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Abstract—This paper tackles the tracking position control 

dilemma of permanent magnet linear synchronous motors with 

parameter uncertainties and load force disturbance. Adaptive 

nonlinear backstepping control augmented with sliding mode 

control (SMC) is proposed to solve the problem of load force 

distribution. The backstepping is a recursive control technique 

where its stability is ensured at each step. However, its 

sensitivity to uncertainties, disturbances, and electromagnetic 

noise leads to unwanted performances. SMC is a well-known 

nonlinear robust approach for uncertain dynamical systems and 

reduces its parametric adaptive laws.  However, implementing 

this technique in real-time applications is stopped by its main 

shortcoming, the undesirable chattering phenomenon.  The 

saturation function is used to reduce the chattering 

phenomenon.  The incorporation of these approaches is a 

promising solution to provide a suitable position tracking of 

PMLSM in the presence of parameter uncertainties and load 

force disturbance. The simulation tests have been performed on 

the PMLSM system to prove the effectiveness and robustness of 

the proposed controller law.  The results highlighted satisfactory 

position tracking performance in transient conditions and 

steady-state and under different load force disturbances. 

Keywords—Adaptive Control, Backstepping Sliding Mode 

Controller, Hybrid Controller, Position Control, Permanent 

Magnet Linear Synchronous Motors 

I. INTRODUCTION 

Electric motors (EMs) are essential to many different 

industries because they transform electrical energy into 

mechanical power that powers everything from industrial 

machines to electric cars [1]-[4]. Permanent-magnet linear 

synchronous motors (PMLSMs), one of the many varieties of 

EMs, are especially well-known for their exceptional 

accuracy and efficiency. These EMs' performance 

characteristics are greatly improved by the use of permanent 

magnets in the rotor, which guarantee synchronized magnetic 

fields with the stator [5]-[8]. Nevertheless, since PMSMs are 

nonlinear, coupled, and multivariable, they are fundamentally 

complicated despite their benefits. To attain optimal 

performance, this complexity calls for the creation of 

sophisticated control systems [9]-[13]. PMLSMs have 

traditionally been managed using conventional control 

techniques like field-oriented control (FOC). To maximize 

EM performance, FOC works by separating the torque and 

flux components.   Although it works well in many situations, 

FOC may have trouble being resilient when faced with 

changes in parameters and outside disruptions [14]-[17]. 

Scholars are developing sophisticated control strategies that 

combine reliability, optimization, and nonlinear control to 

overcome these constraints. These methods include adaptive 

control, backstepping control (BC), sliding mode control 

(SMC), feedback linearization, and other clever methods.  

These techniques' main goal is to improve PMLSMs' general 

efficacy by efficiently controlling their nonlinear dynamics 

and reducing uncertainty [18]-[20]. 

The direct drive design of mechanical applications based 

on a PMLSM is a potential candidate to meet the increasing 

demands for higher contouring accuracy at high machine 

speeds [21], [22]. The direct drive design based on PMLSM 

has the following advantages over its indirect counterpart: no 

backlash and less friction, high speed and high precision in 

long-distance locations, simple mechanical construction 

resulting in higher reliability and frame stiffness, and high 

thrust force however, many control methods are employed to 

achieve the good performance [23]-[25]. 

The conventional control methods for linear motors are 

faced with a challenge because of the existence of system 

parameter perturbation and edge effect etc. [26]-[28]. New 

advanced control schemes have been proposed to reduce 

disruption and attain good performance. Ref. [29], [30] used 

an SMC of surface-mount PMLSM based on an error model 

with an unknown load, and [31] proposed a nonlinear optimal 

control approach for PMLSMs. Ref. [32] implemented the 

speed SMC of PMLSM with load force observer [33] 
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developed and realized the adaptive nonlinear disturbance 

observer using double loop self-organizing recurrent 

wavelet-neural-network for two-axis motion control system, 

and [34] proposed research on predictive functional control 

based on disturbance observer for PMLSM speed system, and 

[35], [36] proposed adaptive SMC with nonlinear disturbance 

observer for uncertain nonlinear system based on 

backstepping method, and [37] realized a sensorless vector 

control of PMLSM based on self-adaptive super-twisting 

SMC, Implementation on adaptive SMC position of PMLSM 

was proposed in [38], recurrent function all ink based fuzzy 

neural network controller with improved particle swarm 

optimization for a linear synchronous motor drive, in [39], 

and FPGA-realization of adaptive fuzzy controller for the 

linear x-y table in [40]. 

