state representation: �̇�1 = 𝑥2. 

To get the negative derivate of the Lyapunov function, the 

virtual control is considered as: 

 

𝑥2 = 𝜑(𝑒1) = −𝐶1𝑒1 + �̇�1𝑟𝑒𝑓 − 𝑘𝑥1𝑥1 + 𝑘𝑥1𝑥1𝑟𝑒𝑓  (13) 

 

Therefore: �̇�(𝑒1) = −𝐶1𝑒1
2 < 0 with 𝐶1 > 0. 

Since the theorem is verified; the first subsystem is 

asymptotically stable. 

 

Step 2: Control of the right wheel speed. 

For right wheel speed tracking objective defines the 

tracking error as: 

 

𝑒2 = 𝑥2 − 𝑥2𝑟𝑒𝑓 + 𝑘𝑥2∫ (𝑥2 − 𝑥2𝑟𝑒𝑓)𝑑𝑡
𝑡

0

 (14) 

 

𝑥2𝑟𝑒𝑓  is the previous virtual control 𝜑(𝑒1). 

The increased energy function and it derivate are defined by: 

 

𝑉(𝑒1, 𝑒2) = 1 2𝑒1
2 + 1 2⁄⁄ 𝑒2

2 (15) 

 

�̇�(𝑒1, 𝑒2) = 𝑒1�̇�1 + 𝑒2�̇�2 (16) 

 

Development of �̇�2: 

 

�̇�2 = �̇�2 − �̇�2𝑟𝑒𝑓 + 𝑘𝑥2(𝑥2 − 𝑥2𝑟𝑒𝑓)

= 𝑙1𝑥2 + 𝑙2𝑥4 + 𝑦1𝐶𝑒𝑚𝑟

+ 𝑦2𝐶𝑒𝑚𝑙 + 𝑇 − �̇�2𝑟𝑒𝑓
+ 𝑘𝑥2(𝑥2 − 𝑥2𝑟𝑒𝑓) 

(17) 
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The expression of 𝑥2𝑟𝑒𝑓  and it derivate are: 

 

𝑥2𝑟𝑒𝑓 = −𝐶1𝑒1 + �̇�1𝑟𝑒𝑓 − 𝑘𝑥1(𝑥1 − 𝑥1𝑟𝑒𝑓) (18) 

 

�̇�2𝑟𝑒𝑓 = −(𝑘𝑥1 + 𝐶1) (𝑒2 − 𝑥2𝑟𝑒𝑓

+ 𝑘𝑥2∫ (𝑥2 − 𝑥2𝑟𝑒𝑓)𝑑𝑡
𝑡

0

)

+ 𝐶1 (�̇�1𝑟𝑒𝑓 − 𝑘𝑥1(𝑥1 − 𝑥1𝑟𝑒𝑓)) 

(19) 

 

Replacing in (12): 

 

�̇�2 = 𝑙1𝑥2 + 𝑙2𝑥4 + 𝑦1𝐶𝑒𝑚𝑟 + 𝑦2𝐶𝑒𝑚𝑙 + 𝑇

+ 𝑘𝑥2(𝑥2 − 𝑥2𝑟𝑒𝑓)

+ (𝑘𝑥1 + 𝐶1) (𝑒2 − 𝑥2𝑟𝑒𝑓

+ 𝑘𝑥2∫ (𝑥2 − 𝑥2𝑟𝑒𝑓)𝑑𝑡
𝑡

0

)

− 𝐶1 (�̇�1𝑟𝑒𝑓 − 𝑘𝑥1(𝑥1 − 𝑥1𝑟𝑒𝑓)) 

(20) 

 

The torque control expression is obtained: 

 

𝑦1𝐶𝑒𝑚𝑟𝑟𝑒𝑓 + 𝑦2𝐶𝑒𝑚𝑙𝑟𝑒𝑓

= −𝐶2𝑒2 − 𝑙1𝑥2 − 𝑙2𝑥4 − 𝑇

− 𝑘𝑥2(𝑥2 − 𝑥2𝑟𝑒𝑓)

− (𝑘𝑥1 + 𝐶1) (𝑒2 − 𝑥2𝑟𝑒𝑓

+ 𝑘𝑥2∫ (𝑥2 − 𝑥2𝑟𝑒𝑓)𝑑𝑡
𝑡

0

)

