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Abstract: - Thig paper is about the model analysis of one of the degrees of freedom of an industrial
flexible manipulator, pneumatically operated by means of a cushion type air cylinder. Pneumatic
modelling is made upon the thermodynamic principles of mass and energy conservation, and the actuator
hybrid state nature analyzed. The flexible arm model is made using constrained generalized coordinates,
and the assumed modes method. Vibration modes contribution to the response is compared with
experimental data. The manipulator structural controllability and observability are considered by means

of its structure graph.
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1 Introduction

Some particular systems, such as light industrial
manipulators and the large space structures re-
quire lightweight elements. Weight reduction how-
ever, results in lack of sensing, vibration, and inca-
pability of precise positioning because of the flexi-
bility of the system, and difficulty to obtain accu-
rate model.

Additionally pneumatic actuators have advan-
tages such as low cost, clean operation and high
power to weight ratio that favor their potential
use in robotic systems to achieve slender, light,
simple and economic manipulators. In the other
hand pneumatic actuators control iz problematic
because of their highly nonlinear characteristics.

Flexible manipulator modelling, has been done
for many years to describe its dynamic behavior
and improving it. Several methods have been pro-
posed to consider the effect of elasticity. One is
the agsumed modes method [1], [2], [3]. Another is
the finite element method [4], [5]. A third method
commonly adopted by many researchers, is the
lumped parameter method [6], [7].

The development of digital control hag pro-
moted the research of pneumatic servo systems [8]
and as an alternative the pulse-width modulated
control (PWDM) [9]

Since modelling of flexible manipulators is very
complex, many researches consider as a first step
only one link as flexible [7], [5]. Nevertheless pow-
erful computers have enabled to consider several

- Flexible manipulator, pneumatic cylinder, actuator, modelling, state transitions,

links to be flexible [1], [2], [3], [4], [€].

Pneumatic servo gystems development require
the modelling and simulation tools for their de-
gign and for the components evaluation and se-
lection [10]. Anglani et al [11] have developed
the simulation enviroment for actuators under the
PWM scheme.

This work is about the model analysis of one of
the degrees of freedom, for an industrial type flexi-
ble manipulator, operated by a pneumatic cylinder
equipped with break cushions. The elasticity of
the arm is modelled using constrained generalized
coordinates and the assumed modes method. The
deseription of the dynamics of the control valve
and the linear actuator is presented, and its hy-
brid state nature analyzed by means of state tran-
sition graphs. Vibration modes contribution to the
response is considered and compared with experi-
mental data. Controllability and cbservability are
congidered from structural notions [13] and for this
purpose the manipulator structure graph ig pre-
sented.

This work is part of the development on
an industrial dielectric manipulator, designed for
the cleaning maintenance of ingulators in electric
power lines, [12].

2 System Description

The system is actuated by a single-rod double ac-
tion pneumatic cylinder 64 mrmz in diameter and
102 mm stroke, equipped with brake cushions to
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lireat the speed of the piston, that could darage
itzalf when 1t buraps the ayhinder extrernaties,

Details of the roarapualabor arrn sonstrustion ave
shown in figure 1. It iz duiven, by roeans of 2 lone-
roatie ohain forroed by the preumatic oylinder, as
a slider-aran e roschanian pinmed to o rigid four bar
roecharisrn. The s strueture consists of a nnd
base and a 27 wave PVC pipe, 1 8wzlong, which ae-
tually iz a two hnk chain operating mn the wertical
plane.

The aar flow 12 pegulated by two free retirn nes
dle valves and the ar direction 1= sondeolled with a
thees poation, dosed serder direstional valve, the
tined operang and closing sequense of thas valve 1=
preprogrararned in LabWVIEW, where several ley
varlables are also rescrded.

The instrnroertation eonsidered to measire the
probotype resporse 15 as follows: pressure sensors
for each of the two eylinder perts, 2 load cell ad-
tached to the piston rod, and 2 potentiormeter to
reccrd the flerible arn boase position. The arm
vibraticn 1= reasured with aght strain gage half
bridges glued alorng the arro.

Fig. 1 Experivmerhal srrargernent of the flerible
roanipilathor.

