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ABSTRACT

This paper deals with the simulation of the dynamic characteristics of an air gripper by a new bond-graph method.
Recently, pneumatic systems are widely used with food equipments and wrapping ones, etc. However, the design and
the improvement of those pneumatic systems take much time because they depend largely on the experience of
designers. In order to make them more effective and systematic, it is necessary and important to predict the dynamic
behavior of the system beforehand by computer simulation. An air gripper is often used as an actuator in a pneumatic
system. However, there are few reports focused on its dynamic characteristic as authors know. In this paper, to obtain a
suitable mathematical model for an air gripper and to show the usefulness of the proposed bond-graph method, both
experimental and simulation studies are performed. In modeling for pneumatic field, the new bond-graph method is
employed, which had been proposed by some of authors. In the bond-graph method, a pneumatic system can be
represented by using conventional 1-port C and 1-port R elements.
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NOMENCLATURE

area [m’]

effective area [m?*]

mass of air in a chamber or a volume [kg]
mass flow rate [kg/s]

absolute pressure [Pa]

gas constant [J/(kg-K)]

xwg.gg;a;
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T absolute temperature [K]
t : time[s]

V :  volume [m’]

v velocity [m/s]

X displacement [m]

x : specific heat ratio
Subscripts

A : atmosphere
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INTRODUCTION

Recently, pneumatic systems are widely used with food
equipments and wrapping ones, etc. Generally speaking,
the design and the improvement of those pneumatic
systems take much time because they depend largely on
the experience of designers. In order to make them more
effective and systematic, it is necessary and important to
predict the dynamic behavior of the system beforehand
by computer simulation.

Pneumatic systems have mechanical and pneumatic
fields. Pneumatic field has compressible fluid-flow and
thermal fields. In constructing the bond-graph model for
such a system, true or pseudo bond-graph has so far
been employed. Furthermore, in constructing the model
for the pneumatic field, two kinds of bonds, which
represent both fluid power and thermal power, have
been used, and multi-port C and multi-port R elements
have been frequently used in the model as well [1-6].

Hence, the resulting bond-graph models are complicated.

Then, a new bond-graph method had been proposed [7].
In the bond-graph method, the bond-graph models for
pneumatic components are derived by using 1-port C
and 1-port R elements. However, the usefulness of the
method is not clear because the comparison of the
simulated results with the experimental ones has not
been shown.

An air gripper is often employed as an actuator in a
pneumatic system. However, there are few reports
focused on its dynamic characteristic as authors know.
In this study, to obtain a suitable mathematical mode for
an air gripper and to confirm the usefulness of the
proposed bond-graph method, both experimental and
simulation studies are performed. In simulation,
Mr.Bond [8] is used, which is a simulation program for
bond-graph model.

OUTLINE OF NEW BOND-GRAPH METHOD

In this section, outline of a new bond-graph method [7]
is shown, that is, each bond-graph model for restriction,
chamber of a pneumatic cylinder and a volume of a
pipeline is shown. In constructing the bond-graph model
for pneumatic field, pseudo bond-graph is employed, in
which effort is absolute pressure and flow is mass flow
rate. In mechanical field, true bond-graph is used, in
which effort is force and flow is velocity.

Copyright © 2008 by JEPS, ISBN 4-931070-07-X

748

7R
T
h _bB_.. .
T M m
! Restriction p p
P:absolute pressure _1L| 1 |_2L
T:absolute temperature m m

(a)Restriction (b)Bond-graph model

Figure 1 Bond-graph model for restriction

Restrictive element

At a restriction illustrated in Fig. 1(a), the continuity

equation yields
=1, =m €]

where m; (i=1,2) is the mass flow rate through cross

sections 1 and 2 in Fig. 1(a), respectively.

The mass flow rate through the restriction can be
expressed by Eq. (2) and (3).

