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Abstract. The position tracking control problem of the electric cylinder is addressed under the 
influence of nonlinear factors such as friction and disturbance in this paper. First, the dynamic 
model of electric cylinder is established based on LuGre friction model. Secondly, a nonlinear 
observer is designed to compensate the friction of servo system. Finally, an adaptive robust 
controller based on discontinuous projection mapping is proposed to deal with the parameter 
uncertainty and guarantee the robust performance. The co-simulation results based on Matlab and 
Recurdyn show that the proposed controller has high control precision and strong robustness. 
Keywords: electrical cylinder, adaptive robust control, LuGre friction model, co-simulation. 

1. Introduction 

With the rapid development of electromechanical coupling technology, the servo system based 
on electric cylinder has been widely used. Therefore, It is particularly important to realize the high 
precision control of the electric cylinder [1]. Low speed performance is one of the core indexes of 
servo system. Friction nonlinearity has the most obvious effect on servo system in low speed stage. 
With the increase of control precision requirement of servo system, it is very important to choose 
the appropriate control strategy to solve the problem of nonlinear friction [2]. 

At present, there are two methods to compensate the nonlinear friction. One is to treat the 
friction as external interference directly, and improve the anti-interference ability of the system to 
suppress the impact of friction by improving the control strategy [3]. The other is to eliminate the 
impact of friction link on the system by feedforward compensation based on friction model [4]. 
Generally, the first method is easily affected by the coupling of various nonlinear factors, so it 
cannot accurately compensate the friction nonlinearity. Moreover, a more accurate algorithm is 
difficult to be applied to engineering practice, and the increase of disturbance will lead to the 
increase of feedback gain, resulting in the decrease of control performance. The second method 
describes and predicts the friction phenomenon by establishing an accurate mathematical model, 
which can accurately compensate the friction nonlinearity and is easy to be applied in engineering 
practice. The research of friction has shifted from static modeling to dynamic modeling for better 
characterizing the force of friction [5]. Various dynamic friction models have been proposed [6], 
the LuGre friction model is the most widely used among them [7]. In addition, the LuGre model 
is closer to the real friction phenomenon, so the friction nonlinearity of electric cylinder is modeled 
based on LuGre friction model. 

Considering that the internal friction state of LuGre model cannot be measured directly and 
the friction coefficient is usually unknown, a nonlinear observer is designed in this paper to 
observe the internal friction state, besides, a parameter adaptive law is designed to estimate the 
friction coefficient, moment of inertia and other uncertain parameters. Finally, the robust term is 
introduced to overcome other external disturbances and improve the system stability. The 
co-simulation results show that the system has good tracking performance and engineering 
application performance. 

https://crossmark.crossref.org/dialog/?doi=10.21595/vp.2021.22182&domain=pdf&date_stamp=2021-12-02
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2. Problem formulation and nonlinear models 

The basic structure of electric cylinders can be shown in Fig. 1, where 𝑇ோ , 𝑇௙ , 𝑇௅  and 𝐹௅ 
respectively represent the input torque of Roller-screw, friction torque, load torque, and load force 
on the cylinder. The torque equation holds: 𝐽𝑤ሶ ൌ 𝑇ோ − 𝑇௙ − 𝑇௅ − 𝑇ௗ , (1)

where 𝐽 and 𝑤 are the inertia and rotation velocity of the screw, 𝑇ௗ denotes disturbance torque. 
As 𝑇ோ and 𝑇௅ are respectively generated by the action of PMSM output torque and load force, 

The Eq. (1) can be transformed to: 

ቊ𝜃ሶ௘ ൌ 𝑤௘ ,𝐽𝑤ሶ ௘ ൌ 𝐾்𝑢 − 𝑇௙ − 𝐾௅𝐹௅ − 𝑇ௗ , (2)

where 𝜃௘  and 𝑤௘  are the rotation displacement and velocity of the PMSM, 𝐾் , 𝐾௅  and 𝑢 
respectively represent the motor-torque ratio, load-torque ratio and control input. 

