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ABSTRACT The performance of the pneumatic elements and the micro-controller steadily increases as
the price of them decreases. This trend promotes high performance tracking control research on pneumatic
servo systems. However, it is very difficult to obtain exact model parameters, which is one of the main
obstacles to design a high performance controller. Moreover, in some application cases, the control direction
is undetermined because of the possible false or incorrect valve outlets connection. At the same time,
the inaccuracy of the proportional valve zero points also degrades the tracking performance of pneumatic
servo systems. In this paper, an adaptive backstepping control approach is proposed for a pneumatic position
servo system considering unknown model parameters, unknown control direction, and inaccurate valve zero
points. The proposed method combines the Nussbaum function and backstepping technique to design a
position tracking controller of a pneumatic servo system with the aforementioned uncertainties. By using
the Lyapunov method, the designed controller is proved to be stable, and the tracking error asymptotically
converges to zero. The experimental results demonstrate the effectiveness and the superiority of the proposed
approach as compared with some existing methods, even for negative direction case for which the other
methods fail. The performance of the proposed controller is further improved by considering the proportional
valve zero points.

INDEX TERMS Pneumatic system, unknown model parameters, inaccurate proportional valve zero point,

Nussbaum function, unknown control direction.

I. INTRODUCTION

Pneumatic technology is widely used in various automation
fields, due to its low-cost, cleanness, and high power-to-
weight ratio properties [1]. With the technology progress,
the performance of pneumatic elements, e.g., the proportional
valve, is increasing, while the prices of them are decreasing;
at the same time, micro-controllers with high performance to
price ratio are available for pneumatic servo systems control.
These factors promote the high performance pneumatic servo
systems research. However, due to the difficulty to obtain the
exact parameters of pneumatic servo systems, it is difficult
to design a high performance tracking controller. And in
some application field, it is an additional obstacle that the
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designer cannot know the control gain direction for sure,
which might be due to the reconnection of the system on site.
Moreover, in practical applications, the nominal zero point
of the proportional valve might be inaccurate, which will
debase the tracking performance due to the integral property
of the proportional valve. In such cases, a controller has to
be designed without the information of system parameters,
control direction and accurate proportional valve zero point.
This paper is dedicated to such a case, and gives a design
methodology of the tracking controller.

According to the reference signal, pneumatic servo sys-
tems can be divided into two categories, positioning control
(i.e., step reference) and tracking continuous variant refer-
ence. References [2]-[9] were dedicated to positioning con-
trol of the pneumatic servo system. In this case, the friction
has less impact on the precision than the case of tracking
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control. Proportional-integral-derivative (PID) control was
implemented in pneumatic servo systems based on the switch
valve [2]. Reference [3] established the state space model of
a pneumatic servo system, and implemented a state feedback
controller to obtain higher positioning accuracy, as compared
to the PID control method. A feedback linearization method
was proposed to get better performance compared to the
conventional PID controller [4]; however, both methods in [3]
and [4] had the disadvantage of requiring all states mea-
surement, especially, the expensive pressure sensor, which
increases the structure complexity and the cost of the control
system. The predictive functional control was applied for
the positioning control and force control of pneumatic servo
systems [5], it got good performance. Reference [6] estimated
the contraction length and tension of pneumatic artificial
muscle (PAM) by using feed-forward neural networks, and
implemented fuzzy logic control based on the switch valve.
A nonlinear cascaded positioning control was presented for
a high-speed linear movement using pneumatic muscle actu-
ators in [7], where Sliding Mode Control (SMC) was used
in the inner control loop to control the internal muscle pres-
sure, and the outer control loop achieved the decoupling of
the rocker angle and the muscle pressure. It had negligible
steady-state position error and slight steady-state pressure
error. A constrained finite-time optimal controller based on a
multiple PAM model approximation was proposed for pneu-
matic positioning [8]. Reference [9] presented a nonlinear
PID based antagonistic control to compensate the PAM’s
hysteretic nonlinearity and to improve robustness, it obtained
high accuracy and execution speed.

