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ABSTRACT 

Simulation and experimental studies of pneumatic cylinder position control are introduced. High speed on-off solenoid air 

valve is used instead of the proportional control valve. Sliding mode control with error modification (SMCE) is proposed to 

drive the air valves with pulse width modulation (PWM) technique. Comparison of the performance of the closed loop position 

control using SMCE with the traditional PID is held. The simulation model is used to optimize the SMC and PID controller 

parameters to start the experimental test as a first trial. The experimental results for square and sinusoidal position reference 

show superiority of the SMCE over the PID in terms of lower steady state errors, faster settling time, and less overshoot. The 

root mean square error for a sinusoidal input of 0.1 Hz is 0.22 mm for SMCE and 0.69 mm for PID controller. The maximum 

absolute errors are 0.66 mm and 1.46 mm for SMCE and PID, respectively. 

Keywords: Pneumatic cylinder, position control, SMC, PWM, solenoid valves. 

 

1. INTRODUCTION  
 

Pneumatic systems are widely used in the industry due to 

their low cost, self-cooling, safe on the environment 

compared with other actuators, and its simplicity. The major 

drawback of pneumatic systems is their non-linear behavior 

due to the compressibility of the air, the friction between the 

piston and cylinder and the discontinuous regime of air flow 

through the control valves. These nonlinearities cause some 

difficulty to obtain appropriate control of the pneumatic 

actuator position. Non-linear model was studied in [1-5] to 

achieve an accurate position control. The position of the 

pneumatic cylinder can be controlled by adjusting the air 

flow rate entering the cylinder using either proportional 

control valves or on/off valves. Ren et  al., [6], used 

proportional control valve to control the position of a rodless 

cylinder and obtained a high positioning accuracy. However, 

this valve is very expensive. PWM technique was used to 

drive low cost on/off solenoid valves to improve the 

positioning accuracy with several control methods, [7-11]. 

Salim et al.,  [12], used a self–regulated nonlinear PID and 

compared the results with conventional nonlinear PID. It was 

stated that the self–regulated technique improved both the 
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transient and the steady state response. Neural and fuzzy 

control schemes were used in [13-17] to optimize the gains 

of PID controller. Adaptive state feedback controller was 

used in [18, 19] to control the position of a double-acting rod 

less pneumatic cylinder using a proportional control valve. 

Zhang et al.,[20], used two methods of sliding mode 

control(SMC3 and SMC7), to control the opening and 

closing of  four on/off control valves according to the sign of 

a second order sliding surface. It was found that the 

performance of the two control algorithms are similar and 

recommend to use the SMC3 because it doesn't require 

pressure sensor. Soleymani et al., [21], applied a SMC with 

multiple sliding surfaces to increase the position accuracy, 

but an extra pressure sensor was needed to feed the pressure 

signal to the control system. Jouppila et al., [22], made a 

comparative study of three valve configurations with SMC 

method to control the position of pneumatic muscle. The 

robustness of each configuration was tested by changing the 

load. 

In this study, high speed on/off control valves are used to 

control the position of a pneumatic cylinder using SMC 

strategy of first order sliding surface with error modified by 

variable gain.  

2. EXPERIMENTAL SET-UP  
 

A photo of the electro-pneumatic positioning test rig and its 

schematic diagram are shown in Fig.1 and Fig.2.  

The experimental test rig is mainly composed of two 

circuits are pneumatic circuit and electrical circuit. The 

purpose of the pneumatic circuit is to supply air to the 

pneumatic cylinder while the electrical circuit is used to 

drive the solenoids of the control valves. The pneumatic 

circuit is mainly composed of a double acting cylinder 

provided with a linear potentiometer and four on-off fast 
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control valves.  The cylinder is a single rod of type 

CD85N20-160-B which has a dimension of 20 mm bore and 

158 mm stroke. The cylinder is mounted in a vertical 

direction. Air service unit composed of filter, pressure 

regulator and lubricator is used to supply the conditioned air 

to the cylinder. Fig. 3 shows a detailed construction of high 

speed air valve which works at high frequency up to 150 Hz. 

