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Abstract. The paper deals with the task of achieving the desired position of the rodless
pneumatic cylinder's piston and improving energy efficiency. The control system is
designed by applying the variable structure system theory. The applied control algorithm
is based on the digital sliding mode and has been compared to the conventional Pl
control law. The conducted experiments have demonstrated that this control algorithm
provides a satisfactory positioning and great robustness, as well as energy efficiency.
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1. INTRODUCTION

Pneumatic actuators, such as rodless pneumatic cylinders, have the advantages of (a) low
cost; (b) high power-to-weight ratio; (c) ease of maintenance; (d) cleanliness; (e) having a
readily available and (f) cheap power source. Owing to numerous advantages, pneumatic
actuators and systems are widely applied in industrial automation for the so-called sequential
control. Nowadays, increasing demands with respect to accurate positioning, especially in
robotics, have generated other control techniques. However, pneumatic actuators exhibit
highly nonlinear characteristics due to the compressibility of air, the complexity of the fric-
tion presence and the nonlinearity of valves.

There are many papers dealing with the position control of the pneumatic actuators,
including the work by Shearer [1, 2, 3], Mannetje [4], Ben-Dov and Salcudean [5], Wang
et al. [6], Maeda et al. [7], Ning and Bone [8], Bobrow and McDonell [9], and Richer and
Hurmuzlu [10, 11], among others.
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The paper discusses application of digital sliding mode control (SMC) algorithm [12] in
positioning of a pneumatic cylinder [13,14,15]. To demonstrate the effectiveness of the cho-
sen nonlinear control methodology, SMC has been compared to the performance of the con-
ventional PI controller. Digital SM controller design has been carried out using a simplified
linear model of the nonlinear plant, which was obtained by the experimental identification.

2. PNEUMATIC SYSTEM DESCRIPTION

A common positional pneumatic servo system is presented in Fig. 1. It is composed of
rodless pneumatic cylinder, designated as 1.0 and proportional valve 5/3 designated as
1.1, where M, is the external mass, M, is the piston mass, y is the position, F is the ex-
ternal load, P, and P, are the absolute pressures in the cylinder's chambers, A is the piston
surfaces, V| and V, are the volumes of cylinder’s chambers and i, and u, are the input DC
current and voltage of proportional valve [16].
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Fig. 1. Pneumatic scheme of the servo system for positioning

The third order linearized mathematical model of the presented system can be repre-
sented in the state space as:
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where ¢, is the viscous dampening, R is the universal gas constant, Ts is the supply gas
temperature and x is the specific heat ratio. The state space variables are defined by the
vector x=[8y &y &¥]". It holds P=P,=P, and V;=V,=V, for the midpoint of the
rodless cylinder stroke as initial position.

3. DIGITAL SMC ALGORITHM

For the position control of a pneumatic cylinder, a discrete-time chattering-free SMC
algorithm [12] has been employed, for a number of advantages [13,14,15]:

o theoretical invariance to external loads and system parameter variations and uncer-
tainties, under so-called matching conditions [17];
system dynamics is predefined by appropriate selection of the sliding manifold;
dynamics in SM is only defined by the parameters of the sliding manifold;
exact knowledge of plant parameters is not required, only the range of their change;
system stability is easier to achieve through the decomposition into two simpler
sub-systems;

o the order of the differential equation describing SM dynamics is reduced by the

sliding manifold dimension.

Apart from these exceptional features of variable structure control systems (VSCS)
operating in SM, there are also several shortcomings, such as:

e measurability of all state space coordinates is necessary, and

e occurrence of high-frequency oscillations, i.e. chattering, due to the excitation of

unmodelled dynamics by finite switching frequency of the control signal.

The first shortcoming has been successfully solved by application of state observers,
which at the same time significantly alleviate the other shortcoming. However, there are
several SMC techniques that eliminate chattering occurrence. One of them is digital SMC
algorithm [12], which has been employed in this paper. It contains two control phases:
nonlinear and linear.

The non-linear control mode drives the system trajectory from an arbitrary initial point to
the predefined vicinity of the sliding plane. Afterwards, the linear control ensures one-step
reaching and subsequent sliding along the sliding manifold towards the origin.

Since the control will be digitally implemented, it is necessary to perform time-dis-
cretization of the model (1). If T; denotes the sampling period and
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the discrete-time state-space model of the nominal system, by using d-transform, can be
expressed in the form:
OxX(KT,) = Ay (T, )X(KT,) + by (T, )u(kT}) 3)

The commonly used linear scalar switching function s(x) in SMC systems that defines a
sliding hyperplane in the state space (s=0), along which the SM is organized, is chosen as:

s=c¢;(T))x 4

where ¢5(7,) is the switching function vector of appropriate dimension.
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The detailed control design procedure of the selected discrete-time SMC (DSMC) al-
gorithm is given in [12]. Here, only the important relations will be briefly recounted. The
positioning control law is obtained as:

u, =—¢;(T,) A (T,)x(k) — ®(s(k), X(k)) )

The switching function vector ¢g(7;;), which exclusively defines system dynamics in
the SM, is selected according to the relation:

¢ (T;) =[c,(T}) | l]Pl_l (7)) (6)

The values required for calculating matrix ¢5(7,), are obtained through the following
equations [12]:

n-1
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Function ®(s,X) is defined as:
(sl 0< pT, <1,
D(s,X)=D(s) =min| —,0 + p|s| sgn(s); (10)
T, o>0

Parameters ¢ and p define SM reaching dynamics and should be chosen to provide as
short as possible reaching phase.