+ 𝐶1 (�̇�1𝑟𝑒𝑓 − 𝑘𝑥1(𝑥1 − 𝑥1𝑟𝑒𝑓)) 

(21) 

 

We note: 

 

𝑦0 = −𝐶2𝑒2 − 𝑙1𝑥2 − 𝑙2𝑥4 − 𝑇 − 𝑘𝑥2(𝑥2 − 𝑥2𝑟𝑒𝑓)

− (𝑘𝑥1 + 𝐶1) (𝑒2 − 𝑥2𝑟𝑒𝑓

+ 𝑘𝑥2∫ (𝑥2 − 𝑥2𝑟𝑒𝑓)𝑑𝑡
𝑡

0

)

+ 𝐶1 (�̇�1𝑟𝑒𝑓 − 𝑘𝑥1(𝑥1 − 𝑥1𝑟𝑒𝑓)) 

(22) 

 

Thus: �̇�(𝑒1, 𝑒2) = −𝐶1𝑒1
2 − 𝐶2𝑒2

2 < 0 with: 𝐶1,2 > 0. 

The stability of the two subsystems is checked. 

To solve (21) with two unknown virtual inputs; another 

equation of the two torques will be made from the step 3 and 

4. 
 

Step 3: Control of left wheel position. 

The tracking error is defined as: 
 

𝑒3 = 𝑥3 − 𝑥3𝑟𝑒𝑓 + 𝑘𝑥3∫ (𝑥3 − 𝑥3𝑟𝑒𝑓)𝑑𝑡
𝑡

0

 (23) 

 

The augmented Lyapunov law and it derivate are: 

 

𝑉(𝑒1, 𝑒2, 𝑒3) =
1

2
𝑒1
2 +

1

2
𝑒2
2 +

1

2
𝑒3
2 (24) 

 

�̇�(𝑒1, 𝑒2, 𝑒3) = 𝑒1�̇�1 + 𝑒2�̇�2 + 𝑒3�̇�3 (25) 

According to the state representation: �̇�3 = 𝑥4. 

The virtual control is setting as: 

 

𝑥4 = 𝜑(𝑒3)  = −𝐶3𝑒3 + �̇�3𝑟𝑒𝑓 − 𝑘𝑥3𝑥3 + 𝑘𝑥3𝑥3𝑟𝑒𝑓  (26) 

 

Therefore: �̇�(𝑒1, 𝑒2, 𝑒3) = −𝐶1𝑒1
2 − 𝐶2𝑒2

2 − 𝐶3𝑒3
2 < 0 with: 

𝐶1,2,3 > 0. 

The stability of the increased systems is verified. 

 

Step 4: Control of the left wheel speed. 

For left wheel speed tracking objective defines the tracking 

error as: 

 

𝑒4 = 𝑥4 − 𝑥4𝑟𝑒𝑓 + 𝑘𝑥4∫ (𝑥4 − 𝑥4𝑟𝑒𝑓)𝑑𝑡
𝑡

0

 (27) 

 

𝑥4𝑟𝑒𝑓  is the previous virtual control 𝜑(𝑒3). 

Finally, the augmented Lyapunov law and it derivate are 

defined by: 

 

𝑉(𝑒1, 𝑒2, 𝑒3, 𝑒4) =
1

2
𝑒1
2 +

1

2
𝑒2
2 +

1

2
𝑒3
2 +

1

2
𝑒4
2 (28) 

 

�̇�(𝑒1, 𝑒2, 𝑒3, 𝑒4) = 𝑒1�̇�1 + 𝑒2�̇�2 + 𝑒3�̇�3 + 𝑒4�̇�4 (29) 

 

Development of �̇�4: 

 

�̇�4 = �̇�4 − �̇�4𝑟𝑒𝑓 = 𝑙3𝑥2 + 𝑙4𝑥4 + 𝑦3𝐶𝑒𝑚𝑟

+ 𝑦4𝐶𝑒𝑚𝑙 + 𝑇 + 𝑘𝑥4(𝑥4 − 𝑥4𝑟𝑒𝑓)

