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Abstract: The pneumatic actuator represents the main force control operator in many industrial
applications, where its static and dynamic characteristics play an important role in the overall behavior
of the control system. Therefore, obtaining of accurate approach for modeling the pneumatic actuator
is of prime interest to control system designers. In this paper a different methodologies for deriving
and simulating the model of the pneumatic servo actuators controlled with proportional valves are
presented. The model includes cylinder dynamics, payload motion, friction and valve characteristics.
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INTRODUCTION

Pneumatic actuators are widely employed in position and speed control applications when cheap, clean,
simple, and safe operating conditions are required. In recent years, low cost microprocessors and pneumatic
components became available in the market, which made it possible to adopt more sophisticated control
strategies in pneumatic system control (Jihong et al, 2007). Also the pneumatic cylinders can offer a better
alternative to electrical or hydraulic actuators for certain types of applications and the pneumatic actuators
provide the previously enumerated qualities at low cost. They are also suitable for clean environments and safer
and easier to work with. However, position and force control of these actuators in applications that require high
bandwidth is some how difficult, because of compressibility of air and highly nonlinear flow through pneumatic
system components (Edmod and Yildirim, 2001). A typical pneumatic system includes a force element
(pneumatic cylinder), a command device (valve), connecting tubes, and piston, pressure and force sensors. The
external load consists of the mass of external mechanical elements connected to the piston and perhaps a force
produced by environmental interaction. A schematic diagram of the pneumatic actuator system is shown in
Figure 1.

The final decision on the best type and design configuration for pneumatic actuator can be made only in
relation to the requirements of a particular application. The pneumatic actuator has most often been of the
piston cylinder type because of its low cost and simplicity (Tablin and Gregory, 1963). The pneumatic power
is converted to straight line reciprocating and rotary motions by pneumatic cylinders and pneumatic motors.
The pneumatic position servo systems are used in numerous applications because of their ability to position
loads with high dynamic response and to augment the force required moving the loads. Pneumatic systems are
also very reliable (Clements and Len., 1985).

Pneumatic systems have many attributes that make them attractive for use in difficult environments. The
important attributes are: (i) gases are not subjected to the temperature limitations of hydraulic fluids; (ii) the
actuator exhaust gases need not be collected, so fluid return lines are unnecessary and long term storage is not
a problem because pneumatic systems are virtually dry and no organic materials need be used. In addition, the
pneumatic actuator has a lower specific weight and a higher power rate (torque-squared to inertia ratio) than
an equivalent electromechanical actuator. In some cases, a pneumatic system may provide a significant weight
advantage. In short duration missile applications, the weight of a self-contained solid propellant pneumatic
servo may be half that of an equivalent self contained hydraulic system. Also the pneumatic actuators have
many merits such as easy maintenance and handling, relatively simple technology and low cost, clean, safe
and easy to installed (Tablin and Gregory, 1963).

In this paper a different methodologies for deriving the mathematical model of pneumatic servo actuator
are reviewed. The model includes cylinder dynamics, payload motion, friction and valve characteristics.
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Fig. 1: Schematic diagram of double acting pneumatic actuator system.

Nonlinear Mathematical Modeling:

Several approaches have been proposed for modeling the pneumatic actuators. One of the widely used
methods for finding the mathematical model of the pneumatic actuator is a theoretical analysis. The analysis
of pneumatic actuators requires a combination of thermodynamics, fluid dynamics and the dynamics of the
motion. For constructing a mathematical model, three major considerations must be involved: 1) the
determination of the mass flow rates through the valve. 2) the determination of the pressure, volume and
temperature of the air in cylinder. 3) the determination of the dynamics of the load (French and Cox, 1988).

Valve Mass Flow Rate Model:

The pneumatic valve is a critical component of the actuator system. It is the command element, and should
be able to provide fast and precisely controlled airflows in and out of the actuator chambers. There are many
available designs for pneumatic valves, which differ by geometry of the active orifice, type of flow regulating
element, number of paths and ports, and type of actuating etc. One of the common used valves is the
pneumatic proportional spool valve. The modeling of this valve involves two aspects: the dynamics of the
valve spool, and the mass flow through the valve’s orifice. The equation of motion for the valve spool can
be written as (Edmond and Yildirim, 2001).

Mg +C ok +F, +2%kx =K i ()

where M, is the spool and coil assembly mass, x, is the spool displacement, ¢, is the viscous friction
coefficient, F,is the friction force and can be neglected, Ks is the spool springs constant, K. is the coil force
coefficient, and ic is the coil current. Figure 2 shows the valve spool dynamic equilibrium (Edmod and
Yildirim, 2001).

