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In the past decades, fluid transmission technology has made remarkable achievements and its application scope 
covers almost all walks of life. However, the complexity of fluid dynamics technology makes it face severe challenges 
in data analysis and mining, model application difficulties and so on. Fortunately, the development of intelligent science 
makes it possible to solve these problems. A new round of technological revolution and industrial transformation driven 
by artificial intelligence and its main core technology are changing the world pattern and becoming another great leap in 
the development process of human society.

In recent years, artificial intelligence has been widely used in many fields of fluid transmission technology. In the 
research of fluid drive control, neural network is used to identify the model of fluid transmission system and expert 
system is used to realize fault diagnosis of fluid transmission system; in fluid dynamics calculation, artificial intelligence 
can improve turbulence prediction accuracy and accelerate the research of data visualization analysis.

In the future, intelligent power conversion technology is used to replace throttling to solve the problem of 
resistance control and realize regeneration and power sharing; new visual sensing technology is used to collect system 
data to realize efficient energy conversion and health management. Joint efforts in efficient transmission, energy 
management and prediction development are the cornerstones to realize intelligent dynamics drive technology. It makes 
sure that the intelligent dynamics technology will encounter new challenges, new opportunities and will make many 
new contributions.

In order to timely report the latest research achievements of intelligent dynamics technology and provide 
opportunities for academic exchange, we especially organized a special issue of intelligent dynamics technology. 
Professor Shi Yan from Beihang University and Professor Yao Jing from Yanshan University are specially invited to 
organize this issue. With the strong support of the two professors, a number of scholars engaged in the research of 
intelligent dynamics technology were invited to write articles, which ensured the publication of the special issue at a 
high level.

Finally, we would like to thank Professor Shi Yan and Professor Yao Jing for their efforts in publishing this special 
issue. From the planning of the special issue, the organization of manuscripts, the recommendation of experts and the 
review of manuscripts, the two professors have given their warm, rigorous and meticulous help in the whole process, 
which providing strong technical guarantee and selfless dedication for the academic quality of special issue. We would 
like to express our high respect and sincere gratitude.
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Abstract: 
For the 2- Degree of Freedom (DOF) lower limb exoskeleton, to ensure the system robustness and dynamic performance, a linear-
extended-state-observer-based (LESO) robust sliding mode control is proposed to not only reduce the influence of parametric 
uncertainties, unmodeled dynamics, and external disturbance but also estimate the unmeasurable real-time joint angular velocity 
directly. Then, via Lyapunov technology, the stability of the corresponding LESO and controller is proven. The appropriate and 
reasonable simulation was carried out to verify the effectiveness of the proposed LESO and exoskeleton controller.

Keywords: lower limb exoskeleton; linear-extended-state-observer; robust sliding model control; uncertain nonlinearity

1 Introduction
For the 2- Degree of Freedom (DOF) lower limb exoskeleton, 
a linear-With the development of the world economy, and 
the improvement of human living level, wearable robots 
have played the key role in the field of medical rehabilitation 
and industrial production. The exoskeleton, a typical 
wearable robot, can help specific groups of people complete 
specific human-machine collaboration tasks, such as 
assisting hemiplegic patients with rehabilitation training or 
assisting workers to complete heavy tasks. However, since 
the complexity and fragility of the human environment, the 
requirements for the dynamic performance and robustness 
of the exoskeleton robot are relatively high. 

To improve the robustness and dynamic tracking 
performance of the exoskeleton robot system, many 
advanced nonlinear controllers have been investigated, 
such as fuzzy adaptive control [1], repetitive learning 
control [2], RBFNN adaptive control [3], and discrete-time 
extended state observer-based intelligent PD control [4]. 
The training mechanism has been roughly divided into 
two categories for the exoskeleton: active mechanism and 
passive mechanism [5]. More specifically, the designed 
training trajectory is predefined for the passive mechanism 
without considering the real-time human motion intention 
[6-7]. Conversely, the training trajectory is designed based on 
the current human’s motion intention for the active mode. 

The impedance control [8] and admittance control [9] usually 
are adopted to ensure compliance between humans and 
the exoskeleton. Li et al. [10] assumed admittance control to 
deal with a human subject’s intention. Yu et al. [11] proposed 
an adaptive impedance control strategy to compensate for 
dynamic uncertainties. 

To deal with the parameter uncertainty and external 
disturbance, designing the related observer to estimate the 
unknown form is used as the controller design compensation. 
The disturbance observer mainly includes sliding mode 
disturbance observer [12], extended state observer (ESO) [13], 
and so on. In [14], an extended state observer-based integral 
sliding mode control is adopted in the underwater robot. 
For the electro-hydraulic system, Guo et al. [15] proposed 
an ESO-based backstepping controller. Furthermore, Sun 
et al. [16] proposed a sliding-mode-disturbance-observer-
based tracking control strategy for Euler–Lagrange systems 
modeling uncertainties and external disturbances.

In this paper, as shown in figure 1, to improve the 
robustness and dynamic performance of the 2-DOF lower 
limb exoskeleton, a linear-extended-state-observer-based 
(LESO) robust sliding mode control is proposed to estimate 
the unmeasurable joint angular velocity and the error 
consisting of dynamic deviation and external disturbance. 
Finally, the related simulation experiment was carried out 
to verify the effectiveness of the controller.
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Linear Extended
State Observer

Robust Sliding
Mode Controller

Eq.(14)

Eq.(7)Eq.(25)

Figure 1  Robust sliding mode control diagram of 
2-DOF lower limb exoskeleton

2 Sliding Mode Control for 2-DOF Lower Limb 
Exoskeleton

2.1 Dynamic of the 2-DOF lower limb exoskeleton
The 2-DOF lower limb exoskeleton that needs to be modeled 
is shown in the right subgraph of figure 2. According 
to the human lower limb's physiological structure, the 
mechanical structure of the prototype is composed of thigh 
arm, shank arm, hip joint motor, and knee joint motor, 
and the hip joint motor is fixed on the bracket. Then, the 
operator and exoskeleton are connected by the bandage and 
3-Dimension (3-D) force sensor. Furthermore, the real-
time joint position is measured by the absolute encoder, but 
the joint velocity is measured directly.

At figure 2, O represents the origin of the coordinate 
system, 1θ and 2θ denote the angular positions of the hip joint 
and knee joint, mthand mshdenote the weights of the thigh 
arm and shank arm, athand ashdenote the length of the thigh 
arm and shank arm, lthand lshdenote the centroid distance, 
and g denote the gravity constant.

Hip Joint Motor

Knee Joint 
Motor

Thigh arm

Shank arm

Bandage
and 3-D 

force sensor

Hip Joint

Knee Joint

Figure 2  Mechanical structure diagram and physical 
diagram of 2-DOF lower limb exoskeleton.

According to the [17], the ideal Lagrangian dynamic of 
the exoskeleton with human-robot interaction and joint 
friction is model as 

	 (1)
where the  denote the joint angular position, 
2∈�τ denote the joint driving torque, 2

ext ∈�τ denote the 

real-time human-robot interaction torque. ,
and  are the symmetric and positive 

definite inertia matrix, Coriolis matrix and gravity torque 
in joint space, and the specific forms is shown as follow

	(2)

	 (3)

	 (4)
Furthermore,  is adopted to describe hip and 

knee joint friction, which is shown as 

	 (5)
where k1,1and k2,1 are the coulomb friction coefficient, 

k1,2 and k2,2 are the viscous friction coefficient, respectively.
Generally speaking, the minimum inertia parameter 

from, 
	 (6)

where  and  denote the regression 
matrix and unknown parameter vector. Further, according 
to the dataset,  can be obtained by many algorithms, 
such as least squares method, ridge regression or heuristic 
algorithm. 
2.2 Linear Extended State Observer Design
In this paper, the nominal values of the parameter vector 

 are utilized in the linear extended state observer and 
sliding mode controller designed, which usually is obtained 
by model parameter identification or generated by CAD 
software, such as SolidWorks and so on. However, the value 
of the parameter vector obtained by the above methods 
is often inaccurate in practice. Meanwhile, external 
disturbance may also affect the dynamic performance of 
the exoskeleton system. To address this problem, the LESO 
is designed to ensure the robustness of the 2-DOF lower 
limb exoskeleton. Considering the external disturbance 

f d extM(è)è+ C(è,è)è+ G(è) +ô(è) +ô=ô+ô    

, the real dynamic can be described as follow:
	 (7)

Assumption 1: The parameter matrices or vectors 
, ,  and can be expressed as follow:

	 (8)
where , ,  and  are the nominal and 

known matrices and vectors, and  is the symmetric 
and positive definite matrices. Meanwhile, the , 
,  and  are the unknown matrices.

Hence, (8) can be rewritten as 
	 (9)

where the error ∆ denotes the lumped uncertainty, 
which is defined as 

	 (10)
For the 2-DOF lower limb exoskeleton system, 

defined state variables as . Consequently, the 
corresponding state space model is expressed as follow

	 (11)
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In order to accomplish the design missions discussed 
in Section 2.1, the addition lumped uncertainty  is 
extended as an additional state variable. Then, the extended 
state space model can be written as 

	 (12)
where  represent the time derivative of the state 

variable , .
Assumption 2: The function  is global Lipschitz 

with respecting to  in its practical range; and addition 
lumped uncertainty and its time derivative  are both 
bounded.

The mission target of the LESO is not only observing 
the unmeasured state variable but also the estimating 
the lumped uncertainty state variable  for controller 
compensation in real time and to guarantee the robustness 
and dynamic performance of the system.

In this paper, (i=1,2,3) denotes the estimate value of 
state x, and  denotes the estimate error for the i-th 
state. We rewrite the extended state space model (12) as

	 (13)
where

2 2 2 2 2 2

0 2 2 2 2 2 2

2 2 2 2 2 2

=
0 I 0

A 0 0 I
0 0 0

× × ×

× × ×

× × ×

 
 
 
  , 

2 2

0

2 2

= -1
0

0
B M (x)

0

×

×

 
 
 
  , , , 

2 2I ×  presents a unit matrix with the size of 2 20 × , and 2 20 ×  
presents a zero unit matrix with the size of 2 2× .

Then, corresponding LESO model is designed as 
follows

                     (14)
where  denotes the estimate error, 

2 3
0 0 0=[3  3  ]H Tω ω ω , which H is the observer gain, x  denotes 

the a type of observer tuning gain, which is selected as a 
positive parameter. 

Subtract (14) from (13), the state space model of x  is 
shown as follow

                       (15)
Let , , and  denote the scaled 

estimation error, then (15) can be rewritten as

,                       (16)

where the 

2 2 2 2 2 2

2 2 2 2 2 2

2 2 2 2 2 2

=
-3 I I 0

A -3 I 0 I
-I 0 0

× × ×

× × ×

× × ×

∗ 
 ∗ 
   , 

2 2

3 2 2=

2 2

0
B 0

I

×

×

×

 
 
 
   , 

2 2

3 2 2=

2 2

0
B 0

I

×

×

×

 
 
 
  

, and .
Obviously, matrix A is Hurwitz. Hence, there exists a 

positive definite matrix P satisfying below qualification. 
	 (17)

Theorem 1: For the LESO (14), when the Assumption 
2 hold, the state estimation errors will reach and stay in a 
predefined region with the appropriate constant .

Proof of Theorem 1: For the LESO (14), considering 
the following positive definite Lyapunov function:

	 (18)
Then, the time derivative of is 

	(19)
Based on Assumption 2, the condition  

hold, and (19) can be rewritten as 

	 (20)
where .
The time derivative of the Lyapunov function (19) is a 

negative function when (20) is established.

	 (21)
Considering (21), when the bandwidth  is big 

enough, the estimation error  can quickly converge to a 
smaller range, which is acceptable in practical applications. 
2.3 Robust Sliding Mode Controller Design
In this section, the robust sliding mode controller is adopted 
based on LESO (14) to ensure the robustness and dynamic 
performance of the 2-DOF lower limb exoskeleton. For the 
system state space model (11) and (12), let xr express the 
desired trajectory. Obviously, the objective is to make the 
tracking error e=x- xr converge to zero.

Define an auxiliary sliding mode error 2s∈�  as
	 (22)

with  being a diagonal matrix with positive 
diagonal element. Then, substituting (11), the time 
derivative of s  can be shown as

	 (23)
Design a sliding mode tracking controller  as

	 (24)
where K is the designed positive control gain.  is 

defined in Section 2.2. 
Since value of lumped uncertainty  is unknown and 

real-time joint angular velocity 2x is unmeasurable, based 
on the LESO (14), the robust sliding mode controller is 
redesigned as 

	 (25)
The total Lyapunov function is defined as

	 (26)
Substituting (23), and it’s time derivative is shown as 

	 (27)
Substituting (25) into (27), considering Young's 

inequality, (27) can be rewritten as 

	(28)
where , which expresses the 
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lumped estimated error term. 
Considering the discussion of LESO (14) in section 

2.2 and (28), the amplitude of  is determined by the 
performance of LESO (14), which is related to the value of 
parameter . Meanwhile, the rate of convergence depends 
on control gain K and observer bandwidth . Then, if K is 
large enough and  is big enough, the satisfactory tracking 

effect can be obtained.

3 Simulation
In order to verify the effectiveness of the proposed robust 
sliding mode control, the simulation model is built to 
realize the passive mechanism of exoskeleton by Matlab/
Simulink, which is shown in figure 3.

Error

Linear Extended
State Observer

Robust Sliding
Mode Controller

2-DOF 
Lower Limb 
Exoskeleton

Figure 3  Configuration of the simulation for the 2-DOF lower limb exoskeleton 

Then, the dynamic model of 2-DOF lower limb 
exoskeleton is set as follows

	 (29)
where,

  
,  ∆ is 

designed as follow
31

1 2 2
31 1

2 2 2 2

 = sin( );
 = sin( + );

t
t

π
π π

∆
∆ 	 (30)

Then, according to the controller (25), the human-
robot interaction torque  is challenging to design and 
will be compensated by the controller so  is set as 0 in 
the simulation experiment. Furthermore, the desirable 
trajectory  of the exoskeleton is set as the human natural 

walking gait given by

                (31)
where 0.4ω π= , ,1( 1,2,3,4)kb k =  are -2.874, -2.423, 

1.227 and -0.1462, ,1( 1,2,3,4)kb k =  are 18.52, -2.016, 
-0.3704 and 0.201, 0,1θ = 10.07, ,2 ( 1,2,3,4)kb k =  are 17.62, 
-2.469, -3.82 and -0.1346, ,2 ( 1,2,3,4)kb k =  are -1.494, 11.72, 
1.014 and 0.2165, and 0,2θ = -17.49.

With considering the gait trajectory (31), the 
parameters of robust sliding mode controller are set as 

, diag{1000,1000}K = . Meanwhile, the 
parameter of LESO is set as . Then, in 
simulation experiment, the simulation step is set as 0.001 sec.
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Figure 4  Tracking performance and estimating performance of two joint position trajectories

Figure 4 shows the desired trajectory ,1 ,2[ , ]T
r r rθ θ θ=

, estimating trajectory 1 2
ˆ̂̂ [ , ]Tθ θ θ= , and actual trajectory 

3
1 3.2 10e −< ×  of two joints. Then, the tracking deviation 

3
1 3.2 10e −< ×  and 3

2 5.8 10e −< × , and the estimating 
deviation 9

1 1̂ 2.4 10θ θ −− < ×  and 9
2 2̂ 2.4 10θ θ −− < × . It can be 

seen that the tracking performance of controller and the 
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estimating performance of the LESO are satisfactory. 
Figure 5 shows the setting lumped uncertainty 

and estimating lumped uncertainty  
of two joints. More specifically, the estimating deviation of 
lumped uncertainty  and  It can be 
seen that the lumped uncertainty estimating performance 
of the LESO are satisfactory. 

