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Abstract

The main objective of this study is to reduce the eccentric load’s influence on the dynamic characteristics of a hori-
zontally installed rotary actuator. The solution is drilling a hole into the rotary shaft of a rotary cylinder. With the rota-
tion of the rotary actuator the hole will open and connect the two working chambers within a certain angular range, the
back pressure will increase and the torque introduced by the back pressure partly compensates for the torque of the
eccentric load. The design procedure for the connecting hole is as follows: First, experiments that study the effect of
eccentric loads on the dynamic characteristics of a rotary actuator were carried out, and a stability index a, was pro-
posed; Second, a mathematical model including the connecting hole was built; Third, a real-coded GA optimization
design for the connecting hole whose object is to minimize a, was conducted. Simulations and test results show that the

method worked efficiently.
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1 Introduction

A pneumatic rotary actuator is a kind of pneumatic
actuator which can revolve to and from less than 360°.
It transforms the pressure energy of compressible gas
into mechanical energy and generates driving torque to
rotate the work-piece (Zhang, 2003). Pneumatic rotary
actuators are widely used in the displacement, overturn,
classification, clamping, opening and closing of a
valve, driving a robot arm etc. (Yusimitsu, 2004; Ya-
mato, 2004). Among the applications, rotary actuators
with eccentric loads are frequently used.

In this paper a series of experiments studying the ef-
fect of eccentric loads on the dynamic characteristics of
rotary actuators were conducted. It was found that the
angular acceleration curve of a pneumatic rotary actua-
tor mounted horizontally has a distinguishing dual
hump-shaped feature due to the presence of an eccen-
tric load (Ye, 2006). It can be called an instability phe-
nomenon. The phenomenon will lead to a sharp in-
crease in the inertia energy exerted on the revolving
shaft. Over time, the shaft will yield and break down
(Li, 1991). It has a significant influence on the rotary
actuator life and the positioning accuracy of controlled
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devices such as robot arms. The study addresses the
problem and research has been carried out to find a
simple way to suppress the influence of eccentric loads
on the motion of rotary cylinders and an easy method to
modify the rotary cylinder.

During the study a solution was found of drilling a
connecting hole into the shaft of the rotary cylinder to
connect one working chamber with the other within a
rotary angle range. With the rotation of the rotary ac-
tuator the hole will open and connect the two working
chambers within a certain range of angles, the back
pressure will rise and the torque introduced by the back
pressure partly compensates for the torque of the eccen-
tric load. The design procedure for the connecting hole
is as follows: First, based on the experimental results of
studying the effect of eccentric loads on the dynamic
characteristics of a rotary actuator a stability index a is
proposed; Second, a mathematical model including the
connecting hole was built; Third, a real-coded GA
optimization design for the connecting hole whose
object is to minimize a, was conducted. Simulations
and test results show that the method solved effectively
the instability problem of a rotary cylinder with eccen-
tric loads.

17



Ye Qian and Meng Guo Xiang

2 Instability Phenomenon and Instability
Index ay

2.1 Instability Experiments and Results

A test stand (Fig. 1) was built to study the effect of
eccentric loads on the dynamic characteristics of rotary
actuators. The test stand mainly consists of an air
source, solenoid valve, pneumatic rotary actuator, an-
gular sensor, pressure sensor and eccentric load. One
side of the shaft of the actuator connects with the ec-
centric load and the other side connects with the angu-
lar sensor measuring the angular position. The rotary
actuator being tested has two pairs of ports, one pair of
ports connected with the solenoid valve and the other
connected to the two pressure transducers. Two pres-
sure sensors connect with two chambers respectively
which measure the chambers’ instantaneous pressure.
The solenoid valve connects the air source and the two
chambers of the actuator which control the direction of
motion of the rotary actuator. Two pressure signals p;,
p» and one angular signal 6 were sampled by the com-
puter through the A/D module of one data acquisition
card (DAC). The DO module of the DAC controlled
the on-off of the solenoid valve. During the experi-
ments the moment of inertia remains the same and only
the maximum eccentric load torques change due to
different eccentric loads. The angular velocity w and
acceleration vy signals are obtained from first and sec-
ond derivatives of the angular position signal §. The
size of the rotary actuator is 50 mm. The initial position
of the rotary actuator is 0°, and the mount position of
the eccentric load is also 0°. The total rotary angle of
the rotary actuator is 270°.

