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Abstract — A pneumatic cylinder is a common components widely used in machinery industry. There are increasing requirements 
on pneumatic cylinders to have high-speed and smooth movement. However, owing to the compressibility of the height of the air 
and the low viscosity, it is difficult to stop smoothly and steadily which influences the lifetime of the pneumatic cylinder. It is 
therefore necessary to have a good cushioning performance. In this paper we establish a mathematical model for a typical high 
speed pneumatic cylinder and verify it through computer simulation. We also analyze the dynamic oscillation of the pneumatic 
cylinder around the stopping end position and the factors involved. We optimize the parameters of the pressure relief valve using a 
genetic algorithm. The simulation results show that the cushioning performance of the pneumatic cylinder is well improved. 
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I. INTRODUCTION 

From the current development trend, the pneumatic 
cylinder is one of the most used pneumatic components. The 
general type pneumatic cylinder will be further keeping the 
characteristics of low cost, high-performance and 
diversification. On the other hand, the special-purpose 
pneumatic cylinder will still keep the development on the 
characters of high speed, high precision, compound and the 
pursuit of smooth moving. The high-speed development of 
the pneumatic cylinder is very important to improve the 
production efficiency of the device, which is the inexorable 
trend of the pneumatics development. However, the 
compressibility of the height of the air and the low viscosity 
characters may lead to vibration and shock, when the 
pneumatic cylinder is on the high speed, which has a strong 
impact on the service life of the high speed pneumatic 
cylinder [1, 2]. 

The external buffer mode of servo proportional control 
can make the pneumatic cylinder stop automatically and 
smoothly at any position under the condition of the high 
speed movement. But this technology requires the higher 
hardware conditions, which should need sensor, proportional 
valve, controller and other additional components. Due to the 
high controlling cost, limits the development of its 
application range. Since the beginning of the 20th century, 
many foreign researchers and inventors have proposed lots 
of solutions of the internal cushion device to achieve the 
smooth stop of the pneumatic cylinder [3-6].  

Some pneumatic industries have developed the high 
speed pneumatic cylinder with a good cushion. The typical 
method is setting the cushion plunger and adjustable pressure 
relief value in the pneumatic cylinder [7]. If the cushioning 
adjustment is improper with a speed 3m/s or more of the 
pneumatic cylinder, it will lead to less cushion or more 
cushion phenomenon. The pneumatic cylinder will impact 
the end cap or rebound. It is time-consuming to adjust the 

cushion of the pneumatic cylinder. It is small for the well 
cushioned stability region. 

 We carry on the hardware platform design of the 
test platform of the dynamic property on high speed 
pneumatic cylinder in this paper. It mainly includes 
mechanical structure, pneumatic control components, the 
design and model selection of the sensor, to achieve 
controlling the solenoid direction valve and the signal 
acquisition of the pressure, flow, displacement and 
acceleration sensor with the computer measurement and 
control technology. It provides a guarantee for building the 
accurate high speed pneumatic cylinder dynamic mathematic 
model based on MATLAB. 

II. TYPICAL STRUCTURE AND WORKING PRINCIPLE OF 

HIGH-SPEED PNEUMATIC CYLINDER 

The typical structure of high speed pneumatic cylinder is 
shown in figure 1. Compared with ordinary pneumatic 
cylinder, the main difference is that it has a cushion device 
which is shown in figure 4 while the ordinary one doesn’t 
have. The function of the device is to make the cylinder’s 
high speed steadily be attenuated to a certain degree to avoid 
the impact and damage caused by the collision between 
piston and cylinder. This kind of device adopts manual 
adjustment to buffer the pre-tightening force of the overflow 
valve so as to meet the cushion requirements of special load 
and speed [8, 9]. Take the high speed retract of cylinder as an 
example, its aerodynamic cavity can be divided into four 
parts, V1d and V2d are two variable chambers which 
provide the energy for the cylinder’s retract. When the 
cushion plunger with rod side is not out of the limit of 
cushion seal ring, the two chambers are connected by the 
cushion seal ring with the one-way ventilation. Variable 
chamber V3d is the cushion chamber of the pneumatic 
cylinder. It is the main source of cushioning energy. When 
the cushion plunger without rod side hasn’t inserted the 
cushion seal ring, the variable chamber V3d and V4d are 
connected with each other. While the pneumatic cylinder 
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without rod side goes into the cushion, V3d and V4d are 
isolated. The gas in variable chamber V3d can only go into 
variable chamber V4d by the fixed orifice and the overflow 
valve and finally be discharged to the exhaust port of 
pneumatic cylinder. Of course, whether the gas in the 
variable chamber V3d flows into the variable chamber V4d 
through the relief valve is determined by whether the relief 
valve is open or not. The volume of each chamber will have 
the corresponding changes with the displacement of the 
pneumatic cylinder. 