Figure 6 shows the actual velocity trajectory 
and estimating velocity trajectory  of 

two joints. More specifically, the estimating deviation of 
 and  It can be seen that 

the velocity deviation estimating performance of the LESO 
are satisfactory. 
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Figure 5  Estimating performance of the lumped uncertainty of two joints
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Figure 6  Estimating performance of two joint velocity trajectories   

4 Conclusion
In this paper, a LESO-based robust sliding mode 
controller (25) is designed to improve the robustness and 
dynamic performance, and the LESO (14) is designed to 
estimate the unmeasurable state variable and lumped 
uncertainty consisting of parametric uncertainties, 
unmodeled dynamics, and external disturbance. For the 
exoskeleton controller designed, system state estimation 
and disturbance compensation are adopted to ensure the 
system's robustness and dynamic performance. For further 
research plans, the nonlinear ESO will be considered in the 
exoskeleton controller designed. 
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Abstract: 
When designing a complex pipeline with long distance and multi-supports for offshore platform, it is necessary to analyze the vibration 
characteristics of the complex pipeline system to ensure that there is no harmful resonance in the working conditions. Therefore, 
the optimal layout of support is an effective method to reduce the vibration response of hydraulic pipeline system. In this paper, a 
developed dynamic optimization method for the complex pipeline is proposed to investigate the vibration characteristics of complex 
pipeline with multi-elastic supports. In this method, the Kriging response surface model between the support position and pipeline 
is established. The position of the clamp in the model is parameterized and the optimal solution of performance index is obtained by 
genetic algorithm. The number of clamps and the interval between clamps are considered as the constraints of layout optimization, 
and the optimization objective is the natural frequencies of pipeline. Taking a typical offshore pipeline as example to demonstrate the 
effectiveness of the proposed method, the results show that the vibration performance of the hydraulic pipeline system is distinctly 
improved by the optimization procedure, which can provide reasonable guidance for the design of complex hydraulic pipeline system.

Keywords: Hydraulic pipeline; Multi-Support; Response surface method; Optimization analysis

1 Introduction
The hydraulic pipeline system is usually employed to 
transmit power in drilling platform. It has the characteristics 
of complex configuration, long span and multi-supports. 
When the pipeline is excited by external mechanical 
load and internal fluid, the large vibration of the pipeline 
system occurs, which will directly lead to fatigue failure, 
displacement deformation, loosening of clamp and fatigue 
fracture of connecting parts. The design of offshore platform 
pipeline is of great significance to maintain productivity 
operation and ensure the safety of the platform. With 
the deepening of drilling depth, the vibration problem of 
pipeline system becomes more prominent. The vibration 
analysis of pipeline is of great significance to the layout of 
pipeline and the optimization of supports.

The investigation for the dynamic optimization 
characteristics of pipeline has received extensive attention 
in recent years. For example, Kwong et al. [1] proposed a 
novel genetic algorithm to optimize the support position 
for reducing vibration in hydraulic systems. A simple 
hydraulic rig was conducted as an example. Numerical and 

experimental results showed that the significant reductions 
in vibration was obtained by the optimal support location. 
Wang et al. [2-3] presented an evolutionary shift method 
to solve optimization of support positions with a fixed 
grid mesh, three numerical examples were conducted 
to demonstrate the effectiveness of the optimization 
method. In order to avoid dangerous forced vibrations or 
resonance, the clamp numbers and locations of a pipe-
joint system were optimized by Liu et al [4]. The results 
showed that the optimized pipe-joint system has better 
anti-vibration ability. Li et al. [5] presented a chaotic swarm 
particle optimization algorithm to determine optimal 
clamp locations for hydraulic pipelines in aircraft. Results 
showed that the value of objective function was decreased 
by 77.67% compared to the original system by optimal 
clamp locations. The global sensitivity analysis based on the 
Sobol method was presented to determine the influence of 
clamp position on the natural frequency of pipeline system. 
The simulation and experiment results showed that the 
proposed optimization method can reduce the vibration of 
the pipeline system significantly. [6]
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From the reviewed references, the current optimization 
method is time-consuming for the global optimal solution 
of long span pipeline. A popular approach for global 
optimization is proposed in which the simulation model 
generates data for the construction of simpler model as a 
source of computer experiment. The early research about 
the response surface method is proposed to improve the 
calculation optimization efficiency [7]. In recent years, the 
response surface method has been applied in many fields 
[8–20]. For example, Xiao et al. [8] proposed response surface 
method to study the effects of the different content of Si3N4 
particles in the plating solution. Zhang et al. [9] presented 
the response surface method to solve the problem of slope 
stability. Xue et al. [16] proposed the improved response 
surface method to solve the various related deck landing 
parameters on sinking velocity for carrier-based aircraft. 
In order to improve the calculation efficiency of the 
vibration characteristics of turbine blade disharmony, an 
improved substructure mode synthesis method based on 
the extreme response surface method is proposed by Bai et 
al. [18]. Su et al. [19] proposed a response surface method to 
study the fatigue reliability for metal dual inline packages 
under random vibration. Considering the integrality and 
locality of long span and multi-elastic support of pipelines 
on offshore platforms, the response surface method can 
be used to optimize the support locations for hydraulic 
pipeline system.

To the author’s best knowledge, there is almost no 
literature reporting on the response surface method for the 
design optimization of hydraulic pipelines with support. As 
a promising global optimization method, it is the first time to 
investigate the dynamic optimization analysis of hydraulic 
pipeline system with multi-supports. Firstly, the method of 
mathematical statistics combined with pipeline dynamics 
analysis was adopted to analyze the influence of the clamps 
layout. Then the developed response surface method is 
used to establish the optimization model. By simulating 
the implicit relation between variables and performance 
indexes, the optimal solution of performance indexes is 
obtained by genetic algorithm. Taking a typical offshore 
pipeline as an example to demonstrate the effectiveness 
of the presented method, an optimization procedure for 
pipeline is conducted. The dynamic optimization process 
for complex pipeline with multi-elastic supports are 
discussed further.

2 Optimization method
The mathematical equation of design variables and 
response quantities can be expressed as:

1 2 3( ) ( , , )ng x y f x x x xε ε= + = + 	 (1)
where g(x) is the amount of response, y is the function 

of objective and ε is the fitting error between g(x) and y.
The multi-level function relations can be written as:
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where n is the number of design variable, α0 is the 

undetermined constant term, αj is the undetermined 

coefficient of the linear term, and αij is the undetermined 
coefficient of the quadratic term.
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By substituting equation (3) and equation (4) into 

equation (2), it can be obtained:
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The response of the corresponding matrix can be 
expressed as:
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In order to obtain the response surface with the 

smallest error. The least-square method is used which can 
be expressed as:
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The minimum value can be expressed as:
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The equation (8) can be written as the matrix form:

( ) 0TX y Xβ − = 	 (9)
The response surface model can be obtained by 

calculating β.
The satisfaction function of MOGA genetic algorithm 

is usually used to optimize multiple objectives. The multi-
objective optimization is to find the compromise optimal 
solution by considering each objective synthetically in the 
constraint region. A multi-objective optimization problem 
without losing generality has n decision variables and m 
objective variables which can be expressed as:
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Where x is n-dimensional decision vector, y=F(x) is 

the target vector of m dimension. l is the constraints of 
inequalities, k is equality constraints. 

Pareto optimal solution can be defined as Ps. The 
surface composed of the target vectors corresponding to all 
Pareto optimal solutions can be written as PF:

{ }* * * * *
1 2 3( ) ( ( ), ( ), ( ), , ( )) *T

F m SP F x f x f x f x f x x P= = | ∈ 	 (11)
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In order obtain the real surface, Box-Behnken design 
(BBD) scheme is the most potent screening design method 
in response surface optimization. In this method, the 
selecting points from the three-level factorial arrangement 
can obtain the efficient estimation of coefficients of the 
mathematical model. The distribution of three-level full 
factorial design is illustrated in figure 1.

Figure 1  Distribution of three-level full factorial design [20]

3 Design and optimization of response surface 
method
For the optimizing support locations of pipeline system, 
the optimization objective should be determined firstly. 
The pump fluid fluctuation can induce serious pipeline 
vibration and cause pipeline failure. The pump fluid 
fluctuation frequency is 275 Hz by test in offshore platform. 
So the natural frequency of pipeline should be far away 
from the excited frequency 275Hz. Therefore, in order to 
avoid the pipeline mechanical resonance, the optimization 
objective is to avoid the resonance of the natural frequency 
of the pipeline system.

As shown in figure  2. The pipeline system consists 
three clamps, the vibration characteristics of pipeline has 
been analyzed, and the modal shapes have been obtained. 
The parameterization of pipeline system is shown in Table 1.

Clamp 1

Clamp 3

Clamp 2

Figure 2  Diagram of piping system

Table 1  Parameterization of pipeline system

size Numerical value Estimate
DS_D1@distance 1 1200mm 1200mm
DS_D1@distance 2 1500mm 1500mm
DS_D1@distance 3 400mm 400mm

In order to optimize the clamp position of the pipeline 
system, the modal analysis for the pipeline system has been 
conducted to obtain the natural frequency of the pipeline 
system. The geometric parameter of the selected pipeline is 
shown in Table 2.

Table 2  Parameter of the pipeline

Designation Symbol Unit Numerical
Elastic modulus E Pa 2.06×1011

Density ρ kg/m3 7.9×103
Poisson's ratio μ - 0.3

Total length of pipeline l m 4.5
outer diameter r1 m 0.04
inner diameter r2 m 0.036

As shown in Figure 3. The 10th order natural frequency 
of the pipeline is 254.9 Hz and the 11th order natural 
frequency of the pipeline is 285.58 Hz. The test design table 
is obtained by the BBD scheme, respectively.

(a) 10th order natural frequency

(b) 11th order natural frequency

Figure 3  Natural frequencies and mode shapes of 
pipeline system

The optimization process of pipeline system is shown 
in figure  4. As can be seen from figure  4. The parametric 
modeling should be established firstly, it consists of the 
variable scope, test design and sample point. Then the 
dynamic analysis of the pipeline has been conducted and 
the optimization objective can be obtained. The test design 
table can be established and the response surface model can 
be obtained. Finally, optimal solution for pipeline supports 
can be obtained by optimizing the parameters.
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Optimization design of response surface pipeline

Parametric model

Variable scope

Test design

Sample point

Structural dynamics analysis

Target response

Establish test design table

Response surface model

Parameter optimization

Optimal solution

Optimization

Figure 4  Optimization flow chart of response surface 
method

4 Test design table and response surface modelling

4.1 Test design table
In this section, the natural frequencies of pipeline are defined 
as the optimized response value, the Kriging response 
surface model of the clamp position is established, and the 
optimization position of the clamp position is obtained by 
the candidate points. The position of the clamp in the model 
is parameterized in the modeling software, and the design 

variables are shown in figure  5. The model is imported into 
the finite element analysis software, and modal analysis has 
been conducted. The maximum deformation is taken as the 
response target value. Using the BBD scheme, the change 
intervals of design variables are shown in Table 1, and the 
combination relationship of design variables are shown in 
Table 3 and Table 4, respectively.

According to the dynamic analysis of the design 
variable data listed in Table 2 and Table 3, the numerical 
change of the natural frequency of the pipeline can be 
obtained. The results are shown in Table 5. The P4 and P5 
values in Table 5 are the basis parameters for establishing 
the response surface model.

Table 3  Change range of BBD variable

Lower limit Upper limit Original size
distance 1/mm 1080 1320 1200
distance 2/mm 1350 1650 1500
distance 3/mm 360 440 400

Table 4  BBD test plan

1 Test number P1-distance 1 P2- distance 2 P3- distance 3
2 1 1200 1500 400
3 2 1080 1500 360
4 3 1320 1500 360
5 4 1080 1500 440
6 5 1320 1500 440
7 6 1080 1350 400
8 7 1320 1350 400
9 8 1080 1650 400

10 9 1320 1650 400
11 10 1200 1350 360
12 11 1200 1350 440
13 12 1200 1650 360
14 13 1200 1650 440

Table 5  BBD test design table

1 Test number P1-distance1 P2- distance2 P3- distance3 P4- 10th fixed frequency P5- 11th fixed frequency

2 1 1200 1500 400 254.9 285.58

3 2 1080 1500 360 277.29 278.65

4 3 1320 1500 360 277.25 352.54

5 4 1080 1500 440 242.32 277.83

6 5 1320 1500 440 268.20 349.91

7 6 1080 1350 400 215.54 329.92

8 7 1320 1350 400 311.28 363.11

9 8 1080 1650 400 242.57 244.68

10 9 1320 1650 400 315.27 326.73

11 10 1200 1350 360 238.02 335.80

12 11 1200 1350 440 237.56 337.58

13 12 1200 1650 360 248.80 272.46

14 13 1200 1650 440 247.60 272.25
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Distance 1

Distance 2

  

Distance 

Distance 3

Figure 5  Design variables

4.2 Response surface modeling
According to the experimental design table, the response 
surface model type of the BBD scheme is defined as Kriging 
response surface. The Kriging method is used to solve 
the problem of error estimation. It is a spatial estimation 
technique of interpolation algorithm, and the fitting degree 
the sample points of the Kriging response surface and the 
predicted straight line is shown in figure  6. The real values 
of P4 and P5 can match closely with the predicted values, 
and the established response surface model can meet the 
optimization requirement.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.90.8 1
0

0.1
0.2

0.6
0.7

0.3

0.1

0.5
0.4

0.8
0.9

1 P4-Total  Frequency
P5-Total  Frequency

Figure 6  The fitting degree of the sample points of 
the Kriging response surface and the predicted straight line

The response surface model obtained by the BBD 
scheme is analyzed, as shown in figure  7. figure  7(a) is 
the response surface models of distance P1 and distance 
P2 with response target P4, figure  7(b) is the distance P1 
and distance P3 with response target P4, figure  7(c) is 
the distance P2 and distance P3 with response target P4. 

Figure  7 (d) is the response surface models of distance P1 
and distance P2 and response target P5. Figure  7 (e) is the 
distance P1 and distance P3 and response target P5. Figure  
7 (f) is the distance P2 and distance P3 and response target 
P5.

  

(a) P1-P2-P4 response surface model

(b) P1-P3-P4 response surface model

(c) P2-P3-P4 response surface model
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(d) P1-P2-P5 response surface model

(e) P1-P3-P5 response surface model

(f) P2-P3-P5 response surface model

Figure 7  Brig scheme Kriging response surface
From figure  7, the design variables and the 

optimized target response values show obvious nonlinear 
characteristics. It can be seen that with the increasing of 

the distance P1, the optimization targets P4 and P5 increase 
slowly at first. When the distance P1 increases around 
1200, the increasing of P4 and P5 become faster, and the 
response surface model changes more drastically. When P2 
gradually increases, the optimization target P4 increases 
rapidly and then slowly. When the distance P2 is around 
1500, the response surface model changes more seriously. 
The optimization target P5 gradually decreases with the 
increasing of P2. When P3 gradually increases to 400, the 
optimization target P4 increases slowly at first. When P3 
is greater than 400, the optimization target P4 decreases 
faster. The effect of P3 on P5 is gradually increased with the 
increasing of P3, and P5 decreases firstly and then increases 
with 400 as symmetry. In summary, the design variables and 
response values show complex nonlinear characteristics, 
and the response surface model can intuitively show the 
mutual relations.