As compared to positioning control, tracking control of
pneumatic servo systems is more complicated, especially for
tracking sinusoidal-like reference signal. When the velocity
of the piston changes its direction, the Coulomb friction
force suddenly changes its direction and amplitude, too,
which increases the difficulty of the precise control. Due
to the strong robustness to system parameter uncertainties
and external disturbances, Sliding Mode Control (SMC) was
proposed to the tracking control of pneumatic servo systems.
A SMC was designed in [10], using third-order both linear
and nonlinear models, to get the good results. However, this
method was not robust to the payload variations. A second
order sliding surface was designed for a pneumatic motion
control system in [11], only the simple on/off valves and
a position sensor were needed, which improved the overall
reliability of the hardware. A SMC was developed using
the pressure observer to simplify the structure of the sys-
tem and reduce the cost [12], but the tracking accuracy was
relatively low. A sliding mode position control was pro-
posed based on the averaged model of pneumatic system
in [13], which achieved good tracking performance in posi-
tion control. Adaptive backstepping design can guarantee the
global stability of the system and the asymptotic tracking
of unknown/time-variant parameters. A backstepping sliding
mode control was developed for a pneumatic servo system
in [14], which can track both the desired force and stiffness
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effectively. However, the conventional SMC control is model
dependent, it is necessary to know the nonlinear terms and
the boundary of uncertainties. A backstepping controller
was designed based on multi-input multi-output model for
four proportional valves based pneumatic systems [15]. This
controller could stabilize the system under the condition
of all parameters being known. However, if the parameters
change too strongly, for example, the load variation as shown
in the paper, the stability cannot be guaranteed. Adaptive
state feedback controllers based backstepping design were
proposed in [16] and [17], which didn’t require either the
prior knowledge of system model parameters or uncertainty
bounds. The controllers were simple, and had high tracking
accuracy. But the closed-loop stability of the system has not
been verified. An adaptive backstepping slide mode con-
trol was proposed for the Pneumatic Position Servo System
in [18]. The method is simple for implementation because the
model parameters and the uncertain parameters bounds are
not required, the pressure sensor is not needed as well. At the
same time, the control accuracy is higher as compared with
other five methods. A nonlinear controller was proposed for a
pneumatic cylinder by adopting the theories of homogeneity
and finite-time stability in [19]. The experimental results
showed the effectiveness of this method, but the chattering of
control force is large. Feedforward hysteresis compensation
and adaptive backstepping control were combined in [20]
for a pneumatic muscles and the tracking error was reduced
effectively. A hybrid fuzzy-repetitive control method based
on an existing PID control was proposed in [21] to achieve
good tracking performance. Reference [22] compared the
performance of a PID controller plus an adaptive neural
network compensator with a fuzzy adaptive PID controller.
Both methods in [22] achieved good performance, but the
parameters adjustment was very complicated. An extended
state observer and active disturbance rejection adaptive con-
trol strategy proposed by [23] could be extended to pneu-
matic system control, however, the full state information was
required in this method.

However, to our best knowledge, all existing pneumatic
systems control methods assume that control gain direction
of the system is known. When the control gain direction
of actuators is unknown or changeable, most of the current
adaptive control methods would fail to control. Moreover,
the difficulty to obtain the exact parameters of the pneumatic
servo system impedes the design of high performance track-
ing controller based on exact model. It is an additional obsta-
cle that the designer cannot know the control force direction
for sure. A simple reason might be the wrong connection
of the valve output due to the mistakes of the operator. The
wrong connection might not attract more attention in the past,
because it just causes the piston to move to the protective
limitation point. Then the human manipulator just stops the
system, moves the piston away from the limitation point and
shifts the connection. In some application fields, for example,
the pneumatic assistant system for disabled human being,
this case becomes complicated because it might damage
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the device or even hurt people. In this case, if the problem
can be solved using controller design approach, it is helpful
to form the intelligent mechatronics. Even for the portable
pneumatic tools, users would be happy if they don’t need to
care the connection. The nominal value of the zero point of
the proportional valve is usually inaccurate, either due to the
environment variation or the D/A converter offset, which is
usually ignored by the designer because it is believed that
the close loop control would compensate its effect. However,
because of the integral property of the proportional valve
and the time-varying reference signal (for tracking control),
the inaccurate zero point of the valve will degrade the desired
performance.