 
Fig. 1. Basic structure of electric cylinders 

With the LuGre model [7], the friction torque in Eq. (3) can be written as: 

⎩⎪⎨
⎪⎧𝑇௙ ൌ 𝜎଴𝑧 ൅ 𝜎ଵ𝑧ሶ ൅ 𝜎ଶ𝑣,𝑧ሶ ൌ 𝑣 − |𝑣|𝑔ሺ𝑣ሻ 𝑧,𝜎଴𝑔ሺ𝑣ሻ ൌ 𝐹௖ ൅ ሺ𝐹௦ − 𝐹௖ሻ𝑒ିሺ௩/௩ೞሻమ , (3)

where 𝜎଴, 𝜎ଵ and 𝜎ଶ are the bristle stiffness coefficient, bristle damping coefficient and viscous 
friction coefficient of the system. 𝑧 represents the average deformation of bristle, which is an 
unmeasurable internal friction state. The function 𝑔ሺ𝑣ሻ is positive and describes the Stribeck 
effect. 𝐹௖, 𝐹௦ and 𝑣௦ respectively represent the levels of the Coulomb friction, static friction force 
and the Stribeck velocity. 𝑣 ൌ 𝑤௘ is relative velocity. For all 𝑣, it can be shown that 𝑧 is bounded, 
and therefore the friction generated by 𝑧 is bounded.  

3. Controller design 

From Eq. (3) and Eq. (4), As motor rotation displacement and velocity are defined as system 
state 𝐱 ൌ ሾ𝑥ଵ, 𝑥ଶሿ் ൌ ሾ𝜃௘ ,𝑤௘ሿ், the entire system can be expressed in a state-space form as: 
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ቐ𝑥ሶଵ = 𝑥ଶ,𝐽𝐾் 𝑥ሶଶ = 𝑢 − 𝜎଴𝐾் 𝑧 − 𝜎ଵ𝐾் 𝑥ଶ + 𝜎ଵ𝐾் |𝑥ଶ|𝑔ሺ𝑥ଶሻ 𝑧 − 𝜎ଶ𝐾் 𝑥ଶ − 𝐾௅𝐹௅𝐾் − 𝑇ௗ𝐾் . (4)

Define: 

𝛉 = [𝜃ଵ,𝜃ଶ,𝜃ଷ,𝜃ସ,𝜃ହ]் = ቈ 𝐽𝐾் , 𝜎଴𝐾் , 𝜎ଵ𝐾் , ሺ𝜎ଵ + 𝜎ଶሻ𝐾் ,𝐾௅𝐹௅𝐾் ቉், (5)𝛿 = 𝑇ௗ𝐾், (6)

where 𝜃 ∈ ሼ𝜃|𝜃௠௜௡ ≤ 𝜃 ≤ 𝜃௠௔௫ሽ  and |𝛿| ≤ 𝛿௠௔௫.  Besides, 𝜃௠௜௡ =[𝜃ଵ௠௜௡,𝜃ଶ௠௜௡,𝜃ଷ௠௜௡,𝜃ସ௠௜௡,𝜃ହ௠௜௡]் and 𝜃௠௔௫ = [𝜃ଵ௠௔௫,𝜃ଶ௠௔௫,𝜃ଷ௠௔௫,𝜃ସ௠௔௫,𝜃ହ௠௔௫]்  is known. 
Then Eq. (5) can be transformed to: 

ቐ𝑥ሶଵ = 𝑥ଶ,𝜃ଵ𝑥ሶଶ = 𝑢 − 𝜃ଶ𝑧 + 𝜃ଷ |𝑥ଶ|𝑔ሺ𝑥ଶሻ 𝑧 − 𝜃ସ𝑥ଶ − 𝜃ହ − 𝛿. (7)

The idea of backstepping design is adopted to design the adaptive robust controller for the 
nonlinear factors such as friction, clearance and disturbance. 

1) Design virtual control variable 𝑥ଶ௘௤. 
The desired motion trajectory and actual motion trajectory are respectively set to 𝑥ଵௗ and 𝑥ଵ. 