5 Results and discussions
The effect of clamp position can change the natural 
frequencies of pipeline system. The pump excitation is 
275Hz, when the natural frequency of the pipeline system 
are closer to pump excitation frequency, the mechanical 
resonance will occur. In order to avoid resonance, the 
natural frequency should be far away from 275 Hz. 
Therefore, the optimization objective can reach the 
independent optimal value due to the interaction between 
design variables and the relationship between optimization 
objectives. The satisfaction function of MOGA genetic 
algorithm is usually used to optimize multiple objectives. 
The following definitions are given for the optimal solution 
in multi-objective optimization problems. The solution of 
the constraint conditions is defined as feasible solution. 
Pareto optimal solution is used as the optimal solutions. 
The surface composed of the target vectors corresponding 
to all Pareto optimal solutions. After MOGA analysis, it can 
be concluded that picture of Pareto front is shown in figure 
8, the blue dot value represents the best result.

230

240

250

260

270

280

290

305 310 315 320 325 330 335 340 345 350 355 360 365
P5-Total  frequency(Hz)

Figure 8  Pareto front
By Pareto front analysis, the optimal solution set 

can be obtained in which the blue point set is superior 
to the green point set. The candidate of BBD scheme can 
be obtained in the Kirging approximate response surface 
model, which are listed into Table 6.
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Table 6  BBD Candidate

Candidate 1 Candidate 2 Candidate 3

P1-Distance 1/mm 1081.2 1201.1 1231.2

P2-Distance 2/mm 1351.5 1351.3 1350.4

P3-Distance 3/mm 439.15 439.09 438.22

P4-10th natural frequency/Hz 214.66 238.92 245.19

P5-11th natural frequency/Hz 334.79 336.92 342.32

As shown in the Table6, in order to avoid the 
mechanical resonance of the pipeline, the optimal values of 
each multi-objective optimization and the comprehensive 

optimal values of multi-objective optimization can be 
obtained, as shown in Table 7.

Table 7  Optimal candidate

P4 optimization P5 optimization
Comprehensive 

optimization
Before 

optimization
Difference 

comparison

P1-Distance 1/mm 1081.2 1231.2 1081.2 1200.0 118.8

P2-Distance 2/mm 1351.5 1350.4 1351.5 1500.0 148.5

P3-Distance 3/mm 439.15 438.22 439.15 400.00 39.15

P4-10th natural frequency/Hz 214.66 245.19 214.66 254.90 40.24

P5-11th natural frequency/Hz 334.79 342.32 334.79 285.58 49.21

It can be seen from the Table 7 that the natural 
frequencies of pipeline system can be changed significantly 
by multi-objective optimization. If the response value is 
analyzed separately, different optimal design variables will 
be obtained. However, it is necessary to select a combination 
of design variables which are different from the natural 
frequency of the pipeline system and the pump fluid 
excitation frequency. The optimization objective is that the 
natural frequency of pipeline should be far away from the 
excited frequency 275Hz. Therefore, P1 = 1081.2mm, P2 
= 1351.5mm, P3 = 439.15mm are the best combination 
of design variables. Moreover, the 10th natural frequency 
of pipeline decreases by 40.24Hz after optimization, and 
the 11th natural frequency increases by 49.21Hz after 
optimization. The calculation results of statistical candidate 
points meet the requirements of support optimization, 
which can improve the calculation time significantly.

6 Conclusion
This paper proposed a developed response surface method 
to reduce the vibration by optimizing the natural frequency 
of the pipeline system. The BBD scheme is presented to 
establish the response surface model between the design 
variable and the response. New results and conclusions are 
obtained.

The fitting degree of the sample points of the response 
surface between the simulation and prediction value is 
linear, and the predicted line is in good agreement with P4 
and P5, which can verify the effectiveness of the response 
surface model. The response surface model shows complex 

nonlinear characteristics between P1, P2, P3 and P4 and P5 
in order to obtain the optimal solution. The optimization 
results based on the response surface method can optimal 
the natural frequencies of pipeline significantly, which is 
more than 20% away from the pump excitation frequency.

In the design process of offshore pipeline system, the 
dynamic optimization analysis is essential to ensure that 
there is no harmful resonance in the working conditions. 
The proposed developed response surface method in this 
paper can not only improve the vibration performance 
of the hydraulic pipeline system, but also improve the 
calculation efficiency significantly. It provides a new 
practical optimization method for vibration analysis of 
offshore hydraulic pipeline system.
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Abstract: 
Because the load of the oil beam pumping unit driven by pure electric motor changes sharply during operation, the power of the driving 
motor does not match and the energy efficiency is low. In this paper, a new type of wind-driven hydro-motor hybrid power system is 
proposed. The motor and the hydraulic motor are jointly driven, and the energy is recovered by a hydraulic pump with controllable 
displacement, so that the speed of the driving motor is relatively stable. In order to control the fan speed and keep up with the drastic 
changes of the outside wind speed, a control strategy of hybrid power system based on wind speed feed-forward compensation is 
proposed. Through simulation and experimental results, the following conclusions can be drawn: to begin with, the mathematic model 
is proved to be effective; next, simulation studies show that the proposed feed-forward control method can improve the response rate 
as well as reduce the response lag. This research can be a reference for the application of the feed-forward control method on the hybrid 
power system of beam pumping unit.system.

Keywords: beam pumping unit; hydraulic-motor hybrid system; feed-forward control method; Fuzzy-PID control

1 Introduction
Beam pumping unit is the most widely used engineering 
machineries in the petroleum production industry [1]. In 
order to periodically drive the pumping operation, the 
traditional method is using electromotor to directly drive 
the crank [2]. Due to the particularity of the oil rod job, 
the mechanical load characteristics of the driving unit 
are periodically and drastically changed [3], which makes 
the efficiency of the whole power system relatively low. 
The most recent studies on the power system of beam 
pumping unit mainly focused on the beam unit structure 
optimizations and control motor selection. Dong et al [4] 

simulated the dynamic performance of the beam pumping 
system, and the comprehensive optimization algorithm 
is proposed in order to improve the operation speed. 
Gibbs [5] declared that electrical predictions can be used 
in the mechanical models of oil pumping system. Lv et al 

[6] proposed an energy saving system for a beam pumping 
unit based on four types of networking sensors. However, 
structure optimizations can hardly change the operation 
mode of the beam unit. Moreover, control regulation and 
component selection can not in principle avoid the power 
mismatch problem of the drive motor. Therefore, the 
efficiency of the traditional direct-drive method is low, and 
the operational reliability is bad.

Recently, more and more researchers have focused on 
the study of the wind speed following control. Li et al 
[7] proposes a wind speed predictive method by neural 
network, and they improve the ability of small wind power 
generation system to capture wind energy by robust control 
of maximum power extraction for potential drift of wind 
turbine power coefficient curve. Soufi et al [8] proposes a 
particle swarm optimization method based on feedback 
linearization control in order to study the maximum power 
point tracking control (MPPT) of wind power generator 
set. In their research, the maximum wind energy absorption 
is the goal to achieve the maximum wind energy capture. 
However, the accuracy of the control methods can not be 
proved. Because the wind wheel machine belongs to system 
of large inertia and large lag, error of the traditional control 
method is large. Based on variable speed constant frequency 
wind power system, Ren et al [9] put forward the method 
of feed-forward and feedback control strategy for variable 
pitch control which can realize the constant power output 
above the rated wind speed. Chen et al [10] study the MPPT 
control strategy based on permanent magnet synchronous 
wind generator, and the MPPT control of wind wheel is 
realized by adjusting the on-line control parameters with 
feed-forward controller. Abo-Khalil et al [11] also research 
the wind power generation system based on doubly-fed 
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induction generator based on controlled MPPT by using 
feed-forward and feedback. Liang [12] et al propose a feed 
forward transient compensation (FFTC) control scheme 
based on doubly-fed induction generator with proportional 
integral resonant current regulator in order to enhance 
the low voltage crossing (LVRT) capability and adapt to 
unbalanced power grid faults. Verwaal [13] et al develop a 
more reliable wind speed measurement method to enhance 
the control performance of wind turbine by implementing 
feed-forward related control strategy. These studies all 
carry on the application of advance control method on the 
wind wheel power system. However, the studies mainly 
focus on the control method on the pumping unit with 
direct driven motor. 

This paper proposes a new type of hydraulic-motor 
hybrid power system for the beam-pumping unit, and a 
new feed-forward control method. The principle of the 
hybrid power system is proposed, and the mathematical 
model is set up which is verified by experiment studies. 
In addition, the results of the feed-forward control on 
the hybrid power system of the beam pumping unit are 
compared with the traditional PID method.

2 Modelling and experiment    

2.1 Configuration of the new kind of wind power 
hydraulic-motor hybrid power system of the beam-
pumping unit

Figure 1  Structure of the oil pumping drive system 
based on wind power hydraulic

(1). Wind wheel. (2). Controlled hydraulic pump A. (3). Energy 
accumulator. (4). Relief valve.(5). Controlled hydraulic motor. 
(6). Controlled pump B. (7). Electrical motor. (8). Clutch.(9). 

Torque meshing gear group A. (10). Torque meshing gear group 
B.(11). Load shaft. (12). Beam pumping unit.

A new-kind of wind power hydraulic-motor hybrid 
power system special for beam pumping unit is designed, 
and its configuration is illustrated in figure 1. Structure 
The oil pumping drive system mainly consists two parts: 
one is wind power hydraulic drive system, and the other 
is oil pumping load system. The wind power hydraulic 
drive system is the main part and is mainly composed of 
a wind wheel, two discharged controlled hydraulic pumps, 
a controlled hydraulic motor, two meshing gear groups, 
an energy accumulator, and an electrical motor. The oil 
pumping load system is similar to the traditional beam 

pumping unit, which means this designed power system is 
common to the general beam pumping unit.

Main power source of the system is wind power, and 
it is directly gathered by the wind wheel. The rotating wind 
wheel drives hydraulic pump A, and then generates high 
pressure at the upstream side of the hydraulic motor. Both 
the torque meshing gear groups have three intercoupled 
gears. In addition, one of the three gears couples the torques 
of the other two gears, and it is called the sum gear. When 
hydraulic motor is driven, sum gear A drives the other 
two gears. One of the gears outputs torque to controlled 
pump B, and the other provides power to torque meshing 
gear group B. In order to avoid the lack of power of the 
system, an electric motor is added in controlled pump B as 
the torque compensation unit. Sum gear B directly drives 
load shaft of the oil pumping load system. What is more, 
the controlled pump B and the hydraulic accumulator can 
recycle excess energy from the load system when the sum 
gear B is over torqued.

According to figure 1, one working cycle of the beam 
pumping units mainly consists of up stroke and down 
stroke of the horse head. In addition, working cycles of the 
beam pumping unit and drive load shaft are synchronous. 
In another word, a circle work of sum gear B includes two 
working strokes of the beam pumping unit. 

As is mentioned above, motor which directly drives 
the load shaft of the beam pumping unit will work at a 
relatively low efficiency. That is because during the start 
process the drive motor needs a very high power to put 
the beam pumping unit in motion, however when the unit 
keeps working regularly, the motor needs a relatively low 
power which is approximately half of the start power, and 
that will lead to a great mismatch of the engine power, 
which will result in a poor efficiency of the motor. This 
paper provides a method that uses wind power as the main 
power source, and the designed motor is applied as the 
auxiliary power supply. This kind of setting can avoid the 
motor working at a power which is far away from the rated 
power, and then avoid the inefficiency of the motor. 

When the beam pumping unit works at the down 
stroke process, geopotential energy of the horse head 
rapidly transforms into kinetic energy. That will lead to 
prompt acceleration of the rotating speed of motor rotor, 
and motor will reversal which can interference the motor 
control. Another unique feature of the designed hybrid 
power system is that during the down stroke process of 
the beam pumping unit, through the torque meshing gear 
groups a large part of the kinetic energy of the horse head 
will transform to the output hydraulic energy of controlled 
pump B, and the accumulator will store the energy and then leave 
it to the upstroke process, which achieves energy recovery.
2.2 Modeling of the working process
According to the structure of the designed wind power 
hydraulic-motor hybrid system, mathematical model of 
the dynamic working process is built as follows.
2.2.1 Dynamic model of the wind rotor
According to the previous research [15], when the wind speed 
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is at a certain value, speed of the wind rotor has an optimal 
point which can keep the highest wind energy efficiency. 
In order to obtain as much wind power as possible at a 
certain wind speed, this paper assumes that the wind rotor 
is controlled within an interval of precision that can get 
an optimum tip speed ratio. The dynamic equation of the 
wind rotor is as shown in Eq. (1):

 	 (1)
where, Jw is inertia of the wind rotor, w is rotating 

speed of the rotor, Tw means the fan torque, TP’ is the 
restoring torque of the hydraulic pump, Tfw is coefficient 
of mechanical friction, and Bw is viscosity coefficient. The 
restoring torque of the hydraulic pump TP’ can be precisely 
controlled, and then the rotating speed of the wind rotor 
can be controlled to keep the rotor working at the best state. 
2.2.2 Equations of the hydraulic pump
In this hydraulic system, there are two hydraulic pumps 
with the same working principle. The equation of the 
restoring torque of the hydraulic pump TP’ is as follows:

P P P p p( )T i T i p D J Bω ω′ = ⋅ = ⋅ ∆ ⋅ + + 	 (2)
where, i is transmission ratio of the speed increaser, 

Tp is drive torque of the hydraulic pump, Δp is pressure 
difference between the inlet and outlet of the pump, Dp is 
displacement of the pump, Jp is rotational inertia of the 
pump, and Bp is viscous friction coefficient of pump shaft. 