+ (𝑘𝑥3 + 𝐶3) (𝑒4 − 𝑥4𝑟𝑒𝑓

+ 𝑘𝑥4∫ (𝑥4 − 𝑥4𝑟𝑒𝑓)𝑑𝑡
𝑡

0

)

− 𝐶3 (�̇�3𝑟𝑒𝑓 − 𝑘𝑥3(𝑥3 − 𝑥3𝑟𝑒𝑓)) 

(30) 

 

The torques control expression are: 

 

𝑦3𝐶𝑒𝑚𝑟𝑟𝑒𝑓 + 𝑦4𝐶𝑒𝑚𝑙𝑟𝑒𝑓

= −𝐶4𝑒4 − 𝑙3𝑥2 − 𝑙4𝑥4 − 𝑇

− 𝑘𝑥4(𝑥4 − 𝑥4𝑟𝑒𝑓)

− (𝑘𝑥3 + 𝐶3) (𝑒4 − 𝑥4𝑟𝑒𝑓

+ 𝑘𝑥4∫ (𝑥4 − 𝑥4𝑟𝑒𝑓)𝑑𝑡
𝑡

0

)

+ 𝐶3 (�̇�3𝑟𝑒𝑓 − 𝑘𝑥3(𝑥3 − 𝑥3𝑟𝑒𝑓)) 

(31) 

 

We note: 

 

𝑦5 = −𝐶4𝑒4 − 𝑙3𝑥2 − 𝑙4𝑥4 − 𝑇 − 𝑘𝑥4(𝑥4 − 𝑥4𝑟𝑒𝑓)

− (𝑘𝑥3 + 𝐶3) (𝑒4 − 𝑥4𝑟𝑒𝑓

+ 𝑘𝑥4∫ (𝑥4 − 𝑥4𝑟𝑒𝑓)𝑑𝑡
𝑡

0

)

+ 𝐶3 (�̇�3𝑟𝑒𝑓 − 𝑘𝑥3(𝑥3 − 𝑥3𝑟𝑒𝑓)) 

(32) 

 

Consequently: �̇�(𝑒1, 𝑒2, 𝑒3, 𝑒4) = −𝐶1𝑒1
2 − 𝐶2𝑒2

2 − 𝐶3𝑒3
2 −

𝐶4𝑒4
2 < 0 with 𝐶1,2,3,4 > 0. 

The unknown control system is summarized as follow: 
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{
𝑦1𝐶𝑒𝑚𝑟𝑟𝑒𝑓 + 𝑦2𝐶𝑒𝑚𝑙𝑟𝑒𝑓 = 𝑦0
𝑦3𝐶𝑒𝑚𝑟𝑟𝑒𝑓 + 𝑦4𝐶𝑒𝑚𝑙𝑟𝑒𝑓 = 𝑦5

 (33) 

 

The input right and left references torques is obtained after 

the resolution of the two last equations as: 

 

𝐶𝑒𝑚𝑟𝑟𝑒𝑓 = 𝑦0 𝑦1⁄ − 𝑦2 𝑦1𝐶𝑒𝑚𝑙𝑟𝑒𝑓⁄  (34) 

 

𝐶𝑒𝑚𝑙𝑟𝑒𝑓 = 𝑦1𝑦5 − 𝑦3𝑦0 𝑦4𝑦1 − 𝑦3𝑦2⁄  (35) 

 

Step 5: Electromagnetic torque control of the right wheel. 

For this step the error is: 

 

𝑒5 = 𝐶𝑒𝑚𝑟 − 𝐶𝑒𝑚𝑟𝑟𝑒𝑓

+ 𝑘𝑥5∫ (𝐶𝑒𝑚𝑟 − 𝐶𝑒𝑚𝑟𝑟𝑒𝑓)𝑑𝑡
𝑡

0

 
(36) 

 

The Lyapunov law considered and it derivate are: 

 

𝑉(𝑒1, 𝑒2, 𝑒3, 𝑒4, 𝑒5)

=
1

2
𝑒1
2 +

1

2
𝑒2
2 +

1

2
𝑒3
2 +

1

2
𝑒4
2

+
1

2
𝑒5
2 

(37) 

 