In this paper, an adaptive state feedback control is designed
for the pneumatic servo system with unknown model param-
eters, control gain direction and inaccurate zero point of the
proportional valve by using adaptive backstepping method
and Nussbaum function. The proposed method doesn’t
require the model parameters and the control gain direction.
Using Lyapunov stability theorem, the designed adaptive
controller is proved to be stable, the closed-loop controller
can ensure that all signals in the system are bounded and
asymptotic convergent. The proposed method is used to track
three reference signals to show the effectiveness of the pro-
posed method. The first feature of the proposed method is
that the method is effective even the control gain direction is
unknown or different from that is assumed in the controller
design stage. The second feature of the proposed method is
that the better tracking accuracy is achieved by taking the
valve zero point into account, as compared to some existing
methods.

This paper is organized as follows. In section II,
the mathematical model of the pneumatic servo system and
Nussbaum-type function are introduced briefly. In section III,
the proposed backstepping controller with Nussbaum-type
function and the stability proof of the controlled system are
given. In section IV, the experimental results of the proposed
controller and its comparison with other existing controllers
are presented to show the effectiveness and superiority of the
proposed method from the viewpoint of the tracking accuracy.
Finally, in section V, conclusions are given.

Il. PNEUMATIC SYSTEM CONFIGURATION

AND ITS MODEL

The working principle of the pneumatic servo system is
shown in Fig. 1. Where the air pump provides compressed
air, the proportional valve controls the flow of the pressured
air into Chamber A and Chamber B. The computer gives
control signal to the proportional valve via D/A converter
in the data acquisition card in computer, thus controls the
pressure difference of two Chambers in order to drive the
payload movement. The potentiometer is used to measure
the displacement of the payload. The displacement signal is
fed into the computer through A/D converter in the same
data acquisition card. The user interface is designed on
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FIGURE 1. Pneumatic servo control experiment system.

computer, it displays the payload position and the reference
signals [26]-[28].

The model of the pneumatic servo system is given
by [4], [10], [16], [17]:

Ty = fa(u, pa)
mp = fo(u, pp)
KRTr, = KpaAsy +Aa(yo + Y)Pa e

KRTry, = —KppApy + Ap(yo — ¥)Pb
My = psAa — ppAp — Fy,

where, m, and ri7;, are the gas mass flow rates into Chambers
A and B, respectively, p, and p,, are pressures in Chambers
A and B, respectively. A, and A, are the cross section area of
the two sides of the piston corresponding to Chambers A and
B, respectively. y is the payload displacement, y, is the initial
payload displacement, M is the total mass of the payload and
piston, Fy is the friction force. K is the specific heat ratio, R is
the ideal gas constant, T is the air temperature, u is the input
voltage of the proportional valve.

fa(u, pa), fo(u, pp) are nonlinear functions of the upper
stream and lower stream pressure of Chambers A and B,
respectively, which are given as:

Ja(, pa) = /Pu — Pa(Cayu + Ca2u2)
Fo(, pp) = /Db — Po(Ch ut + cpyu?),

where p, is the upstream pressure, po is the atmospheric
pressure Cq, Cay, Chy> Ch, are constants related to the air
property.

In order to facilitate analysis and system design, f,(u, p,)
and f5(u, pp) are linearized, the friction Fy and other unmod-
eled factors are treated as disturbance, and the inaccurate zero
point of the proportional valve is also considered, then the
above nonlinear mathematical model (1) is simplified as a
third-order linear model given by:

@)

Y () =ary(t)+ary(t)+azi(t)+bu(t)+ Au())+d(t), (3)

where, aj, a; and a3 are the unknown parameters; b is the
control gain, whose value and sign are completely unknown;
d(t) is the disturbance; Au(?) is the zero point of proportional
valve.
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Define the state variables as x1(t) = y(t), x(¢) = y(¢) and
x3(t) = ¥(¢), which represent the displacement, the veloc-
ity and the acceleration of the payload, respectively. The
third-order linear model can then be written as:

x1(1) = x2(t)
x2(t) = x3(1)
x3(2) = aix1(1) + axxo(t) + azx3(t) “
+b(u(t) + Au(t)) + d(1)
(1) =x1(1),
The Nussbaum-type function is introduced as follows.
If function has the following properties [25]:

1 N
lim sup—/ N(E)dE = 400
§—> 00 Ky 50

. )
lim inf—/ N(E)dE = —o0,
§— 00 s Jso

then it is called Nussbaum-type function. There are many
functions satisfying the above condition, such as &2 cos(£),

¢ cos(£) and In(€ + 1) cos(vE + 1).