The pressure drop across the valve orifice is usually large, and the flow has to be treated as compressible
and turbulent. If the upstream to downstream pressure ratio is larger than a critical value ( P,, ), the flow will
attain sonic velocity (choked flow) and will depend linearly on the upstream pressure. If the pressure ratio is
smaller than Pcr the mass flow depends nonlinearly on both pressures. The standard equation for the mass flow
through an orifice of area Av is (Edmod and Yildirim, 2001).
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Fig. 2: Valve spool dynamic equilibrium.

where ??-3‘, is the mass flow through valve orifice, C, is a nondimensional discharge coefficient, k is the
specific heat ratio, R is the universal gas constant, T is the temperature, P, P, are the upstream and
downstream pressures, and
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are constants for a given fluid. For air (k=1.4), so C, =0.040418,C, =0.156174, and P, =0.528 (Han et al.,
2002;Xuesong and Guangzheng, 2003; Shu and Gary, 2005; Xue et al., 2007; Zhihong and Gary, 2008).

A new modeling approach to develop the nonlinear system model using a combination of mechanistic and
empirical method is presented in (Zhihong and Gary, 2008). To model the valve flow rates, the use of
bipolynomial function was used to produce a more accurate solution than prior approaches. The dynamic model
of the system was given as follows (Zhihong and Gary, 2008).

gy = Aylz, A) gy = A (g, B) gy = A, By Py = Ay, Bl iy =1y — e iy =ty — 1y (4)
where My = Mgy, My = Mizzad P, are mass flow rates through the four valves shown in Figure 3; .F‘?-’lll and

.?‘:;23 are the mass flow rates of the two chambers; u,, u, u,, and u, are valve input voltages; 4, to 1, are
nonlinear functions modeling the mass flow rate; P, P, are the pressures of two chambers. The mass flow rate
model of the proportional valve is a key part of the system model. The proportional valve that was used in
(Zhihong and Gary, 2008). consists of a spring-loaded flat plate covering a spray nozzle, and an electro-magnet
for moving the plate. Its structure is different from the traditional spool servo valve so it was necessary to
derive a new mass flow rate model.

The mass flow rates at different pressures and valve input voltages were first estimated from the pressure
versus time responses obtained from step inputs in valve voltage and a fixed piston position. The fit of several
functions was evaluated in (Zhihong and Gary, 2008). and found that a 2nd order bipolynomial function
provided the best fit. The equation is:

Aty = Aoy, A)oap+ BA + ClFiz + djiy A + Jﬁulﬁg + 31”12 + kl”lgpl + il”lgplg (5)

where @y, %, ), 4, £, G, and i, are the coefficients. The coefficients for all equations were obtained using
nonlinear least squares (Zhihong and Gary, 2008).

Actuator Cylinder Model:

The dynamic of the pneumatic actuator is described using equilibrium, continuity and energy equations,
according to the lumped parameters model of the system. In the first case the equilibrium and the air mass
continuity equations are chosen to describe the actuator dynamics. The fluid behavior is evaluated separately
in the two chambers, with a variable volume, by means of the continuity equations, assuming that the air
transformation follows a generic polytropic. The chambers pressures and the system kinetic variables are related
by the equilibrium equation of the mobile elements. The feedbacks on the continuity equations are the piston
speed and displacement, which determines the chambers volumes. The continuity equation of air is (Sorli
et al., 1999).
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where p is the air density, V' is the volume of the chamber and j represents the chamber (where j =1,2).
Considering a polytropic transformation with index » which denotes the polytropic index of expansion or
compression and assuming that the air can be considered a perfect gas, one has (Sorli et al., 1999).
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where the subscript i identifies initial conditions. The volume V; is a function of the stroke, of the dead volume
and of the piston displacement.

V=4, (x, £x )V, = 4, (x, +x +x ) ®)

where 4; is the piston area, x, is the half stroke displacement, x is the piston displacement, xm is the dead
displacement, V, is the dead volume. The positive sign should be considered when j=1 and the negative one
when j =2. By substituting equations (7) and (8) in (6), the following expression is obtained (Sorli et al.,
1999).

P ra-1 AP P P i
rfs1=flj(xuixixw) : i ey AL }IJ-E )
nRT, | Py ) dt = RT,| P, dt
and the pressure rate is:
AP, HRT. FiF; o
J 7 i J (10
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The estimation of the value of n is quite complex and mostly it could not be constant with the stroke and
it could depend on the working conditions. Generally isothermal transformations can be assumed for
sufficiently slow cycles, while with high working frequencies the heat flow between the system and the extern
can be neglected, and then the transformation follows an adiabatic process (Sorli ef al., 1999).

