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PNEUMATIC ACTUATOR WITH CONSTANT VELOCITY MODE  

IN RECIPROCATING MOTION 

Igor L. Krivts 

Department of Mechanical Engineering, Applied Materials Inc., PDC Box 211, Nes_Ziona, 70451, Israel 

igor_krayvitz@amat.com 

Abstract 

Motion systems with speed control mode are widely used in industry. This paper reports on an open loop pneumatic 

actuator that provides reciprocating motion with constant velocity mode. Computer simulations of the dynamic behavior 

of these actuators show their acceptable performance and high robustness. In addition, the estimation method, which 

allows performing the calculation of the actuator key parameters, is described. Design of the pneumatic actuator for a 

printing machine has been considered as the practical example. 

Keywords: pneumatic actuator, open loop, reciprocating motion, constant velocity, printing machine 

1 Introduction 

When the design engineer begins to develop any 

form of automatic equipment he is confronted with two 

important problems: the first one is related to the 

mechanical and control design of the functional device, 

the second problem is a commercial one and pertains to 

designing with reference to the cost of manufacture. 

In order to solve the first problem, especially when 

automatic control of complex motion is required, a 

wide knowledge of the principles underlying those 

mechanical movements, which have proved to be 

successful, is very helpful, even to the design engineer 

who has had extensive experience. 

The second problem mentioned, that of cost, is 

directly related to the design itself, which should be 

reduced to the simplest form consistent with successful 

operation. Simplified designs are usually not only less 

costly, but more durable. Almost any action or result 

can be obtained mechanically if there are no restrictions 

on the number of parts used and the manufacturing 

cost, but it is evident that a design should pass the 

commercial as well as the purely mechanical test. For 

this reason, it is advisable for the design engineer to 

carefully study dynamic mechanical systems which 

have previously been applied to commercial machines. 

Motion systems with speed control mode are widely 

used in arc welding machines, painting and printing 

equipment, in the inspection devices of scanning 

motion systems, cutting machines for plastic, wood and  
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fabric materials, gluing and others. These systems can 

generally be divided into two groups, namely open loop 

and closed loop velocity control. In some applications 

the position signal is used as an additional signal for the 

technological application or for the control algorithm in 

the cascading loops configuration.  

In industrial applications electro mechanical motion 

systems are widely used for speed control, however 

thanks to advances in pneumatic control theory, 

specifically the combination of fast-acting valves, 

advanced electronics, and software; servo pneumatics 

offer a practical alternative in intelligent-motion 

applications at a sensible price. In manufacturing and 

industrial process equipment, open loop pneumatic 

actuators with velocity control are rarely used. This is 

due to the limitations of their performance. For 

instance, the output of such systems is sensitive to plant 

parameter variations, and in a few cases, to the change 

of the force disturbance (both external and internal). 

Therefore, these systems are usually used where the 

requirement of the output stability is not critical. Such 

systems may be utilized, for example, in painting 

equipment, rough inspection devices, wood and fabric 

material industry, gluing and others. 

This paper reports on the open loop pneumatic 

actuating system that provides the reciprocating motion 

with constant velocity mode. 
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DESIGN AND ANALYSIS OF A TWO-STAGE POPPET VALVE  

FOR FLOW CONTROL 

Matthew T. Muller
1

 and Roger C. Fales
2

 

Caterpillar Inc. – Technology and Solutions Division – Hydraulics Research, Peoria, IL, USA 

University of Missouri - Columbia, Mechanical and Aerospace Engineering, Columbia, MO 65211, USA 

Muller_Matt@cat.com, FalesR@missouri.edu  

Abstract 

This paper explores dynamic modelling and design of a typical two stage metering poppet valve system. In particu-

lar, nonlinear and linear models of a spring force feedback configuration are developed and parameters tuned through 

the use of root locus techniques. Typical steady state conditions as well as extreme high and low pressure drops are 

simulated in attempts to uncover instabilities and other possible undesirable performance characteristics of the valve. 

