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ABSTRACT


This article is concerned with the problems of position-controlled pneumatic servodrive. The position control is implemented using low-cost on/off solenoid valves in place of costly proportional valve. The control methods based on simply on/off control algorithm and on pulse-width-modulation (PWM) algorithm are presented. The experimental results are shown that the system performances are comparable to position control using proportional valve.

1. INTRODUCTION


Pneumatic driving systems have wide application in the field of industrial automation due to their inexpensiveness, reliability, cleanliness and simplicity of realization of linear motions. Unfortunately, the application of pneumatic drives is limited in practice by the problems in controlling these plants. Pneumatically powered systems are characterized by high-order, time-variant dynamics, nonlinearities due to compressibility of air, wide range of supply pressure and load variations, significant friction effects and external disturbances. Because of that, pneumatic drives are difficult to control. Over the years, pneumatic actuators are extensively used in industrial automation for applications which require only two end positions of a stroke, with no stops in between, i.e. for pick-and-place positioning problems (Bachmann, 1998). In order to obtain more positions, designers had to added switching devices to their equipment so a received signal informs if machine control element is properly positioned (Murray, 1999). Changing the positioning task is required repositioning the switching device. Therefore, for the flexible positioning operations in positions between two end positions some other motion technologies based on costly electromechanical systems are used (Muijtjens, 1998).

The development of the proportional directional control pneumatic valves in the late 1980's is created pneumatic servo-technology, offering in many cases excellent cost/performance characteristics. With proportional valves the flexible, fast and precise positioning tasks of pneumatic drives have made possible. The key to the new pneumatic actuator servo-applications is electronic control. Last two decades the numerous research works of position-control systems for pneumatic drives have been realized. In most of them relatively expensive proportional servo valve is used, which however, gives the best results (Liu and Bobrow 1988; Pu et al. 1992; Richard and Scavarda 1996; Surgenor and Vaughan 1997).

In this paper in place of costly proportional valve we have been implemented low-cost on/off solenoid valves. The objective is to develop the cheaper pneumatic servodrive with characteristics close to system with proportional valve. Because of the delay of valve response and their discrete on/off characteristic precise control is difficult to achieve (Varseveld and Bone 1997; Shih and Hwang 1997).

In section 2 we describe the experimental system which is mounted to study different control methodologies for pneumatic servodrives. Section 3 presents control methods for position control of pneumatic drive based on simply on/off control algorithm and control method based on pulse-width-modulation (PWM) algorithm. In section 4, the experimental results are given. The conclusion is given in section 5.

2. DESCRIPTION OF LABORATORY EQUIPMENT


In the Laboratory of Automation and Robotics at the Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb the experimental system has been made in order to study different control methodologies for pneumatic servodrives. 

In figure 1 the photo of the laboratory equipment is given, while the schematic description of the control system is illustrated in figure 2.

The actuator is a rodless cylinder SMC CDY1S15H-500 with stroke length 500 mm and diameter 15 mm. The position of the piston is measured by the horizontal linear potentiometer FESTO MLO-POT-500-TLF, which is mounted to the actuator. The linear motion of the piston is controlled with two on/off solenoid valves SMC EVT307-5D0-01F, which are connected to each cylinder's chamber. Three pressure transducers SMC ISE4-01-26 are added to measure the pressures in each cylinder(s chamber and also the pressure of supply air. The control software is coded in "C" language and the feedback control algorithms are implemented on PC via PCL-812PG acquisition card. All signals from the process are reading to a microcomputer via a 12-bit A/D converter. The calculated control signals from the microcomputer are sending via digital outputs and 8-bit ULN 2803 darlington driver on solenoid valves. Then the air mass flow rate through the valves can be regulated and the position of the cylinder can be controlled. 

The experimental setup also includes proportional directional control valve FESTO MPYE-5 1/8 HF-010B and two proportional pressure regulator valves SMC VY1A00-M5. In this paper the control of pneumatic drive using proportional valves is not considered, although we have done a research with them (Petrić and Šitum 2000). The total results will be presented in (Šitum, 2001)
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Figure 1  The photo of the laboratory equipment
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1 - Linear potentiometer, 2 - Pneumatic rodless cylinder, 3 - Pressure sensor, 4 - On/off solenoid valve, 5 - Filter-regulator unit, 6 - Darlington driver, 7 - Control computer
Figure 2  Schematic diagram of the control system

3. CONTROL METHODS


This chapter shows the control of pneumatic drive using on/off solenoid valves. Two methods are presented: simply on/off control method and control method based on pulse width modulation (PWM) algorithm. In figure 3. the schematic diagram of the control system with two control methods is given.
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Figure 3  The realization of feedback control system

3.1  Pneumatic servodrive control using on/off control method


Solenoid valve has only two states. Then, in an ideal case the control signal in on/off control method can be interpreted:


[image: image4.wmf]T

k

t

kT

kT

U

U

kT

U

U

t

U

s

)

1

(

"

0

)

(

0

)

(

)

(

max

max

+

£

£

î

í

ì

<

-

³

=

off

"

is

valve

and

for

on"

"

is

valve

and

for




(1)

where 
[image: image5.wmf]k

 is sampling instant, and 
[image: image6.wmf]max

U

 is maximum voltage from 24 VDC power supply. By switching the solenoid valves the air mass flow rate through the valves can be regulated. The motion of the cylinder in desired direction is defined by the switching order. Equation (1) presents behavior of an ideal relay, where output switch between two values without time delay. In this case if control signal exist the valve is "on", and if do not then the valve is "off".