It is, well known that the control performance of the 

PMLSM is sensitive to the load disturbance and mass 

variation because the motor mover drives directly moving 

parts or the load force is directly applied to the motor, so 

that’s forced to find control strategies to solve these 

problems. In this paper, we have presented hybrid control, 

adaptive backstepping SMC with estimated load force to 

overcome this problem and find a good performance in all 

driving conditions. 

II. PMLSM SYSTEM 

The dynamics model of PMLSM can be described as 

follows [41]-[43]: 

𝑑𝑖𝑑
𝑑𝑡

= −
𝑅𝑠
𝐿𝑑
𝑖𝑑 +

𝐿𝑞𝜋

𝐿𝑑𝜏
𝑣𝑖𝑞 +

1

𝐿𝑑
𝑢𝑑 (1) 

𝑑𝑖𝑞

𝑑𝑡
= −

𝑅𝑠
𝐿𝑞
𝑖𝑞 −

𝐿𝑑𝜋

𝐿𝑞𝜏
𝑣𝑖𝑑 −

𝜓𝜋

𝐿𝑞𝜏
𝑣 +

1

𝐿𝑞
𝑢𝑞 (2) 

𝑑𝑣

𝑑𝑡
=

3𝜋

2𝜏𝑀
𝑖𝑞(𝜓 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑) −

𝐹𝐿
𝑀
−
𝐵𝑚
𝑀
𝑣 (3) 

III. DESIGNING OF ADAPTIVE BACKSTEPPING SLIDING 

MODE CONTROLLER 

The objective is to design adaptive position control in the 

overall operating system. 

A. Step 1 

For a position tracking system, the position tracking error 

can be defined as: 

𝑒1 = 𝑥𝑟𝑒𝑓 − 𝑥 (4) 

Its derivative is: 

𝑒̇1 = 𝑥̇𝑟𝑒𝑓 − 𝑣 (5) 

The Lyapunov stability function is defined as: 

𝑉1 =
1

2
𝑒1
2 (6) 

And the derivative of 𝑉1 is: 

𝑉̇1 = 𝑒1(𝑥̇𝑟𝑒𝑓 − 𝑣) = −𝑘1𝑒1
2 (7) 

where 𝑘1  is a strictly positive constant.  

The virtual speed control functions can be defined as: 

𝑣 = 𝑥̇𝑟𝑒𝑓 + 𝑘1𝑒1 (8) 

B. Step 2  

The error speed can be defined as: 

𝑒2 = 𝑣𝑟𝑒𝑓 − 𝑣 (9) 

Where 𝑣𝑟𝑒𝑓  is the virtual speed of the previous step 

𝑒2 = 𝑥̇𝑟𝑒𝑓 + 𝑘1𝑒1 − 𝑣 (10) 

For the recursive control and according to (5) and (10), 

the 𝑒̇1 can be rewritten as: 

𝑒̇1 = 𝑒2 − 𝑘1𝑒1 (11) 

From (11) and (3), the time derivative of the tracking error 

𝑒2 rewritten as: 

𝑒̇2 = 𝑥̈𝑟𝑒𝑓 + 𝑘1(𝑒2 − 𝑘1𝑒1) − 𝐴𝑖𝑞 +
𝐹𝑟
𝑀
+
𝑓𝑐
𝑀
𝑣 (12) 

The Lyapunov candidate function 𝑉2 is selected: 

𝑉2 =
1

2
𝑒1
2 +

1

2
𝑒2
2 (13) 

According to (12) and (13), the derivative of 𝑉2can be 

rewritten as: 

𝑉̇2 = −𝑘1𝑒1
2 + 𝑒2 (

𝑥̈𝑟𝑒𝑓 + (1 − 𝑘1
2)𝑒1

+𝑘1𝑒2 − 𝐴𝑖𝑞 +
𝐹𝑟
𝑀
+
𝑓𝑐
𝑀
𝑣
) (14) 

The virtual current control functions of 𝑖𝑑and 𝑖𝑞  can be 

defined as: 