Ill. ADAPTIVE TRACKING CONTROLLER DESIGN BASED
ON BACKSTEPPING METHOD AND NUSSBAUM GAIN
For tracking control of pneumatic servo system (4), the con-
trol goal is to make the output y(¢) track the reference signal
va(?), thatis tl_z)ngo [y(t) — ya(¢)] = 0. Before designing a con-
troller, we give the following assumption.

Assumption 1: the up to third order derivative of the refer-
ence signal y, is piecewise continuous and bounded.

A. THE BACKSTEPPING DESIGN WITH NUSSBAUM GAIN
The third-order linear model of pneumatic servo system can

be rewrite as:
X1(t) = x2(1)
Xo(t) = x3(1)

13(1) = arx1(t) + axx2(t) + azxz (1) (6)
+bu(t) + di(t)
¥(1) = x1(1),

where di = d + bAu is the uncertainty including the friction
and the inaccurate zero point of the proportional valve.
Define the error variables as:

z1(t) = x1(2) — ya(?)
2() = x(t) — a; )
z3(1) = x3(1) — az,
where «; and o are the virtual control variables of x; and x3,
respectively [26], [27].
The derivatives of the above variables are:
21(t) = 22(t) + a1 — Ya(t)
2(1) = z3(t) + o2 — @
23(t) = a1x1(t) + axxo(t) + azx3(t) + bu(t)
+di (1) — az.

®
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We design a backstepping controller using the steps as
follows:
Step 1: Define the first Lyapunov function candidate as:

1
vi(t) = §z12(t), ©)

whose derivative is:

V(1) = 21(0)21(1) = 21()22(1) + z1 (1 — Ya()z1(2).
(10)
Select o] as:
ay = yqa(t)—c1z1(1), (1D

where ¢ is a positive constant. Then the time derivative of v;
is:

D1(1) = 21(D22(8) — c121%(2). (12)

If zo(¢) = 0, then V1 (f) = —c1z1%(¢) and z;(¢) are guaran-
teed to converge to zero asymptotically.

Step 2: Choose the second Lyapunov function candidate
as:

1
va(t) = vi(t) + Ezfm, (13)
whose derivative is:

() = i) + 22(1)22(t)
= 21(022(1) — c121%(1) + 22(0)23(1) + 222(1)— 1 22(0).
(14)
Select oy as:
ay = a1 — caz2(t) — z1(2), (15)

where ¢; is a positive constant. Then the time derivative of
(1) becomes:

(1) = 22(1)z3(t) — c1212(1) — 222°(2). (16)

If z3(t) = 0, then we have V() = —c121%(t) — c222%(t),
and thus both z1(#) and z»(¢) are guaranteed to converge to
zero asymptotically. .

Step 3: Set 0 =[1 a1 a; az]T, 0 is the estimation of 6.
Choose the third Lyapunov function candidate as:

1 1-~ - 1 -
3() = va(t) + ~232() + =0 T8+ —di (1), (17)
2 2 2e

where, 0=0-0is parameter es}imation error vector. I' is a
positive definec} matrix. di(t) = dy(t) —d;(¢) is the estimated
error of dy(¢), di(t) is the estimated value of d;(¢).
Let w(t) = [z2(t) — do x1(t) x2(t) x3(t)]7. Then the

derivative of v3(¢) is given as:

. . . ~T 1A 1 -~ X

P3(1) = va(t) + 232 +0° T7'0 + ~di(Odi (1)

= —222°(1) — c1z1* (O + 23O bu+8" o+d) (1))

+0'T70 + écil(r)(aﬂ(r) —ez3(t)). (18)
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The control law and adaptive law are given as follows:

u(t) = NE)(e323() +8' @) — di(1)/b, 19)

N(&) = & cos(&), (20)
£0) = 500 +0' o), @
0 = Twz3(1), (22)
di(1) = ez3(1). (23)

where c3 is a positive constant. N(§) is a Nussbaum-type
function, in this paper, an even Nussbaum function, 52 cos(§),
is used. In the controller, x; = y is measured using the
position potentiometer, x; and x3 are calculated from x| using
Eular method.

