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ABSTRACT men  Mass flow rate entering to the controlled volume of gas
Modern applications in robotics such as teleoperations and e, Mass flow rate exiting from the controlled volume of gas
haptics require high performance force actuators. Pneumatic Q Heat transfer rate to the controlled volume of gas

actuators have significant advantages over electrical motors inp,,  Enthalpy of the gas entering to the controlled volume of g
terms of force-to-mass ratio. However, position and force control _  Enthalpy of the gas exiting from the controlled volume «

of these actuators in applications that require high bandwidth is x gas

Eﬁ;;r:\?:ii,vb?ﬁr%tsi Ofr:QSniZ{iT::pgezztr)#I%/o?; a(;;zr;?shl?:%goné- en Velocity of the gas entering to the controlled volume of g
gh pne y pon : P Vex Velocity of the gas exiting from the controlled volume c

per, we develop a detailed model of a pneumatic actuator system gas

comprised of a double acting cylinder and a proportional servo

valve to be used in position, force or hybrid position and force E Total energy of the controlled volume of gas
U Internal energy of control volume of gas

control. i
W Work delivered by the controlled volume of gas to the en
ronment
NOMENCLATURE Pea, Poch  Static pressure of chamber A and chamber B of t
R Ideal gas constant cylinder
C, Specific heat at constant volume Ay, A, Effective area of piston at chamber A and B of the cylil
Cp Specific heat at constant pressure der
k Specific heat ratio Ta, Ty Static temperature of chamber A and chamber B of t
P Pressure of gas cylinder
V  Volume of gas P, Pressure of the ambient air
p Density of gas P, Upstream static pressure
T Temperature of gas Ps Downstream static pressure
m Mass flow rate P, Pressure in the reservoir tank

Ts Temperature in the reservoir tank
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INTRODUCTION sented by the stagnation enthakpy
Modern existing and emerging new applications in robot-
ics require high performance force actuators or hybrid force and W)
position actuators with high force output per unit weight. Com- hen+ % =ho=CpTo, 2
pared to traditional geared electrical motors and hydraulic actua-
tors, pneumatic actuators have several advantages [1] in these ap- ) . .
plications beside their being low cost and clean-operation. Pneu- whereTo is the tgmperature of the gas in the reservoir. Slmllarly,
matic actuators can also provide static high force output for a since the velocity of the gas of the.controlled volume is very
long duration without additional cooling systems as in the case S”?f?‘" comp_ared o the exiting velocitiy, the enthalpy of the
of direct drive electrical motors. exiting gas is represented by that of the controlled volume,
However, position and force control of these actuators in
applications that require high bandwidth is difficult because of
the compressibility of air and the highly nonlinear flow through
pneumatic system components. Due to these difficulties, early
use of pneumatic actuators had been limited to simple applica- ywhereT is the temperature of the controlled volume.
tions that require only positioning at the two ends of the pis- The total energy of the gas consists of three components: tt
ton stroke. With the increasingly in-depth understanding of the inetic energy, the potential energy and the internal energy. Th
thermodynamics and flow characteristics [2], linear position con- rate of change in kinetic and potential energies of the controlle
trollers have been developed [3, 4] around the operating point of yolume are assumed small in comparison to the rate of change:

control have been developed using feedback linearization tech- an jdeal gas, the internal energy is given by

niques [5, 6], or Lyapunov stability arguments [7].
To study the control aspects of pneumatic actuators for ap-

Vex

hex+ 2X - h - C:p-l-.7 (3)

plications in precision position control, force control and hybrid U=CpVT. (4)
position and force control, we developed a simple pneumatic

testbed that consists of a double acting cylinder with rods and Using the ideal gas law,

proportional servo valve connected by tubes. In this paper, we

derive a detailed model of the pneumatic actuator system. P — ORT, (5)
BACKGROUND the internal energy can be rewritten as

In this section, we briefly introduce some background
knowledge on basic pneumatics, mainly on the dynamics of a U— (CV) PV
controlled volume of gas and on the steady flow of an ideal gas -\ R '
through a cross section.