It is mounted on the cylinder opening ports to supply and 

discharge air to and from the cylinder with the required air 

quantities. The piston position is measured using a linear 

potentiometer with linearity of 0.5%.  

 

 

Figure 1: A photo of the experimental test rig 

 

Figure 2: Schematic diagram of the experimental test rig  

The electrical circuit consists of a PWM stage and 

power amplifier stage, as shown in Fig. 4. The PWM 

circuit is composed of a timer, digital to analog 

converter to produce a saw tooth signal. A comparator 

is used to compare the control action signal with the 

saw tooth signal to produce the variable duty signal that 

directly drives the control valves. The power amplifier 

circuit consists of three stage transistor to provide the 

solenoid valves with the required electric current.  
  

 
 

Figure 3: On/off solenoid valve 
 

 

Figure 4: Pulse width modulation and power circuits 

A personal Compute is to control the whole system through 

a National Instrument interface data acquisition card, NI-

USB6009, DAQ, attached to it. DAQ is used to read the 

current piston position and to send the appropriate control 

action signal to the valves drive circuits. The control action 

is decided by a control software program written by the 

author using Lab View. The current control action is decided 

according to data fed to the control software, namely: the 

current position data from DAQ, reference position value by 

the user and the selected control scheme. 
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3. MATHEMATICAL MODEL OF THE 

PNEUMATIC POSITIONING 

CONTROL SYSTEM 

The mathematical model of the in-cylinder parameters is 

based on the fundamental equations of mass and energy in 

the transient state. The electro-pneumatic system is mainly 

composed of a double-acting pneumatic cylinder, the forces 

acting on it is shown in Fig. 5. 

The dynamic pressures in each chamber are given by the 

following differential equations,  [23]: 
 

 

 

Figure 5: Forces acting on the cylinder 

𝑝̇1 =
𝑘

𝑉1
[𝑅(𝑚̇𝑖1𝑇𝑖 − 𝑚̇𝑜1𝑇1) − 𝐴1𝑝1𝑦̇]                  (1) 

 

𝑝̇2 =
𝑘

𝑉2
[𝑅(𝑚̇𝑖2𝑇𝑖 − 𝑚̇𝑜2𝑇2) + 𝐴2𝑝2𝑦̇]                  (2) 

 

Where 𝑉1 , 𝑉2 are the volume of chamber 1 and chamber 2 

respectively, 𝑚̇𝑖1 is the mass flow rate interring chamber 1, 

𝑚̇𝑜1 is the mass flow rate exiting the chamber 1, 𝑚̇𝑖2 is the 

mass flow rate interring chamber 2, 𝑚̇𝑜2 is the mass flow 

rate exiting chamber 2, R is the specific gas constant for air, 

k is the specific heat ratio, 𝑇𝑖  is the supply air temperature, 

𝑇1 , 𝑇2 are the temperatures of air inside chamber 1 and 

chamber 2 respectively. 

The in-cylinder temperatures are given by the following 

differential equations: 
 

𝑇̇1 = (𝑘𝑇𝑖 − 𝑇1)
𝑅𝑚̇𝑖1

𝑃1𝑉1
𝑇1 − (𝑘 − 1)

𝑅𝑚̇𝑜1

𝑃1𝑉1
𝑇1
2 − (k − 1)

𝑉̇1

𝑉1
𝑇1  (3) 

  

𝑇̇2 = (𝑘𝑇𝑖 − 𝑇2)
𝑅𝑚̇𝑖2

𝑝2𝑉2
𝑇2 − (𝑘 − 1)

𝑅𝑚̇𝑜2

𝑝2𝑉2
𝑇2
2 − (k − 1)

𝑉̇1

𝑉1
𝑇2  (4)  

 

The volumes of chamber1 and 2 are: 
 

V1= A1y    and          V2=A2(𝐿 − 𝑦) 
Where L is the stoke length. 
 