�̇�(𝑒1, 𝑒2, 𝑒3, 𝑒4, 𝑒5)
= 𝑒1�̇�1 + 𝑒2�̇�2 + 𝑒3�̇�3 + 𝑒4�̇�4
+ 𝑒5�̇�5 

(38) 

 

Development of �̇�5: 

 

�̇�5 = 𝐶𝑒𝑚𝑟
̇ − 𝐶𝑒�̇�𝑟𝑟𝑒𝑓 + 𝑘𝑥5(𝐶𝑒𝑚𝑟 − 𝐶𝑒𝑚𝑟𝑟𝑒𝑓) (39) 

 

The torque expression (rotor surface magnets) is defined as: 

 

𝐶𝑒𝑚𝑟 = 𝑃𝜑𝑓𝐼𝑞𝑟  (40) 

 

Replacing (40) in (39):  

 

�̇�5 = 𝑃𝜑𝑓 𝐿𝑑⁄ [(𝑉𝑞𝑟 − 𝑅𝑠𝐼𝑞 − 𝑤𝐿𝑑𝐼𝑞 − 𝑤𝜑𝑓)

− 𝐶𝑒�̇�𝑟𝑟𝑒𝑓]

+ 𝑘𝑥5(𝐶𝑒𝑚𝑟 − 𝐶𝑒𝑚𝑟𝑟𝑒𝑓) 

(41) 

 

The real input control of the right motor is: 

 

𝑉𝑞𝑟 = −𝐶5𝑒5 + 𝑅𝑠𝐼𝑞 + 𝑤𝐿𝑑𝐼𝑑 +𝑤𝜑𝑓
+ 𝐿𝑞 𝑃𝜑𝑓⁄ 𝐶𝑒�̇�𝑟𝑟𝑒𝑓

− 𝐿𝑞 𝑃𝜑𝑓⁄ (𝑘𝑥5(𝐶𝑒𝑚𝑟

− 𝐶𝑒𝑚𝑟𝑟𝑒𝑓)) 

(42) 

 

With: 

 

𝐶𝑒�̇�𝑟𝑟𝑒𝑓 = (1 𝑦0)⁄ �̇�0 − (𝑦2 𝑦1)⁄ 𝐶𝑒�̇�𝑙𝑟𝑒𝑓  (43) 

 

And: 

 

�̇�0 = −[(𝐶2 + 𝐶1 + 𝑘𝑥1 + 𝑘𝑥2+ 𝑙1) 𝑙1
+ ( 𝐶2 + 𝐶1 +  𝑘𝑥1 − 𝐶1
− 𝑘𝑥1)𝑘𝑥2 + 𝑙2 𝑙3
+ 𝐶1 𝑘𝑥1(𝐶1 + 𝑘𝑥1)]𝑥2
− [(𝐶2 + 𝐶1 + 𝑘𝑥2+𝑙1
+ 𝑘𝑥2+𝑙4)𝑙2] 𝑥4
− [(𝐶2  +  𝐶1 + 𝑘𝑥1+𝑙1 + 𝑘𝑥2) 𝑦1  
+ 𝑦3𝑙2] 𝐶𝑒𝑚𝑟𝑟𝑒𝑓

− [(𝑙2+𝑙1 + 𝑘𝑥2)𝑦4
+ (𝐶2 + 𝐶1 + 𝑘𝑥1)𝑦2]𝐶𝑒𝑚𝑙𝑟𝑒𝑓

− [𝐶2 + 𝐶1 + 𝑘𝑥1+𝑙1 + 𝑘𝑥2 + 𝑙2]𝑇
+ [(𝐶2 + 𝐶1 + 𝑘𝑥1) (𝐶1 + 𝑘𝑥2
+ 𝑘𝑥1) + (𝐶1 + 𝑘𝑥1)𝑘𝑥2] 𝑥4𝑟𝑒𝑓
− [(𝐶2 + 𝐶1 + 𝑘𝑥1) (𝐶1 + 𝑘𝑥1)]𝑒4
− (𝐶2 + 𝐶1 + 𝑘𝑥1)(𝐶1

+ 𝑘𝑥1) 𝑘𝑥2∫ (𝑥2 − 𝑥2𝑟𝑒𝑓)𝑑𝑡
𝑡

0

− 𝐶1𝑘𝑥1(𝐶2 + 𝐶1 + 𝑘𝑥1)(𝑥1
− 𝑥1𝑟𝑒𝑓) 

(44) 

 

Therefore: �̇�(𝑒1, 𝑒2, 𝑒3, 𝑒4) = −𝐶1𝑒1
2 − 𝐶2𝑒2

2 − 𝐶3𝑒3
2 −

𝐶4𝑒4
2 < 0 with 𝐶1,2,3,4 > 0. 