Flow equation of the hydraulic motor can be described 
as:

P h
p p p ip h l ep h

e

( ) V dpq D C p p C p
dt

ω
β

= − − − −
	 (3)

where, qp is the output flow of the pump, wp means 
the rotating speed of the pump, Cip and Cep respectively 
are internal and external leakage parameters, ph and pl 
are pressures on the high and low sides of the pump, Vp is 
displacement of the variable pressure pump chamber, βe is 
the effective bulk modulus of hydraulic oil.
2.2.3 Equation of the hydraulic motor

Similarly, the equation of the hydraulic motor can be 
obtained as follows. The flow of the hydraulic motor qm is:

m h
m m m im h l em h

e

( ) V dpq D C p p C p
dt

ω
β

= + − + +
	 (4)

where, qm is the output flow of the motor, wm means 
the rotating speed of the motor, Cim and Cem are internal 
and external leakage parameters of the motor, respectively, 
ph and pl are pressures on the high and low sides of the 
motor, Vm is displacement of the variable pressure pump 
chamber.
2.2.4 Flow equation of the hydraulic accumulator
In this system, the hydraulic accumulator is used to recover 
and store the impact energy in the down stroke process of 
the horsehead of the beam pumping unit. Characteristics 
of the accumulator greatly affect the stability of the hybrid 
system. The flow equation of the accumulator is as follows:

0

0
a

V dpq
nP dt

=
  	  (5)

where, qa is the flow into the accumulator, V0 is the 
initial volume of the accumulator, n is the air polytropic 

exponent, and P0 is inflation pressure of the accumulator. 
2.2.5 Flow equation of the whole system
According to the above equations, the flow formulation of 
the whole system can be derived as follows:

pA pB a mq q q q+ + = 	 (6)
where, qpA and qpB is respectively the flow of controlled 

pump A and B. And it is assumed that the low pressure side 
of the hydraulic system is 0, and the effective bulk modulus 
of hydraulic oil is neglected. Then the flow equation can be 
obtained as follows:

0 h
pA pA pB pB m m t h

0

0V dpD D D C p
nP dt

ω ω ω+ − + + =
	 (7)

where, wpA and wpB are rotating speeds of the hydraulic 
pumps, and DpA and DpB are displacements of the hydraulic 
pumps, respectively. Ct is calculated parameters as follows:

ipA epA ipB epB im em tC C C C C C C+ + + − − =
	 (8)

where, CipA, CepA, CipB and CepB respectively are internal 
and external leakage parameters of pump A and B.
2.2.6 Torque coupling equation
Torque coupling means in the coupling process, the 
output torque of two power sources is independent from 
each other, while the output speed must be equal before 
the dynamic coupling. The final synthetic torque is the 
superposition of output torque of two power sources. The 
structure of the coupling gears is as shown in figure  2.

T1  , n1  

T2  ,n2  

T3  ,n3  

Figure 2  Structure of the coupling gear group
As is shown in figure 2, if the coupling gear group 

includes three gears, torque and rotating speed of the output 
gear are T3 and n3, and the corresponding parameters of 
the input gears are T1, T2, n1 and n2. The equations of the 
torque coupling are as follows:

1 2 3= =n n n 	 (9)
1 2 3+ =T T T 	 (10)

Then according to figure 1, we can get the gear 
coupling equations of the hybrid system:

m PBT T T ′= + 	 (11)
l emT T T′= + 	 (12)

where, Tm and TPB is respectively the torque of 
the hydraulic motor and hydraulic pump B, T’ is the 
transmission torque between the two gear groups, Tl is the 
load torque, and Tem is toque of the electric motor. Then 
Tem can be derived:

m pB h m pB m m pB m m pB m em l( ) ( ) ( ) ( )D D P J J B B G G T Tθ θ θ− ⋅ − + ⋅ − + ⋅ − + ⋅ + =  	(13)
where, Dm and DpB are displacements of hydraulic 

motor and pump B, Jm and JpB are rotational inertia of 
hydraulic motor and pump B, Bm and BpB are damping 
coefficients of hydraulic motor and pump B, Gm and 
GpB are stiffness values of hydraulic motor and pump B, 
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and θm is rotation of the hydraulic motor. In addition, 
electromagnetic torque of the motor Tem is relative with θm.
2.3 Experimental verification

T

T

M

M

M

1 2 3

4 5 6

7 8 9

10

Figure 3  Sketch diagram of the test station

(1). Variable frequency motor. (2). Torque and speed sensor 1. 
(3). Speed changer. (4). Electromotor 1. (5). Torque and speed 
sensor 2. (6). Magnetic powder brake. (7). Magnetic powder 
clutch 1. (8). Magnetic powder clutch 2. (9). Electromotor 2. 

(10). Load simulation part.

As is shown in figure 3 and 4, in order to demonstrate 
the mathematical model above, a test station of the hybrid 
system is built. In this experiment, a variable frequency 
motor is selected in order to simulate the wind rotor, and 

between the variable frequency motor and hydraulic pump 
there is a torque and speed sensor which can measure 
the input torque of the simulated power source. That is 
because in this paper the wind source is considered as 
a torque-controlled device, and in the experiment the 
power value of the source is needed. As can be seen of 
the picture, an electromotor 1 is added in the gear group 
which is treated as the assisted motor, and a torque and 
speed sensor is directly connected between them in order 
to detect the output characteristics of the assisted motor. 
As is shown from this figure, load of the beam pumping 
unit is simulated by part 10. The simulated load should 
be accordance with the dynamic loading process which is 
shown in figure 5. One cycle of the dynamic torque of the 
mechanical load is obtained by regular working equations 
of beam pumping unit. The simulation method is periodic 
servo control of the output load torque. 

As is shown in figure 4, rated power of the variable 
frequency motor is 1.2KW, rated power of electromotor 
A is 550W, and rated power of the electromotor B is 
2.2KW. That is because electromotor B is used for the 
torque compensation, and in order to ensure the working 
efficiency of the motor approximately optimal, the rated 
output power of electromotor B is selected larger, and 
prepare for future type selection optimization. 

Table 1  Several parameter values of the experimental station

Parameter Value Parameter Value
Depth of plunger (m) 10000 Rated power of original motor (kW) 37

Working fluid level (m) 600 Rated power of replaced motor (kW) 22
Diameter of rod (mm) 22 Diameter of pump (mm) 57

Stroke(m) 2 Diameter of tube (mm) 76
Water cut (%) 100 Frequency of stroke(1/min) 6

Variable 
Frequency 

Motor

Acculmulator

Hydraulic Station

Hydraulic  Motor

Hydraulic  
Variable Pump

Gear Coupling
 GroupDC motor

Transmission 
Belt 

Torque and Speed 
Sensor 

Gear Coupling 
Group

Torque and 
Speed Sensor 

DC motor

 Hydraulic  
Variable Pump

 Magnetic Power 
Brake

Magnetic Power 
Clutch

Inertia Disc

Figure 4  Experimental station of the wind-electric hybrid system

Figure 4 is the experimental station of the wind-
electric hybrid system according to principle of Figure 3. 
In the process of the experiments, so as to demonstrate 
the mathematical model at the same time considering 
the safety and the common performance of the hydraulic 
system, displacements of the hydraulic motor and pump 
are settled stable. The working speed of the hybrid system 

is set to about 700 RPM to ensure the stability. Torque 
sensor 2 is adopted to measure the output torque of the 
beam pumping unit, and the working process of the beam 
pumping unit is simulated by close-loop controlling its 
output torque with the feedback of the torque sensor. A 
group of torque data of the beam pumping unit of model 
CYJ10-3-37HB is obtained. According to the principle of 
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the dynamic torque of the actual project, the control result 
of the torque is scaled down at the same proportion which 
can be seen in Figure 5. 

Figure 5  Experimental result of the simulated load torque
Test process:
(1) Start the motor and set all the clutches to the off 

state;
(2) Adjust the clutch to the closed state to simulate the 

pumping unit load;
(3) Start the variable frequency motor and adjust the 

pump displacement to simulate the wind turbine;
(4) All clutches are closed to simulate the wind-

electric hybrid process.
(5) The experimental data are collected through the 

test system.
The measurement and control system of the 

experimental station mainly includes industrial control 

computer (IPC), PCI bus communication, data acquisition 
card, signal conditioning circuit and control board card. 
This experimental system uses RTX as the lower machine 
and Lab Windows as the upper computer. The control 
cycle of the real-time measurement and control system can 
reach 0.5ms. Experimental station control system is shown 
as Figure 6.

Labwindows

RTX

IPC

Data acquisition card
Signal 

conditioning
 circuit Speed and Torque 

sensor

Magnetic powder clutch

Magnetic powder brake

DC motor

Hydraulic pump

Hydraulic motor

Press sensor

PCI

Control
 card

Figure 6  Experimental station control system
The experimental data curve is shown in Figure 

7. The motor output power is stable by changing the 
displacement of pump and hydraulic motor. This helps to 
the improvement of motor efficiency. When wind speed is 
9m/s, the output power of the electromotor varies around 
580W. When wind speed is 11m/s, the electric power varies 
around 300W. Simulation and experiment results indicate 
the stable output power of the motor is different under 
different wind speed. The wind power increases, the electric 
power decreases. The correctness of the mathematical 
model and energy saving method is verified by numerical 
simulation and experiment. 
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Figure 7  Power contrast curves under different wind speed 

3 Wind speed following control method and 
analysis
According to the application, in order to make the wind 
wheel work at the optimum velocity ratio under different 

wind speed, the optimal working speed of the wind wheel 
should be controlled so as to get the highest efficiency. The 
optimal equation is as follows:

opt
opt

R
v
ω

λ
⋅

=
	 (14)
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where, v represents the wind speed, and wopt is the 
corresponding optimal angular velocity of the wind wheel, 
R is the radius of the wind wheel. 

Structure of the control system based on feed forward 
control 

As can be seen in Figure 8, main structure of the 

hybrid power system is a feed forward and closed-loop 
system. The Feed forward control part is from the wind 
speed branch current, and the function is expressed as 
Fn(s). Controlling unit of the hybrid system is expressed 
as G(s), and then the basic control principle is as follows.

Wind speed Setting speed of
Wind wheel

(vw) (wopt)

Feed forward 
function
(Fn(s))

Feedback 
control 
method

Hybrid system
Variable displacement

G(s)

Y1(s)

Y2(s)

Y(s)

(w)Wind wheel speed

Figure 8  Flow chart of the feed-forward control method of the hybrid system

Dynamic change of the wind speed can be treated 
as disturbance part, and the feedback control method in 
the middle part is expressed as C(s). Therefore, the output 
function of the wind wheel speed is:

1 2( ) ( ) ( ) ( ( ) ( ))w G s Y s G s Y s Y s= ⋅ = ⋅ + 	 (15)
1( ) ( )w nY s v F s= ⋅ 	 (16)
(k) (k) (k / )set de t Tω ω= − − 	 (17)

then, the transfer function from the disturbance part 
to the output part is: 

( ( ) ( )) ( )
1 ( ) ( )

n opt

w

F s w C s G sw
v G s C s

+ ⋅
=

+ ⋅ 	 (18)
then the error transfer function is:

( ) ( )
(1 ( ) ( ))

w opt opt n

w opt opt

v w w w F s G s
v w w G s C s
⋅ − − ⋅

=
⋅ + ⋅ 	 (19)
If the error is controlled to zero, then ( ) ( )opt nw F s G s− ⋅

=0.

Figure 9  Diagram of the fuzzy-PID control system
The fuzzy-PID part is shown in Figure 9. The hybrid 

system is directly controlled by Pw, and Pw can be calculated 
by the following equations:

(k) (k)w in comD DD = + 	 (20)

0
p i d(j)(k) (k) ( (k) (k 1)) /

com

k

j

ek e k T k e e TD
=

= − −+ +∑
	 (21)

(k) (k) (k / )set de t Tω ω= − − 	 (22)
where e is the error of the control signal, k is the step 

number, T is sampling time, Pin is the settled initial pulse 
width, and Pcom means the pulse width compensation. 
3.2 Fuzzy rules 
The fuzzy rules are self-adjusted according to the fuzzy 

relations between kp, ki, kd, and e, ec. Fuzzy outputs are k’p, 
k’i, k’d, and:

'
min max min( ) / ( )p p p p pk k k k k= − − 	 (23)

'
min max min( ) / ( )i i i i ik k k k k= − − 	 (24)

'
min max min( ) / ( )d d d d dk k k k k= − − 	 (25)

Where, kpmin means the minimum value of kp, and kpmax 
means the maximum value. In addition, k’p, k’i, k’d ∈[0,3].

Fuzzy adjustment tables of k’p, k’i, k’d are shown as the 
following table. As shown in Table 2, NB, NM, NS, ZO, PS, 
PM and PB mean negative big, negative middle, negative 
small, zero, positive small, positive middle and positive big, 
respectively. In addition, as is shown in figure 10 and 11, it 
is the fuzzy membership functions.

Table 2  Diagram of the fuzzy-PID control system

    e
ec

NB NM NS ZO PS PM PB

NB PB PB PB PS PS PS PS
NM PM ZO PB PB PB PS PS
NS PM ZO PB PB PB PS PS
ZO PM ZO PB PB PB PB PS
PS PM ZO ZO PB PB PB PB
PM PM PM ZO PB PB PB PB
PB ZO PM PM PM PM PM PM

Figure 10  Fuzzy membership function of the input parameter
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Figure 11  Fuzzy membership function of the output parameter

4 Control analysis 
In order to analyze the control effect of the feed forward 
control, the results are compared with the traditional PID 
control method. According to the actual measurement of 
the dynamic wind speed, frequency of the wind is set to 

0.1, 0.2, 0.3, and 0.5 Hz, and amplifier of the wind is set to 
1, 3, and 5 m/s.

When the frequency of the wind speed is set to 0.1Hz, 
and the amplifier is 3m/s, then the frequency is relatively 
low, and the amplifier is relatively small. As is shown in 
Figure 12, when the hybrid control system applies the 
normal PID method, the highest over shoot of the revolving 
speed of the wind wheel is over 40%, and the control result 
curve slightly lags behind the control signal. However, as is 
shown in Figure 13, when the feed forward control method 
is applied, the overshoot basically disappears, and the lag 
hardly exist, which shows good control following features.

In the real application, when variation of the wind 
speed is higher, in the simulation the frequency of the wind 
speed is set to 0.2Hz, and the amplifier is 3m/s. As is shown 
in Figure 14, when the frequency is relatively high, and the 
system is controlled by PID control method, the overshoot 
is about 30%, and the lag behind the control signal is about 
2 seconds. As is shown in Figure 15, it can be seen that the 
overshoot is greatly reduced, and the control result curve 
lag is eliminated.
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Figure 12  PID control method (Frequency is 0.1 Hz, 
and Amplifier is 3 m/s)
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Figure 13  Feed forward control method (Frequency is 
0.1 Hz, and Amplifier is 3 m/s)
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Figure 14  PID control method (Frequency is 0.2 Hz, 
and Amplifier is 3 m/s)
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Figure 15  Feed forward control method (Frequency is 
0.2 Hz, and Amplifier is 3 m/s)



22 Vol. 2 | No.2 | 2020 |  Mechanical Engineering Science

0 20 40 60 80 100

100

150

200

250

300

Time (s)

re
vo

lv
in

g 
sp

ee
d 

of
 w

in
d 

w
he

el
 (

ra
d/

s)

 

 
optimal speed
real-time speed

Figure 16  PID control method (Frequency is 0.3 Hz, 
and Amplifier is 3 m/s)
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Figure 17  Feed forward control method (Frequency 
is 0.3 Hz, and Amplifier is 3 m/s)

When the frequency of the wind speed is set to 0.3Hz, 
and the amplifier is 3m/s, from Figure 16 it can be seen 
that under the PID control method the overshoot is much 
serious which can be up to over 50%. In addition, the 
output signal lags behind the control signal by 4 seconds 
to the maximum. In the real application, when the output 
speed can hardly follow the control signal, the efficiency 
will always be at a low condition. However, the feed 
forward control method can greatly solve this problem. 
In Figure 17, when the feed forward control method is 
applied, the control overshoot can be reduced by 3over 
80%. In addition, the lag can also be eliminated, too.
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Figure 18  PID control method (Frequency is 0.5 Hz, 
and Amplifier is 3 m/s)
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Figure 19  Feed forward control method (Frequency 
is 0.5 Hz, and Amplifier is 3 m/s)

The highest real frequency of the wind speed can up 
to 0.5Hz. When the frequency of the wind speed is set to 
0.5Hz and the amplifier is 3m/s, the PID control method 
shows a significant lag between the control and output 
signals. The lagging time is about 2 seconds, so it accounts 
for about 35% of the whole period. This paper applies feed 
forward control method, and it obviously solves the lagging 
problem, the follow-through level reaches a good level. 
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Figure 20  PID control method (Frequency is 0.1 Hz, 
and Amplifier is 5 m/s)
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Figure 21  Feed forward control method (Frequency 
is 0.1 Hz, and Amplifier is 5 m/s)

When the amplifier is set relatively high to 5m/s, 
through PID control method it mainly appears overshoot 
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and lagging problem. The overshoot value is about 25%, 
however, the lagging problem is not very serious. From 
Figure 22, the Feed forward control method can greatly 
solve the overshoot problem. 