(6)

So, the rate of change of the total energy of the control volume i
Dynamics of a Controlled Volume of Gas

Consider a controlled volume of gas which is charged from E_U_— Cd oy - Spvapy 7
a reservoir and discharged to an ambient air. We assume that the R dt( ) R( +PV). 0
gas is perfect, and the pressure and temperature of the controlled
volume are homogeneous. The rate of the work done by the controlled volume of gas
For a controlled volume of gas, the energy equation from the to the environment is
first law of thermodynamics can be written as
W = PV. (8)
2 2 By substituting Egs. (2), (3), (7) and (8) into Eq. (1), we have
The gas entering to the chamber comes from a reservoir. Since : : : Gy Cv :
the gas in the reservoir has zero velocity, its enthalpy is repre- Q-+ Cp(MenTo — MexT) = EPV+ (R +1) Pv.. )
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From the relationships among the three constaiys;, andR,

B & (20)
o
we have
% =1 and
N (12)

By substituting Eq. (11) into Eq. (9), the energy equation can al-
ternatively be expressed as

Loy K py,

k—1 k—1 (12)

. k : .
Q+ K— 1R(menTO_ MexT ) =

Eq. (12) states how the pressure of the controlled volume of gas

varies as a function of the entering and exiting flow rates which,

An

PP, v

Figure 1. Flow passage

whereken € [1, @], kex € [1,k] andky, € [1,K], depending on the
actual heat transfer characteristics during the process.

Steady Flow of an Ideal Gas

Consider a compressible fluid passing through a duct a
shown in Fig. 1. At some sectiofy» where the velocity is uni-
form across the section and the static pressupg, ithe flow rate
of the fluid is given by

M= p2A12Vo, (17)

in practical pneumatic systems, are usually regulated by the Servowherep, is the static densityds, is the area of the cross section

valves.
As in Richer and Hurmuzlu [1], we take into account differ-

andv; is the velocity.
In this study, we define the total pressure as the pressure

ent thermal characteristics of charging and discharging processese |ocal isentropic stagnation state. This is the hypothetical sta

of the controlled volume. It is experimentally found [8] that the

reached at any point in a flowing gas by isentropically slowing

temperature of the controlled volume lays between the theoret- o gas to zero velocity. Then, the total pressure is given by [9],

ical adiabatic and isothermal curves. When, the controlled vol-
ume is being charged, the temperature is closer to the adiabatic
curve; and when the controlled volume is being discharged, the

process is closer to the isothermal situation. _
If the process is considered to be adiabatic, Qe= 0, then
from Eq. (12), the rate of change of the pressure is

RT

To
v

. P.
i — Kifley) — K V.

P= ke v (13)

If the process is considered to be isothermal, iTe+= Tp =
constant, the rate of change of the total energy is

E=U =CmT = Cy(fen— Mex) T. (14)
Then from Egs. (7) and (14), we have
. RT,. . P.
P= v(men*mex)*\*/v- (15)

By comparing Egs. (13) and (15), the dynamics of the con-
trolled volume can be described as

- RT ) . P..
P= V2 (KenMen — KextTlex) — kW\7V7 (16)

k
P, k-1 ,\T%
B (“zmﬁ) !

whereP; andT; are the total pressure and temperature. The iser
tropic process relating; andP, determines the relationship be-
tween density and pressure as

1
F’ZZ(PZ)R
P1 P/’

and the relationship between temperature and pressure as

(18)

(19)

k=1
T_ (P ¥
T \P '
From the ideal gas law given by Eq. (5) and the relationshir
between density and pressure given by Eqg. (19), we have

P (R
PR \p)
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Figure 3. Schematic diagram of a pneumatic actuator system for posi-
tion and/or force control