  

Step 6: Control of the left wheel torque. 

Take 𝑒6 as last error:  

 

𝑒6 = 𝐶𝑒𝑚𝑙 − 𝐶𝑒𝑚𝑙𝑟𝑒𝑓

+ 𝑘𝑥6∫ (𝐶𝑒𝑚𝑙 − 𝐶𝑒𝑚𝑙𝑟𝑒𝑓)𝑑𝑡
𝑡

0

 
(45) 

 

The last Lyapunov increased function and it derivate are:

  

𝑉(𝑒1, 𝑒2, 𝑒3, 𝑒4, 𝑒5, 𝑒6)

=
1

2
𝑒1
2 +

1

2
𝑒2
2 +

1

2
𝑒3
2 +

1

2
𝑒4
2

+
1

2
𝑒5
2 +

1

2
𝑒6
2 

(46) 

 

�̇�(𝑒1, 𝑒2, 𝑒3, 𝑒4, 𝑒5, 𝑒6)
= 𝑒1�̇�1 + 𝑒2�̇�2 + 𝑒3�̇�3 + 𝑒4�̇�4
+ 𝑒5�̇�5 + 𝑒6�̇�6 

(47) 

 

Development of �̇�6: 

 

�̇�6 = 𝐶𝑒𝑚𝑙
̇ − 𝐶𝑒�̇�𝑙𝑟𝑒𝑓 + 𝑘𝑥6(𝐶𝑒𝑚𝑙 − 𝐶𝑒𝑚𝑙𝑟𝑒𝑓) (48) 

 

The torque expression: 

 

𝐶𝑒𝑚𝑙 = 𝑃𝜑𝑓𝐼𝑞𝑙  (49) 

 

Replacing (49) in (48):  

 

�̇�6 = 𝑃𝜑𝑓 𝐿𝑑⁄ [(𝑉𝑞𝑙 − 𝑅𝑠𝐼𝑞 − 𝑤𝐿𝑑𝐼𝑞 − 𝑤𝜑𝑓)

− 𝐶𝑒�̇�𝑙𝑟𝑒𝑓]

+ 𝑘𝑥6(𝐶𝑒𝑚𝑙 − 𝐶𝑒𝑚𝑙𝑟𝑒𝑓) 

(50) 

 

The real input control: 
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𝑉𝑞𝑙 = −𝐶6𝑒6 + 𝑅𝑠𝐼𝑞 + 𝑤𝐿𝑑𝐼𝑑 + 𝑤𝜑𝑓
+ 𝐿𝑞 𝑃𝜑𝑓⁄ 𝐶𝑒�̇�𝑙𝑟𝑒𝑓

− 𝐿𝑞 𝑃𝜑𝑓⁄ (𝑘𝑥6(𝐶𝑒𝑚𝑙

− 𝐶𝑒𝑚𝑙𝑟𝑒𝑓)) 

(51) 

 

With: 

 

𝐶𝑒�̇�𝑟𝑟𝑒𝑓 = (1 𝑦4𝑦1 − 𝑦3𝑦2)⁄ (𝑦1�̇�5 − 𝑦3�̇�0) (52) 

 

And: 

   

�̇�5 = −[(𝐶3 + 𝐶4 + 𝑘𝑥3+𝑙1 + 𝑘𝑥4+𝑙4)𝑙3]𝑥2
− [(𝐶3 + 𝐶4 + 𝑘𝑥3 + 𝑘𝑥4+𝑙4)𝑙4
+ (𝐶3 + 𝐶4 + 𝑘𝑥3 − 𝐶3 − 𝑘𝑥3)𝑘𝑥4
+ 𝑙2𝑙3 + 𝐶3𝑘𝑥3(𝐶3 + 𝑘𝑥3)]𝑥4
− [(𝐶3 + 𝐶4 + 𝑘𝑥3+𝑙4 + 𝑘𝑥4)𝑦3
+ 𝑦1𝑙3]𝐶𝑒𝑚𝑟𝑟𝑒𝑓