{
 

 
𝑖𝑑 = 0

𝑖𝑞 =
1

𝐴
[

𝑥̈𝑟𝑒𝑓 + (1 − 𝑘1
2)𝑒1 +

(𝑘1 + 𝑘2)𝑒2 +
𝐹𝑟
𝑀
+
𝑓𝑐
𝑀
𝑣
]
 (15) 

Substituting equation (15) into (14), we obtain: 

𝑉̇2 = −𝑘1𝑒1
2 − 𝑘2𝑒2

2⟨0 (16) 

C. Step 3 

In this step and for the adaptation law the reference 

currents are defined as: 

{
 
 

 
 𝑖𝑑𝑟𝑒𝑓 = 0

𝑖𝑞𝑟𝑒𝑓 =
1

𝐴
[

𝑥̈𝑟𝑒𝑓 + (1 − 𝑘1
2)𝑒1

+(𝑘1 + 𝑘2)𝑒2 +
𝐹̂𝑟
𝑀
+
𝑓𝑐
𝑀
𝑣
]
 (17) 

Were 𝐹̂𝑟 = 𝐹𝑟 + 𝐹̃𝑟, 𝐹𝑟the nominal value, 𝐹̃𝑟the error 

between the estimated value and the nominal value, and 

𝐹̂𝑟  the estimated value. The error currents are defined as: 

𝑒3 = 𝑖𝑞𝑟𝑒𝑓 − 𝑖𝑞 
𝑒4 = 𝑖𝑑𝑟𝑒𝑓 − 𝑖𝑑 

(18) 

For the recursive control and according to (12), (17) and 

(18), the 𝑒̇2 can be rewritten as: 

𝑒̇2 = 𝐴𝑒3 − 𝑒1 − 𝑘2𝑒2 −
𝐹̃𝑟
𝑀

 (19) 
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The sliding mode surface equation can be designed as: 

𝑆 = 𝑒̇2 + 𝜆𝑒2 (20) 

The derivative 𝑆̇rewritten as: 

𝑆̇ = 𝑥𝑟𝑒𝑓 − 𝑘1
2(𝑒2 − 𝑘1𝑒1) + 

 (𝑘1 + 𝜆)(𝐴𝑒3 − 𝑒1 − 𝑘 𝑒2 2 −
𝐹̃𝑟

𝑀
) 

  +
𝐹̇̂𝑟

𝑀
+
𝑓𝑐

𝑀
𝑣̇ − 𝐴𝜑2 −

𝐴

𝐿
𝑢𝑞 

(21) 

The derivative error 𝑒̇4rewritten as: 

𝑒̇4 = −𝜑1 −
1

𝐿
𝑢𝑑 (22) 

To design the adaptive backstepping sliding mode 

controller, the Lyapunov function is selected as: 

𝑉3 =
1

2
𝑒1
2 +

1

2
𝑒2
2 +

1

2
𝑒4
2 +

1

2
𝑆2 +

1

𝑛
𝐹̃𝑟
2 (23) 

According to the equations (11), (19), (21), and (22) the 

derivative Lyapunov function is rewritten as: 

𝑉̇3 = −𝑘1𝑒1
2 − 𝑘2𝑒2

2 − 𝑘3𝑒4
2 + 𝐴𝑒3𝑒2 − 𝑒2

𝐹̃𝑟

𝑀
 

  +𝑒4 [−𝜑1 −
1

𝐿
𝑢𝑑 + 𝑘3𝑒4] 

  +𝑆

[
 
 
 
 
 
𝑥𝑟𝑒𝑓 − 𝑘1

2(𝑒2 − 𝑘1𝑒1) + (𝑘1 + 𝜆)

(𝐴𝑒3 − 𝑒1 − 𝑘 𝑒2 2 −
𝐹̃𝑟

𝑀
) +

𝐹̇̂𝑟

𝑀

+
𝑓𝑐

𝑀
𝑣̇ − 𝐴𝜑2 −

𝐴

𝐿
𝑢𝑞 ]

 
 
 
 
 

 

  +
1

𝑛
𝐹̃𝑟 𝐹̇̃𝑟  

(24) 

To find 𝑉̇3⟨0, the backstepping sliding-mode control and 

adaptive laws are designed as: 

𝑢𝑞 =
𝐿

𝐴
[

𝑥𝑟𝑒𝑓 − 𝑘1
2(𝑒2 − 𝑘1𝑒1) + (𝑘1 + 𝜆)(𝐴𝑒3 − 𝑒1

−𝑘 𝑒2 2) +
𝐹̇̂𝑟

𝑀
+
𝑓𝑐

𝑀
𝑣̇ − 𝐴𝜑2

] 