Figure 2. Flow rate as a function of pressure ratio

From Eg. (18), the local velocity can be obtained as

k-1
| %RT P\ ©
Vo = K_1 [l—<P1> ] (22)

in precision position control, force control and hybrid position
Then, from Egs. (17), (21) and (22), the flow rate can be rewrit- and force control, we developed a simple pneumatic testbed. Tt
ten as schematic diagram of the system is as shown in Fig. 3. The sy:
tems consists of one double acting pneumatic actuator, one 5 pc
5 ) 3 way proportional servo valve, two tubes connecting each charn
. AP 2k P>\ k P\ ¥ ber of the actuator to the valve, two pressure sensors to meast
- VT \| k=1)R KPl) B <p1> ] - (23 the chamber pressure and one range sensor to measure the p
tion of the piston. For the force control applications, there will
be additional force sensors installed.

Equation (23) is strictly valid at any point in a flowing gas. It

shows that if the total pressure and temperature and the cross

section area are constants, the flow rate is a function of the ratio Actuator

of the static pressure to the total press%e,as shown in Fig. 2. For the double acting pneumatic actuator, the piston ant

The critical pressure ratidr, at which the maximum flow g carry external weight for positioning and they bear externa
rate is achieved can be obtained by setting the derivative of EQ. foces coming from the interaction with the environment. The

(23) equal to zero. Itis force that moves the piston-rod-load and that counteracts the e
ternal forces are produced by the regulation of the pressure ¢

2 &1 the two chambers of the cylinder. The dynamics of the pressur

Per = <k+1> , (24) of each chamber is governed by Eq. (16). The the origin of the

piston displacemenky, be at the mid stroke of the piston. Then,

and the maximum flow rate at this critical pressure ratio is
RTa

Ijca = Ta (kenlmenl - kenﬁbﬂ) - kwl\TaVa
RTa . .
(25) = \m (KeraMent — KextMMext) (26)
a 2
— Ky, Pea Aaxp

"Vao+Aa(5 +xp)
MODELING

The basic components of a typical pneumatic actuator con-
sists of chambers, servo valves, connecting tubes and necessarijs the equation for the dynamics of the pressure for chamber /
sensors to measure position, chamber pressure and force. TowhereVy is the inactive volume at the end of stroke of chamber
study the control aspects of pneumatic actuators for applications A and admission ports, arldis the piston stroke. The equation
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Figure 4. Schematic diagram of piston-rod-load assembly

for the dynamics of the pressure of chamber B is

RTy

R Peby;
Vb

(KereMMerp — KexoIMese) — K2 A Vo
RT,

B Voo +Ap(5 —Xp)

Pcb =

(KereMerg — KexoIMesz) (27)

Peb .
I(Wszo +As(5 —%p) Ao
whereVyy is the inactive volume at the end of stroke of chamber
B and admission ports.

When chamber A is being charged, chamber B is being dis-
charged. Thereforéney > 0, Mexa = 0, Merp = 0 andrig,e > 0.
Similarly, when chamber B is being charged, chamber A is be-
ing discharged. Therefor@fey = 0, Mexe > 0, e > 0 and
Mexe = 0.

Figure 4 shows the schematic diagram of the piston-rod-load

system. The equations of motion for the piston-rod-load assem-

bly can be obtained from the Newton’s Second law as
(M + ML))'('er prp + Fprr FL = PeaPa — P — PaA; (28)

whereM is the mass for of the piston and rdd, is the mass of
the external loady, andFs are the viscous damping coefficient
and the Coulomb friction between the piston and the cylinder
wall, F_ is the external force acting on the pistéh,is the ambi-
ent air pressure and} is the cross section area of the rod.

Flow Through an Orifice

The geometry of an orifice affects the flow rate through it in
a very complicated way since it directly influences the character-
istics of the flow process. The flow rate equation (23) is strictly

valve may be considered isentropic if the orifice area decreast
monotonically. In this case, since there is no energy lost, the
total pressure and temperature at the exit section equal the tot
pressure and temperature in the tank. Furthermore, if the tank
large enough for the velocity approaching the valve to be small
the static pressure in the tank is virtually the same as the tot:
pressure. Then, the upstream (tank) static pres§yresan be
taken as the total pressure at the exit sectgrin Eq. (23).