B. STABILITY ANALYSIS OF THE CONTROL SYSTEM
A theorem about the stability of control system (4) and
(19)-(23) is given as follows:

Theorem 1: System (4) is stable and all signals in the
closed-loop system are bounded, by using control law (19),
(20) and parameter adaptive laws (21), (22), (23), meanwhile
Jim [y(1) = ya()] = 0.

To prove Theorem 1, we introduce a lemma:

Lemma 1 [24]: Let v(-) and £(-) be smooth functions
defined on [0, #r), and satisfy v(r) > 0, Vr € [0,1r). N(&)
is a smooth even Nussbaum-type function. If the following
inequality holds:

t

v(t) < ¢ +/ (bN(&) + Dédr, Vte [0,7), (24)
0

where b is a non-zero constant, ¢y iS a appropriate con-
stant, then v(¢), £(¢) and fot (bN(£) + 1)édt must be bounded
on [0, #r).

Proof of Theorem 1:

Substituting from (19) to (23) into (18), we obtain:

2
P3(0) = — Y iz (O+23(OIBN E)(e3z3(t) + 6" 0)+6" ]

i=1
+6'r'8
2 7 .
==Y cr (DN EE+H N0 0 +6 T7'8.

i=1

(25)

On the right side of (25), we firstly add, then subtract é,
then by taking (22) into account, we obtain:

2 .
b3(0) = = 3 iR O+DNEé+23(08 w0+ T

i=1

+é - (e + 0 w)

3
= — ) iz (O+BNE) + DE. (26)

i=1
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Integrate both sides of (26), we have:

3 t t
v3(1)=v3(0) — Zci/ zA(dt —i—/ (DN (§) + Dédr.
i=1 Y0 0
27

3
Since Y ¢; fot z2(dt is nonnegative, then we have the

=1
followingl inequality:

t
na(t) < v3(0) + / BNE) + Didr. 28)
0

Based on Lg:mma 1, we conclude that v3(t), &(t) and
fé (bN (&) + Dédt are all bounded on [0, #r). From (27),

3
one has that ) ¢; fot zi2(t)dt is also bounded for all 7 > 0.

Because v(¢) 211;121 &(t) are bound for all # > 0, the derivative of
zi2(t)(i = 1,2, 3) is also bounded. Because the terms in (27)
are all continuous, using the Barbalat’s lemma [28], we know
that the tracking error z;(¢) tends to zero when ¢t — oo, that is
Lim_[y()) = ya(0] = 0.

End of proof.

IV. EXPERIMENTAL RESULTS

A. EXPERIMENTAL PLATFORM

The pneumatic servo system produced by Festo company.
The experiment setup is shown in Fig. 2. The system includes
a double-acting rodless pneumatic cylinder, a electric power
to supply the power to electric element, a five-way propor-
tional valve, a potentiometer, an air tank, a data acquisition
interface to connect the signal wire to computer system and
a manual pressure regulator. In the cylinder, the slide mass
is 2.7 Kg, the piston diameter is 25 mm, the effective force
is 200 N at 6 bar air pressure supply. The nominal operating
pressure of the valve is 6 bar, the maximum flow rate of the
valve at the nominal pressure is 700 L/min. The resolution of
the potentiometer is less than 0.01 mm, the linear error of the
potentiometer is less than 0.07% of full scale, the effective
electrical working distance is 457 mm. The valve control
voltage is 0-10 V. The output of the potentiometer is also
0-10 V. The bit length of A/D and D/A converter is 12. The
capacity of the air tank is 400 mL.

As shown in Fig. 3, two outlets of the proportional valve
should be connected to Chamber A and Chamber B of
the cylinder, respectively. We define the positive connection
direction as shown in Fig. 3 (a), and the negative connection
direction as shown in Fig. 3 (b). The match between two valve
outlets and two chambers determines the control gain direc-
tion. If the connection match between the valve outlets and the
chambers changes, it would cause the reverse of the control
gain direction, and consequently lead to the controlled system
failure, even the disaster in some practical applications. In this
paper, an adaptive control is proposed to avoid the failure
caused by the reversed control gain direction.

Considering the characteristic of the proportional
valve, the controller output of all methods is limited to
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FIGURE 2. Pneumatic servo control experiment system.

(a)

(W)

FIGURE 3. Control direction definition of the pneumatic platform.
(a) Positive direction. (b) Negative direction.