Figure 22  PID control method (Frequency is 0.3 Hz, 
and Amplifier is 5 m/s)
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Figure 23  Feed forward control method (Frequency 
is 0.3 Hz, and Amplifier is 5 m/s)

When the frequency is relatively high and the amplifier 
is high, too, lagging time with the PID control method 
is approximately 20%. From Figure 23, the Feed forward 
control method can also solve the lagging problem, which 
is the same as the above results.
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Figure 24  PID control method (Frequency is 0.5 Hz, 
and Amplifier is 5 m/s)
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Figure 25  Feed forward control method (Frequency 
is 0.5 Hz, and Amplifier is 5 m/s)

When the frequency is 0.5Hz and the amplifier is 
5 m/s, the dynamic control characteristics show poor 
performance with traditional PID control. Furthermore, 
the real-time speed can not reach the amplifier of the 
optimal speed, and the phase position of the output speed 
greatly lags behind the optimal signal. As is shown in 
Figure 25, the feed forward control method can obviously 
reduce the lag. What is more, precisely the real-time speed 
can also follow the optimal signal.

5 Conclusion
This paper provides a control method of wind power 
hydraulic-motor hybrid power system of beam pumping 
unit based on feed-forward control in order to improve 
the wind energy efficiency by controlling the revolving 
speed of wind wheel to follow the optimal control speed. 
Mathematical model of the wind power hydraulic-motor 
hybrid power system is built, and experimental station 
of the hybrid system is setup to verify the mathematical 
model. Wind speed following control method is analyzed 
by simulation which can be concluded that: to begin with, 
according to the experiment results, the mathematic model 
is proved to be effective; next, simulation studies show that 
the proposed feed-forward control method can improve 
the response rate as well as reduce the response lag. This 
research can be a reference for the application of the feed-
forward control method on the hybrid power system of 
beam pumping unit.
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Abstract: 
In order to improve the position control accuracy of rodless cylinder, the valve control cylinder system based on pneumatic 
proportional servo is studied deeply. According to the working principle of the mechanical rodless cylinder control system, under 
the condition of uniform speed, the driving voltage of the proportional valve is changed to measure multiple sets of friction force and 
corresponding velocity data. Analyzed the physical structure of each component in pneumatic system, established the mathematical 
model of pneumatic system, and introduced MATLAB system identification toolbox to identify the parameters of the transfer function.  
and the experiment verifies its correctness.

Keywords: mechanical rodless cylinder; friction characteristics; mathematical model; parameter identification

1 Introduction
Pneumatic technology is the technology that uses 
compressed air as a working medium for energy and 
signal transmission. It is an important means to improve 
production efficiency and realize automation of production 
process in modern industry [1-3]. With the continuous 
progress and development of science and technology 
and industrial engineering, the requirements of precision 
operation in industrial occasions are becoming higher and 
higher, and the precise control of pneumatic technology 
is put forward higher requirements. In order to realize 
the accurate control of pneumatic system, it is necessary 
to analyze the system comprehensively. In the pneumatic 
valve control cylinder system, the linear model can control 
the mass flow equation of the valve according to the 
proportional direction, the mass flow continuity equation 
of the cylinder, and the dynamics of the cylinder.  equation 
linearization treatment obtained [4-6].

The Pedro Luis Andrighetto[7] Lee E.Schroeder1[8], 
Brazil in the United States and the laboratory of Beijing 
Institute of Technology [9] used the test scheme of driving 
the load cylinder motion directly with compressed air. 
Zhang Baihai of Beijing Institute of Technology [10] studied 
the effect of temperature on cylinder friction force, and its 
experimental results show that the maximum static friction 
force, viscosity the friction coefficient decreases with the 
increase of temperature, while the coulomb friction force is 

less affected by temperature. On the basis of experiments, 
T. Raparelli and G. Belfore et al. of Italy used the finite 
element method to analyze the friction force. Through the 
simulation of the force and deformation of the sealing ring 
and the verification of the experimental results, the changes 
of the force and friction force of the double O seal ring and 
the lip seal ring under different lubrication and working 
pressure conditions were studied [11-14].

Liu Xiangming et al .[15] of Wuhan University of 
Engineering identified the third order electro-hydraulic 
servo system model by using the M sequence of DAQ 
acquisition assistant as the excitation signal of the system 
in LabView environment. song tao et al.[16] of nanjing 
university of technology established a symmetrical 
cylinder hydraulic system model. the input and output 
data of the controlled object of the system were simulated 
in the MATLAB. the identification model of least square 
method was used to identify the system, which provided 
a more accurate system model for further research. Kong 
Xiangzhen [17] of Shandong University adopted the optimal 
design problem in the identification process, A pseudo 
random sequence similar to white noise is used as input 
signal to continuously excite the controlled object, and 
the whole system is identified. The input and output 
experimental data are identified by MATLAB the system 
identification toolbox. Finally, the transfer function of the 
whole closed-loop system is obtained. In industrial control, 
the theory of system identification has been developed 
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for decades, and the research and application are more 
and more extensive, but the research and application in 
pneumatic servo control need to be further excavated.

Based on the friction experiment, the Stribeck friction 
model of the rodless cylinder is established. The mass flow 
equation of proportional valve, the mass flow equation of 
cylinder and the dynamic equation are established and 
linearized in the middle position of cylinder. Based on 
the experimental test, the input and output data of valve 
control cylinder are obtained, and the parameters of the 
transfer function obtained are identified in the MATLAB 
system identification toolbox.

2 Construction of Control System
The working principle of pneumatic servo position control 
system with mechanical rodless cylinder as control object 
is shown in figure 1. The industrial control computer 
sends out the target displacement instruction, which 
converts the numerical signal to the analog voltage signal 
of 0-10 V through the D/A conversion module, and the 
analog voltage signal controls the valve opening in the 
proportional direction. A measuring system detects the 

displacement of the rodless cylinder in real time and 
transmits the displacement signal to the data acquisition 
card of the industrial control computer in the form of TTL 
level. The air compressor produces compressed air as a 
source of fluid power, and flows through pneumatic triplets 
(air filters, pressure relief valves, oil mist) to transmit 
clean compressed air into proportional control valves 
Inside. By using the feedback deviation control, the IPC 
processes the feedback detection signal and the deviation 
value of the target value of the displacement measurement 
system according to the software platform LabVIEW as 
the upper computer to adjust the valve opening size of the 
proportional direction control valve in real time, and then 
reduce the displacement deviation of the rodless cylinder, 
so that the movement of the rodless cylinder finally reaches 
the ideal target position. Through the above principle, the 
pneumatic proportional servo control system can control 
the precise position of the mechanical rodless cylinder. 

According to the experimental principle, set up the 
following physical experimental platform, as shown in 
figure 2.

Figure 1  Schematic diagram of pneumatic servo position control system
(1-air compressor; 2-air filter; 3-air regulator; 4-air lubricator; 5-pressure transmitter; 6-proportional directional control 

valve; 7-Rodless cylinder; 8-IPC).

Figure 2  Experimental Platform of Servo Position Control System
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This system proportional direction control valve 
selects the three-bit five-way proportional direction control 
valve produced by Germany FESTO Company as the 
control element, the power supply is DC 24 V, the pressure 
use range is 0~1 MPa, take the mechanical rodless cylinder 
as the end pneumatic actuator of the system. In order to 
ensure the accuracy of measurement and convenient 
installation, the displacement feedback element selected 
by this select the grating ruler line displacement sensor. 

Checking the displacement characteristics of the Slide 
valve requires measuring the displacement of the Side 
valve of the proportional control valve with the change 
of the driving voltage. Select the HG-C1050 model laser 
displacement sensor produced by Panasonic Japan is a 
measuring element. A pressure transducer of MIK-P300 
type is selected as the measuring element. The models and 
parameters of each component are shown in Table 1.

Table 1  Types and working parameters of system components

Components Model Parameter

Air compressor
Medical Silent Piston Air 
Compressor

Working pressure0.4~0.7MPa

F. R. L. units AC3000-03 Voltage regulation range0-1MPa

proportional directional control valve MPYE-5-M5-010-B 5-bit 3-way valve, 0-10V driving voltage

Mechanical rodless cylinder SMC MYC25G-110L Travel itinerary110mm,Pressure range0.1-0.8MPa

Grating Displacement Sensor JCXE-DC Operating voltage5V,Travel itinerary 200mm

Laser displacement sensor Panasonic HG-C1050 Scope of measurement±15mm, Precision 30μm

Pressure transmitter MIK-P300 Range0-1.0MPa, Precision0.3%F.S.

Flow sensor SFAB-200U-HQ8-2SV-M12 Range0-200L/min,Voltage voltage24V

3 Friction characteristics of rodless cylinder

3.1 Measurement method of friction parameters
In the servo system, the friction force always exists in the 
whole motion process. Compared with the driving force of 
compressed air, the friction force of pneumatic end actuator 
is relatively large, and the friction force presents nonlinearly 
in motion, which seriously affects the accurate positioning 
of cylinder position. The friction of the cylinder mainly 
exists in the friction between the piston and the inner wall 
of the cylinder, between the piston and the inner sealing 
belt, and between the sliding block and the external dust-
proof sealing belt. When the rodless cylinder moves in a 
straight line at a constant speed, the acceleration is zero, and 
the driving force only works against friction. According to 
Newton's first law of motion, its mathematical expression 
is as follows:

f a a b b=F A p A p− 	 (1)
Therefore, when the cylinder speed is constant, 

the pressure difference between the two chambers is the 
friction value to be measured. Under the condition of 
constant supply gas  pressure, by changing the driving 
voltage of proportional valve to change the opening of 
valve port, the movement speed of piston will also change. 
In the experiment, the friction force at different speeds was 
measured, and the friction-velocity curve was obtained. In 
the Stribeck friction model, there is the maximum static 
friction force Fs、Coulomb friction Fc、Critical Stribeck 
velocity sy  And viscous friction coefficient σ A total of 
four parameters need to be measured [53]. The measurement 
method is as follows:

Figure 3  Stribeck friction model curve
In figure 3, in order to describe the state of friction 

model intuitively, auxiliary dotted lines are added. When 
the velocity of the piston is in the zero speed region, the 
total friction force is Fs. With the increase of the speed, 
the cylinder movement in the low speed stage can be 
approximately linear f1 express. Let k is the slope of this 
line, and the intersection of the line and the ordinate axis is 
Fs. As the speed continues to increase. It is represented by a 
straight line σ, the slope is σ, the intersection point with the 
vertical axis is Fc. Cross the Coulomb friction f2 coordinates 
point as the intersection point of the parallel line of the 
abscissa axis and the curve f2, and then make a vertical 
line to the abscissa axis, the critical Stribeck velocity is the 
intersection of the vertical line and the abscissa axis sy .
3.2 Measurement and analysis of friction parameters
When the supply gas pressure is 0.6MPa, the pressure 
difference between the two chambers at different constant 
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speeds is measured by changing the driving voltage of 
the proportional directional control valve. The pressure 
difference of each group under uniform velocity is 
substituted into the corresponding friction force calculated 
by formula (1). Figure 4 shows the pressure difference 
and displacement curve of the cylinder at low speed when 
the driving voltage is 4.91V. The maximum static friction 
force can be obtained by substituting the maximum 
pressure difference into formula (1), and the friction force 
at this speed can be obtained by substituting the average 
pressure difference in the dotted box.It can be seen from 
the displacement curve that there is a small displacement 
before the continuous sliding of the cylinder, which is 
often called the displacement before sliding. The measured 
friction velocity of each group is summed up and fitted to 
form a relationship curve, as shown in figure  5. The four 
parameter values of Stribeck friction model obtained by 
making auxiliary lines are shown infigure  6. The specific 
parameter values are shown in table 2.

Figure 4  low speed operation process of cylinder

Figure 5  friction curve fitting

Figure 6  Friction parameter diagram

Table 2  Stribeck friction parameter values

 Parameters  Value
Fs 35.48（N）

Fc 15.31（N）

sy 3.27（mm/s）
σ 0.31（N .s / mm）

4 Establishment of system model and parameter 
identification

4.1 Establishment of system model
By analyzing the physical structure and working principle 
of proportional directional control valve and rodless 
cylinder, the piston of rodless cylinder is connected 
with the external slider of cylinder mechanically, and 
the displacement of piston is the displacement of slider. 
The basic equations of valve controlled cylinder system 
are linearized in the middle position, and the mass flow 
equation of proportional valve, mass flow continuity 
equation of rodless cylinder and dynamic equation of 
are established respectively. Figure 7 describes the flow 
mechanism of the proportional valve controlled cylinder 
system. The left chamber of the proportional valve is 
connected with the chamber a of the cylinder, and the 
right chamber of the proportional valve is connected with 
the chamber B of the cylinder. Therefore, any chamber in 
the proportional valve and the corresponding connected 
cylinder chamber are regarded as a control body where 
the gas temperature and pressure are equal everywhere. 
The control body where the left chamber of the cylinder is 
located is chamber a, and the control body where the right 
chamber of the gas cylinder is located is chamber B. the gas 
flow process in the whole valve controlled cylinder system 
can be seen It is the process that the gas flows through the 
proportional valve to charge and deflate a and B cavities. 
Set the proportional spool slide to move to the right as a 
positive direction. When the valve core of the proportional 
directional valve moves in the positive direction, chamber 



 Mechanical Engineering Science | Vol. 2 | No.2 | 2020 29 

a is filled with air and cavity B is deflated, and the cylinder 
piston moves to the right.

Figure 7  Flow mechanism of valve control cylinder
In figure 7, ps indicates supply gas pressure,  and 

bM  indicates mass flow in A and B chambers respectively, 
pa and pb indicates the pressure in A and B chambers 
respectively, Ta and Tb indicates the temperature of A and 
B cavity respectively, Va and Vb indicates the volume of A 
and B cavity respectively, xv represents proportional spool 
displacement, y indicates cylinder piston displacement.
4.1.1 Proportional Valve Mass Flow Equation
Because the valve clearance is very small, the mass flow 
through the gas flow clearance is very small in actual 
application, so it can be ignored in establishing the 
model. It is assumed that the working medium is ideal 
gas satisfying the ideal gas state equation and the gas flow 
process is isentropic adiabatic process, neglecting the 
leakage of clearance between spool and sleeve. When the 
spool moves to the right, the gas in the a-chamber pushes 
the piston to the right and the piston drives the slider to 
move synchronously. Figure 8 shows the relative position of 
the circular orifice to the proportional shoulder.