III. THE MATHEMATICAL MODELING AND SIMULATION 

OF HIGH SPEED PNEUMATIC CYLINDER WITH DYNAMIC 

CHARACTERISTICS 

In the the whole journey of the pneumatic cylinder’s 
retract process, the relationship of the mass flow rate about 
air intake driving variable chamber V1d and V2d meets the 
following equation.   

2dm 1dm fix12q q q 
                 (1) 

When the pneumatic cylinder’s retract process hasn’t got 
into the cushion stage  ( s Lc x s   ), the pressure 
relationship between the cushion variable chamber V3d and 
air exhaust variable chamber V4d is shown as follows.  

3d 4dd d

d d

p p

t t
                   (2) 

When the pneumatic cylinder’s retract process has got 
into the cushion stage ( s Lc x s   ),a part of the gas in 
the back pressure chamber V3d is exhausted into the air 
exhaust chamber through the fixed orifice, and the other part 
of the gas goes into the entrance of the pressure relief valve. 
When the displacement of the pressure relief valve about the 
pneumatic cylinder without rod side is xrv=0, the mass flow 
rate flowing through it is qrv=0. 

4dm fix34 rvq q q 
                        (3) 

When the high speed cylinder model piston rod which is 
shown in figure 1 has completed the connection with the 
load through the joints and has returned, the dynamic 
equation can be described by equation 4. pid,i=1~4 is the gas 
pressure in each chamber of the pneumatic cylinder. 
Aid,i=1~4 is the effective area of the gas in each chamber of 
the pneumatic cylinder. M is the total mass of the piston 
moving parts and the load. Ff is the friction force acting on 

the piston. x  is the second derivative of piston 
displacement, namely the acceleration.   

1d 1 2d 2 3d 3 4d 4 ( ) Mfp A p A p A p A F sgn v x            (4) 
At the beginning of the cylinder retract process we take 

the static friction as the main force. When the pneumatic 
cylinder starts running, we take the coulomb friction and 
viscous friction [10] as the main force. We make an overall 
consideration about the friction of pneumatic cylinder. And 
the friction is expressed as the equation 5 (Tustin model). 

Among them, cf  is the coulomb friction, sf  is the static 

friction, sv  is Stribeck constant, vf  is the viscous friction 

coefficient, and v is the moving speed of the piston. 

2( / )( ) sv v
f c s c vF f f f e f v   

             (5) 
The pressure equation of each variable chamber about the 

pneumatic cylinder is mainly connected with the gas state 
and the gas mass flow rate for air inlet chamber and air outlet 
chamber. And we assume that the gas is an ideal gas and we 
consider the gas state change as adiabatic change [11-13]. By 
applying the flow continuity equation and energy equation, 
we can deduce gas pressure equation of each cavity. The 
equation is shown as follows: 

d d d
inm in outm out

d d

d k dk
( )

d d
i i i

i i

p p VR
q T q T

t V V t
          (6) 

Among them, Tin is the gas temperature which flows into 
the chamber, and Tout is the gas temperature which flows 
out of the chamber. The calculation about the gas 
temperature of each variable chamber can be determined by 
the first law of thermodynamics. qinm is the gas mass flow 
rate which flows into the chamber, and qoutm the gas mass 
flow rate which flows out of the chamber. Vid is the volume 
of the gas chamber, and pid is the gas pressure of each 
variable chamber.  

The mass flow rate for inflowing and outflowing the 
chamber can be expressed by the equation 7-9[13, 14]. 
Among them, Cq is flow rate coefficient, Cim is the fluid 
parameter, piup and pidn are the upstream and downstream 
pressure of each variable chamber, Aeci is effective flow 
area of the throttling mouth, and pcr is the critical pressure 
ratio. 
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The structure principle of pressure relief valve is shown 
in Figure 5. And it is closed under the action of the spring 
pre-tightening force in the normal condition. When the 
entrance pressure of pressure release valve is more than the 
pressure value determined by the equation 5, the valve core 
begins to open. The equivalent opening area ervA  of mass 
flow rate which flows through the pressure relief valve is 
shown in equation 11. The calculation of mass flow rate is 

done according to the equation 7-9. In equation 7-9, rvm , 

rvx , rvv , rvx are respectively mass, acceleration, speed, 

opening degree of pressure release valve core. rv0x is the 
compression amount and the initial compression amount of 

the spring. rvf is the friction force which gets from the spool 

valve, and rvp  is the entrance pressure of pressure release 
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valve. The main structure parameters of slide valve is shown 
in figure 2. 