Considering the cylinder opening as an orifice, the air 

mass flow rate  through it can be calculated as follows,[24] : 

𝑚̇ = 𝐴𝑣𝐶𝑑𝑝𝑢√
2

𝑟𝑇𝑢
  

{
 
 

 
 (

2

𝑘+1
)
1
𝑘−1⁄

√
𝑘

𝑘+1
               𝑖𝑓 0 < 𝑃𝑟 ≤ 𝑃𝑐𝑟

√ 𝑘

𝑘−1
[(𝑝𝑟)

2

𝑘 − (𝑝𝑟)
𝑘+1

𝑘 ]    𝑖𝑓 𝑃𝑐𝑟 < 𝑃𝑟 ≤ 1

0                                      𝑖𝑓    1 < Pr           

     (5) 

 

Where, Av is the orifice passage area, Cd is the coefficient of 

discharge, Pr is the ratio of downstream pressure to upstream 

pressure, pu is upstream pressure, pd is downstream pressure, Tu is 

the upstream temperature, and Pcr is the critical pressure ratio 

 

Pcr = (
2

𝑘+1
)

𝑘

𝑘−1
=  0.528 

Pr = 
𝑝𝑑

𝑝𝑢
 

 

The direction of mass flow rate through the cylinder is 

determined according to the pressure difference between 

the in-cylinder pressure and outside pressure. 

The piston downward motion is governed by forces acting 

on it from both sides according to Newton's second law as 

follows: 

M 𝑦̈ = p1A1 – p2A2 – paAs + Mg – Cv 𝑦̇– Ff            (6)  
 

Where M is the total mass of both piston and load, 𝑝1 , 𝑝2 

are the pressures inside chamber 1 and chamber 2 

respectively, 𝐴1 and 𝐴2 are the areas of piston for up and 

down faces, Pa is the atmosphere pressure, As is the area of 

the piston shaft, Cv  is the viscous coefficient and Ff  is the 

friction force. 

The friction force was established by Messina [25] 

according to piston velocity and its direction as follows: 

 

Ff = { 

|Fs|sign(Fp)   if ẏ = 0 and |Fp| ≥ |Fs|

|Fp|sign(Fp)   if ẏ = 0 and |Fp| < |Fs|

|Fd|sign(ẏ)   if ẏ ≠ 0                            

         (7) 

 

Where, Fs is the static friction force, Fd is the dry friction 

force and are determined experimentally. Fp is the pressure 

force acting on the piston: 

sA ap – 2A 2p – 1A1 = p pF 

4. PNEUMATIC SYSTEM CONTROLLER 

DESCRIPTION 

The purpose of the controller is the switching algorithm 

between the on and off modes of valve operation. 

The electro-pneumatic system contains four on/off valves 

with possible 16 mode of operation. Referring to Fig. 1, 

only three modes are used to drive the pneumatic cylinder 

as shown in table 1 

Where v1 and v2 are the supply and exhaust valves for 

chamber 1 and v3 and v4 are the supply and exhaust valves 

for chamber 2. 

Table 1: Valves operation modes 

 valve Motion 

direction v1 v2 v3 v4 

Mode 1 1 0 1 0 Downward 

Mode 2 0 1 0 1 upward 

Mode 3 0 0 0 0 hold 

 

The valves connected to the pressurized air supply source 

(valve 1 and valve 4) are driven by Pulse Width Modulation 

signal with duty ratio determined according to the value of 

the control signal u. The other exhausting two valves v2 and 

v3 are opened or closed completely. The sliding mode 

control algorithm, SMC, is proposed to determine the 

appropriate control action. 

SMC is a form of variable structure control. It is considered 

as an efficient tool to design robust controllers for complex 
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high-order nonlinear dynamic plant operating under 

uncertain conditions.[26] The objective is to force the 

system trajectory to reach sliding manifold or (sliding 

surface) in a finite time as shown in Fig. 6, then the control 

action is used to maintain the system on the sliding surface 

and force it to the origin point. The sliding surface is chosen 

to be first order as 

s = 𝑒̇ + 𝜆𝑒                                  (8) 

Where e is the position error (yref – y), yref is the reference 

position, y is the actual position and 𝜆 is a sliding surface 

constant. The control signal u is determine from the sign of 

the sliding surface as  

 u = − K sign (s)                          (9) 

 
 

There are two cases of the gain k: 

Case 1: Constant controller gain. The control signal have 

only two values (K or –K). The positive value operates 

mode 1 in table 1, while the negative value operates 

mode2. 