O

vx

r
S

Orifice
（static）

spool land
（motion）

2d

d

Figure 8  Relative motion position of the shoulder of 
proportional valve element and the orifice

In figure 8 , r indicates the radius of the orifice, 2d 
is the shoulder width of proportional spool, xv indicates 
displacement of shoulder relative to orifice, S represents the 
geometric cross-sectional area of the orifice opening, From 

the geometric relation in the figure, the expression of the 
geometric section area S can be obtained as follows:
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	(2)
Based on aerodynamics, considering the shrinkage 

and friction losses of the orifice, the mass flow through the 
cylinder a-chamber is as follows [54, 55]:
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The mass flow through the b-chamber of the cylinder 

is:
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In the formula, R is the gas constant, C is the flow 

coefficient of the gas through the orifice,κ  is the isentropic 

index,critical pressure ratio 

1

0
1

2
c

κ
κκ −+ =    .

From Taylor's linearization formulas (3) and (4):

a 1 v 2 a

b 1 v 2 b

M c x c p

M c x c p
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


	 (5)

In the formula, c1 represents the mass flow gain of 
a proportional valve; c2 denotes the mass flow pressure 
coefficient .Since symmetric proportional valves are used, c1 
and c2 under initial steady state conditions are represented 
as follows:

a 0 b 0
v=0 v=0

v=0 v=0
a 0 b 0

a b
1

v v

a b
2

a b

=

=

p p p p
x x

x x
p p p p

M Mc
x x

M Mc
p p

= =

= =

 ∂ ∂
≈ − ∂ ∂


∂ ∂ − ≈ − ∂ ∂



 

 

	 (6)
Equation (5) can also be written

( )a b 1 v 2 a b2M M c x c p p∆ −∆ = ∆ − ∆ −∆ 
	 (7)

4.1.2 Mass flow equation of cylinder
According to the law of conservation of mass flow, under 
the isentropic condition, the mass flow of the two chambers 
in a cylinder is equal to the gas mass in and out of the two 
chambers in a unit time [56].

M∑ 
入 M∑ 

出
M ρVM  V  P

Figure 9  compressed flow into and out of a control body
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	 (8)
The continuous equation for the mass flow of the 

cylinder cavities A and B is as follows:
a a
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The ideal state equation /p RTρ = of gas is substituted 

by formula (9) to obtain:

a a a a a
a a a

a a

b b b b b
b b b

b b

d d d1
d d d

d d d1
d d d

V p p V TM p V
RT t t T t

V p p V TM p V
RT t t T t

  
= + −  

  


  = + −   





	 (10)
From the isentropic condition:
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In the formula, T0 represents the initial temperature, 

0p  represents initial pressure.Formula (12) can be derived 
from time by formula (11):
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Formula (12) can be obtained by substituting it for 

formula (10):
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Because the piston position in the middle of the 

cylinder is representative of the dynamic characteristics[57], 
assuming that the parameter of the cylinder piston at the 
stable working point in the middle is set to the initial 
value under small interference, the formula (14) can be 
obtained. The lower corners 0a and 0b indicate the initial 
state of chamber a and b, respectively, Ts for supply air 
temperature, V0 is half the total cylinder volume, p0 is the 
initial equilibrium pressure of the two chambers when the 
piston is in steady state.
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Initial values and have the following relationships:
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	                   (15)
Since the incremental values of each physical 

quantity are small relative to the initial values under small 

disturbances, they can be neglected in the calculation[58]. 
Therefore, the incremental expression of the continuous 
equation for the gas mass flow in the cylinder is as follows:
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Equation (16) can also be written:
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4.1.3 Dynamic equation of cylinder
In figure  7, according to Newton's second theorem, the 
pressure difference between the chambers a and B is the 
power that drives the piston movement. The dynamic 
equation of the cylinder is as follows:
( )a b L L fA p p M y F F− = + +

	 (18)
Inside, ML represents the mass of the piston and its 

moving parts, FL is the external load force, Ff represents the 
total friction force in motion.
4.1.4 Block diagram and transfer function of valve controlled 
cylinder system
The linear model of the whole system can be composed of 
the mass flow equation of proportional directional control 
valve (7), the mass flow continuity equation of cylinder 
(17), and the dynamic equation of cylinder (18).
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Make the pressure difference L a bp p p= − , Mass flow 
difference L a bM M M= −   ,The formula (19) is transformed 
by pulling:
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The block diagram of valve controlled cylinder system 

can be obtained from formula (20), as shown in figure 10.

Figure 10  Block diagram of the valve-controlled 
cylinder system

The transfer function of the valve controlled cylinder 
system can be obtained by solving the simultaneous basic 
equations or by simplifying the block diagram.
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（1）Transfer function of spool displacement xv to 
cylinder output displacement y.

When f =0F  and L 0F =  , the transfer function of spool 
displacement xv to output displacement y can be obtained 
as follows:
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x s s s s
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Among, the gain TK  is:
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2 s L

0 0

=
2 2

c RT M
A V p

κζ
	 (23)

The natural frequency nω  is:
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When v =0x and L 0F = , it can be obtained that the 
transfer function of the friction force fF  to the output 
displacement y  is:
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In the same way, when f 0F = and f 0F = , it can be 

obtained that the transfer function of friction force y  to 
output displacement y  is:
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Therefore, the total transfer function of the valve 

controlled cylinder system is:
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Because the proportional directional valve has strong 
linear characteristics, the transfer function can be described 
as follows:

( )
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v
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x s
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U s
=

	 (28)
In the formula, vK represents proportional gain, U

indicates the drive voltage of the valve.
The transfer function of the proportional amplifier is:
( )

( ) ( ) a
in

U s
K

y s y s
=

− 	 (29)
In the formula, aK  represents proportional gain, iny  

represents the input displacement.
Friction compensation is used to reduce the influence 

of friction on the system. According to the formulas (27), 
(28), (29), the block diagram of the cylinder servo system 
can be obtained as shown in figure 11.

Figure 11  Block Diagram of Cylinder Position Servo System

Therefore, the open-loop transfer function of the 
system is:

3 2
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3 2
1 2 3 4

( ) b z b z b z bH z
a z a z a z a

+ + +
=

+ + + 	 (30)
Formula (4-29) is discretized and its open-loop 

transfer function is obtained as follows:
3 2
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+ + +
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+ + + 	 (31)
In the formula, b1, b2 , b3 , b4 and a1 , a2 , a3, a4 are 

constant values.
4.2 Valve-controlled cylinder system identification
4.2.1 System Identification Process
System identification can be divided into open loop 
identification and closed loop identification. Closed-loop 
identification methods are divided into closed-loop direct 
identification and closed-loop indirect identification. The 
closed-loop indirect identification method is to identify 
the closed-loop transfer function of the whole system first, 
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then subtract the feedback link of the system to obtain the 
open-loop transfer function of the system. This method is 
cumbersome due to the elimination of intermediate links. 
Closed-loop direct identification method is to identify the 
open-loop transfer function of controlled object under 
closed-loop condition. Since the linearized system model is 
a third-order model and the proportional valve-controlled 
cylinder system has an integral part and is an open-loop 
unstable system, this paper uses closed-loop condition to 
directly identify the open-loop transfer function of the system.

M-sequence is a binary pseudo-random code 
sequence of approximate white noise signals as shown 
in figure 12. M-sequence as interference signal can fully 
excite the characteristics of the controlled object. The 
input signal is the superposition of the controller output 
signal and M-sequence signal, and the output signal is the 
cylinder displacement signal. To identify the input signal 
and output displacement before and after the object, the 
open loop system of the system is identified. Figure 13 is 
the identification test schematic.

Figure 12 M-sequence signal

Figure 13  Identification test schematic diagram

For nonlinear systems, a parametric linearization 
model can be established based on the perturbation theory. 
During the identification process, the cylinder piston 
is allowed to move to the left and right, and the "near 
disturbance" of the input signal to the system should be 
in both positive and negative directions. The amplitude of 
input signal is not too small, it will slow down the response 
of the system, not fully excite the dynamic characteristics 
of the system and make the system identify distortion, but 
it should not be too large, so the input signal should be 
selected reasonably. Identified input and output signals are 
shown in figure 14.

In MATLAB, input signal and output signal are 
imported separately. ARX discrete transfer function 
model is selected for identification in time domain. The 
identification results are shown in figure 15.

The identified system model is:

	 （32）

4.2.2 Experimental verification of system identification model
According to the system schematic diagram built as 

shown in figure 16, the input step signal and sinusoidal 
displacement signal are experimentally verified. Figure 17 
is a comparison diagram of the results of simulation and 
experiment. It can be concluded that the identified system 
model can well reflect the dynamic characteristics of the 
control system.

From the previous section 4.1 (Establishment of 
system model) the theoretical model of the system is 
obtained. Under the standard input signal (step signal 
and sinusoidal signal), the position control of the rodless 
cylinder is studied experimentally, and the actual input and 
output data curve of the rodless cylinder is obtained. Based 
on the input and output data of the rodless cylinder system, 
the identification model of the rodless cylinder system is 
obtained by using the MATLAB system identification 
toolbox. Finally, with the identification model as the 
system and the standard input signal as the excitation, the 
experimental curve and the simulation curve are tracked.
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Figure 14  identification of input and output signals

Figure  15  Identification result

Figure  16  system principle block diagram

 (a) Positioning result;                                         (b) Position tracking result

Figure 17  Comparisons between simulation and experiment
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5 Conclusions
Based on the experimental system of position servo control 
of  rodless cylinder, the conclusion is as follows :(1) The 
friction model of Stribeck mechanical  rodless cylinder 
is established.（Fs=35.48N, Fc=15.31N , =3.27mm/s, 
σ=3.27mm/s）；(2) By establishing the mass flow equation 
of proportional control valve, mass flow equation and 
dynamic equation of cylinder, and reducing the influence 
of friction on the system by friction compensation, the 
accurate mathematical model of proportional control 
cylinder system is finally established .(3) The input and 
output data of valve control cylinder are obtained by 
experimental test, and the parameters of the system transfer 
function obtained by MATLAB system box identification 
to used to verify the correctness of the system model.
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Abstract: 
Recently, large and thin glass substrates are transported by air film conveyors to reduce surface damage. On the production line, the glass 
substrates are desired to be transported flatly on the conveyor to ensure the quality inspection. A method by feedbacking film pressure 
to the theoretical model is proposed for estimation of the deformation of the glass sheet, and the validity of the method is theoretically 
and experimentally verified. First, a theoretical model including the flow behavior through a porous-walled gap is established, and 
the film pressure distribution can be predicted by solving the model. Then, an experimental setup that can simultaneously measure 
the film pressure and the flatness of the glass sheet is established, and, the validity of the model is verified experimentally. Next, with 
the pressure points at the grooves as the boundary and the pressure points at the flange area as the feedback, an algorithm is applied 
to shape the one-dimensional deformation at the centerlines in accordance with a quadratic curve. Furthermore, two-dimensional 
deformation of the glass sheet can then be estimated by an interpolation operation. Comparisons of the calculated results with the 
experimental data verify the effectiveness of the estimating method.

Keywords: Deformation of glass sheet; air conveyor; air film; pressure distribution; pressure feedback

1 Introduction
Surface scratching and damage easily occur during 
transportation of glass substrates for liquid-crystal display 
(LCD). Contactless transport using pneumatic technology 
can eliminate these problems since air flow is magnetic free 
and clean[1–4]. For example, air tracks with arrays of bearing 
elements equipped on the surface are in use to supply 
pressurized air beneath flat objects. The air flow into the 
gap and form a pressurized film to levitate the object at a 
certain height, which is determined by the supply flow rate. 
This method is extremely suitable for the transport of large 
and fragile glass substrates. 

Manufacturers intend to increase the size of the glass 
substrate to reduce costs[5]. The tenth generation thin 
flat panel glass substrate reaches a size of 3.1 m long by 
2.8 m wide. On the production line, high-speed cameras 
are used to inspect the quality defects of the glass panel. 
Figure 1 gives a sketch of a noncontact transport system 
for inspecting the surface quality of the glass substrate. In 
the case that there exists an apparent deformation at some 

places, the detecting position cannot be clearly imaged 
due to the low focus depth of the camera. Figure 1 shows 
the situation that the deformation place cannot be clearly 
imaged. As a result, there is crucial need to monitor the 
deformation rapidly and accurately. Although multiple 
laser sensors can be used to achieve this, it is difficult to 
realize rapid measurement over a wide range. 

Researchers have developed non-contact conveyor 
systems for transporting large glass substrates. Im et al. 
[6] studied the influences from nozzles of different shapes 
to the air cushion and determined the optimum design. 
Amano et al. [7] employed porous media to replace the 
orifice in order to eliminate the wave deformation. Oiwa et 
al. [8] designed a contactless air conveyor using porous pads 
as restrictors, and reported the numerical results of the 
deformation of the glass sheet. Miyatake et al. [9] studied the 
relation between the deformation and the supply pressure 
during transportation of the glass sheet. Above research 
indicate that the film pressure is closely related to the glass 
deformation. 
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Finite element method (FEM) software can be used to 
calculate the deformation of the glass sheet. However, the 
calculation takes a long time, and, the actual practice needs 
a fast estimating method. Researchers sought methods 
to integrate the measured experimental data with the 
computation not only to enhance the calculation accuracy 
but also to reduce the time cost. [10-13]. Commonly, the 
calculation conditions are updated at time intervals based 
on past calculated results and measured data. Hayase T [14] 
developed a simulation integrated experiment method to 
reproduce the real flow rate and analyzed the error. 

Imagawa and Hayase [15] introduced a measurement-
simulation integration method for a  turbulent flow to 
reduce the calculation consumption and also increase 
accuracy. Li et al [16] indirectly estimated the suction force 
of a vacuum gripper (swirling air type) by measuring the 
film pressure distribution. Nakao et al [17] suggested a 
measurement integrated simulation method to investigate 
unsteady flow through an orifice in a pipe. 

This paper introduces an indirect method for 
predicting the deformation of the large, thin glass sheet 
by measuring film pressure. A theoretical model for 
calculating the film pressure is built, and the deformation 
curve is shaped to make the calculated result close to the 
measured pressure data. The method is adopted to estimate 
a two-dimensional deformation, and the effectiveness of 
the method is verified experimentally. 

Figure 1  A noncontact transportation system of large 
glass panels for the inspection process

2 Construction of the air conveyor
Figure 2 shows a sketch of a porous pads equipped air 
conveyor system that has three conveyor lines. Multiple air 
conveyor lines are used to ease fabrication and adjustment. 
For those extremely large, thin glass sheets, air tracks 
with multiply array of porous pad can be used to produce 
a uniform film pressure distribution. Pressurized air is 
provided by the porous pads so that an air film can be 
formed under the glass sheet. With surface areas like sails, 
supporting force are formed to levitate the glass sheet on 
the conveyor. Such non-contact mode during the conveying 
process can keep the surface clean and prevent surface 
scratch which are easily caused by traditional method with 
mechanical contact. In this way, the glass panels are moved 
by the friction force provided by the installed rollers. In 
this application, the contact points for the rollers with the 

surface locate near the edge, and this would not damage the 
surface quality. 