The position tracking error and the velocity tracking error are defined by: 𝑒ଵ = 𝑥ଵ − 𝑥ଵௗ ,𝑒ଶ = 𝑒ሶଵ + 𝑘ଵ𝑒ଵ = 𝑥ଶ − 𝑥ଶ௘௤ ,     𝑥ଶ𝑒௤ ≜ 𝑥ሶଵௗ − 𝑘ଵ𝑒ଵ, (8)

where 𝑘ଵ is the positive feedback gain. 
2) Design nonlinear observer. 
Since the internal friction state 𝑧 in the Lugre model adopted for system modeling cannot be 

measured, the friction force must be estimated by observation. For this reason, a nonlinear friction 
observer is designed [8]: 

𝑧̂ሶ = 𝑃𝑟𝑜𝑗𝑧̂ ቆ𝑥ଶ − |𝑥ଶ|𝑔ሺ𝑥ଶሻ 𝑧̂ − 𝑘௭𝑒ଶቇ ,     𝑘௭ > 0, (9)

where 𝑘௭ is learning gain and •ො denotes the estimate of • and •෤ denotes the estimation error, which 
is defined by •෤ = •ො−•, and the discontinuous projection mapping is defined as: 

Proj𝜃෠(𝑗) = ቐ0,    𝜃෠௝ = 𝜃௝௠௔௫,     𝑗 > 0,0,    𝜃෠௝ = 𝜃௝௠௜௡,     𝑗 < 0,𝑗,     otherwise.  (10)

3) Design control input 𝑢. 
From Eqs. (7) (8) (9), the function can be re-written as: 

𝜃ଵ𝑒ሶଶ = 𝑢 − 𝜃ଵ𝑥ሶଶ௘௤ − 𝜃ଶ𝑧 + 𝜃ଷ |𝑥ଶ|𝑔(𝑥ଶ) 𝑧 − 𝜃ସ𝑥ଶ − 𝜃ହ − 𝛿. (11)

From Eq. (11), the control input can be designed as: 
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⎩⎪⎨
⎪⎧𝑢 = 𝑢௔ + 𝑢௦ଵ + 𝑢௦ଶ,𝑢௔ = 𝜃෠ଵ𝑥ሶଶ௘௤ + 𝜃෠ଶ𝑧̂ − 𝜃෠ଷ |𝑥ଶ|𝑔(𝑥ଶ) 𝑧̂ + 𝜃෠ସ𝑥ଶ + 𝜃෠ହ,𝑢௦ = 𝑢௦ଵ + 𝑢௦ଶ,𝑢௦ଵ = −𝑘ଶ௦ଵ𝑒ଶ,  (12)

where 𝑢௔ , 𝑢௦ , 𝑢௦ଵ and 𝑢௦ଶ respectively represent the model compensation term, robust control  
law, linear stabilization term and robust feedback term. 𝑘ଶ௦ଵ is the positive feedback gain. 

From Eq. (12), Eq. (13) can be transformed to: 

𝜃ଵ𝑒ሶଶ = 𝑢௔ − 𝑘ଶ௦ଵ𝑒ଶ + 𝑢௦ଶ − 𝜃ଵ𝑥ሶଶ௘௤ − 𝜃ଶ𝑧 + 𝜃ଷ |𝑥ଶ|𝑔(𝑥ଶ) 𝑧 − 𝜃ସ𝑥ଶ − 𝜃ହ − 𝛿      = −𝑘ଶ௦ଵ𝑒ଶ + 𝑢௦ଶ + 𝜃෨ଵ𝑥ሶଶ௘௤ + 𝜃෨ଶ𝑧̂ − 𝜃෨ଷ |𝑥ଶ|𝑔(𝑥ଶ) 𝑧̂ + 𝜃෨ସ𝑥ଶ + 𝜃෨ହ + 𝜃ଶ𝑧̃ − 𝜃ଷ |𝑥ଶ|𝑔(𝑥ଶ) 𝑧̃ − 𝛿      = −𝑘ଶ௦ଵ𝑒ଶ + 𝑢௦ଶ − 𝛟்𝛉෩ + 𝜃ଶ𝑧̃ − 𝜃ଷ |𝑥ଶ|𝑔(𝑥ଶ) 𝑧̃ − 𝛿,  (13)

where 𝛟 = ቂ−𝑥ሶଶ௘௤ ,−𝑧̂, |௫మ|௚(௫మ) 𝑧̂,−𝑥ଶ,−1ቃ்and 𝛉෩ = [𝜃෨ଵ,𝜃෨ଶ,𝜃෨ଷ,𝜃෨ସ,𝜃෨ହ]். 
Parameter adaptive law is designed as: 𝛉෡ሶ = Proj𝜃෠(𝚪𝛟𝑒ଶ), (14)

where 𝚪 is a positive definite diagonal matrix. 
4) Design nonlinear robust term 𝑢௦ଶ. 
To stabilize the system, design 𝑢௦ଶ to satisfy the following stabilization conditions: 