Finally the nonlinear model is used to produce Bode magnitude plots at various pressure drops in order to estimate the 

system bandwidth. Results indicate that increasing the size of the orifice at the inlet of the pilot stage of the valve in-

creases performance in terms of rise time at the cost of a more oscillatory response. High pressure differences between 

the inlet and outlet of the valve were found to cause performance to increase significantly as well as move poles into a 

region indicated less damping. A scheme for controlling the inlet orifice area to the pilot stage is presented and shown 

to improve performance capability (bandwidth) of the valve while maintain a damped response. 

Keywords: metering poppet valve, root locus design, valve design 

1 Introduction 

Electro-hydraulic control valves are extensively 

used in industry to control motion in various devices. 

For many years the standard has been to use spool type 

valves along with separate supply pressures for the 

pilot and main stages of flow. Poppet valves have been 

available for many years but have been limited in use to 

situations such as pressure relief. Over the past ten 

years there has been a push to develop poppet valves 

that can meter flow in the way spool valves have typi-

cally been used (Zhang et al., 2002), (Schexnayder, 

1995), (Aardema, 1997), (Yang et al., 1997), (Yang et 

al., 2005), (Fales, 2006). The incentives behind this 

growing trend are the advantages that come with the 

use of poppet valves. In comparison to spool valves, 

poppet valves require less stringent machining toler-

ances, are less susceptible to contamination problems, 

have very low leakage, and make it possible to elimi-

nate two separate supply lines (Manring, 2005). Al-

though poppet valves present many advantages to spool 

valves they have yet to take over the market due to a 

long history of instability issues. The unstable behavior  

This manuscript was received on 2 October 2007 and was accepted 
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in poppet valve circuits have been studied by Hayashi 

(1995) , Funk (1964), and others but there is still no 

clear path to avoiding this problem. In recent years 

there have been metering poppet valves that have 

proved successful enough to become commercially 

available. Zhang et al. (2002) study the dynamics of 

one such valve and suggest performance limitations due 

to zero location. Opdenbosch et al. (2004) models a 

newer poppet valve with a position follower configura-

tion and proposes a controller based on a Nodal Link 

Perceptron Network. The list of papers in the open 

literature related to modeling the dynamics of metering 

poppet valves surrounds the few commercially pro-

duced valves but there is little to no focus in the litera-

ture providing guiding techniques for designing a me-

tering poppet valve from a ground up approach. Al-

though the literature is scarce in regards to the design 

of metering poppet valves, existing research provides 

design methods which can be applied to poppet valves. 

One such example comes from Li (2002), who uses 

root locus analysis to redesign a two-spool flow control 

servo valve. The goals of this research are to use root 

locus techniques and frequency response plots com-
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EXPERIMENTAL IDENTIFICATION OF THE DEAD ZONE IN PROPORTIONAL  

DIRECTIONAL PNEUMATIC VALVES 

Antonio Carlos Valdiero, Delair Bavaresco and Pedro Luís Andrighetto 

Regional University of North-western Rio Grande do Sul State (UNIJUÍ), DETEC, Panambi, 98280-000 RS, Brazil 

valdiero@unijui.edu.br, delabavaresco@hotmail.com, pedro@unijui.edu.br 

Abstract 

This work presents a new methodology for dead zone nonlinearity identification in proportional directional pneu-

matic valves. It is based on observing the dynamic behaviour of the pressure in the valve gaps. Dead zone is common in 

hydraulic and pneumatic valves because the spool blocks valve orifices with some overlap, so that for a range of spool 

positions there is no fluid flow. The dead zone nonlinearity is a key factor that limits both static and dynamic perform-

ance in feedback control of fluid power systems. The usual method to cancel the harmful effects of dead zone is to add 

its fixed inverse function into the controller. This inverse is modelled by a set of parameters that need to be identified. 

The classic dead zone parameter identification uses expensive flow transducers and special test rig, while our proposed 

methodology needs only pressure transducers. Experimental results illustrate the efficacy of this methodology that is 

cheaper and faster. 

Keywords: dead zone nonlinearity, pneumatics, proportional directional valves, dead zone identification 

1 Introduction 

This work presents a new methodology for identifi-

cation of dead zone nonlinearity in proportional direc-

tional pneumatic valves, which is based on the study of 

pressure dynamic behaviour in valve gaps. This nonlin-

earity is a common imperfection of mechanical system 

components and mainly of closed centre valves when 

the land width is greater than the port width at neutral 

spool position (Virvalo, 1997). 