Py
0<ph<0.528

2

2 K+1

2x 1 J(P\K (P2 < A3)
xk—1RT; |\ P; Py

m=AeP;

As can be seen from Eq. (1), flow m is equal at the
restriction. And, from Egs. (2) and (3), flow m is
expressed as a function of effort P, and P,. Therefore,
the restriction can be represented by 1-junction and an
R-element as shown in Fig. 1(b). In order to calculate
mass flow rate m based on Egs. (2) and (3),
temperature 7 is necessary. Therefore, temperature 7 is
inputted to R-element through the active bond which is
denoted by full arrow and transmits a signal.

Capacitive elements

At a head-end chamber of a pneumatic cylinder shown
in Fig. 2, the heat transfer through a wall is assumed to
be neglected to make the bond-graph structure simple.
Then, from the first law of thermodynamics, Eq. (4) can
be derived.

dP_ K(pjy 7% —p4v)

dt v “

Assuming that 7* and P in the right-hand side of Eq. (4)
can be replaced with the values at one time step before
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Figure 2 Head-end chamber of pneumatic cylinder
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Figure 3 Bond-graph model for head-end chamber of
pneumatic cylinder

the time, we get Eq. (5):

:mI(RT*z—I m — Py_; Av )dt + Pp (5)
where Vyy i1s the head-end chamber dead volume and
Py is the initial pressure at the chamber.

As can be seen from Eq. (5), effort P can be determined
by integrating flow m and v. And effort P is equal in
the head-end chamber of the pneumatic cylinder. Hence,
the head-end chamber of pneumatic cylinder shown in
Fig. 2 can be modeled by a C-element and 0-junction as
shown in Fig. 3. However, in order to calculate effort P
from Eq. (5), two SF-elements and a C-element is
employed. And then, this C-element is used as a mere
integrator. Furthermore, to calculate the temperature of
air in the head-end chamber of pneumatic cylinder from
Eq. (6), an SF-element and an SE-element are employed
as a mere calculator. And then, the flow of the bond
between these elements represents the temperature of air
in the head-end chamber of pneumatic cylinder at one
time step before the time.

(6)
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Figure 4 Rod-end chamber of pneumatic cylinder
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Figure 5 Bond-graph model for rod-end chamber of
pneumatic cylinder

Similarly, the pressure at the rod-end chamber of a
pneumatic cylinder shown in Fig. 4 can be determined

by Eq. (7).

= [(~RT,_; st +P,_; Av)dt+Pgy (7)
Veo — Ax
In Eq. (7), Vg is the volume of the rod-end chamber
when piston displacement x is equal to 0.
As seen from Eq. (7), effort P can be calculated by
integrating flow m and v. And effort P is equal in the
rod-end chamber of the pneumatic cylinder. Therefore,
the rod-end chamber of pneumatic cylinder can be
represented as shown in Fig. 5. Then, it should be noted
that the temperature of air in the rod-end chamber is
used in calculating the pressure of air in the chamber by
Eq. (7).
Similarly, the pressure in a pipeline shown in Fig. 6 can
be represented by Eq. (8).

P:%f{(ﬂ)z-ﬂhf(Tz)t—J’hz}dHPO ()

In Eq. (8), Py is the initial value of the pressure in the
pipeline.
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Figure 6 Pipeline
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Figure 7 Bond-graph model for pipeline

As seen from Eq.(8), effort P can be calculated by
integrating flow m . And effort P is equal in the
pipeline. Therefore, the pipeline can be modeled by
bond-graph as shown in Fig. 7. In calculating the
pressure of air in the pipeline by Eq. (8), it should be
noted that the temperature of air in the pipeline is used.

STRUCTURE OF AIR GRIPPER

The structure of an air gripper is shown in Fig.8. When
compressed air flows into the rod end chamber of the air
gripper through the port, the levers revolve around the
fulcrum and the piston moves downward. And then, the
fingers close. In the case where compressed air flows
into the head end chamber of the air gripper through the
other port, the fingers open. In this study, simulation and
experiment are carried out for the case where the fingers
close.