[—Umax> Umax], where Upax = 1.96V. The payload posi-
tion y = x1 is measured by the analog displacement sensor
directly. The sampling period of the controller is A = 10ms.
Before the experiment, the slider is forced to move to the
middle point of the cylinder, and the position should be used
as the reference signal zero point.

The reference signals are defined as follows:

1) Reference signal 1:

ya(t) = Ay sin(wit), (29)

where A| = 167.5 mm, w; = 0.5 rad/s. This is a sinusoidal
reference signal.

64476

2) Reference signal 2:

_ —(Az/w?)sin(wat) + (A2 /wp)t, t <4

= (30)
142.157mm, t>4

ya (1)

where A, = 55.825 mm/s?, wy = 0.57 rad/s. This is a
S-curve reference signal.
3) Reference signal 3:

va(t) = Az[sin(RQwst) + sin(wst) + sin(4wszt/7)
+ sin(w3t/3) + sin(4w3zt/17)], 3D

where A3 = 167.475 mm, w3 = 0.5 rad/s. This is a multi-
frequency sinusoidal reference signal.

B. EXPERIMENT RESULTS OF THE PROPOSED METHOD
The pneumatic system is controlled by the proposed method
to track the three types of reference signals. Before each
test, the piston is forced to middle point of the cylinder
by close loop control. Therefore, the initial conditions
are set to x2(0) =0, x3(0) =0, £(0) = 0. The controller
parameters are set as follows c¢; =cy =60, c3 =0.01,
I' = diag([0.01 0.01 0.01]). The corresponding experimen-
tal results for the positive control direction as the connection
shown in Fig. 3(a) are given in Fig. 4, and the corresponding
experimental results for the negative control direction as the
connection shown in Fig. 3(b) are given in Fig. 5. Subplots
(a), (b) and (c) of Figs. 4-5 are corresponding to the reference
signal 1, 2 and 3, respectively. In Figs. 4-5, the black dash line
is a reference signal, the blue solid line is the actual output
of the system in the upper panel, the middle panel shows
the tracking error. The red dash line is adaptive parameter
& waveform and the blue solid line is Nussbaum gain N (&)
waveform in the lower panel of each plot. According to
Figs. 4-5, we know that the proposed method can achieve
effective tracking control for both control directions.

C. COMPARISON TO SOME EXISTING METHODS

To show the superiority of the proposed method, the compar-
ison to other five methods is given in this section. Methods
in[10], [11], and [16]-[18] also is conducted to track the three
types of reference signals, respectively. The details introduc-
tion and parameter values for the comparison methods are
described in appendix.

The parameters (including the parameters of the proposed
method and the comparing methods) are all carefully tuned
with many times trial and error procedure to get nice perfor-
mance for the nominal experiment condition (without initial
position change and payload variation).

In order to compare the steady state tracking error of these
five methods quantitatively, we defined two indices, one is a
root mean square error (RMSE) [29]-[32] defined as:

(32)
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FIGURE 4. Experimental results using the proposed method for positive
direction. (a) Tracking reference signal 1. (b) Tracking reference signal 2.
(c) Tracking reference signal 3.

another is the average absolute error (AAE) defined as

; (33)

where N = N> — Nj + 1, Nj is the start time of the steady
state considered, N, is the end time of the steady state con-
sidered, ex = y4(kAt) — y(kAt) is the tracking error at kth
sampling time. In this paper, N1 = 200, and N> = 1500.

In order to avoid the influence of random factors such
as noise, every experiment is done at least 30 times to get
average RMSE, maximum RMSE, average AAE, and max-
imum AAE. The quantitative comparison results are given
in Tables 1 to 3.
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FIGURE 5. Experimental results using the proposed method for negative
direction. (a) Tracking reference signal 1. (b) Tracking reference signal 2.
(c) Tracking reference signal 3.

To further check the effect of the extra payload and the
piston initial position on the performance of the tracking,
the payload mass is set equal to the slide mass plus an
extra 2.5Kg payload, and the initial position of the piston is
changed from 225mm to 170mm. The tracking performance
comparison of the comparison methods for positive control
direction and the proposed method for both positive and
negative control directions are given in Tables 4 to 9.

