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Abstract

Air motors are often applied in the automation industry in areas with special requirements, such as in spark-
prohibited environments, the mining industry, chemical manufacturing plants, and similar locations. The purpose of
this study is to analyze the behaviors of a ball screw table powered by a vane-type air motor and to design a robust
sliding mode controller for the inlet pressure. The rotational speed of the air motor is closely related to the pressure and
flow rate of the compressed air. Furthermore, the compressibility of the air and the friction in the mechanism mean that
the overall system is nonlinear, with fluctuating input. A robust sliding mode control is developed to overcome the
effects of variations in the inlet pressure and air leakage problems. The experimental results validate the robustness of

the proposed position control strategy.
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1. Introduction

Although electrical motors are still the main de-
vices used in most manufacturing plants, air motors
have attracted more and more attention over the past
few decades because they are cheaper, safer, cleaner,
smoother and more efficient (i.e., able to maintain a
higher power to weight ratio) [1-4]. Moreover, the air
motor is the only device that can be used in certain
special locations, such as in spark-prohibited envi-
ronments, in the mining industry, in chemical manu-
facturing plants, in vehicles, and storage facilities
used for explosive materials.

In the air motor, the energy of compressed air is
converted into mechanical energy. In general, the
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compressibility of air and the friction created by its
mechanisms make air motors demonstrate highly
nonlinear behaviors. However, the position control
system of the air motor may show variable uncer-
tainty from the control input of different pressures
due to the applied input signal. Hence, it is difficult to
design a position controller capable of realizing accu-
rate position control at all times. To date, there has
been a number of investigations and analyses of the
dynamics of air motors carried out. For example, in
the proportional integral (PI) controller, proposed by
Zhang and Nishi [2], the all air motor system is con-
sidered as a first order linear system. Although the PI
control algorithm is simple and highly-reliable when
the PI values are adjusted very well, the performance
of the PI controller is far from consistent because of
the nonlinear speed characteristics of the air motor
under different operating conditions. In a paper by
Hwang, et al. [5], the mode reference adaptive control
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(MRAC) was adopted for fuzzy control to eliminate
the dead-zone caused by friction. The results of this
study showed that the mode reference output could be
tracked and that an accurate speed control perform-
ance was attainable. A fourth-order nonlinear mode
was developed by Puan and Moore [6] utilizing pa-
rameters identified through experimental data. How-
ever, due to the complexity of this mode, the number
of parameters was large, making the process of deriv-
ing parameters complicated and time consuming.
Others have applied control schemes for guaranteeing
accurate position control of pneumatic cylinders [7-9]
which are subject to the uncertain dynamics of pneu-
matics. A method of fuzzy sliding mode position
control incorporating a ball screw driven by an air
motor has been proposed by Shin and Lu [10] in
which fuzzy logic control was applied to avoid the
disadvantages of disturbances and chattering.

Air motors have -unpredictable characteristics. In
most practical motion systems, the inlet pressure to
the air motor will decrease with each experimental
run. The leakage of pressure is a problem for accurate

position actuators as well as for industrial applications.

Eliminating this problem in order to improve control
performance is very important. Air motors suffer
from a variable dead-zone when the input control
pressure is variable. This makes it difficult to design a
position controller which can achieve accurate posi-
tion control at all times, and which takes into account
the deterioration of the dynamic response of the sys-
tem caused by the leaking pressure. We sought to
overcome this problem by designing a position con-
trol scheme for an air motor which compensated for
the pressure leakage. The proposed control scheme
utilized a sliding mode control for a second-order
uncertain system. This could decrease the chattering
while preserving the robustness of the different inlet
pressures and leaking pressure problems for a ball
screw table. The experimental results confirmed the
good performance of the control system in relation to
different inlet operation pressures and the perfect
steady state position error.

The remainder of the paper is organized as follows:
the introduction to the air motor ball screw table sys-
tem is described in Section 2; the nonlinear behaviors
of the air motor system are analyzed in Section 3; the
algorithm for the robust sliding mode control design
is discussed in Section 4; the experimental results are
shown in Section 5; and some conclusions are offered
in Section 6.

2. Air motor ball screw table system

Fig. 1 shows a rough map of a vane-type air motor.
The motor has a rotational drive shaft with four slots,
each of which is fitted with a freely sliding rectangu-
lar vane. When the drive shaft starts to rotate, the
vanes tend to slide outward due to the centrifugal
force and are limited by the shape of the rotor housing.
Depending on the flow direction, the motor will rotate
in either a clockwise or counterclockwise direction.
The difference in air pressure between the inlet and
outlet provides the torque required to move the shaft.
Hence, the higher the flow rate and the larger the
pressure difference, the larger the torque on the shaft
and the higher the rotational speed provided.