However, in a real case actual motion of the solenoid valve has a time delay due to magnetic hysteresis and inertial forces of the spool valve.

Figure 4 shows the experimental measured valve response for different voltage from power supply. The time delay of the valve from "off" to "on" state is between 8 and 30 milliseconds for voltage change from 24 to 15 V. If the voltage from the power supply is below 15 V then the valve has no reaction. 
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Figure 4  The valve response on different input voltage

Thus in real case the valve can be presented like an ideal relay with dead time (Lü 1992), figure 5.
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Figure 5  The valve presented as an ideal relay with dead time
Then, the spool displacement of the valve can be formally described by:
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(2)

Because of time delay in valve response the positioning task of the pneumatic cylinder using on/off control algorithm gives unstable output of the process. On step input the system reacts after dead time 
[image: image10.wmf]m

T

. The control signal on the valve #1 is active while the desired value 
[image: image11.wmf])

(

t

w

 is greater then output value 
[image: image12.wmf])

(

t

x

. In point 1 the control signal is off, but because of the valve dead time, the cylinder moves till point 2. Now, the control signal is on the valve #2, and the cylinder changes moving direction. In point 3 the control signal is set up again on valve #1, but because of the dead time, the cylinder moves till point 4, figure 6 a). The cylinder continuously oscillate about desired positions, with period 
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, figure 6 b).
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Figure 6 a) Output response of pneumatic drive using on/off control algorithm,
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 - output of the real valve,

b) Experimental measured closed-loop output 

Formally speaking, the positioning of pneumatic drive using simple on/off control algorithm will satisfied real industrial process if required accuracy is greater then amplitude of oscillation:
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But, we can imagine the modern industrial process with this design requirement. So, in order to obtain better dynamic behavior in pneumatic drive positioning tasks we have been made some experiments based on PWM control algorithms.

3.2  Pneumatic servodrive control using PWM control method


When on/off solenoid valves are used to control the position of the pneumatic drive, the control signal must be transmitted from microcomputer to each valve in individual pulsing. The desired PWM signal can be realized by comparing the continuos control signal and a high-frequency carrier wave (Ye et al. 1992), as is shown in figure 7.

The carrier wave is usually a high-frequency tooth wave with the period 
[image: image20.wmf]T

. The frequency and amplitude of the carrier wave must change faster then those of the continuous signal.

The mathematical description of the PWM signal can be given:
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and 
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where 
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 is 
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-th modulation period.
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Figure 7. The realization of PWM signal

If we suppose that the solenoid valve is an ideal relay, then the valve will be in state "on" when the control PWM signal has value Up, and in state "off" when the PWM signal has zero value:
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But in the real case if period of PWM signal 
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This reasoning can be written by:
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The reaction an ideal and real valve on PWM signal is shown in figure 8. The real valve always has output with dead time.

Because of that very important is the choice of frequency of the PWM signal. In control process the valves will not react at very fast changes of control signal. From experimental measured output of the valves (in figure 9) it can be seen that the frequency of the PWM signal which is greater than 10 Hz is not appropriate. Because of relatively large dead time for closing valve (about 20 ms) is unable to get pressure difference in cylinder chambers.
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Figure 8. The reaction of an ideal and a real valve on PWM signal
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Figure 9.  Pressure output of the cylinder chamber for different frequency of PWM signal

4. EXPERIMENTAL RESULTS


The experimental system used is shown in figure 1. The control program is written in "C" language. The desired value of the cylinder linear motion was variable. 

Figure 10 shows the experimental measured response of the pneumatic cylinder for applied reference signal. It can be seen that control method based on PWM control algorithm provides relatively good positional accuracy (steady-state error is in range of (1 mm), the system has fast output response, but with significant overshoot. 

To overcome the problems with large overshoot in response we modified control algorithm using pressurized PWM method. In this method both of cylinder chambers are under supply pressure, and for moving in some direction the appropriate chamber is set up to atmospheric. The results are also shown in figure 10. At the beginning the pressures in chambers are not at value of supply pressure and a large steady-state error remains. After that a better dynamic behavior is evident.
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Figure 10.  Closed-loop actuator response with conventional PWM method

5. CONCLUSION


In this paper an inexpensive pneumatic servodrive for translational positioning task which uses low-cost on/off solenoid valves was investigated. The control method based on simply on/off control algorithm and control methods based on conventional and pressurized PWM control algorithms are implemented.

On the basis of the experimental results can be concluded that low-cost solenoid valves can be used in the pneumatic servo control systems instead of using a costly proportional valve for less demanding industrial servo application.
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