4. EXPERIMENTAL RESULTS

The experimental platform [15], where the properties of the proposed DSMC algo-
rithm have been verified, contains the pneumatic components as in Fig. 1, compressed air
flow rate sensor, position sensor, and ED2000 acquisition and control card that is hosted
by a PC. The applied rodless pneumatic cylinder is DGPL-18-150-PPV-A-B-KF-SH
manufactured by FESTO company. Proportional valve 5/3 bears the designation MPYE-
5-1/8-LF-010-B, whereas the by-pass valve is MC-2-1/8 manufactured by FESTO. The
flow rate sensor is FESTO SFE1-LF-F200-WQ8-P2I-M12 with measuring range from 0
to 200 1/min. The HBM position sensor has a range £200 mm. ED2000 operates with the
sampling time 7, = 0.005 s.
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K1 daps

Fig. 2. Experimental set-up of the servo pneumatic system with rodless pneumatic cylinder

It is very difficult to use linear model (1) in control system design, because it has some
unknown parameters, whose determination is a problem. Also, in case of the third order
system, as it is one described by (1), SMC requires measurement of position, velocity and
acceleration. In the experimental investigation only the position has been measured,
whereas the velocity has been estimated. Estimation of the acceleration y would also be a
problem. Therefore, the second order model has been used in controller design, which has

been acquired according to the experimental identification.
Step responses of the cylinder piston position of pneumatic servo system, for supply

pressure 600 kPa, and at different input DC voltages u.,, are presented in Fig. 3.
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Fig. 3. Response of rodless cylinder piston position

The experimentally identified discrete-time model of the plant [15], is given by:

Sy(kT,) I 0.00464 (kT,)+ 2 (kT,) (11)
= u
YEI=10 0861677 17" | —86.6645 |

The controller parameters have been selected as: o=2.5, p=0,
cs=[-0.000562 —0.0000562].

The first test was performed without load force and when the cylinder piston was
moving from y = 50 mm to the desired y =100 mm, after which it was retracted into the
initial position y = 50 mm again. After achieving the positions along the stroke length, the
cylinder piston should hold the position during 1 s.
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In Fig. 4, the results of positioning of the cylinder piston when DSMC and traditional
PI controller with gain Kp= 0.009 and K;= 0.00007 are used, are shown. The supply pres-
sure was 600 kPa.
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Fig. 4. Diagram of the rodless cylinder piston position without load force

The second test has been performed with load force F = 50 N in the same direction as
position cylinder piston increase and for the same conditions and durations as in the first
measurements.

In Fig. 5, the results of positioning of the cylinder piston when DSMC and traditional
PI controller with the same gain as previous, are shown.

In the first test, without load force, the position error is nearly equal to zero when
DSMC is used. When PI controller is used, for the same conditions, position error is up to
1.5 mm. The DSMC is quicker in reaching the desired position than PI controller.

In the second test, with 50 N load force, the position error is the same as without load
force and still nearly equal to zero when DSMC is used. When PI controller is used, for
the same conditions, position error is up to about 6 mm.

The results show that DSMC of the rodless cylinder exhibits superior performance in
comparison to the case when conventional PI controller is used. The DSMC approach suc-
cessfully achieves the desired positions of the rodless cylinder piston, even with load force.
For the same conditions, traditional PI controller shows much bigger positioning errors.
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Fig. 5. Diagram of the rodless cylinder piston position with 50 N load force



Advantages of Digital Sliding Mode Position Control of the Rodless Pneumatic Cylinder 101

The compressed air consumption of the rodless pneumatic cylinder, with and without
load force, when DSMC and conventional PI controller are used [15], is shown in Fig. 6.
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Fig. 6. Diagram of the rodless pneumatic cylinder compressed air consumption

This result shows that the DSMC uses about 5% less compressed air in comparison to
the case when conventional PI controller is used.

4. CONCLUSION

The paper discusses the positioning problem of the rodless pneumatic cylinder and
compressed air consumption as well. DSMC algorithm is employed in solving these
problems. The designed DSM controller performs its task successfully, since it ensures
robustness, quick reaching of the desired position without overshoot and oscillation and it
uses less energy. The advantages of this nonlinear type of control are shown in Chapter
IV, where its performance is compared to the PI controller. The position error when
DSMC is used is less than in the case of the traditional PI controller, for the same condi-
tions, regardless of the load force. Also, the compressed air consumption when DSMC is
used is about 5% lower than with PI controller.

It may be concluded that application of DSMC strategy in positioning of pneumatic
cylinders is justified due to much better response, greater robustness and energy efficiency.