The dead zone presence in a system is among the fac-

tors that limit the performance of feedback control loops 

(Sobczyk, 2000 and Valdiero, 2005), but components 

without such imperfections are expensive to manufacture 

and usually require specialized personnel to maintain 

(Tao and Kokotovic, 1996). Besides, dead zone can be 

desired in some cases, as for example the application of 

hydraulic valves in automotive suspension systems, 

where valve dead zone prevents internal leakages and 

maintains the height when the car is parked and the en-

gine is turned off. However, in this same example, when 

the suspension is active, the effect of the dead zone is 

harmful and needs to be “removed” by an adequate com-

pensation in control scheme (Bu and Yao, 2000, Corte-

ville et al., 2005 and Valdiero et al., 2007). 

This manuscript was received on 21 July 2007 and was accepted after 

revision for publication on 19 January 2008 

 

The conventional method used for dead zone com-

pensation is to add an inverse dead zone function to the 

output signal of the controller, but this requires that the 

magnitude of the dead zone is known or accurately 

estimated (Turner, 2006) and the valve dynamics are 

fast enough to be neglected (Liu and Yao, 2004). The 

classical procedure used to identify dead zone in pro-

portional valves is carried out in laboratory using ex-

pensive flow transducers and requires a long time. This 

proposed new methodology uses pressure transducers 

only, is cheaper and faster and can be carried out with-

out special test apparatus. 

Other researchers have proposed new methods for 

dead zone compensation as adaptive control strategies 

(Ibrir et al., 2006), fuzzy logic (Chiang and Yang, 

2006) and sliding mode controller (Corradini and Or-

lando, 2002). The main problem with these schemes is 

their complexity, because adaptive control and fuzzy 

logic are not cheap from a computational point of view. 

In addition, these techniques are often viewed with 

some apprehension and distrust by industrialists 

(Turner, 2006). 

According to Xiang (2001), the servo valve dead 

zone, in an individual form, was almost not studied in 

pneumatics. However, after determining its parameters, 
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OPTIMAL MODE SWITCHING FOR A HYDRAULIC ACTUATOR CONTROLLED 

WITH FOUR-VALVE INDEPENDENT METERING CONFIGURATION  

Amir Shenouda and Wayne Book 

Georgia Institute of Technology, Woodruff School of Mechanical Engineering, 801 Ferst Dr. NW, Atlanta, GA, 30332, USA  

amir.shenouda@gatech.edu, wayne.book@me.gatech.edu 

Abstract 

A spool valve is a single degree of freedom system that has coupled ‘meter in’ and ‘meter out’. Decoupling of meter 

in from meter out provides for more controllability and potential for energy saving in overrunning load cases when 

compared with a conventional spool valve controlled hydraulic system. A four-valve configuration controlling a hy-

draulic cylinder is emphasized in this paper. The four-valve configuration can operate in several two-valve discrete 

modes because each of the four valves is controlled separately from the others. Five distinct (or discrete) metering 

modes that exist in the literature are initially studied: Powered Extension, High Side Regeneration Extension, Low Side 

Regeneration Extension, Powered Retraction, and Low Side Regeneration retraction. Each of these modes has different 

force and speed capabilities and the operating mode should consequently be selected based on the load and the com-

manded speed. Proper switching between these modes is crucial for efficient and productive performance. 

The problem of switching between these five modes is treated as an optimal control problem of a switched dynamic 

system. General theory for the optimal control problem is derived and then applied to the hydraulic system of interest. 

The results are then interpreted and explained by looking into the force-speed capability of modes, and a closed form 

solution for the quasi static case is presented.  