ቐ𝑒ଶ ቈ𝑢௦ଶ − 𝛟்𝛉෩ + 𝜃ଶ𝑧̃ − 𝜃ଷ |𝑥ଶ|𝑔(𝑥ଶ) 𝑧̃ − 𝛿቉ ≤ 𝜀,𝑒ଶ𝑢௦ଶ ≤ 0,  (15)

where 𝜀 is any small and constant positive number. 
A design example satisfying Eq. (15) is given [9]: 𝑢௦ଶ = −𝑘ଶ௦ଶ𝑒ଶ = − 12𝜀 (ℎଵ + ℎଶ)𝑒ଶ, 

൞ℎଵ ≥ ‖𝛟‖ଶ‖𝛉௠௔௫ − 𝛉௠௜௡‖ଶ + 𝛿௠௔௫ଶℎଶ ≥ ቈ𝜃ଶ௠௔௫ + 𝜃ଷ௠௔௫ ቆ |𝑥ଶ|𝑔(𝑥ଶ)ቇ቉ଶ (𝑧௠௔௫ − 𝑧௠௜௡)ଶ. (16)

4. Simulations 

Co-simulation is implemented by inputting control signal in Simulink to derive the virtual 
prototype model of electric cylinder in Recurdyn. First, we import the 3D model of electric 
cylinder into Recurdyn and establish the appropriate constraints. The friction and contact collision 
of multiple bodies are defined by the Recurdyn function module. Secondly, we transform the target 
trajectory into control input by the proposed control algorithm written in S-Functions of Simulink. 
Finally, control input is applied to the motor output shaft in form of rotational axial force in the 
Recurdyn environment and motor rotation displacement and velocity are fed back as date 
information to S-Function of Simulink. 
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In order to verify the effectiveness of the proposed control strategy, the tracking performance 
of PID control and ARC control is compared when the desired trajectory of the system is step 
signal and low frequency sinusoidal signal respectively. 

 
Fig. 2. Step signal tracking curve 

As shown in the Fig. 2, when the desired trajectory is step signal, the tracking response time 
of PID and ARC are both about 1.5 s. However, ARC has a smoother transition than PID, so less 
cost of control is required. Besides, as a comparison, when the control system becomes stable, the 
ARC based system has a smaller amplitude of fluctuation near the target trajectory. Which 
indicates that ARC has the best performance index, and the average performance index is 
obviously better than PID due to the accurate observation of the internal state of the friction model, 
and considering the interference and parameter uncertainty. 

  
Fig. 3. Low frequency sinusoidal signal tracking curve 

As shown in Fig. 3, when the desired trajectory is low frequency sinusoidal signal, the tracking 
response time of ARC is much less than that of PID, besides, the difference between the system 
output and the system control input based on PID control strategy is more larger than that of ARC 
control system, which means that it is difficult to respond to the system control input in real time. 
This all indicates that the nonlinear observer can estimate the friction state well at low frequency 
and low speeds, and the adaptive parameter law and robust term can overcome the influence of 
friction compensation error and external disturbance on the system. 

5. Conclusions 

An adaptive robust controller is designed to compensate the frictiontorque and other nonlinear 
factors of the electric cylinder in this paper. The LuGre model was used to model the friction 
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nonlinearity of the system, a nonlinear observer was designed to observe the immeasurable friction 
state inside the model and a parameter adaptive law was designed to estimate the uncertain 
parameters, besides, for parameter compensation errors and external disturbances, the linear and 
nonlinear robust terms were designed. The designed parameter adaptive law can approximate the 
unknown inertia and friction parameters to compensate the parameter uncertainty of the system, 
and the nonlinear observer can effectively reflect the internal friction state of the system. The 
linear robust term can improve the robustness and guarantee the stability of the system. The 
nonlinear robust term can overcome the influence of some external disturbances on the control 
performance of the system. The co-simulation results show that the tracking accuracy of the 
proposed ARC is one order of magnitude higher than that of PID, and the tracking performance 
and robustness of the servo system are effectively improved. 
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