The geometry of a representative area of the noncontact 
air conveyor is also illustrated in figure 2. Air supply units 
are regularly arranged on the conveyor surface. The unit is 
a square, with a length of 45 mm. For each unit, a circular 
porous pad, which has a diameter of 20 mm and a length 
of 3 mm, is placed at the center as the restrictor. Grooves 
(5 mm in width, 1 mm in depth) are set between the units 
to further uniform the film pressure and to case the stress 
concentration on the glass sheet. This treatment reduces 
the bearing capacity and stiffness of the air film; however, 
without the grooves, the air film would exhibit a large 
pressure concentrated at the center area, where the flow 
field would become too complicated to be analyzed.

Figure 2  A sketch of an air conveyor system

3. Film pressure distribution

3.1.Mathematical Modeling

(a) A representative unit                   (b) flow in the gap

Figure 3  Airflow model
Figure 3 shows a representative unit, which is a square 

area including a porous pad as well as its surrounding 
flanges. A Cartesian coordinate is established, and the 
bottom left point of the gap of the unit is considered as the 
origin. To reduce the complexity of modeling of flow in the 
gap, we assume that the airflow is laminar (The Reynolds 
number is far below 103) and film pressure change in z 
direction is ignored. With the assumption, a simplified 
Navier-Stokes equation in x-direction can be written as 
below.

2

2
0xup

x z
µ ∂∂

− + =
∂ ∂ 	 (1)

where p denotes the film pressure, ux denotes the flow 
velocity, and μ denotes the air viscosity. 

In z-direction, Navier-Stokes equation can be written 
as below
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0zu
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=
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Assuming a no-slip case, the boundary condition that 
ux=0 (z=0) and ux=0 (z=h) can be obtained, and equation 
(3) is obtained by integrating equation (1) with respect to z

( )21
2x

pu z hz
xµ
∂

= −
∂ 	 (3)

where h denotes the thickness of the gap. 
Similarly, with the boundary velocity that uz=0 (z=0) 

and uz=0 (z=h), the flow velocity uz can be determined by 
integrating equation (2) with respect to z, 

0
0zu z

h
ωω= −

	 (4)
where ω0 is the porous walled outflow velocity. The 

velocity can be obtained by the flow regime through porous 
media [18, 19].

The continuity equation is expressed as below
( ) ( ) 0x zpu pu p

x z t
∂ ∂ ∂

+ + =
∂ ∂ ∂ 	 (5)

Substituting equations (3) and (4) into equation (5), 
yields

2 2
0

212
pp h p p pp

t x x x h
ω

µ
∂ ∂ ∂ ∂ 

= + + ∂ ∂ ∂ ∂  	 (6)
The gap that filled by air should be divided into a 

number of grids so that the iteration calculation can be 
applied to obtain the film pressure. Figure 4 shows the 
generated grids of the calculation domain. The cross-
sectional area of the gap is divided into n grids, marked as 
A[i] (i = 0 − n). Figure 5 shows the procedure to calculate 
the film pressure. Initially, atmospheric pressure is assigned 
to each grid. Then, the outlet flow rate from the porous 
surface is calculated by the Forchheimer equation, and thus, 
the velocity ω0 is known. A finite volume method (FVM) 
is applied to solve equation (6) to obtain the pressure 
distribution. The Euler explicit method is used for iteration 
calculation, and the time step is 10−8 s. The calculated data 
are updated and saved after every iteration cycle until the 
calculation converges. The final results can be obtained after 
the calculation converges. When the difference between the 
inlet flow rate and the outlet flow rate is less than ±1%, it 
can be considered that the calculation converges. 
3.2 Experimental apparatus
Figure 6 shows a sketch of the apparatus used to measure 
the deformation of the glass sheet. An air conveyor with a 
size of 3 × 3 units is fabricated. A glass sheet with a size of 
200mm × 155mm × 0.7mm is supported on the conveyor. 
The glass sheet is with the following physical properties: 1) 
the density is 2500 (kg/m3), 2) Young’s modulus is 73 GPa, 
3) the Poisson’s ratio is 0.25. The glass sheet is supported 
at four corners, and the vertical distance from the 
conveyor surface to the supporting point is 150 µm. A high 
resolution laser sensor is used to measure the deformation 
of the glass sheet. The laser sensor is fixed on an XY sliding 
table, the position of which is detected using two installed 
displacement sensors. The deformation can be measured by 

the following steps: (1) Place several plug gauges between 
the conveyor and the glass sheet, and measure the flatness 
without air supply. (2) Repeat the measurement with air 
supply. The difference between the two measurements 
approximates the deformation. Figure 6 shows the moving 
route of the laser sensor. The slide table moves at a velocity 
of 5 mm/min for detecting the flatness along x-direction, 
and, it moves in 5 mm increments without recording the 
data along y-direction.

Flange

… … 

Glass sheet

hn

Porous mediumFlange

… … 0 1A[i]

Figure 4  Grid generation of the computational domain

Grid generation

Inputting parameters, calculation step

Pressure initialization of each 
grid (A[i]=atmosphere, i=0~n)

Calculating ω0 using
Forchheimer-extended equation

Setting initial value p0 
Calculating pi using 

Eq. (6)

Grid 1~n

FVM method

Updating pi data 

Save pressure pi and flow 
rate G at regular intervals

Check whether convergent or not

NO YES

Completed
Continue

Figure 5  A flowchart indicating the calculation of air 
film pressure

z
xy

Path

Guide

Laser sensor
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Figure 6  A sketch of the apparatus that shows the 
measuring method
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Figure 7  Apparatus for measuring the pressure of the 
air film

The film pressure distribution is measured to verify 
the theoretical model. Previous researches [20, 21] reported 
several methods concerning measurement of the film 
pressure in the case that the object will not deform and the 
two surfaces are in parallel. However, in current work, the 
glass sheet appears an obvious deformation that cannot be 
ignored since it is very thin. To realize the measurement 
of the film pressure in a deformed status, the apparatus 
shown in figure 7 is used. Thirty through-holes are opened 
on the glass sheet. These holes are with a diameter of 2 mm 
and arranged at 5 mm intervals. Each hole is individually 
connected to a high resolution pressure sensor using a 
metallic tube. A glue layer is coated on the surface to seal 
the tubes. When we supply pressurized air via the porous 
pad, under the effect of the air film, the glass sheet is in a 
deformed status. The deformation of the glass sheet on the 
centerline was measured and investigated.
3.3 Film pressure distribution
Experiments are first performed to produce an extent of 
deformation and the film pressure is measured to verify 
the theoretical model. Here, the deformation and the film 
pressure on the centerline (AA' in figure 2) are discussed. 
The deformation versus the position is measured in 
two cases. The two cases are with different degrees of 
deformation (Figure 8). Case 1 shows that the glass 
sheet appears a certain degree of deformation and case 2 
shows that the glass sheet is in parallel with the conveyor 
surface. The case 2 can be achieved by using a sufficiently 
thick glass sheet. The measured points are passed through 
by a quadratic fitting curve, which is treated as the real 
deformation. Thus, the film pressure can be calculated with 
the theoretical model stated above. 

Figure 9 shows the measured film pressure in 
comparison with the calculated results for the two cases. 
The supporting points are at a 150 µm height from the 
surface. The supply flow rate for each unit is set to 3 L /min. 
The film pressure at the grooves is detected and treated as 
the boundary to calculate the pressure distribution in each 
unit. The film pressure is distributed like a parabola, and 
the grooves uniform the film pressure of different units. 
Without these grooves, flow interference would appear in 
the gap, and this makes the flow pattern too complicated to 
be modeled. Existence of the pressure-equalizing grooves 

enables independent calculations of the film pressure 
for each unit, which greatly improves the computation 
efficiency. Observations on the results show that, for the 
case 1, the film pressure of the inner unit is slightly larger 
than that of the outer units, but for the case 2 where the 
center portion exhibits a larger deformation, the center 
pressure show a lower value compared with that of the 
outer area. Although the theoretical model is deduced with 
the assumption that the glass sheet is in parallel with the 
conveyor surface, the comparison between the calculated 
results and the experimental data indicates that the 
calculation can approximate the experimental film pressure 
when the deformation is limited within 0.1 mm. It should 
also be noted that for the maximum deformation that is 
larger than 0.1 mm but smaller than 0.3 mm, the modeling 
for the flat center portion might also be valid but not for 
the outer units.
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Figure 9  Film pressure distribution of the two cases 

4 Estimation of the deformation of the glass 
sheet and the results
Figure 10 shows a one dimensional case where a glass 
sheet is supported at two points and deformed by the 
film pressure is considered. The vertical position of the 
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supporting points is treated as the base. The distance 
of the conveyor surface relative to the base is denoted as 
h0.The maximum deformation (at the center) relative to 
the base is denoted as hc. A quadratic curve expressed by 
f(x) = ax2 + bx + c is used to shape the deformation with 
respect to the position x. Here, a, b, and c are coefficients 
that need to be determined. The deflections at two sides 
are treated as the boundary conditions, and two position 
sensors are installed to detect the edge deflections, which 
are respectively denoted as δ1 and δ2. The left supporting 
point is regarded as the original point. Using three points 
on the curve, (L1, δ1), (L/2,hc), and (L1+L2, δ2), determines 
the coefficients a, b, and c for the deformation curve by the 

following equations
2
1 1 1
2

2 2
1 1 2 2 1 2 2

4 2
2

c

aL bL c
L ba L c h

aL aL L aL bL bL c

δ

δ

 + + =

 + + =

 + + + + + = 	 (7)

By this method, the deformation along the centerline 
in the form of f(x) = ax2+bx+c can be obtained. The 
expression of f(x) with L1 = 0.028 m, L2 = 0.145 m and L = 
0.2 m can then be determined as

2
1 2 1 2

1 2

( ) (95.785 190.258 94.473 ) ( 26.149 38.242 12.092 )
(1.657 0.921 0.265 )

c c

c

f x h x h x
h

δ δ δ δ
δ δ

= − + + − + −
+ − + (8)
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Figure 10  The principle of the one-dimensional estimating method

          (a) Vertical view        (b) Axonometric drawing

Figure 11  The principle of the two-dimensional 
estimating method

An interpolation method is in use to obtain two-
dimensional deformation of the glass sheet. As shown 
in figure 11, the deformation of the curve 1, curve 2 and 
curve 3, which are the centerlines of the three rows of 
the units, can be obtained with the method presented 
above. To estimate the deformation along y direction, 
for example, curve 4, three points on the three curves 
marked as Q1(x1,y1), Q2 (x2,y2) and Q3 (x3, y3) are selected. 
Then, with the three points, a parabolic curve P(y) can be 
fit using equation (9). To be noticed that, with the three 
centerlines along x-direction P(y) can be calculated, and 
inversely, with the centerlines along y-direction P(x) can 
be calculated. Therefore, first, the deformation along 
y direction is determined at an interval of 3 mm, and 
second, the deformation along x direction is determined 
with the same interval. Then, at the overlapping points, the 
deformation values are averaged to improve the calculating 
accuracy. 

2 3 1 3 1 2
1 2 3

1 2 1 3 2 1 1 3 3 1 3 1

( )( ) ( )( ) ( )( )( ) ( ) ( ) ( )
( )( ) ( )( ) ( )( )

y y y y y y y y y y y yP y z Q z Q z Q
y y y y y y y y y y y y
− − − − − −

= + +
− − − − − −  (9)

Fit one-dimensional deformation 

Iterative calculation of
theoretical pressure values

Deviation calculationMeasured 
pressure data

Feedback
algorithm

Adjust the fitting
curve

Check whether 
less than 0.5% error

NO

YES

Boundary conditions
Initialization

+
-

Output one-dimensional deformation 
Interpolate in 
the y direction

Interpolate in 
the x direction

Deformation output

Fit two-dimensional 
deformation

Figure 12  A flowchart indicating the estimation process
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Figure 12 shows the estimation procedure. Film 
pressure in the flange region is measured by pressure 
sensors which are connected to pressure taps. The measured 
pressure data is imported into the model and compared 
with the simulated results to shape the deformation curve 
by changing hc. Frist, the simulations are initialized with 
actual conditions. Then, the film pressure is calculated 
using the iteration routine until it is sufficiently close 
to the measured data (within 0.5% error). During the 
process, During the process, a solution by means of 
proportional-integral algorithm (Eq. 10) is used to shape 
the estimated deformation. By this means, we can estimate 
the deformation of the centerline either along x-direction 
or along y-direction. Interpolation operations are then 
applied with the deformation results on the centerlines to 
obtain the entire two-dimensional deformation.  

( )c p ih K e K e∆ = − + ∑ 	 (10)
where Kp denotes the proportional gain, Ki denotes 

the integral gain, e denotes the error, and Δhc denotes the 
variation of the maximum deflection.

Figure 13  Estimated results of the deformation in 
comparison with the measured data at the centerline

Adjustment of the deformation shape can be easily 
implemented to make the calculated pressure close to the 
measured pressure with only one point used. However, if the 
pressure of the selected point is not accurately measured, it 
may cause a great error. Considering this, two points in the 
grooves are used as the boundary, and four inner pressure 
measuring points are used as the feedback to assure the 
reliability for the estimation. The deformation curve is 
shaped using a nonlinear least square method to take into 
consideration the error from every point. The estimation 
processes are conducted for the generated different degrees 

of deformation (three cases in total). In figure 13, the 
upper plot shows the calculated results in comparison 
with the measured film pressure, and the lower plot shows 
the corresponding deformation. The compressed air is 
supplied at a flow rate of 3 L/min per unit. The deformation 
estimations are with an average error of 3.8%, 2.0% and 
2.2% for case 1, case 2 and case 3, respectively.