   +𝑘𝑞𝑠𝑎𝑡(𝑆) 
𝑢𝑑 = 𝐿[−𝜑1 + 𝑘3𝑒4] 

(25) 

𝐹̂𝑟 = 𝑛∫(
𝑒2

𝑀
+ (𝑘1 + 𝜆)

𝑆

𝑀
) (26) 

According to equation (19), the estimated load force is 

rewritten as: 

𝐹̂𝑟 = 𝑛∫(

(1 + (𝜆 − 𝑘2)(𝑘1 + 𝜆))

𝑀
𝑒2

+
(𝑘1 + 𝜆)

𝑀
(𝐴𝑒3 − 𝑒1 −

𝐹̃𝑟

𝑀
)

) (27) 

Where𝑘1,𝑘2, 3k 𝑘𝑞and 𝑛are constants positives gain. 

Substituting (25) and (26) into (24), one can obtain: 

𝑉̇3 = −𝑘1𝑒1
2 − 𝑘2𝑒2

2 − 𝑘3𝑒4
2 (28) 

Since 𝑉̇3is negative definite. 

IV. RESULTS AND DISCUSSIONS 

A simulation platform with MATLAB-SIMULINK 

software environments is used to validate the proposed 

adaptive backstepping sliding mode controller using the 

motor parameters listed in Table 1.  

Table 1. PMLSM PARAMETERS  

Primary Winding Resistance 1.32Ω 
Direct-Axis Primary Inductance 11mH 

Quadrature-Axis Primary Inductance 11mH 

Permanent Magnet Flux 0.65Wb 
Mass of the Primary Part 20kg 

Polar Pitch 30mm 
Viscous Damping Coefficient 2Ns/m 

 

Fig. 1 a-d shows the responses of the motor position, 

current, and load force when force load changes from 0N to 

100N and 100N to 0N at t=3s and t=7s, respectively under the 

condition that the reference position is a triangular wave.  

 
a. Position 

 
b. Speed 

 
c. d-q axis currents 

 
d. Estimated force 

Fig. 1. Responses of the motor position, current, and load force when force 

load changes from 0N to 100N and 100N to 0N at t=3s and t=7s 
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Fig. 1 a plots the reference and the actual position with 

respect to time. It is observed that the good matching of the 

reference position with good accuracy. Fig. 1 b shows the 

motor speed. We notice a very good load disturbance 

rejection during 0.4s. The stator current components are 

shown in Fig. 1 c. For vector-controlled PMLSM drive, the 

q-axis stator current is directly proportional to the 

electromagnetic force, and the d-axis stator current should be 

zero. Fig. 1 d plots the real and estimated load force. The 

estimated load force takes 0.868s to follow the disturbance 

load without going beyond and with good matching. 

Fig. 2 a-d shows the control in position for triangular-

wave reference trajectory and the load force was set to 100 

Nm. Fig. 2 a shows the actual and reference positions, which 

overlap each other indicating a good matching of the 

reference position and motor position without going beyond. 

Fig. 2 b shows the speed. It is observing the good dynamic. 

Fig. 2 c shows the d-q axis currents the d-axis stator current 

should be maintained at zero and the q-axis stator current is 

directly proportional to the electromagnetic force. Fig. 2 d 

shows the load force estimated and the applied force. It is 

observed that the estimated load force takes 76 ms to follow 

the applied load force without going beyond. It is observed 

that the control law presents a good dynamic with no steady-

state error. 

 
a. Position 

 
b. Speed 

 
c. d-q axis currents 

 
d. Estimated force 

Fig. 2. Control in position for triangular-wave reference trajectory and the 

load force was set to 100 Nm 

V. CONCLUSION 

A new adaptive backstepping SMC for PMLSM drive 

position control is studied and investigated in this paper, 

through to the property of the SMC in front of the variation 

of the motor parameters and the efficiency of the 

backstepping controller in the stability of the overall system 

and according to the simulations results we can say that the 

proposed controller is robust. The simulated parameters were 

position, speed, dq axis currents, and estimated force. The 

simulated results prove the role of the proposed controller in 

terms of steady-state error, settling time, and fast response. 
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