From the quantitative comparison given in all tables,
we conclude that the average RMSE, the max RMSE,
the average AAE, and the maximum AAE of the proposed
method are less than those of the comparison methods
in [10], [11], and [16]-[18] and the method without consider-
ing the inaccurate zero point of the valve under the same load
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TABLE 1. Tracking error comparison for the reference signal 1 without extra payload.

Method Avg RMSE | Max.RMSE | Avg. AAE | Max.AAE
Considering zero point positive direction 1.8321 1.9877 1.4834 1.5662
negative direction 1.9356 1.9912 1.5299 1.6399
Without considering zero point positive direction 1.9435 2.0145 1.6295 1.6880
negative direction 2.0747 2.1686 1.6747 1.8047
Method in Reference [10] 2.2213 2.3517 1.7866 1.9534
Method in Reference [11] 2.3823 2.4365 2.3092 2.3485
Method in Reference [16] 2.3301 2.3761 2.0084 2.1021
Method in Reference [17] 2.2491 2.2966 2.1407 2.1914
Method in Reference [18] 2.0350 2.0995 2.0386 2.0479
TABLE 2. Tracking error comparison for the reference signal 2 without extra payload.
Method Avg.RMSE | Max.RMSE | Avg. AAE | Max.AAE
Considering zero point positive direction 0.5873 0.6136 0.4902 0.5482
negative direction 0.6054 0.6230 0.5304 0.5775
Without considering zero point positive direction 0.5908 0.6054 0.5355 0.5962
negative direction 0.6128 0.6296 0.5616 0.5756
Method in Reference [10] 0.6302 0.6879 0.6319 0.6791
Method in Reference [11] 0.6295 0.7054 0.6571 0.7053
Method in Reference [16] 0.6251 0.6908 0.6335 0.6948
Method in Reference [17] 0.6122 0.6729 0.5948 0.6375
Method in Reference [18] 0.6051 0.6270 0.5891 0.8178
TABLE 3. Tracking error comparison for the reference signal 3 without extra payload.
Method Avg.RMSE | Max.RMSE | Avg.AAE | Max.AAE
Considering zero point positive direction 0.9195 0.9647 0.7003 0.7560
negative direction 0.9255 0.9930 0.7004 0.7602
Without considering zero point positive direction 0.9412 0.9574 0.7743 0.7922
negative direction 0.9545 0.9811 0.7575 0.7875
Method in Reference [10] 1.0796 1.1308 0.9186 1.0527
Method in Reference [11] 1.1458 1.1972 1.3237 1.3662
Method in Reference [16] 1.1563 1.1998 1.1428 1.2046
Method in Reference [17] 0.9725 1.1125 1.0729 1.1358
Method in Reference [18] 1.0414 1.0496 1.0207 1.0531
TABLE 4. Tracking error comparison for the reference signal 1 with extra payload.
Method Avg. RMSE | Max.RMSE | Avg.AAE | Max.AAE
Considering zero point positive direction 2.0475 2.0954 1.5988 1.6145
negative direction 2.0927 2.1277 1.7322 1.7693
Without considering zero point positive direction 2.0576 2.0983 1.6758 1.7325
negative direction 2.1102 2.1262 1.7839 1.8491
Method in Reference [10] 2.2295 2.3539 1.9228 1.9742
Method in Reference [11] 2.4118 2.4509 2.3541 2.3961
Method in Reference [16] 2.3558 2.4013 2.0492 2.1129
Method in Reference [17] 2.2586 2.3105 2.1944 2.2415
Method in Reference [18] 2.3054 2.5421 1.8872 1.9723
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TABLE 5. Tracking error comparison for the reference signal 2 with extra payload.