Eccentric load Angle

.

N T\\ v“'r\/\/

Solenoid ValveA Air source

pressure sensor

Fig. 1:  The test-bed schematic of the rotary cylinder veloc-
ity stability

2.2 Experiments and Discussions

Figures 2 through 4 show experimental results of
the dynamic characteristics of a rotary actuator under a
supply pressure of 0.2 MPa with different maximum
eccentric load torques.

As shown in Fig. 2, Fig. 3 and Fig. 4, the instability
of the rotary actuator is caused by the presence of ec-
centric loads and regardless of the presence of an ec-
centric load on the rotary actuator, the angular accelera-
tion curves show two hump-shaped forms. In other
words, the curve has two local maximum values (two
hump values). In this paper a’ . denotes the first local
maximum and . denotes the second local maximum.
These values can be obtained by finding the local
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maximum values of the angular acceleration test results.
In Fig. 2 there is no eccentric load torque exerted on the
shaft but the acceleration curve still has two hump-
shaped forms. The possible reason is that the rotary
actuator has one vane and the vane serves as an eccen-
tric load.

3.0E+05
z H
2 =
= =
2
£ 2.0E+05 2
& <
1.0E+05 4
0.0 0.1 0.2 0.3 0.4 0.5
tls]
200 1 25
—e— Angle acceleration -
% 150 F —— Angle velocity : 203
= =
- =3
£ i 155
% 100 E
2 1"¢
g so °
< 15 =%
=
0 1 1 1 1 0 <

0.0 0.1 0.2 0.3 0.4 0.5
tls]

Fig. 2:  The test curves of the dynamic properties of the
rotary actuator (M,. = 0 Nm)
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Fig. 3:  The test curves of the dynamic properties of the
rotary actuator (M,. = 1.09 Nm)

Comparing Fig. 2, Fig. 3, and Fig. 4 it can be seen
clearly that the ratio of @ to 0'max Increases as the
maximum eccentric load torque increases. A physical
quantity to represent the degree of instability has been
found and is called the instability index. The stability
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index a, is here defined as the ratio of dpay 10 &' max.
When the value of a, is close to 1, the rotary actuator’s
angular acceleration is stable (Fig. 2). The larger the
difference between a, and 1, the more unstable the
actuator’s acceleration becomes (Fig. 3, Fig. 4).
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Fig. 4:  The test curves of the dynamic properties of the
rotary actuator (M,.= 2.18 Nm)

It is easy to use control systems to settle such ques-
tions (Wang P., 2003; 2004), however, this is costly
and complicated. If a hole is drilled into the shaft of the
rotary cylinder, as the rotary actuator rotates the hole
will open and connect the two working chambers
within a certain range of angles, the back pressure will
rise and the torque introduced by the back pressure
partly compensates for the torque of the eccentric load.
This solution is maybe the easiest way to solve the
instability question.

3 Mathematical Model of a Pneumatic
Rotary Actuator with Connecting Hole

The dynamic characteristics of pneumatic rotary ac-
tuators can be described by the following equations:
e Pressure differential equations of the two chambers
e Pressure-mass flow rate equations of the solenoid
valve
e Torque equilibrium equation of the rotary shaft
e Mass flow rate equation of the connecting hole

In the following model some assumptions are made:

ideal gas;

constant supply pressure p, and temperature 7;

exhaust pressure equals the environment pressure;

gas flowing through the valve ports and other throt-

tles are isentropic processes;

e spatially averaged temperature inside the chambers
and processes are in local equilibrium;
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e spatially averaged properties at the chambers’ ports;
o negligible kinetic terms in the energy equations;
e constant ambient conditions.

The model does not consider:
o |eakages between the chambers and between cham-
bers and the external environment;
e resistive, inductive, capacitive and propagation
effects in the pipes;
o the influence of the pipe connections on the actuator
inlets;

3.1 Pressure Differential Equations of the Two
Chambers

Figure 5 illustrates the schematic diagram of the ro-
tary actuator transmission system with an eccentric
load.