A schematic diagram of the air motor system is
shown in Fig. 2. The system consists of an air motor

Fig. 1. Vane-type air motor.
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Fig. 2. Schematic diagram of the air motor system.
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(GAST 1AM), an air tank, an electronic proportional
directional control valve (FESTO MPVE), a fil-
ter/regulator with lubricant (SHAKO FRL-600), an
optical linear scale (FUTABA FJH5515IDR) with an
accuracy of 5 um, and a digital signal processor (DSP,
TI C240). The airflow path starts from the air tank
moving through the filter, then through the control
valve, finally entering the air motor. The airflow en-
tering the motor is determined by the valve position,
which is controlled by an externally applied voltage,
denoted by v. When v equals 5 V, the valve will stay
in the middle and both left and right entries will be
closed. The valve will move to the right when v is
above 5 V, and becomes fully opened when v is equal
to 10 V. Similarly, the valve will move to the left if v
is less than 5 V, and will be fully opened at 0 V. The
direction of the air motor depends on whether the
voltage v is above or below 5 V. The control input
from DSP denoted by u, will be converted into v as
v=u+5. The experimental air motor ball screw table
system is shown in the Fig. 3.

Fig. 3. Photograph of the experimental air motor system.
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Fig. 4. The position responses with different inlet pressure.

3007

3. Nonlinear behaviors of the air motor system

The rising time of the system is limited by the inlet
pressure. A large inlet pressure brings about a fast
system transition response. The rising times for dif-
ferent inlet pressures are shown in Fig. 4. There are
various system parameters that affect the nonlinear
characters, such as friction, air compressibility, and
pressure leakage. We propose using a PID (propor-
tional-integral—derivative) controller to control the
position of the ball screw table in order to describe
these behaviors. Fig. 5 shows the results in relation to
the parameters of the PID controller. £ is in the
steady state error. The results are: Kp=16.2, KI=0.01,
KD=0.34; and the inlet pressure is constant. The three
different position curves represent the results of three
experimental runs with the same inlet pressure. It is
obvious that these three position curves have different
rise times and steady state errors. These results sug-
gest that the robustness of the PID control is not suffi-
cient for this nonlinear system. Even when the pa-
rameters of the PID control were modulated to main-
tain a constant inlet pressure, the system did not show
evidence of precise steady state error. If the operating
point (inlet pressure) of the system changes, it is hard
to maintain accurate performance simply with PID
control. Since the purpose of this study is to control
the position of the system given different inlet pres-
sures, we cannot overemphasize the importance of the
robustness. Thus, we adopt the sliding mode control
for second-order uncertain systems to overcome sys-
tem nonlinearity and to guarantee robustness for vari-
ous inlet pressures (the inlet pressure is restricted to 3
- 5 kgflem?).
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Fig. 5. Experimental results attained by the PID controller
with the same inlet pressure.
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4. A robust sliding mode control for second-
order uncertain systems: controller design

A sliding mode controller is designed to maintain
the robust performance of the air motor by overcom-
ing variations in the inlet pressure and nonlinear dis-
turbances of the air. The air motor is connected to a
ball screw table to form a second-order system, as
shown in Figs. 1 and 2. The dynamics of the system
can be described by the following equation which
considered friction:

A(P,-P)+D, =Mx+C,x+C_sign(x), (1)

where A(P,—F,) is the input force (4 is the area of
the sliding rectangular vane in the air motor); D,, is
the external disturbance; M is the total mass of the air
motor and the table; C,; is the viscous friction coeffi-
cient; and C,,, is coulomb friction.

Eq. I can be derived as:

. Co. 1 o
X +Vx = ﬁ[A(Pa —B))+D€I-Cwu31gn(x)] . )

In order to facilitate the controller design, the over-
all system can be described by:

$+a()x = b(0)[u+d())]

. ; 3
X=—a@)+b)u+b(t)d(r)

where a(f) >0, b(t) >0 are system variables; and
d(t) represents the summation of the disturbance and
nonlinear friction. It is assumed that:

ﬁmin < bil(t) < ﬂmax
a,,, <b'(Ma)<a,
dit)<D

max * (4)

The inlet pressure is restricted to within 3 to 5
kgflem’ so that the beta_min, beta_max, alpha min,
and alpha_max are positive numbers and determined
by the inlet pressure segment D>0.