It is not usually convenient to measure static pressure at th
exit section of the orifice. If the orifice discharges to the at-
mosphere, the exit static pressure will be equal to atmospheri
pressure provided that this is not lower than the critical pressur
corresponding to the total pressure in the tank. If the ambien
pressure is less than the critical pressure, the pressure at the €
(presumed to be the minimum nozzle area) will be exactly criti-
cal and the gas will continue to expand after it leaves the nozzle
This is calledsonicor chokedcondition. Thus the curve of nozzle
flow vs. pressure ratio will follow the dashed line in Fig. 2.

If the nozzle is in a line, the static pressure at the throat will
not necessarily equal down stream static pressure. The reason
simply that as the gas slows down after leaving the nozzle, somr
of the kinetic energy is usually converted into pressure. The pel
centage of recovery of the dynamic pressure at the throat depen
on the geometric design of the exit section of the nozzle. Usu
ally if the downstream area increases abruptly at the exit sectiol
it can be assumed that all of the dynamic pressure is lost in th
expansion process. If the orifice has abrupt area change at the ¢
trance section, the flow separates from the orifice wall and form
its own nozzle after passing into or through the inlet section. The
minimum-area cross section area is thought of as the effectiv
area of the orifice.

To make the problem mathematically tractable for controller
designs, we make the following assumptions for the flow througt
a valve.

Assumption 1. TheP; in Eq. (23) is equal to the upstream
static pressure if the approaching gas velocity is small.

Assumption 2. TheT; in Eq. (23) is equal to the upstream
static or total temperaturel,, since the difference between them
is even less than the difference between static and total pressure

Assumption 3. TheP,in Eq. (23) equal the downstream static
pressurepy, if recovery is negligible.

correct provided that the total pressure, total temperature and Assumption 4. TheAs2 in Eq. (23) equal to the effective area
static pressure are known at some area in the restriction acrossiather than the geometric or physical minimum orifice area. We
which the velocity is constant. However, none of these quantities represent the effective area 3¢A;» whereCs is called a dis-

are practically measurable. In practices, we would like to relate
the flow rate through a nozzle, an orifice or a valve to upstream
and downstream states such as pressure and temperature.

For a valve charging a chamber from a reservoir, the flow
process from a point in the reservoir tank to the exit of the

5

charge coefficient.

Assumption 5. The correction term for the mass flow rate due
to the reduction of the average velocity at the exit than the isen
tropic value is lumped with the discharge coeffici€it,

Copyright © 2004 by ASME
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Assuming that all the provisions of the assumptions 1-5 }_.XV
holds, in the following we také; = B, andP, = Py. We also

Ficoit
L

assume that the gas is adiabatic everywhere in the valve and the
flow is isentropic everywhere except across normal shock wave. o My
During charging and discharging process, the pressure drop
across the valve orifice is usually large and the flow has to be by, Fiv
treated as compressible and turbulent; and the flow characteris-
tics changes dramatically depends on the ratio of the upstream Figure 5. Schematic diagram of spool dynamics

pressure and the downstream pressure. V\%eﬁ 1, the down-

stream pressure is the same as the upstream pressure and there is

no flow through the orifice. When the downstream to upstream ] ] )
pressure ratio is greater than a critical vaRyebut less thari, wherei = afor_ chamber A a”d_: b for chamber BA,,, is the

the flow is subsonic at the exit plane. As the difference between Valve area for input path aml,, is the valve area for the exhaust
the upstream pressure and the downstream pressure increase@,ath-

the stream velocity at the throat increases till to the point where

the flow reaches its critical regime. At this point, the velocity )

of the gas in the throat is equal to the speed of sound calculated Proportional Servo Valve Model

at the throat and would never get larger even if the pressure dif- The valve areag)y,, andAy,, are regulated by the movement
ference increases. Further reducing the downstream pressure willof the valve spool which is commanded by the voice coil. Fig-
not affect the flow state at the throat because the flow is choked in ure 5 shows the schematic diagram of the spool inside the valv
the valve. In this regime, the pressure of the jet leaving the nozzle The equation of motion of the spool can be obtained from the
is greater than the downstream pressure but stays cor2dRt, Newton's Second Law as

The sudden reduction in the pressure causes the jet to expand in
an explosive fashion. This situation is quite common and occurs
when there is little load on the piston and when the downstream
pressure is much smaller than the upstream pressure.