3 System Variables

The westor varables comsidesed in the syshem
modal are as follows:

3.1 Btabe YVector

The state rentior meludes the pressure shanbers as
deseribed m figure 2, the position S and veloeity
fc of the armn base and the socrdinates azsooiabed
with the arn mbration a5 dessribed in figure 2:

P = [Ped o1 P2 poa e 8 g1 o fe 8 G ga]” (1)

3.2 Input YVector
The input 1= acraprised by the nlet and outlas
valve area opain gz

w = [og o a]” (2)

where ¢y and &q are the valve inlete for the piston
and rod ades of the sylinder recpeetively and o, 1=
the valve outlah.

3.8 DMlessured Cukpuk
The varables conmdered for the messuved out-
put vestor are those that were mstrurmentad to be
sensed on the test prototy pe:

Y = [Fud Foo By & 2]T (%

where p.y and poo are the pressures az rmeasared
at the sylinder porte,- F, i= the piston fores, &
iz the arn base position and o 1= flerible amn tip
wibeataon.

4 Nodel Equations
The mardpulator model 1= sorpeised by the aatu-
ator and the elastodynarade rodels of the flexible

S ITIL.

4.1 Hybrid Approach

The pueurnatie partes of the systen exhibib dis-
crehe beharior. Their dynarides are dessrbed by
equaticns that behare a2 disenssed below. Thas
equations refer to a dedicated hybed state only,
=0 they ray change in different doroains of the
shate space.

4.1.1 PFlow patternn through the contral
wvalve

The valre modelling debails can be found in [14].

The mass flow rate depends on the values of the

et valve pressure po, and outlet valve pressuve

Fi

= Capy] o o o
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Fig. 2 Pneumatic actuator with cushion chambers.

=B [®) ] e

where &k and R are the ratio of specific heats ¢, /¢y,
and the gas constant respectively, T4 is the inlet
temperature, p; is the valve throat pressure, and
Cy ig the discharge coefficient.

Depending on the pressure ratio, the flow regime
for air can be:

Suberitical Flow (0,528 < It < 1) The flow is
described by equations 4 and 5.

Critical and Supercritical Flow (3> < 0,528)
When the flow reaches its critical regime, the
coeflicient v gets a steady value of 0.5787 that
will not change with further decrease of the
outlet presgure pq, therefore the flow state re-
mains constant.

4.1.2 Dynamic relationship within the ac-
tuator chambers

The pneumatic actuator is a double-acting linear

air cylinder ag ghown in figure 2.

Depending on the piston position, the rate of
change of pressure inside the cylinder chambers,
including the cushions ag shown in figure 2, can
be calculated from the following equations:

If 0 << X < Lalp then

. kRTy
Pal = =77 AN
Agp (X +522)
: ; A, .
Mg — Mig — R—ﬁpalX} (6)
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S LT P i W o B
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IF0 < X < (L — Lalv) then
. kRTh
P2 A, — AL —X + A)

P - Ar 5
Mige + PQX} (10)

e
] RTy
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If (L — Lalv) < X < L then
o kRT,
=, - AT -X)

X A, — A,
v+ 2] (12
) kRTy fze —m2e  pazX
- n 13
Pa2 L—X+ AAAéil Ay — Ay RTy (13)

the development of this set of equations is given
in [14].

4.2 Flexible Arm Dynamics

The arm rigid base is pivoted in the origin of the
inertial frame XY as shown in Figure 3, the flexible
bar is fixed to the rigid base, and attached to a
moving reference frame xy.

The Lagrange approach is used to derive the
equations of motion for the arm dynamics and the
agsumed modes method to obtain the discretized
form for the elastic displacement, their form can
be seen in [15].

4.2.1 The assumed modes

The uge of a moving frame to degcribe the primary
motion of the manipulator, introduces the addi-
tional variable @ (see Figure 3), which requires an

Y
y Moving frame ,C
©p
4
4
5/0 X
i
. ZENNN T N N
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Im mg X
Flexible arm's .
1 rigid base Inertial frame
§ X

O

Fig. 3 Arm deformation about inertial coordinates.
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