2
rv rv rv rv rv rv0 rv rvd ( ) sgn( )

4 sm x p k x x v f


         (10) 

erv rv s rv

1
sin (2d sin 2 )

2
A x x            (11) 

IV. THE SIMULATION VERIFICATION OF THE 

MATHEMATICAL MODEL 

As shown in figure 3, the test platform of high speed 
pneumatic cylinder dynamic performance testing is 
composed of high speed pneumatic cylinder under test, air 
pressure driving part, sensor, data acquisition and control 
part, industrial control computer, mechanical installation and 
support structure. The running speed of pneumatic cylinder 
is controlled by two speed control valves. The pneumatic 
cylinder motion direction is switched by three-position five-
path solenoid reversing valve. The displacement of 
pneumatic cylinder and the acquisition of speed signal are 
realized by high resolution magnetostrictive displacement 
sensor. The maglev pointer of displacement sensor is 
installed above the load through the L bracket. When air 
pressure dynamic driving pneumatic cylinder under test with 
the load which is installed on the slider is slipping on the 
horizontal slide rail, the displacement sensor will generate 
the corresponding signals through internal circuit. The 
pressure change of the four chambers about pneumatic 
cylinder is realized by pneumatic pressure sensor. The 
pressure of pneumatic cylinder cushion chamber is detected 
by p2d and p3d. And the pressure of air inlet chamber and air 
outlet chamber about pneumatic cylinder is detected by p1d 
and p4d. Because the wall thickness of pneumatic cylinder is 
much thinner, the installation of pressure testing sensor with 
p2d and p3d adopts the way shown in figure 3. That is to say, 
the piston in the pneumatic cylinder opens pore in the 
position which is close to the terminal of the stroke. After 
that we make the two special support semi ring sleeve be 
installed on the outer wall of pneumatic cylinder and be fixed 
shown in figure 4. After the threaded joint is screwed into the 
vacancy on the cylinder barrel of pneumatic cylinder. We 
can give off gas pressure in pneumatic cylinder through the 
quick connector and support the corresponding pressure 
sensor. Because of the fast speed of pneumatic cylinder, if 
we apply simple cycling acquisition we can’t complete the 
fast picking of the signal. Therefore, we adopt multi-channel 
interruption acquisition technology to test the signal of each 
sensor [15]. 

The precise mathematical model of high speed pneumatic 
cylinder is particularly necessary for us to have a further 
study of the cushion performance. Because the building of 
dynamic mathematical model about high speed pneumatic 
cylinder involves many parameters, many parameters cannot 
be obtained directly, especially the determination of the 
friction about the pneumatic cylinder piston [16]. There are 
four undetermined parameters mentioned in this paper, 

namely cf , sf , sv and vf . Based on the pressure signal of 

the four obtained chambers about the pneumatic cylinder and 
the testing data of the load acceleration, by the fitting 
calculation of equation（1）we can get the values of the 
four chambers. These values are shown respectively as 

16Ncf  , 29Nsf  , 0.005m/ssv   and 36N(m/s)vf  . 

Figure 5 and figure 6 show respectively the curve of the 
simulation results and experimental contrast about the piston 
velocity and the cushion chamber pressure. And the 
operation condition about the pneumatic cylinder is shown as 
follows: The load without piston assembly and connecting 
piece is 5kg, the gas supply pressure is 0.5 MPa, and the 
running speed of the pneumatic cylinder is 3 m/s. From it we 
can see that the error between the simulation curve and the 
experiment is small so as to prove the accuracy of the 
established mathematical model. But from the speed change 
curve we can find that the pneumatic cylinder has had the 
tremendous rebound and oscillation from entering the 
cushion to arriving at the terminal of the stroke. We can have 
the further corresponding experiments finding by reducing 
the spring pre-compression amount of the pressure release 
valve. So the oscillation of pneumatic cylinder has been 
weakened. But the rebound has not been improved. The 
maximum speed of rebound amount with the pneumatic 
cylinder remains at around 0.5 m/s. 