− [(𝐶3 + 𝐶4 + 𝑘𝑥3+𝑙4 + 𝑘𝑥4)𝑦4
+ 𝑦2𝑙3]𝐶𝑒𝑚𝑙𝑟𝑒𝑓

− [𝐶3 + 𝐶4 + 𝑘𝑥3+𝑙4 + 𝑘𝑥4 + 𝑙3]𝑇
+ [(𝐶3 + 𝐶4 + 𝑘𝑥3) (𝐶3 + 𝑘𝑥4
+ 𝑘𝑥3) + (𝐶3 + 𝑘𝑥3)𝑘𝑥4]𝑥4𝑟𝑒𝑓
− [(𝐶3 + 𝐶4 + 𝑘𝑥3)(𝐶3 + 𝑘𝑥3)]𝑒4
− (𝐶3 + 𝐶4 + 𝑘𝑥3)(𝐶3

+ 𝑘𝑥3)𝑘𝑥4∫ (𝑥4 − 𝑥4𝑟𝑒𝑓)𝑑𝑡
𝑡

0

− 𝐶3𝑘𝑥3(𝐶3 + 𝐶4 + 𝑘𝑥3)(𝑥3
− 𝑥3𝑟𝑒𝑓) 

(53) 

 

Therefore: �̇�(𝑒1, 𝑒2, 𝑒3, 𝑒4, 𝑒5, 𝑒6) = −𝐶1𝑒1
2 − 𝐶2𝑒2

2 −
𝐶3𝑒3

2 − 𝐶4𝑒4
2 − 𝐶5𝑒5

2 − 𝐶6𝑒6
2 < 0 with: 𝐶1,2,3,4,5,6 > 0 

The block diagram for the IBC application on the EPW is 

illustrated in Figure 3. 

 

 
 

Figure 3. Block diagram of the IBC for EPW 

 

 

4. FUZZY LOGIC CONTROL (FLC) OF THE GLOBAL 

SYSTEM 
 

 
 

Figure 4. Structure of the FLC 

As shown in Figure 4, the FLC structure has three main 

components such as fuzzification, fuzzy inference engine 

(decision logic), and defuzzification [11]. 

The first block is fuzzification which converts each element 

of input data to degrees of membership by a lookup in one or 

several membership functions. The rule base and inference 

base have the capability of simulating human decision-making 

based on fuzzy concepts and the capability of inferring fuzzy 

control actions employing fuzzy implication and the rules of 

inference in fuzzy logic. The third operation is called as 

defuzzification. The resulting fuzzy set is defuzzified into a 

crisp control signal. The most common methods are as follows: 

Center of Gravity (COG), Bisector of Area (BOA), Mean of 

Maximum (MOM), Smallest of Maximum (SOM) and Largest 

of Maximum (LOM) [25, 26]. 

The designing procedure of the fuzzy controller [12] applied 

to EPW is described as follows: 

Step 1. Choice of inputs and outputs of FLC: The input 

variables of the FLC are error, 𝑒  (𝑒𝑟 = 𝑆𝑟𝑟𝑒𝑓 − 𝑆𝑟  and 𝑒𝑙 =

𝑆𝑙𝑟𝑒𝑓 − 𝑆𝑙 ) and error derivation, �̇�  of wheel position. The 

output variable of the fuzzy controller is the driving wheel 

control input 𝑉𝑞 . 

Step 2. Definition of membership functions of FLC: Each 

input and output variable have seven fuzzy sets. The triangular 

and trapezoidal membership functions were used for both 

input and output of FLC to the interval [-1, 1], as shown in 

Figure 5 and Figure 6. 