Keywords: hydraulics, independent metering valves, metering modes, mode capability curve, mode switching 

1 Introduction 

The idea of using a four-valve assembly to achieve 

independent metering control of hydraulic actuators has 

been discussed in previous work by several researchers 

including Jansson (1990); Tabor (2004, 2005); Yao 

(2002); and Shenouda and Book (2005, 2006), for 

example. Figure 1 shows the four valve independent 

metering configuration. Four valves are needed to op-

erate one cylinder. These valves are usually poppet 

type valves. The valves used in this research are two 

stage poppet valves. One valve connects one of the 

work ports of the cylinder to the supply line that con-

tains pressurized oil. A second valve connects the other 

work port to the supply line. A third valve connects the 

first port to return line which leads to the tank. Finally a 

fourth valve is needed to connect the second port to the 

return line. Using this four valve configuration, while 

only two valves will be active for a given condition, 

allows for independent metering and also allows for 

energy regeneration as explained in Stephenson (2003); 

This manuscript was received on 28 June 2007 and was accepted 
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Tabor (2004); and Kramer (1996), which has the poten-

tial of reducing the requirements on the pump and thus 

achieve highly valuable energy saving. The four-valve 

configuration can operate in several modes because 

each of the four valves is controlled separately from the 

others. These modes are presented in the following 

section. 

2 Two-Valve Discrete Metering Modes  

Figure 1 is a schematic that shows the concept of 

using a four-valve configuration to achieve independent 

metering. There are five distinct metering modes that 

describe the operation of a hydraulic cylinder con-

trolled by a four-valve assembly as shown in Fig. 1. 

This configuration is investigated by Tabor and Pfaff 

(2004, 2005). 
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CONSUMPTION IN PNEUMATIC SYSTEMS 
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Abstract 

In pneumatic systems the consumption of electrical energy depends almost linearly on the production of compressed 

air. Hence, the operation of the pneumatic line in any application plant has an enormous effect on the overall energy 

efficiency. In analysis the compressed air system can be divided into three subsystems: production, after treatment 

(storage and transmission) and consumption. These systems interact with each other and strongly affect overall system 

energy requirements. Starting from the dynamical models of the subsystems a new generic energy efficiency index (CA-

index) is introduced in the paper. It can be used both in one compressor and multi-compressor systems. The fact that the 

consumption of compressed air may be either pressure dependent or pressure independent is taken into account in the 

basic equations and in the energy efficiency index. The maximization of the index is carried out by defining and solving 

a mathematical optimization problem, which then gives the best possible operation policy of the pneumatic line. 

Keywords: compressor, energy efficiency, CA index, pneumatic systems, compressed air, dynamic model, optimization 

1 Introduction 

During the last few years, many studies on industrial 

pneumatics have been carried out. According to these 

investigations, industrial pneumatic systems are typically 

far from optimal energy efficiency. One of the most 

comprehensive investigations, the Fraunhofer Institute 

Report (Radgen and Blaustein, 2001), lists means to 

improve energy efficiency in industrial pneumatic sys-

tems. According to the final report of the investigation 

the proportion of the compressed air (CA) production is 

10% of the total energy consumption in industry. 

In the literature several methods have been reported 

to be used for energy savings in pneumatic systems 

(Cai et al. 2006, Belforte 2000). Energy recovery, pres-

sure reduction, leakage reduction and optimizing the 

operation by a proper choice and use of the control and 

regulation system are good examples of these methods 

(Robertson, 1998). 

The compressor vendors provide the isothermal co-

efficient of efficiency of the compressor itself but be-

cause of the complexity of the overall pneumatic line 

this does not indicate the energy efficiency of the sys-

tem. A more detailed analysis is needed which takes  

This manuscript was received on 18 May 2007 and was accepted 
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the dynamics of the multi-compressor system together 

with load into account. Dynamic modeling and analysis 

from the first principles are therefore needed. 

There are certain analogues between different distinct 

physical systems (pneumatic, hydraulic, thermal, me-

chanical or electrical). All these systems can be princi-

pally modeled by applying the laws of conservation of 

mass, energy and charge and Newton’s laws of motion 

(Lumkes, 2002). According to these laws of conservation 

the sum of all flow variables for any junction is equal to 

zero and the sum of all potential variables for any closed 

loop in the system is equal to zero. These analogies help 

the modeling of pneumatic systems. 

In this paper dynamic models for production, 

transmission, storage and consumption systems are 

presented (Parkkinen, 1990, 1991). A new energy effi-

ciency index (CA index) is then introduced based on 

the models. Minimization of the index gives an optimal 

energy savings policy for using the compressors in one-

compressor or multi-compressor systems. 

In Section 2 the different operational units of the 

pneumatic line are defined and dynamic models from 

first principles are constructed. The energy efficiency 

index is described in Section 3 and example calcula-