V. CUSHION STRUCTURAL PARAMETERS 

OPTIMIZATION 

We know from the simulation and experimental results 
above that when the piston of pneumatic cylinder runs at a 
speed of 3/s and drives 5kg load without piston assembly and 
connecting piece, we can’t realize the control of the cushion 
performance of pneumatic cylinder by adjusting the spring 
pre-tightening force. When the pneumatic cylinder runs to be 
close to the terminal point of the stroke, it has great rebound 
and vibration. The main reason is that the exhaust ability of 
the pressure release valve is limited. The adjustment methods 
of cushion performance about the pneumatic cylinder 
mentioned in this paper are mainly regulated by the pre-
tightening force of pressure relief valve spring. The spring 
pre-tightening force is determined by the pre-compression 
amount and stiffness of the spring. Under the pressure effect 
of the same cushion chamber, the smaller the spring stiffness 
is, the greater the generated compression amount is, and the 
bigger the cross-sectional area of effective exhaust is. It is 
advantageous to the rapid release of the cushion pressure 
with pressure relief valve. In addition the gas effective flow 
area of the pressure release valve in the unit displacement is 
determined by the effective acting diameter of the valve core 
[17-19]. Therefore, we needs to improve the cushion 
performance of pneumatic cylinder by optimizing the spring 
pre-tightening force, spring stiffness and the valve core 
diameter of pressure release valve so as to avoid rebound and 
oscillation phenomena to the maximum extent 
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1.Piton Rod 2.Rod cover 3. Cushion spacer(Rod side) 4. Cylinder Tube 5.Bumper 6.Magnet 7.Piston seal 8. Wear Ring 9. Cushion spacer 
(Head side) 10.Head Cover 11. Cusion ring(Head side) 12. Relief valve(Head side) 13.Piston 14. Cusion ring(Rod side) 15. Cusion 
ring(Rod side) 16..Bushing 17.Rod seal 

Fig. (1). High speed pneumatic cylinder structure diagram. 

 

Fig. (2). The structure principle of pressure relief valve. 

 

Fig. (3). The principle diagram of high speed pneumatic cylinder dynamic performance testing. 

 

Fig. (4). The pressure test method of pneumatic cylinder cushion chamber. 
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Fig. (5): The curve of the simulation results and experimental contrast 
about the velocity 

 

 

Fig.(6): The curve of the simulation results and experimental contrast about 
the cushion chamber pressure 

The main parameter which measures the cushion effect is 
the speed is the lowest when the piston of pneumatic cylinder 
is close to the terminal point of the stroke. That is to say, the 
piston of pneumatic cylinder impacts the end cover with the 
lower residual kinetic energy. In addition, we demand that 
the cushion time of pneumatic cylinder should not be too 
long, otherwise it will produce the over cushion phenomenon 
so as to increase the impact and oscillation of pneumatic 
cylinder [20, 21]. The objective function and constraint 
condition of the nest cushion effect can be described as: 

end rv s( , ) minv f x d  , 0.2t s . We use the genetic 

algorithm to make the optimization design of the spring pre-
tightening force Ft, the spring stiffness Krv and the pressure 
relief valve diameter ds. According to the preliminary 
analysis of the structure design and simulation results, we 
choose the optimization range of the three variables. They 

are respectively t [5, 40]F  , rv [3,15]k   

and [3,12]sd  . The population size of genetic algorithm is 

50. The maximum evolution algebra is 100. And the 
crossover rate is 0.5. The variation rate is 0.08 

The optimum pre-tightening force of the spring by 
optimizing calculation is 13.2N and the spring stiffness is 
6.8N/mm, and the effective acting diameter of the valve core 
is 7.2 mm. And the simulation results show that the rebound 
speed of pneumatic cylinder after the optimization is reduced 
to 0.032m/s as shown in Figure 7. At the same time, the 
vibration process of pneumatic cylinder is also reduced.  
Figure 8 is the speed curve of pneumatic cylinder and the 

change curve of cushion chamber pressure after the 
optimization.  

 
Fig.(7): The speed change curve of piston after the optimization 

 
Fig.(8): The pressure change curve in the cushion chamber after the 

optimization 

VI. CONCLUSIONS 

This paper mainly carries on the dynamic performance 
simulation and structure optimization for the high speed 
pneumatic cylinder of the typical internal pressure relief 
valve. The main work includes the building of the dynamic 
performance test platform for the high speed pneumatic 
cylinder, the dynamic mathematic model building of the 
pneumatic cylinder and the structure parameter optimization 
for the pressure relief valve and so on. It applies multi-
channel interruption acquisition technology to realize the 
dynamic performance test for pneumatic cylinder well. On 
the basis of that, it has established the exact and reliable 
dynamic and mathematical model for the pneumatic 
cylinder, and has simulated the main structure parameter of 
the influence of the pneumatic cylinder cushioning 
performance. It optimizes the key structure parameter of the 
pressure relief valve through building the optimization 
method based on the genetic algorithm. It has an obvious 
effect to improve the cushioning performance by the high 
speed pneumatic cylinder which has been optimized. 
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