 

 
 

Figure 5. Membership functions of input 𝑒𝑟 , �̇�𝑟 , 𝑒𝑙 , �̇�𝑙 
 

 
 

Figure 6. Membership functions of output 𝑉𝑞𝑟 , 𝑉𝑞𝑙 
Note: The abbreviations used in the figure mean: NB (Negative Big), NM 
(Negative Medium), NS (Negative Small), Z (Zero), PS (Positive Small), 

PM (Positive Medium) and PB (Positive Big). 

 

Step 3. Design of the inference mechanism rules to find the 

input-output relation: This paper uses Mamdani (Max-Min) 

inference mechanism. The fuzzy IF-THEN rules of the 

controller are given in Table 2. 

Step 4. Defuzzification of the output variable of fuzzy 

mechanism: The resulting fuzzy set must be converted to a 

signal that can be sent to the process as a control input. Center 

of gravity was used here for defuzzification schema. 
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Table 2. Rule base of EPW 

 
    𝑒  

�̇�     
NB NM NS Z PS PM PB 

NB NB NB NM NM NS NS Z 

NM NB NM NM NS NS Z PS 

NS NM NM NS NS Z PS PS 

Z NM NS NS Z PS PS PM 

PS NS NS Z PS PS PM PM 

PM NS Z PS PS PM PM PB 

PB Z PS PS PM PM PB PB 

 

The block diagram for the FLC application on the EPW is 

illustrated in Figure 7. 

 

 
 

Figure 7. Block diagram of the FLC for EPW 

 

 

5. SIMULATION RESULTS AND DISCUSSION 

 

To evaluate the performance of the two controls applied to 

EPW driven by two PMSM, we simulate the displacement and 

velocity tracking, we also show the evolution of electrical and 

mechanical quantities.  

First, we start by generating the reference movements of the 

right and left wheel. The use of polynomial form is a very 

practical tool for calculating movement. The most frequently 

encountered polynomial interpolation method is interpolation 

by the fifth-degree polynomials, which ensures the continuity 

of movement in position, velocity and acceleration [27, 28].  

The point-to-point trajectory between 𝑆𝑖  and 𝑆𝑓  is 

determined by the following equations: 

 

𝑆(𝑡) = 𝑆𝑖 + 𝑟(𝑡)𝐷   for   0 ≤ 𝑡 ≤ 𝑡𝑓 (54) 

 

�̇�(𝑡) = �̇�(𝑡)D (55) 

 

With: 𝐷 = 𝑆𝑓 − 𝑆𝑖 . the values at the limits of the 

interpolation function 𝑟(𝑡)  are given by: 𝑟(0)  =  0  and 

𝑟(𝑡𝑓)  =  1. 

The polynomial is obtained by using the following 

boundary conditions: 𝑆(0) = 𝑆𝑖 , 𝑆(𝑡𝑓) = 𝑆
𝑓 , �̇�(0) = 0 , 

�̇�(𝑡𝑓) = 0, �̈�(0) = 0, �̈�(𝑡𝑓) = 0.  

And, using the following polynomial form: 

 

𝑆(𝑡) = 𝑎0 + 𝑎1𝑡 + 𝑎2𝑡
2 + 𝑎3𝑡

3 + 𝑎4𝑡
4 + 𝑎5𝑡

5 (56) 

 

We show that the movement function of the fifth-degree can 

be in the form (54) or (55) with: 

 

𝑟(𝑡) = 10(
𝑡

𝑡𝑓
)

3

− 15(
𝑡

𝑡𝑓
)

4

+ 6(
𝑡

𝑡𝑓
)

5

 (57) 

 
(a) 

 
(b) 

 
(c) 

 

Figure 8. Reference trajectories of the right/left wheel. (a) 

Displacement, (b) Velocity, (c) Acceleration 

 

Table 3. Parameters IBC 

 
Parameter Value 

C1=C3 1000 

C2=C4 10 

Kx1=kx3 1000 

Kx2=kx4 500 

 

Table 4. Parameters FLC 

 
Parameter Value 

𝑘𝑒𝑟 = 𝑘𝑒𝑙  500 

𝑘∆𝑒𝑟 = 𝑘∆𝑒𝑙 100 

𝐾𝑉𝑞𝑟 = 𝐾𝑉𝑞𝑙 400 

𝐾∆𝑉𝑞𝑟 = 𝐾∆𝑉𝑞𝑙  5000 

 