The reference input is 7 and the tracking error can
be defined as

e=x-r. 5)
The sliding mode surface is chosen as follows:

s=e+ce, (6)

where c is the slope of the surface. We now define a
Lyapunov function V =—s*. Eq. (7) can now be
derived from Eq. (6) by

§S=é+ce=X+cx—(¥+cr) ™

=X+cx+R

where R =—(¥ —cr) . By substituting Eq. (3) into Eq.
(7) we get

§=—ax+cx+bu+bd+R

. 8
=b[ b at+b'ck+b ' R+u+d ] ®
bl's=-b'ax+b'cx+b"'R+u+d . 9)
The designed control input is
u=u, +u,, (10)

where u,, is the equivalent control input for no dis-
turbance and u, is the robust control input for a
disturbance. These two control inputs are designed to
let the system converge to the original point. The u,,
and u, are designed as follows:

u, = éx— Bex— BR

) an
Uyss = —2 - Sign(s)
where:
o amax + amin
=
) (12)
5 — ﬂmax + ﬂmin
2
Eq. (10) can now be written as:
u=dax—fex— BR—3 - sign(s) .
Substituting Eq. (10) into Eq. (9) we get:
b'ss =—b'axs + b 'cxs + b™'Rs + Axs
—ﬁcks—ﬁRs—Z- s
i a3

=(@—-b"a)is+ (b = B)cis
+(b" = PRs -3

From Eq. (2), the following equation can be ob-
tained:
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b lss=(d—b"a)is+ (b = P)cis

+(b™" = B)Rs -5

, (14)
< Aa‘chs‘ +Aﬂ‘cicHs‘
+AB|R||s|+ D -2 |s]
where
Aa — amax ;amin
. (15)
Aﬂ: ﬁmax _ﬂmin

2
If X ischosen to satisfy the following conditions:
2=Aa‘jc‘ ‘s‘ + Aﬂ‘cx‘ ‘s‘ + Aﬂ‘R‘ ‘s‘ +D+o, 0>0 (16)

and

, (17)

blss < —G‘S

then it can be proven that ¥ <0. Eq. (17) shows that
the design of the control input satisfies the approach-
ing sliding condition, and thus ensures that the system
will converge to the point of origin.

In order to improve the chattering, the sign(s) func-
tion can be changed to an sat(s) function (saturation
function) as in Eq. (11).

u=ai- fci— fR-2 sat(s) , (18)
where

T=Aa|i||s| + AB|ci||s|+ AB|R||s| + D+ o, &>0.
Generally speaking, to eliminate the chattering
phenomenon in the boundary layer, the design of the
sat(s) function is usually a linear function. However,
it was found that the system had slight chattering
when a linear function was used. Hence a cubic func-
tion was adopted to replace the linear function, as
shown in Fig. 6. The sliding surface can approach
swiftly and the movement on the sliding surface is
smooth. The simulated and experimental position
control results are shown in Figs. 7 and 8, respec-
tively, where Py is the steady state position. The blue
line indicates the sat(s) function (linear function). It
has a 0.05% chattering phenomenon. The red line
indicates the adoption of a cubic function. It has a
smooth performance with a steady state error of under
0.01%. It can be seen that the cubic function can more
effectively reduce the chattering phenomenon.
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Fig. 7. Simulated results for the linear and cubic saturation
functions.
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Fig. 13. Experimental results of the sliding mode position
control under the loading mass of 10 kg.

5. Experimental results

The controller design described above was applied
to an air motor ball screw table system. The PID con-
troller was found to be not robust enough for various
inlet pressures. The inlet pressures used in the ex-
periments were 3kg/cm®, 4kg/cm® and Skg/cm’.
The experimental results for the PID controller show
that the steady state errors were about 0.01- 0.015mm
(see Fig. 9). The low inlet pressure had a large error
and the overshoot associated with each inlet pressure
could not be eliminated by the large gains of the PID
controller necessary to maintain the rise time of the
system. In this study, a sliding mode controller to
achieve robust control of an air motor ball screw table
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system was implemented. The experimental results
(under the no-loading conditions) are shown in Fig.
10. There was no serious overshoot with our system
and the steady state errors were 0.005mm, Omm, and
0.005mm, respectively. The e (error) and ¢é con-

verged to the point of origin, as can be seen in Fig. 11.

The control input (inlet pressure 3kg/cm® ) is shown
in Fig. 12. The experimental results illustrate the ex-
cellent performance of the robust sliding mode con-
troller (with the cubic saturation function) for differ-
ent inlet pressures which reduced the chattering phe-
nomenon. Fig. 13 shows the results for a position
control with a loading mass of 10 kg. It is obvious
that the steady state error can be restrained to 5 um or
less. The setting time is about 4.2 s with an inlet pres-
sure of 3kg/cm®, as compared to 4 s under the no-
loading conditions as shown in Fig. 10. Clearly, even
under the loading conditions, the system produces
accurate results.

6. Conclusions

In this study, we developed a robust sliding mode
controller for an air motor ball screw table. These
systems usually suffer from problems of nonlinearity
due to variations in the compressibility of air. When
inlet pressures vary, the variables of the system will
change, making the traditional PID controller unsuit-
able. The more robust sliding controller design of this
study, however, provides very good traction perform-
ance for different inlet pressures. Even in systems
with air leakage problems, the adopted controller
shows improved performance (the cubic saturation
function) as well as effective reduction in the chatter-
ing phenomenon. The experiment results clearly show
that our system has very strong robustness under the
loading conditions. The steady state error decreased
and system chattering was eliminated.
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