:]n this study, wg |_gn0rde ':he effe;]:t offthe cor?nec;c]mg :]ubebs wherex, is the displacement of the spod,, is the mass of the
pnbt € prehssuredafn time de ays. There ore, when the ¢ am herspool,b\, andKy are the viscous damping coefficient and spring
Is being charged from a reservoir, the upstream pressure Is e, siant of the spool valve respectivety, is the Coulomb fric-

same as the reservoir pressure and the downstream pressure iﬁon, andFci is the force generated by the voice coil. For the
roportional servo valve we useé; is proportional to the

the same as the chamber pressure; and when the chamber is being
oltage command signal that is,

MyXy + byxy + 2kyXy + Fry = Fucoil, (31)

discharged to the ambient air, the upstream pressure is the sam
as the chamber pressure and the downstream pressure is the same
as the ambient air pressure.

In summary, when the chamber is being charged from the Fucoil = kuu, (32)
reservoir, the flow rate is

- — wherek, is a know constant.
-
Cs AVenPS\/ 2k |:(Pci>R _ (%)T] it %i>p, As the spool position varies, it regulates the opening anc

Meni = Vi | (IR | (R & ’ closing areas of the each port. From the geometry, we can obta
o PenPs [k (2 ksl ¢ Pi_p the valve areash,,, andA,,,, as functions of the spool displace-
=% VR (1) 5 <Fer ment,x,, as [1]
(29)
and when the chamber is being discharged to the ambient air, the
flow rate is 0 _
if X <pw—Rn
nh | 2R2arctan( , / R—PutXy
C; Prexi 2 (&)% _ (&)%1 it Pasp A B [ ( Ra+pPw Xv) a3
e = U\ IR |\ R Pei Py = er Von(Xv) = —(Pu—x)y /R~ (pw— Xv)z} (33)
Xl — bl .
AePe [k (2 \EH P if  pw—Ry <X < pw+Ry
Crt K (1) 8 <P i
(30) if X > pw+Rn
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and
nthsz1

Nh [ZRﬁ arctan(

AVex(XV) = _(pw_

wherepy is the half of the spool widthg, is the radius of hole,
andny, is the number of active holes for an air path in the sleeve.
These are very complicated non-analytic functions. For ad-

Rn+pw—[Xv|

Ixu]) 1/ RE = (Pw— x])2

if —pe—Ri<x<-pwtRn

if X <—pw—Rn
Rh—pw+[xv|

)

N

if X >—pw+Ra

Valve Areas as Function of the Spool Displacement

BarAven

Av

Figure 6. Valve areas and their approximations as functions of valve
spool displacement

vanced nonlinear controller design, it is required these functions REFERENCES
to be analytic. We therefore, approximatg, with

o (1 SO ) @
where
N szfen(Xv) 7 (36)
2np TRy dX% N
andA,,, with

e ex(t+pw) _ glex(t+Pw

Avee = MnTIRG (

where

1 dA’ex(XV)

Qex =

2nthRﬁ

Figure 6 shows the valve areas and their approximations as

dx

functions of valve spool displacement.

In summary, Egs.(28), (26), (27), (29), (30), (35), (37) and

Xy=

eaex (t+pw) + g aex(t+pw>> (37)

(38)
—Pw

[1]

[2]

3]
[4]

[5]

[6]

[7]

(31) completely describe the dynamics of the pneumatic actuator [8]

system.

CONCLUSION

In this paper, we presented a detailed component-wide [©]

model of a pneumatic actuator system that comprises of a double
acting cylinder, a proportional servo valve, two connecting tubes

and necessary sensors.
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