For a displacement of 0 m to 18.75 m in 10 s which 

correspond to a variable velocity up to 2.5 m/s, we have opted 

for the trajectories shown in Figure 8 by performing a slope 

variation from 𝜓 = 0%  to 𝜓 = 0.17%  in the time interval 

t=5.5 s to t=7.5 s and a direction change from 𝛿 = 0 ° to 𝛿 =
0.1 ° between t=3.5 s and t=5 s achieved by the electronic 

differential. During this turning, the wheels don’t turn at the 

same velocity. Indeed, the left wheel travels more distance 

than the right wheel. 
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After several simulation tests by using the method of trial 

and error for each controller, we obtain the adequate 

parameters in Table 3 and Table 4. 

Figure 9, Figure 10, Figure 11 and Figure 12 represent, 

respectively the displacement and velocity trajectory tracking 

of the right and left drive wheel, we note that the measured 

trajectories perfectly follow the references. The velocities 

increase to a maximum value which remains maintained 

during the steady state and then returns to zero, which 

corresponds to the final state. 

 

 
 

Figure 9. Displacement of the right wheel 

 

 
 

Figure 10. Displacement of the left wheel 

 

 
 

Figure 11. Velocity of the right wheel 

 

 
 

Figure 12. Velocity of the left wheel 

Figure 13 shows the evolution of the electromagnetic torque 

𝐶𝑒𝑚𝑟,𝑙  of the both PMSM, they increase to a maximum value, 

then they return to a very small positive value which remains 

constant in steady state, however, they react in the case of 

turning and slope variation, then they go to a negative 

minimum value and return to zero at the end. These torques 

are directly proportional to the stator quadrature currents 𝐼𝑞𝑟,𝑙 

given in Figure 14. The stator direct currents 𝐼𝑑𝑟,𝑙  are 

maintained at zero by the vector control as shown in Figure 15. 

The direct and quadrature voltage inputs of both PMSM 

(𝑉𝑑𝑟,𝑙 , 𝑉𝑞𝑟,𝑙) don’t exceed their nominal values as shown in 

Figure 16 and Figure 17 respectively. Likewise, the steering 

left and slope variation have no effect on the various quantities 

of the system.  

The results obtained show the efficiency of the two controls 

of the global system (EPW+PMSM), with better tracking, fast 

response, without overshoot.  

 

 
 

Figure 13. Electromagnetic torque of the right/ left motor 

 

 
 

Figure 14. q-axis stator current of the right/left motor 

 

 
 

Figure 15. d-axis stator current of the right/ left motor 
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Figure 16. d-axis stator voltage of the right/ left motor 

 

 
 

Figure 17. q-axis stator voltage of the right/ left motor 

 

 
 

Figure 18. Squared error of displacement 

 

 
 

Figure 19. Squared error of velocity 

 

 
 

Figure 20. Energy consumed 

 

To compare the performance of these two controls, we 

performed two measurements. The first is to plot the evolution 

of the squared error of the displacement and velocity during 

the application of the different commands shown in Figure 18 

and Figure 19 respectively, while the second measure will 

allow the plot of the evolution of the energy consumed as 

shown in Figure 20. Comparing squared errors, we find that 

fuzzy control is even more accurate than the integral 

backstepping control because it has less error. While the 

energy consumed is almost the same for both controllers. 

 

 

6. CONCLUSIONS 

 

In this study, a dynamic modelling of EPW using PMSM as 

an actuator is considered. It is an electromechanical, 

multivariable, nonlinear and strongly coupled system, hence 

the necessity to introduce the robust controllers.  

A nonlinear command by backstepping with integral action 

was applied to the model (EPW+PMSM) in the first. With this 

control, the quality of the performances in the static and 

dynamic states is ensured. Robustness intrinsic to 

backstepping is reinforced through the integral’s terms added 

in the design of the backstepping law. In the second half, the 

fuzzy logic controller was established to track the trajectory of 

the EPW. This technique, based on artificial intelligence, 

improves the precision and robustness of the controlled system. 

The different results obtained confirm the feasibility of the 

two controllers with slight difference when applying the FLC.  

An experimental implementation of these two controllers is 

targeted in future work. 
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