BOND-GRAPH MODEL FOR AIR GRIPPER

Figure 9 shows the pneumatic system with an air
gripper as an actuator. The compressed air through a
solenoid valve flows into the rod end chamber of the air
gripper. And then, the fingers close.
By using the bond-graph models for restrictive element
and capacitive ones mentioned before, the bond-graph
model for pneumatic system in Fig. 9 can be derived.
The resulting bond-graph model for the pneumatic
system is represented in Fig.10. In constructing the
bond-graph model, the followings are assumed:

At the air supply, both pressure Ps and temperature
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Figure 10 Bond-graph model for pneumatic system
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Figure 11 Bong-graph model for air gripper without
levers and fingers
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Figurel2 Experimental and simulated results for
air gripper without levers and fingers

T, of air are constant.

* The pressure and temperature of air upstream of the
solenoid valve are equal to those at air supply.

* The heat transfer through the wall is neglected at the
pipeline between the solenoid valve and the port at
the rod end side of the air gripper, at the rod-end
chamber and the head-end one of the air gripper.

SIMULATION AND EXPERIMENT

Prior to simulation, it is necessary to predict the friction
of the air gripper. Firstly, to predict the friction at the
piston of the air gripper, experiments and simulations
were carried out for the air gripper without the finger
and the lever. The bond-graph model to predict the
friction of the piston is illustrated in Fig.11. Based on
the bond-graph model, the simulations were carried out
varying supply pressure Ps. Then, the effort of the bond
connected to SE; was pressure Pp in the rod end
chamber obtained by the experiment, and the effort of
the bond connected to SE, was pressure Py in the head
end chamber obtained by the experiment at the same
time. And, by comparing the experimental results and
the simulated ones, the friction at the piston was
predicted. Figure 12 shows an example of a comparison
of piston displacement Xp in both the experiment and
the simulation.

Consequently, it becomes clear that its stiction is 5.0N
and friction Fp in the case where the piston moves can
be approximated by Eq. (9) and coefficient of friction
Kp in Eq. (9) is 95.0N* s/m.

751

g() 16 Experiment
SO R Simulation
£ 0.14
g”O 12
= 61
0.0 001 002 003 004 005
Time (s)
- 03 —
e} Xperimen
z 0.251 |------- Sirgulation
E 0.2
50.15
0'10.0 0.01 0.02 0.03_ 0,04 0.05
Time (s)
=6
g Experiment
§/4 ------- Simulation
<
2
056667002 0.03 0,04 0.05
Time (s)

Figure 13 Simulated and experimental results
(Ps=0.4MPa abs)

Fp=Kp-v ©)
Secondly, by using air gripper with the levers and
fingers, the above mentioned experiments and
simulations were carried out. As a result, the friction
characteristics became close to ones in the case where
the air gripper without the levers and the fingers was
employed. Therefore, it is shown that the friction of the
air gripper is mainly determined by the friction at the
piston.

By using the predicted friction characteristics and the
bond-graph model expressed in Fig.10, the simulations
were carried out varying supply pressure Ps. The
comparison of the simulated results and experimental
ones are shown in Fig.13 and Fig.14. The comparison of
time tg and tg; is shown in Table 1. In this table, time tg
and ts denote the time until the fingers close in the
experiment and the simulation respectively. As seen
from Figs. 13 and 14, the simulated results agree with
experimental ones. Therefore, the proposed new
bond-graph method is proved to be valid and useful for
the modeling of a pneumatic system. In addition to it,
the bond-graph model for an air gripper proposed in this
paper is suitable in the prediction of its dynamic
characteristics. And from Table 1, by using this
bond-graph model, the time until the fingers close can
be predicted within 7.0% error.
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CONCLUSIONS

The bond-graph model for an air gripper is derived by a
new bond-graph method. By the use of the bond-graph
method, restrictive or capacitive element in pneumatic
system can be represented by I-port R or 1-port C
element. To clarify the validity of the bond-graph model
for the air gripper and the usefulness of the new
bond-graph method, experiments and simulations were
carried out.

The simulated results agree with the experimental ones,
and the validity of the bond-graph model for the air
gripper and the usefulness of the new bond-graph
method are shown.
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