Case 2: variable controller gain proportional to the 

position error as  

K = kc |𝑒(𝑡)| 
The controller action in this case constitutes the duty ratio 

of the PWM signal corresponding to the value of the control 

signal u. This type of control will be called SMCE. 

5. THE MODEL SIMULATION 

MATLAB/ SIMULINK is used to simulate the equations of 

the electro-pneumatic model with the implemented 

controller. Fig. 7 summarizes the main frame work of the 

Simulink model through the simulation parameters listed in 

table 2. 

 

                         Figure 6: Sliding mode concept 

 
Figure 7: Simulink model for the electro-pneumatic positioning system 

   

Table 2.The simulation parameters 

Value Parameter 

700000 pa Ps 

100000 pa Pa 

300 k Ta 

8 mm ds 

20 mm d 1 

160 mm L 

1.4 k 

287 J/kg.k R 

0.5 kg M 

5 N.s/m Cv 

0.6 Cd 

1.8096e-07 m2 Av 

18 Fs 

7 Fd 
 

The values of the parameter listed in table 2 are 

corresponding to the experimental test rig condition  

6. RESULTS 
6.1. Constant and variable gain of SMC 

The first section of the result shows the performance of 

position control loop using SMC and SMCE controller type 

subjected to sinusoidal tracking signal. 

 
Figure. 8: Control signal corresponding to constant 

gain (SMC) , λ=25 
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Fig. 8 shows the position, error and control signal for 

the first case of SMC with constant gain K=1 .The 

control signal obviously has only two values and the 

control valves are either completely open or completely 

closed. The value of the RMSE is 0.34 mm during this 

test. 

 

 

Figure 9: Control signal corresponding to variable 

gain (SMCE), λ=25 and kc=7 

Fig.9 shows the results of same test using the second 

case of SMCE with variable gain by error modification 

As shown in figure the control signal has a several values 

and the control valves operate by a variable duty ratio. 

The value of RMSE is 0.22 mm which is 32% less than 

SMC. Therefore the SMCE is selected in the present 

study and is compared with the PID controller which is 

widely used in the majority of the industrial applications. 

6.2. Controller parameter selection. 

6.2.1. Parameter of SMCE. 
 

The parameters, 𝜆 and kc of SMCE are determined, as 

a first estimate, from the simulation model with the 

system parameter listed in table 2. The optimum 

controller parameters are then selected from a set of 

simulation runs shown in Fig 10. 

 

 

Figure 10: SMCE parameter optimization 

The best values which give the least RMSE are λ=25 

and kc=7. These parameters are then used in the 

experimental study to save time of practical experiments. 

Moreover, the results are produced in constant 

temperature environment which is difficult to attain in 

real experiment due to the heat accumulation which 

negatively affects the accuracy of the results. 

6.2.2. Determination of optimum parameters for the 

PID controller 

Evaluation the PID controller parameters is based on 

Zigular-Nicholas tuning method. The result is shown in 

Fig. 11 where the critical period is 0.33s and the critical 

gain is 3.  

 

Figure 11: Output waveform oscillation 

corresponding to kcr =3 

The optimized PID controller parameters are then:  
   

kp = 1.8 , 

Ti = 0.165 and 

Td = 0.04125 

6.3.1. Experimental result. 

A comparison between the present SMCE controller and 

the optimized PID is presented for square and sinusoidal 

reference inputs. The effect of input frequency on system 

error is also studied.  The performance of both controllers 
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is compared according to the maximum steady state error 

and the average root mean square error.  

6.3.1. Square reference. 

Results of Fig. 12 indicate that the SMCE reaches steady 

state faster than PID with less steady state error. The 

maximum steady state error, MSSE, is 0.15 mm for SMCE 

and 0.5 mm for PID. It is also clear that the cylinder 

position, in case of the PID, sticks away from the reference 

position for some time when the reference position is 

suddenly changed.  