By assuming that there is no heat transfer during the running time, i.e. the process is adiabatic and
applying the first law of thermodynamics and the ideal gas law to the two chambers, the dynamic equations
of the cylinder chambers will be:

ERDiy =(KEADE + (Ax+ ¥R (11)
KRTviy = (KAD B +[4(L -x)+ V)R (12)

where 4, and A4, are the cross-sectional area of the two chambers, V,, and V,, are the dead volumes (including
tubes and connectors) of the two chambers; K is the ratio of specific heats of air; L is the stroke length (Sorli,
et al., 1999). Similar equations of cylinder chambers are presented in (Xuesong and Guangzheng, 2003;,
Zhihong and Gary, 2008; Nieto, ef al,, 2008 and Chen et al., 2003).

The most general model for a volume of gas consists of three equations: an equation of ideal gas law, the
conservation of mass (continuity) equation, and the energy equation. Assuming that (i) the gas is perfect, (ii)
the pressures and temperature within the chamber are homogeneous, and (iii) kinetic and potential energy terms
are negligible, these equations can be written for each chamber (Edmod and Yildirim, 2001; Djordje and
Novak, 2008). The energy equation is:

g, — 4, VKC, (m, T, —m T)-W =U (13)

mTin
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where ¢, and q,,, are the heat transfer terms, C, is the specific heat at constant volume, mim?fim are the

mass flows entering and leaving the chamber, T, is the temperature of the incoming gas flow, is the rate of

i

change in the work, and L7 s the change of internal energy. The total change in internal energy W is:

= ol 1 d L
O=2(Cmly=—Z(PVy=——(FP+ PV 14
O D) = s S (PY) = ) (14)

in which the ideal gas relation was used, C, = R/ (k -1).

By substituting Ww=ry , equation (14) into (13), assuming the incoming flow is already at the
temperature of the gas in the chamber considered for analysis, the process is considered to be adiabatic (g ,, -
q,.. = 0) and applying the ideal gas law, the time derivative of the chamber pressure is:

: Pl s ; P
F=k—{m —-m 1-LF—F 15
- (412, — 92, ) > (15)

If the process is considered to be isothermal (7=constant), then the change in internal energy, energy and
the rate of change in pressure equations are:

o= mT (16)
 Bee
qm—qam=PV—E(%—mﬂm) (17)
o B e o P
P=""(m = Y=V 18
V('Wm 59 V (18)

A comparison of equation (15) and (18) shows that the only difference is the specific heat ratio term k.
Thus, both equations can be written as:

- R y : Fo
P="_iam —a m 1—g_F 19
I’( 3 7 (19)

with a, «,, and a,, taking values between 1 and k, depending on the actual heat transfer during the process.
Choosing the origin of piston displacement at the middle of the stroke, the volume of each chamber can
be expressed as:

sl %Li;{ (20)

Substituting equation (20) into (19), the time derivative for the pressure in the pneumatic cylinder chambers
becomes:
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In this above form the pressure dynamics equation accounts for the different heat transfer characteristics
of the charging and discharging process, air compression or expansion due to piston movement, the difference
in effective area on the opposite sides of the piston, and the inactive volume at the end of stroke and the
admission ports (Edmod and Yildirim, 2001).

x (21)

Motion Dynamic Model and Friction:
The dynamic equilibrium of motion for the piston-rod-load assembly can be expressed as:

where M is the external load mass, M , is the piston and rod assembly mass, is the piston position, F, is the

friction force, F, is the external force, P, is the absolute ambient pressure, and A4, is the rod cross sectional
area (Edmod and Yildirim, 2001; Gary and Shu 2007).
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In order to compensate friction and achieve precise position control, an accurate and feasible friction model
needs to be chosen first. Although friction occurs in almost all mechanical systems, there is no universal
friction model that can be used for any system. For different systems and control objectives, different friction
models are adopted to ease the task. A simple Gaussian exponential static friction model can be represented
in equation (23) as a function of instantaneous sliding velocity &, which captures three basic frictions:
coulomb, viscous and Stribeck friction (Armstrong and Wit, 1996).

F,= Fli]= Feon[#]+ e son(x)+ A x (23)

where F_ is the coulomb friction, F| is the magnitude of the Stribeck friction, which is the excess of static
friction over coulomb friction, F, is the viscous friction and v, is the characteristic velocity of the Stribeck
friction. By choosing different parameters, different friction models can be realized.