REFERENCES

1. J. L. Shearer, Study of Pneumatic Processes in the Continuous Control of Motion with Compressed Ai —
1, Transactions of the ASME, vol. 78, pp. 233-242, 1956.

2. J. L. Shearer, Study of Pneumatic Processes in the Continuous Control of Motion with Compressed Air
— 11, Transactions of the ASME, vol. 78, pp. 243-249, 1956.

3. J. L. Shearer, Nonlinear Analog Study of a High-Pressure Servomechanism, Transactions of the ASME,
vol. 79, pp. 465-472, 1957.

4. J. J. Mannetje, Pneumatic Servo Design Method Improves System Bandwidth Twenty-fold, Control
Engineering, vol. 28, no. 6, pp. 79-83, 1981

5. D. Ben-Dov, and S. E. Salcudean, 4 Force Controlled Pneumatic Actuator, IEEE Trans-actions on
Robotics and Automation, vol. 14, no. 5, pp. 732-742, 1998.



102

10.

11.

12.

14.

15.

16.

17.

V. BLAGOJEVIC, M. STOJILJKOVIC, B. VESELIC

J. Wang, J. Pu, and P. Moore, 4 practical control strategy for servo-pneumatic actuator systems, Con-
trol Engineering Practice, vol. 7, pp. 1483-1488, 1999.

S. Maeda, Y. Kawakami, and K. Nakano, Position Control of Pneumatic Lifters, Trans-actions of Japan
Hydraulic and Pneumatic Society, vol. 30, no. 4, pp. 89-95, 1999.

S. Ning, and G. M. Bone, High Steady-State Accuracy Pneumatic Servo Positioning Sys-tem with
PVA/PV Control and Friction Compensation, Proceeding of the 2002 IEEE In-ternational Conference
on Robotics & Automation, pp. 2824-2829, 2002.

J. Bobrow, and B. McDonell, Modeling, Identification, and Control of a Pneumatically Actuated, Force
Controllable Robot, IEEE Transactions on Robotics and Automation, vol. 14, no. 5, pp. 732-742, 1998.
E. Richer, and Y. Hurmuzlu, 4 High Performance Pneumatic Force Actuator System: Part I-Nonlinear
Mathematical Model ASME Journal of Dynamic Systems, Measurement, and Control, vol. 122, no. 3,
pp. 416-425, 2000.

E. Richer, and Y. Hurmuzlu, 4 High Performance Pneumatic Force Actuator System: Part II-Nonlinear
Control Design ASME Journal of Dynamic Systems, Measurement, and Con-trol, vol. 122, no. 3, pp.
426-434, 2000.

G. Golo, C. Milosavljevié, Robust discrete-time chattering-free sliding mode control, Systems & Con-
trol Letters, 41, pp. 19-28, 2000.

V. Blagojevi¢, C. Milosavljevié, Application of digital sliding modes to synchronization of the work of two
pneumatic cylinders, Facta univesitaties series Mechanical Engineering Vol. 1, N, pp. 1275-1285, 2002.
V. Blagojevi¢, Sinhronizacija rada pneumatskih izvrsnih organa u tehnoloskim procesima, Master of
science thesis, Faculty of Mechanical Engineering, Ni§, 2004.

V. Blagojevi¢, Contribution to the Development of Efficient Control of Pneumatic Executive Organs ,
Doctorate dissertation, Faculty of Technical Sciences, Novi Sad, 2010.

V. Blagojevi¢, M. Stojiljkovi¢, Mathematical Model of the Pneumatic system with Bridging of the Dual
Action Cylinder Chambers, IX Triennial International SAUM Conference on Systems, Automatic Con-
trol and Measurements Nis§, Serbia, November 22-23., pp. 75-78, 2007.

B. Drazenovi¢, The invariance conditions in variable structure systems, Automatika, 5, pp. 287-295, 1969.
D. Seslija, M. Stojiljkovi¢, Z. Golubovi¢, V. Blagojevi¢, S. Dudié, Identification of the possibilities for
increasing energy efficiency in the compressed air systems, Facta univesitaties series Mechanical Engi-
neering, Vo7., N1, Univerity of Ni8, pp. 37-60, 2009.

PREDNOSTI POZICIONIRANJA PNEUMATSKOG CILINDRA

BEZ KLIPNJACE DIGITALNIM KLIZNIM REZIMOM
Vladislav Blagojevi¢, Miodrag Stojiljkovi¢, Boban Veseli¢

Rad se bavi problemima postizanja zeljene pozicije klipa pneumatskog cilindra bez klipnjace i

povecanju energetske efikasnosti. Upravijacki sistem je projektovan primenom teorije sistema
promenljive strukture. Primenjeni algoritam upravljanja baziran je na digitalnom kliznom rezimu i
uporeden je sa konvencionalnim PI zakonom upravljanja. Sprovedeni eksperimenti demonstrirali
su da predlozeni algoritam upravljanja daje zadovoljavajucu tacnost pozicioniranja i veliku
robustnost jednako dobro kao i energetsku efikasnost.

Kljucne re¢i:  servo pneumatika, PI, sistem promenljive strukture, klizni rezim, energetska

efikasnost