Figure 14 shows the calculated results of the 
deformation at the six centerlines (three in x-direction 
and three in y-direction), with which the two-dimensional 
deformation can be obtained. Figure 15 shows the entire 
status of the two-dimensional deformation in the case that 
the glass sheet is fixed at four corners, and observation shows 
that the center portion exhibits an obvious deformation. 
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Figure 14  Estimated results of the deformation at all 
of the centerlines
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Figure 15  Estimated results of two-dimensional 
deformation

To verify the effectiveness of the estimating method, 
the results on the line that deviates from the centerline 
are also checked. That is, as shown in figure 15, the 
deformations of the glass sheet at the position A (x=35 
mm) and the position B (y=100 mm). Figure 16 compares 
the experimental results with the estimated results of the 
deformation curve A and B. The estimated results accord 
with the experimental data, with an average error around 
3%, indicating that the estimating method is feasible. The 
interpolation method can predict the deformations at the 
positions deviated from the centerline but one-dimensional 
estimation is not easy to realize. 
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Figure 16  Calculated and experimental results of the 
deformation of the glass sheet and the errors

Experiments are performed to measure the entire 
glass deformation with the apparatus shown in figure 6. 
The glass sheet that has a size of 200 mm × 155 mm × 0.7 
mm is in use. Four supporting points distributed at four 
corners are employed, and the glass sheet is initially 150 μm 
above the conveyor surface. The deformation with no air 
supply is treated as the reference, and the real result can be 
calculated by subtracted from the reference value. So, there 
is no deformation at the four supporting points and the 
center portion exhibits an apparent deformation. Figure 17 
(a) and (b) show the contour plot of the calculated results 
and the measured results, respectively. Figure 18 shows 
the errors, and observation indicates that the errors are all 
within 4%. Careful observation also shows that large errors 
appear at the position where the deformation exhibits a 
steep change. This is because the model cannot describe 
the flow behavior accurately. However, for the center area 
where there exists a large deformation, the estimating 
method works well since the glass sheet is relatively flat, 
without steep variations. 
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Figure 17  Calculated and experimental results of the deformation of the glass sheet
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5 Conclusions
A method for estimating the deformation of a glass sheet on 
a noncontact air conveyor by integration of measurement 
and simulation of the film pressure is proposed. A 

theoretical model is established within typical units, and 
the model is solved to attain the film pressure. An algorithm 
is used to adjust the deformed shape of the glass sheet with 
the measured film pressure to achieve that the calculated 
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film pressure accords with the experimental data. Film 
pressure are monitored at several positions, and, the film 
pressure at the grooves are used as the boundary and that 
at the flange area are used as the feedback. Experimental 
setup is constructed to measure the two-dimensional 
deformation and the film pressure simultaneously. First, 
film pressure distributions are measured in a deformed 
and a non-deformed status, and it is observed that the 
calculated pressure shows good agreement with the 
experimental data. Then, the film pressure feedback 
method is used to estimate one-dimensional deformation 
on the centerlines along x-direction and y-direction, with 
which an interpolation operation is applied to obtain 
the two-dimensional deformation of the glass sheet. 
Experiments are performed to measure the deformation of 
the entire area. Comparison of the estimation results with 
the measured data indicates that the estimating method 
can afford a 4% accuracy. Furthermore, the estimating 
method shows a good performance for the area where the 
deformation exhibits a smooth variation. But for the area 
with a steep variation, the estimating results show relatively 
large errors. 
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Abstract: 
To improve energy density, the transportation, storage, and operations of hydrogen, methane, and compressed air vehicles currently 
require high-pressure compression. High-pressure solenoid valve becomes the vital element to above system. In order to reduce 
leakage and aerodynamic force influence, a new type high-pressure solenoid valve was proposed. The simulation model which included 
electromagnetic model, aerodynamic force model was established by means of the nonlinear mathematic models. Using the software 
MATLAB/Simulink for simulation, the dynamic response characteristics of high-pressure pneumatic solenoid valve were obtained 
under different pulse width modulation (PWM) input control signals. Results show that, first of all, the new type of high-pressure 
solenoid valve can meet the switch requirement. Secondly, the opening movement and closing movement of the spool lags the PWM 
rising signal, and the coil current fluctuates significantly during the movement of the spool. Lastly, on/off status of high-pressure valve 
cannot be represented by the duty cycle. This research can be referred in the design of the high-pressure solenoid valve..

Keywords: high-pressure solenoid valve; dynamic response performance; pulse width modulation; the duty cycle 

1 Introduction
To improve energy density, the transportation, storage, 
and operations of hydrogen, methane, and compressed air 
vehicles currently require high-pressure compression. The 
use of electronic control technology is a major direction 
for the development of above systems. To gas distribution 
system, the high-pressure solenoid valve is the vital part. 
The control performance of the gas distribution system is 
mainly determined by the applied high-pressure solenoid 
valve. Its dynamic response characteristics directly affect 
the efficiency and reliability of the system. 

Normally, the electromagnetic switch valve is used 
as the pilot valve of the control stage [1], which is directly 
controlled by the pulse width modulation (PWM) method 
and the output pulse flow rate is the control variable of 
the power level pilot valve. Most researches are based on 
simulation under the no-load condition of the solenoid 
valve [2-3], and the pressure characteristics of the fluid is 
neglected. In order to reduce leakage and aerodynamic 
force influence, a new type high-pressure solenoid valve 

was proposed. The simulation model which included 
electromagnetic model, aerodynamic force model was 
established by means of the nonlinear mathematic models. 
Using the software MATLAB/Simulink for simulation, 
the dynamic response characteristics of high-pressure 
pneumatic solenoid valve were obtained under different 
pulse width modulation (PWM) input control signals. This 
research can be referred in the design of the high-pressure 
solenoid valve.

2 Working principle of high-pressure solenoid 
valve
To reduce leakage and aerodynamic force influence, 
the main structure consists two parts: one is pressure 
compensated which is adopted slide valve mechanism; the 
other is seal which is adopted poppet valve mechanism 
which has good sealing performance. Figure 1 is the 
structural schematic diagram of the force balanced high 
pressure solenoid valve which was used in high pressure 
pneumatic engine. 
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Figure 1  The structure of high-pressure solenoid valve
The valve working process can be divided into the 

following two stages:
2.1 Opening phase
According to the requirements of gas distribution control, 
the electronic control unit sends control pulses to the 
drive module of the solenoid valve at a specific time. The 
drive module provides a high peak drive voltage, and the 
solenoid valve generates an electromagnetic force on the 
spool. When the electromagnetic force is greater than the 
preload of the return spring, the spool moves upward to 
quickly open the valve.
2.2 Closing phase
When the control pulse is terminated, the driving voltage 
is cut off, and the solenoid valve is de-energized, the 
electromagnetic force quickly disappears. Under the action 
of the return spring, the spool moves downward until the 
solenoid valve is completely closed.

The high-pressure solenoid valve used in the 
pneumatic engine gas distribution system should have 
good fast response performance, the main reasons are the 
following aspects:

(1) The rapid opening of the solenoid valve is 
conducive to ensuring the accurate timing of the valve and 
the rapid formation of high pressure; the quick closing 
of valve is helpful to ensure the quick cutting off of high-
pressure gas. The slow opening of the valve makes the high-
pressure gas entering the pneumatic engine unable to be 
distributed according to the predetermined control law, 
thus greatly reducing the economy and efficiency of the 
pneumatic engine.

(2) The response time of the closing process and 
opening process of the solenoid valve has a great influence 
on the air distribution of the pneumatic engine. Especially 
when the air supply pressure is high and the engine's 
angular speed is very fast, in order to obtain stable output 
power, the response time of the solenoid valve should be 
appropriately short.

From the above analysis, it can be seen that shortening 
the response time of the closing and opening process of the 
solenoid valve is the key to achieving good performance 
of the electronically controlled gas distribution system, and 

also the key to improving the comprehensive performance 
of the pneumatic engine.

3 Theoretical analysis of driving characteristics 
of high-pressure solenoid valve
The flow of gas in a valve is a thermodynamic process of a 
complex open system. To simplify the model, the following 
assumptions were made [4]: 

(1) Pressure fields and velocity fields in chambers are 
homogenous;

(2) Leakage and pressure loss are ignored;
(3) The working medium is an ideal air that followed 

the equation of an ideal air state;
(4) Impact contact influence is ignored.

3.1 Electromagnetic characteristic equation of solenoid 
valve
The working process of the solenoid valve is simplified into 
the electromagnetic circuit equation and the equation of 
motion [5-11].

In general, the inductance of the electromagnet can be 
expressed by equation (1):
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where μ0 is the vacuum permeability, D is armature 

diameter, N is coil turns, lv is the length of valve spool 
armature, r is the average width of the working air gap, l0 
is the maximum length of the working air gap, x is spool 
displacement.

The derivative of equation (1) is obtained:
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Using the principle of virtual displacement and setting 
the amount of change in the air gap of the electromagnet, 
the mechanical work done by electromagnetic force can be 
obtained. The mechanical work is equal to the change of the 
total magnetic energy of the system. According to equation 
(3), the electromagnetic force can be obtained as shown in 
equation (4):

21
2Fdx dW i dL= =

	 (3)
21

2
dLF i dx=

	 (4)
where dx is the amount of change in the air gap of the 

electromagnet, Fdx is mechanical work, dW is the change 
in total magnetic energy, i is the current in the solenoid 
coil.

The current in the solenoid valve coil can be obtained 
by equation (5):

s
di dLV iR L i
dt dt

= + +
	 (5)

where Vs is the coil excitation voltage, R is resistance 
of the coil, t is time.

Before the armature is moved, dL/dt=0; once the 
armature is attracted, the kinematic counter electromotive 
force will be generated. At this time, the spool motion 
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voltage equation is as follows: 
dL dLe i vi
dt dx

= =
	 (6)

where v is the movement speed of the spool.
3.2 Dynamic equation of solenoid valve
The equation of motion of the solenoid valve can be 
expressed as follows:

0 1mag s s fluF k x k x b x F ma− − − − = 	 (7)
where a is motion acceleration, Fmag is electromagnetic 

force of the solenoid valve, ks is stiffness of the return 
spring, x0 is initial pretension length of the return spring, 
b1 is the viscosity coefficient of air, Fflu is the aerodynamic 
force suffered by the spool, m is spool mass.

As can be seen from equation (7), in the opening 
process of the solenoid valve, in order to shorten the 
response time, it is expected that the electromagnetic force 
will increase, and the air force on the valve core, the return 
spring force, and the mass of the valve core will decrease. In 
the closing process, in order to shorten the response time, 
it is hoped that the solenoid valve acting force will quickly 
reduce to zero, the return spring acting force will increase, 
the aerodynamic force of the valve core will increase, the 
gas resistance will decrease, and the quality of the valve 
core will decrease.

3.3 Aerodynamic equation of solenoid valve 
spool
From the spool structure shown in Figure 1, the principle 
diagram of the mechanism can be obtained as shown in 
Figure 2:
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Figure 2  The schematic structure of the poppet valve
The aerodynamic force received by the spool can 

be derived from Euler's law of momentum, as shown in 
Equation 8 below:

( )
e

flu eV A

dF udV u udA
dt

ρ ρ = − − ∫ ∫
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	 (8)

where V is volume of the control body formed by the 
inner cavity of the valve core, ρ is gas density,  is gas flow 
rate, Ae is equivalent cross-sectional area of the flow cross-
section.

The above formula is mainly composed of two parts, 
among which the first term on the right represents the 
transient aerodynamic force required for the valve core 
inner chamber to control the gas in the body to accelerate 
(or decelerate), the second term represents the steady-
state aerodynamic force caused by the different velocities 
of the gas at different positions. Because the transient 
aerodynamic force of the spool is mainly caused by the 
speed change of the spool, and the air gap of the spool 
of the switching valve is very short, the maximum speed 
that the spool can reach is limited, so the influence of the 
transient aerodynamic force is ignored here.

Finally, the aerodynamic force experienced by the 
spool can be expressed as:
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where pin is pressure of the intake, pout is pressure of 

the exhaust, x is distance the spool moves, α is half the cone 
angle of the cone valve, η is dynamic viscosity of a gas, Rg 
is gas constant, T is temperature of the environment, cv is 
speed factor, p is velocity distribution at the orifice, qmg is the 
mass flow of gas through the orifice,  is average density of 
the gas in the valve. The remaining structural parameters 
can be seen in Figure 2.

Considering the continuity characteristics of 
aerodynamic force, assuming that the steady-state 
aerodynamic force maintains a linear relationship with 
its opening within the spool action range, so a correction 
coefficient is introduced in this way, and the above 
aerodynamic force is corrected as:

2
1

f
p f flu

m

k xF k Fx
 = + 
  	 (14)

Consider the boundary conditions when the correction 
coefficient is satisfied: when the opening and closing of the 
valve is x→0, FP= kf1Ff= Ff, so take kf1=1; When the opening 
degree of the on-off valve is the maximum value, FP= 
(1+kf2)Ff , in this paper, the empirical value kf2=1.15 is used. 
In this way, the aerodynamic force of the solenoid valve can 
be obtained.

From the above analysis, the block diagram of the 
nonlinear model of the spool can be obtained as follows:
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Figure 3  Non-linear model of the solenoid valve spool

4 Dynamic characteristics simulation analysis
The high-pressure solenoid valve performs "on" and "off " 
actions according to the PWM control electrical signal. 
It can be seen that the flow rate of the on-off valve is 
proportional to the duty cycle (τ = pulse width / pulse 

period) of the input voltage signal. The larger the duty cycle, 
the greater the corresponding control flow rate. Therefore, 
to study the dynamic performance of the electromagnetic 
switch valve, it is necessary to simulate the movement of 
the spool under the PWM control signals of different duty 
cycles. In this study, the step signal is used to excite the 
PWM signal module. The PWM signal controls the on and 
off of the electromagnetic switch valve.

In this study, the simulation parameters were set 
to 3MPa gas pressure, PWM signal frequency 20Hz, and 
PWM signal duty cycle τ were 0.25, 0.5, 0.75, respectively. 
The relationship between the PWM signal of the switching 
valve, the coil current i of the electromagnet, and the 
displacement S of the valve core is shown in Figures 4-6.
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Figure 4  The solenoid valve PWM signal, coil current and spool displacement curve (τ=0.25)

 
Figure 5  The solenoid valve PWM signal, coil current and spool displacement curve (τ=0.5)

 
Figure 6  The solenoid valve PWM signal, coil current and spool displacement curve (τ=0.75)
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By analyzing the relationship between the PWM 
signal with different duty cycles, coil current, and spool 
displacement in Figure 4-6, the following conclusions can 
be drawn:

(1) The spool opening movement lags the PWM rising 
signal, and the coil current fluctuates significantly during 
the movement of the spool. The reason is that when PWM 
input high level, the coil is connected to the power supply 
voltage, where the current gradually increases from zero, and 
the law of magnetic flux growth is the same as the current. 
When the current increases so that the electromagnetic 
attraction generated is sufficient to move the armature, the 
armature begins to move. After the armature moves, the 
air gap decreases, the magnetic resistance in the air gap 
changes, and the coil inductance changes, causing a small 
back electromotive force, which reduces the coil current. 
This caused the coil current to fluctuate.

(2) The spool closing movement also lags the PWM 
falling signal, and the coil current fluctuates significantly 
during the spool movement. The reason is when PWM 
input low level, the excitation in the coil is lost, and the 
magnetic flux begins to decay. Due to the induced potential 
and the eddy current in the iron core, the electromagnetic 
attraction is gradually reduced. When the suction force is 
not enough to hold the armature, the armature starts to 
release, the air gap increases, the magnetic resistance in the 
air gap changes, and the coil inductance changes, causing 
a small positive potential to increase the coil current. This 
causes the coil current to fluctuate when the spool is closed.

(3) When other parameters are unchanged, the 
relationship between the duty cycle of the PWM signal, 
the coil current and the displacement of the spool has 
the following rules: with the decrease of τ, the duration 
of the high level of the PWM input signal shortens, and 
the coil the maximum value that the current can reach is 
decreasing. When τ is reduced to a certain value, the force 
of the electromagnet is not enough to move the armature 
then the spool cannot be opened. At this time, the solenoid 
valve will be in a normally closed state, and the PWM 
signal cannot be play a controlling role; with the increase of 
τ, the high level duration of PWM input signal is extended. 
When the low level of PWM signal is not enough to close 
the valve core, the coil current will start to increase. The 
valve core cannot be closed, and the PWM signal cannot 
play a control role at this time.

5 Conclusion
Through the above research on the dynamic characteristics 
of the solenoid valve and the simulation results, the 
following conclusions can be drawn:

(1) Since the presence of the high-speed switching 
valve induced current causes the opening and closing of the 
spool to lag behind the PWM control signal, the duty ratio 
τ cannot be completely changed arbitrarily.

(2) Due to the time delay, the duty cycle cannot fully 
represent the switching state of the spool.

In summary, the combination of MATLAB / Simulink 
can better complete the simulation analysis of the modeling 

process of pneumatic high-pressure high-frequency 
solenoid valves. Provide a basis for the control efficiency 
and control accuracy of high-pressure high-frequency 
pneumatic solenoid valves.
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