Linear Mathematical Modeling:

The nonlinear equation (2) that governs the mass flow rate of air through the control valve orifice can be
linearized if the valve operates within its mechanical operating range (Mark and Nariman, 2006). Equation
(2) can be linearized using a Taylor series expansion about operating point. Neglecting the second and higher
order terms as well as any control valve leakages, the mass flows into each actuator chamber are written as:
wy=Cp% —Cnf 4
iy =Cpx, — U
where C, and C,, are known as the valve flow gain and flow pressure coefficient, respectively. Their specific
values depend upon operating point pressures, P,, and P, as well as the operating point value of valve spool
displacement, x,, (Mark and Nariman, 2006). By substituting equation (24) in equations (11) and (12) or (21)
and then using equation (22) with taking a viscous friction only, the linear pneumatic actuator model is (Mark
and Nariman, 2006).

x(5) = Ge)U(s) - G, (5) 7, (5] (25)
Ss) yRTEA ::C_?’I(yRTCPﬂ sl + U (VRTU y + Vm:':: 26)
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g

Dis)= s(Ms+ F ) pRIC  + 1 JpRTC , + V50 + Eﬂ?ﬂjs[?ﬁf(ﬁuc-: + B CRI+ (R V, + B, 5] 28)

where Kv is the valve gain, 7, is the valve time constant, V V,, are volume operating points.

lo 2
Intelligent Modeling:

It is known that the neural network has learning ability and is a good choice for modeling dynamic and
complex process. Levenberg-Marquardt method as the training algorithm of multilayered feedforward neural
network, and builds a neural network model for the pneumatic system was adopted in (Marumo and Tokhi,
2004). The conventional digital controller was designed based on a linear model. So an ARX (auto-regressive
with external input) model was derived from the weights of the trained neural network. A third order ARX
model was derived from the fixed weights of the trained neural network.

The structure of a two-layered feed forward neural network is shown in Figure (4). For the ease of the
controller design, linear activation functions are chosen for the hidden layer of the neural network.

The goal of a neural network model is to determine its weights to minimize the following objective
function:

] gk . E 2%
el ey co NRLpEEemEaEi s - Nasd o 29
ar ZN;_—{['}’O yEhg] TS (Z,6) (29)

where 6 contains all adjustable neural network weights {WJ.,WJJ.},ZN is the dataset consisting of the plant output
y(t) and the neural network output ﬁ(f:l To train the neural network the Levenberg-Marquardt method was
used for training by taking the following form:
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where 07 specifies the ith iterate; f{') f is the search direction; A’ 1 is an adjustable parameter; G(60” ) and
R(6?) are the approximate gradient matrix and hessian matrix of V,(0”Z") with respect to 0" respectively.

Also an investigation into the modeling and control of the low speed of an air motor incorporating a
pneumatic equivalent of the electric H-bridge was presented by (Marumo and Tokhi, 2004). The pneumatic
H-bridge had been devised for speed and direction control of the motor. The system was divided into three
main regions of low, medium and high speed. The system was highly nonlinear in the low speed region and
hence a controller with an ability of intelligence such as a neuro model and controller was proposed. This is
the most common form of supervised learning, giving the neural networks off-line data of the plant and
mapping the correlation between inputs and outputs, forming a black-box model of the plant shown in Figure
(5). In the air motor neural model structure, the module, which computes pneumatic speed, is a nonlinear
network, with ten sigmoidal hidden neurons and one linear output neuron. The entire control of the air motor
system is achieved by the use of modular control approach cascade modeling. The modular approach opens
the way to modeling of more complex behaviors of the air motor. Each module can be considered as a
separate process in the input-output form:

Y, (k) = f(Y, (k -1),...Y, (k -n), Uk -1),..,U(k -m) (30)

where Y, (k) is the output vector and U(k) is the input vector at time k. The goal of the modeling procedure
is to build a neuro-model (NM) which predicts the process output Y, (k) as accurately as possible, given the
past inputs and outputs.
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Fig. 3: Four-valves pneumatic system structure.
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Fig. 4: A multilayered feedforward neural network.
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Conclusion:

The pneumatic actuators represent the main force control operator in many industrial applications and offer
numerous advantages such as cleanliness, low cost, high ratio of power to weight, easy to maintain, safe, long
anti explosion, working life and working overload. But on the other hand, the control accuracy is affected
badly by its nonlinear characteristics. The nonlinear characteristics, especially the nonlinear friction and the
thermodynamics of the air pressure in the chambers of the cylinder have a bad influence on control accuracy
of the displacement controlling of the cylinder. In addition, there are a series of nonlinear and time varying
factors such as load force, temperature, position of the piston, staying time at still and wearing out during
working procedure. Also the pneumatic actuators are uncertain systems. So, because of all the reasons above,
it has became necessary to find a model that can represent the actual overall dynamic behavior of the
pneumatic system.

In this paper a different methodologies for deriving and simulating the model of the pneumatic actuators
controlled with proportional valves are presented. The model includes cylinder dynamics, payload motion and
valve characteristics. Also the intelligent methods that were used for modeling the pneumatic actuators are
discussed.
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