6.3.2. Sinusoidal reference. 

The controllers are tested at four input frequencies, 0.05, 

0.1, 0.2 and 0.3 Hz. As a general remark, the error increases, 

for both controllers, as the input frequency increases. 

However the errors associated with the SMCE are much 

lower than that of the PID. Figs. 13-16 show the position 

and error signals at the tested frequencies.  

 

Table 3 summarizes the error values for both SMCE 

and PID controllers. 

 

Figure 12: Experimental results of cylinder 

position control to a reference in the form of 

square wave, with 0.1 Hz and amplitude of 10 mm 

 

Figure 13: Experimental results of cylinder 

position control to a reference in the form of sin 

wave, with 0.05 Hz and amplitude of 10 mm. 

 

Figure 14: Experimental results of cylinder 

position control to a reference in the form of sin 

wave, with 0.1 Hz and amplitude of 10 mm. 

 

Figure 15: Experimental results of cylinder position 

control to a reference in the form of sin wave, with 

0.2 Hz and amplitude of 10 mm. 

 

Figure 16: Experimental results of cylinder position 

control to a reference in the form of sin wave, with 

0.3 Hz and amplitude of 10 mm. 
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Table 3: Error test results the experimental SMCE and 

PID controllers in (mm). 

PID SMCE Referance 

frequencies MAE RMSE MAE RMSE 

1.77 0.5 0.38 0.11 0.05 Hz 

1.46 0.69 0.66 0.22 0.1 Hz 

3.69 1.09 1.36 0.57 0.2 Hz 

3.88 1.53 1.75 0.99 0.3 Hz 

 

The maximum error always occurs at the beging and end 

of cylinder stroke where it is difficult to track due to the 

high piston acceleration. 

7. CONCLUSION 

A simple controller of SMC which does not require a full 

state definition of the system model is adopted. The 

suggested controller depends on the sliding surface 

definition and the absolute value of the position error only. 

The main concluded remarks are: 

1- For a square reference position, the MSSE is decreased 

by nearly three times when SMCE is used instead of PID 

controller.  

2- The cylinder position for SMCE reaches steady state 

faster than PID control and there is no overshoot. 

3- For sinusoidal reference position, the RMSE and MAE 

for SMCE controller are less than that in PID controller. 

 4- The RMSE for SMCE is always less than that of the 

PID through the whole tested range of sinusoidal input 

frequencies 

 

Abbreviations  

Comp Comparator 

DAC Digital to analog converter 

MAE Maximum absolute error 

MSSE Maximum steady state error 

PID 
Proportional plus integral plus 

derivative control  

PWM Pulse width modulation 

RMSE Root mean square error 

SMC Sliding mode control 

SMCE Sliding mode control with error  

 

Nomenclature 

A1                   chamber 1 cross section area, m2 

A2                   chamber 2 cross section area, m2 

As                    piston shaft cross section area, m2 

Av                            valve orifice area, m2 

Cv                   viscous friction coefficient 

e                     error signal 

Fd                   dynamic friction force, N 

Ff                    friction force, N 

Fs                    static friction force, N 

K                    SMC gain 

k                     specific heats ratio 

kc                    SMC gain constant     

Kp                   PID proportional gain 

L                    cylinder maximum length, m 

M                   total mass of piston and load, kg 

𝑚̇                   air mass flow rate, kg/s 

p1                   pressure in chamber 1, Pa 

p2                   pressure in chamber 2, Pa 

pa                             atmosphere pressure, Pa 

Pcr                  critical pressure ratio 

Pr                  valve downstream to upstream pressure ratio 

R                   specific gas constant of air, J/kg K 

s                    sliding surface 

T1                  air temperature in chamber 1, K 

T2                  air temperature in chamber 2, K 

Td                  PID derivative time constant, s 

Ti                   supply air temperature, K 

Ti                   PID integration time constant, s 

u                    control signal 

V1                   volume of chamber 1, m3 

V2                  volume of chamber 2, m3 

y                    cylinder position, m 

yref                  reference position, m 

λ                    sliding surface constant 
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