Fig. 5:  Schematic diagram of the rotary actuator transmis-
sion system with eccentric load

Under the conditions mentioned above, for cham-
ber 1 (inlet chamber), the energy equation, Eq. 1, de-
scribing the adiabatic charging process of constant air
supply pressure to a finite chamber (Wang, 2003) is

kRTdmy =V\dp, + kp,dV, )

The charging mass flow rate equation can be de-
scribed as:

2

Substituting Eq. 2 into Eq. 1, the following expres-
sion is obtained:

@:—kRqum‘ _p AV, (3)
dt v v, dt

During the charging process, the absolute tempera-
ture in the chamber 7} should be (Zhang, 2003):

I =——— (4)
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For chamber 2 (outlet chamber), the energy equa-
tion, Eq. 5, describing the adiabatic discharging process
of a finite chamber to atmosphere is

—kRT,dm, =V,dp, +kp,dV, %)

The discharging mass flow rate equation can be de-
scribed as:

dm,

dt

Substituting Eq. 5 into Eq. 6, the following expres-
sion is obtained:

dp, _ kRT»q ) _kp_dez
dt v, v, dt

(6)

A2 =~

O]

During discharging process, the absolute tempera-
ture in the chamber 7, should be (Zhang, 2003):

k-1
T,=T, (p—] g ®)
P
The volume of the charging chamber of the rotary
cylinder is:
V=46 ©)

2 g2
in which Azbu.

Allowing for the dead volume, the volume of the
two chambers can be described as:

Vi =V, + A0 = A6y, +6)= 46, (10)

Vy = A6y, +S—0)= 46, 1n
Substituting Eq. 10 and Eq. 11 into Eq. 3 and Eq. 7
respectively yields:

@_—kRqu“ﬂ _ﬁﬁ (12)
dt A6, 6, dt

RT.
d’i:—k 29m2 +kp_2ﬁ (13)
dt A6, 6, dt

3.2 Pressure-mass Flow Rate Equations of the So-
lenoid Valve

The equations used to describe the flow-rate charac-
teristics of the valve behavior agree with ISO 6358.
The mass flow rate entering chamber 1 is:

T
C1P5901T0 Osﬂﬁbl
s Ds

dm1 =

The mass flow rate entering chamber 2 is:
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9m2 =

3.3 Torque Equilibrium Equation of the Rotary
Shaft

The torque equilibrium equation of the rotary shaft
is:
o
dr’
The eccentric load torque equation is derived from
Fig. 6.

A(pl_pZ)_kwrg%iM_Mcc (16)

Fig. 6:  The computation diagram of the eccentric load
M, =mglsin(6-6,) 17)

3.4 Mass Flow Rate Equation of the Connecting
Hole

Compared with the original mathematical model of
the pneumatic rotary cylinder, an additional mass flow
rate equation for the connecting hole is presented:

Ty
G = ChPlPo Tlgo(a) 90 Sesec (18)

0 others
1 0<o=Ll<p,
Ps
olo)= JPRY (19)
1—( hJ b, <o=LL<1
l_bh DPs

When the chambers are connected with each other by
the connecting hole, due to the pressure difference, some
air in the charging chamber will enter the discharging
chamber. Equation 12 thus changes to the following
form:

dpy _ kRT (G ~ ) _kpy 4O

Az (20)
dt 46, 6, dr
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Equation 13 changes to:

dps _ kRTz(qmz—th)JrkP_zﬁ
dr 40, 0, dr
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Equations 16 through 21 represent the mathematical
model of a pneumatic angular actuator with a connect-
ing hole. The dynamic characteristics of a pneumatic
rotary actuator can be obtained by solving the group of
differential equations in MATLAB using the Runge-
Kutta method.

4 Optimization Design for the Connect-
ing Hole

After establishing the mathematical model of a ro-
tary actuator with a connecting hole, the optimization
design is carried out for the connecting hole whose
purpose is to discover the best combination of the con-
necting hole sonic conductance Cy,, opening angle 6,
and closing angle 6, to minimize the speed stability
index mentioned above. Here the real-coded genetic
algorithm is used to implement the optimization design.

4.1 Range of Optimization Design Parameter
Table 1 illustrates the simulation parameters of the

rotary actuator transmission system.

Table 1: Simulation parameters of the rotary actuator
transmission system

Simulation parameters value

inlet C 1.3e-8
by 0.33
G, 1.6e-8

outlet b, 032

/ (m) 0.3

d, (mm) 4

D (mm) 58

d (mm) 25

h (mm) 40

m (kg) 0.74

J (kg m?) 0.0167

/ (mm) 75

my (kg) 0.65

/, (mm) 22

ps(MPa) 0.2,0.3,0.5

S (rad) 4.71

M. (Nm) 2.18

Table 2 illustrates the span of optimization design
parameters. Because the critical pressure ratio of the
connecting hole is unknown, b, = 0.3 is used instead,
and it is a reasonable value.

Table 2: Table of optimum design parameter span

Optimization variables range

Ch 0.1~10
0, 0~4.71
0. 0~4.71
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4.2 Optimization Object and Constraints

The optimizing object chosen here is to minimize
the rotary cylinder speed stability criterion a,, namely
min(ay).

The constraint conditions are:

e The rotary actuator must fulfill the full stroke in a
fixed time (no cushion).

e The opening angle of the connecting hole 6, should
be less than the closing angle ..

45
Fig. 7:  The relationship between 6, and 0.

To assure that the design of the hole has a similar
effect on the return motion, 8, and 6, have the follow-
ing relationship:

6, -2 -0, (22)
2
The two constraint conditions can be described as
follows:

olt.)=5 (23)
6, <6, (24)

So the optimization object function will be:
min  f(C},6,,0.) =,
st. O(t,)=S (25)
6, <6,

It is an optimization question with inequality con-
straint and it can be solved by using a penalty function
method which converts the above into the uncon-
strained optimization question below (Wang L., 2003):

mme(ch,eo,ec)zav +P(C,,0.,0.)

P(ch,eo,ec) :a(S—H(te))+,B

where P(X) is the penalty function and a and g are
penalty factors. Because getting the minimum solution
value belongs to the minimization question, the object
function should be converted into a fitness function as
follows:

F(X):[Fp(X)maX+Fp(X)minJ_Fp(X) 27

where Fy(X)max and Fp(X)min stand for the maximum and
minimum value of the object function in all individuals
of every population separately and thus Eq. 25 has
changed into a maximum optimization question.

(26)

min(o, 0, —90)‘
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4.3 Selection of Encoded Mode

The encoded modes often used are binary and real
number (decimal) encoded modes. There are some in-
surmountable drawbacks for binary encoded modes. For
example, it can not reflect the architectural feature of the
solving question directly and has mapping errors. Fur-
thermore, it may have Hamming cliffs problem. If higher
accuracy is required, the string length must be increased,
which decreases the algorithm efficiency and it is diffi-
cult for gene strings to understand before decoding. But
these problems are not associated with the real encoded
mode, so the real coded GA was chosen for this article.

4.4 Evolution Strategy

Here variable variation probability, crossover prob-
ability and elite selection method are selected as the
evolution strategy. Individual number in a population is
20 and the stop criterion is the maximum reproduction
generation and should be less than 500.

4.5 Algorithm Implementation

The genetic algorithm toolbox, which is popular in
project design areas, was used to do the optimization
design. In addition, the genetic algorithm toolbox’s simu-
lation environment was used to verify the results.

The optimum design result is the following. When
the maximum eccentric load torque M, is 2.18 Nm and
the air supply pressure is 0.4 MPa, 6,= 0.5548 rad, 6.=
4.1552 rad, C, = 0.4x10® m’/s Pa, and the instability
index oy, 1s 2.1 compared to the instability index a, of 2.9
without the connecting hole but with the same simulation
parameters. Because the first peak value of the rotary
cylinder acceleration curve a’y, remains unchanged
whether there is a connecting hole or not. In fact, a,n/ay is
the ratio between the two maximum acceleration values
with a connecting hole or without. From the ratio, we can
see clearly that the connecting hole can relieve 25% of
the acceleration peak value at the most.

S Experimental Results

Now it’s time to drill a connecting hole into the
shaft of the rotary actuator with the specifications re-
sulting from the GA (Fig. 8).

The same test bench in Fig. 1 was used as well as
the modified rotary actuator to do the instability test
mentioned above. Figures 9 and 10 illustrate the com-
parison of the test results between the original rotary
actuator and modified rotary actuator which has the
same test parameters.

Fig. 8:  The shaft with drill hole
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Fig. 9:  Comparison of the experimental results of the dy-
namic characteristics between the modified rotary
actuator and the original rotary actuator
(M,. = 2.18 Nm, p; = 0.4 MPa, 0, = 0.5548 rad,
0.=4.1552rad , C,= 0.4x10° m*/s Pa)
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Fig. 10: Comparison of the experimental results of the dy-
namic characteristics between the modified rotary
actuator and the original rotary actuator
(M,. = 2.18 Nm, p; = 0.5 MPa, 6, = 0.5548 rad,
0.=4.1552 rad, C,= 0.4x10° m’/s.Pa)

As illustrated in Fig. 9 the instability index a, of
original rotary actuator is equal to 2.75 and the instabil-
ity index a, of the modified rotary actuator is equal to
2.12. The ratio of maximum angular acceleration is
about 0.72, that is to say, the modified rotary actuator
can reduce the amplitude of maximum angular accel-
eration about 27%.
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As illustrated in Fig. 10 the instability index a, of
the original rotary actuator is equal to 2.52 and the
instability index o, of the modified rotary actuator is
equal to 1.6. The ratio of maximum angular accelera-
tion is about 0.75, that is to say, the modified rotary
actuator can reduce the amplitude of maximum angular
acceleration about 25%.

According to Fig. 9 and Fig. 10, before the hole in
the shaft of the rotary actuator is open at 6,, the maxi-
mum torque generated by the rotary actuator is equal to
that generated by the original rotary actuator. After that
the maximum torque generated by the rotary actuator is
reduced to about 84% of that generated by the original
rotary actuator. The amount of air consumed rises to be
15% higher than that of the original rotary actuator.

The experimental results show that the method of
the connecting hole is truly useful to reduce the eccen-
tric load influence on the dynamic characteristics of the
pneumatic rotary actuator. It can reduce the amplitude
of maximum angular acceleration of the rotary actuator
about 25%.

6 Conclusion

An experimental study has been performed to inves-
tigate the influence of eccentric loads on the dynamic
characteristics of pneumatic rotary actuators mounted
vertically, in which the instability index o, was founded
which provides an optimization object for the optimiza-
tion design following.

An idea of increasing the back pressure by drilling a
hole into the rotary shaft of the rotary cylinder which
connects one working chamber to the other within a
rotary angle range has been proposed.

To fulfill the design procedure of a connecting hole
a mathematical model considering the connecting hole
is built and its validity has been proved by comparison
between simulation and experimental results.

Finally an optimization design based on the mathe-
matical model above with the optimization object to
minimize a, is fulfilled. In the optimization the RGA
optimization algorithm is used.

Both the simulation and experimental results prove
that the method of the connecting hole is truly useful to
reduce the eccentric load influence on the dynamic
characteristics of the pneumatic rotary actuator.

Nomenclature

ay Stability index

al.. First local maximum of rotary [rad/s’]
actuator acceleration

Omax Second local maximum of ro- [rad/sz]
tary actuator acceleration

b Critical pressure ratio

o Sonic conductance of chamber 1 [m*/(s Pa)]

G, Sonic conductance of chamber 2 [m’/(s Pa)]

Ch Sonic conductance of connect- [m*/(s Pa)]
ing hole

D Inner diameter of rotary actuator [m]
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qm1

qm2
4mh

Diameter

Gravity acceleration

Thickness of the pane
Modified rotary cylinder
Anglular acceleration

Moment of inertia

Adiabatic coefficient

Length

Viscosity damping coefficient
Load torque

Eccentric load torque

Mass of gas

Absolute pressure in chamber 1
Absolute pressure in chamber 2
Absolute supply pressure in
chamber

Atmosphere pressure

Mass flow rate into chamber 1

Mass flow rate out of chamber 1
Mass flow rate passing connect-
ing hole

Gas constant

Angular velocity

Distance between the blade edge
and the rotary cylinder shaft

Air density under standard
situation

Angle of full stroke

Rotary angle

Rotary angle of chamber 1
Rotary angle of chamber 2
Dead angle of chamber 1

Dead angle of chamber 2
Opening angle

Closeing angle

Temperature in chamber 1
Temperature in chamber 2
Temperatureof environment
Temperature in standard situation
Temperature of air source

Time to the end stroke

Volume of chamber 1

Volume of chamber 2

Dead volume of chamber 1
Dead volume of chamber 2

[m]
[m/s’]
[m]

[kg m’]

[m]
[Ns/m]
[Nm]
[Nm]
[ke]
[Pa]
[Pa]
[Pa]

[Pa]

[kg/s]
[kg/s]
[kg/s]

[Nm/(kgK)]
[rad/s]
[m]

[kg/m’]

[rad]
[rad]
[rad]
[rad]
[rad]
[rad]
[rad]
[rad]
(K]
(K]
(K]
(K]
(K]
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