Method Avg RMSE | Max.RMSE | Avg. AAE | Max.AAE
Considering zero point positive direction 0.6247 0.6299 0.5730 0.5911
negative direction 0.6347 0.6399 0.5902 0.5993
Without considering zero point positive direction 0.6313 0.6794 0.6193 0.6414
negative direction 0.6428 0.6882 0.6405 0.6694
Method in Reference [10] 0.6521 0.7053 0.7696 0.9741
Method in Reference [11] 0.7643 0.7943 0.7835 0.8141
Method in Reference [16] 0.6591 0.6985 0.6484 0.7048
Method in Reference [17] 0.6521 0.6821 0.6704 0.7254
Method in Reference [18] 0.6626 0.7984 0.6599 0.6987
TABLE 6. Tracking error comparison for the reference signal 3 with extra payload.
Method Avg.RMSE | Max.RMSE | Avg. AAE | Max.AAE
Considering zero point positive direction 0.9760 0.9872 0.7179 0.7845
negative direction 0.9975 1.0522 0.7204 0.8666
Without considering zero point positive direction 1.0236 1.0957 0.7358 0.9587
negative direction 1.0881 1.1218 0.7796 0.9613
Method in Reference [10] 1.1128 1.1356 1.1035 1.1394
Method in Reference [11] 1.1696 1.2064 1.3511 1.4001
Method in Reference [16] 1.1675 1.2003 1.1484 1.2196
Method in Reference [17] 1.1046 1.1187 1.0929 1.1391
Method in Reference [18] 1.0432 1.2134 0.9944 1.0242
TABLE 7. Tracking error comparison for the reference signal 1 with extra payload and changed initial position.
Method Avg RMSE | Max.RMSE | Avg. AAE | Max.AAE
Considering zero point positive direction 2.1606 2.2554 1.7326 1.8277
negative direction 2.2037 2.2748 1.7628 1.8359
Without considering zero point positive direction 2.2427 2.2853 1.8230 1.8649
negative direction 2.2731 2.3208 1.8469 1.8973
Method in Reference [10] 2.6483 2.7709 2.3359 2.5350
Method in Reference [11] 2.4668 2.5333 2.9169 3.4553
Method in Reference [16] 2.4174 2.7427 2.2030 2.3634
Method in Reference [17] 2.3984 2.5122 2.2245 2.4367
Method in Reference [18] 2.3287 2.6523 1.8347 1.8975
TABLE 8. Tracking error comparison for the reference signal 2 with extra payload and changed initial position.
Method Avg. RMSE | Max.RMSE | Avg.AAE | Max.AAE
Considering zero point positive direction 0.8384 0.8582 0.6772 0.6902
negative direction 0.8529 0.8886 0.7541 0.7887
Without considering zero point positive direction 0.8671 0.8893 0.8519 0.9215
negative direction 0.8945 0.9232 0.8631 0.9338
Method in Reference [10] 0.9441 0.9789 0.9424 0.9818
Method in Reference [11] 0.9898 1.0202 0.9660 1.1959
Method in Reference [16] 0.9394 0.9665 0.9258 0.9674
Method in Reference [17] 0.9267 0.9819 0.9001 0.9340
Method in Reference [18] 0.8990 0.9332 0.8754 0.9424
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TABLE 9. Tracking error comparison for the reference signal 3 with extra payload and changed initial position.

Method Avg RMSE | Max.RMSE | Avg. AAE | Max.AAE
Considering zero point positive direction 1.1096 1.1354 0.8674 0.8966
negative direction 1.1187 1.1553 0.8803 0.9184
Without considering zero point positive direction 1.1365 1.1671 0.8972 1.0951
negative direction 1.1592 1.1880 0.9250 1.1247
Method in Reference [10] 1.2470 1.2749 1.1733 1.2358
Method in Reference [11] 1.2597 1.3034 1.4216 1.5128
Method in Reference [16] 1.2421 1.3852 1.2563 1.3119
Method in Reference [17] 1.2398 1.2761 1.1530 1.2296
Method in Reference [18] 1.1398 1.1939 0.9333 1.1245

and initial position condition. The controller designed in this
paper has better tracking performance than the other methods
for both the positive control direction and the negative control
direction.

V. CONCLUSION

The proposed method considers unknown model parameters,
unknown control direction and inaccurate valve zero point
at the same time. This method does not require expensive
pressure sensor, which simplifies the system structure and
reduces the cost. By using Lyapunov method and linearized
model, the stability of the proposed controller is proved.
The proposed method is robust to the payload and initial
position variations. The proposed method is effective even
though the control direction is unknown or changed. The
proposed method is superior to the corresponding method
without considering the zero point of the valve. Compared
with some existing methods, the experimental results verify
the superiority of the proposed method.

APPENDIX
The details introduction for the comparison methods are
given as following:

In [10], two model-based sliding-mode position tracking
control algorithms for pneumatic cylinder actuators were
proposed. The sliding-mode controller based on linearized
model is given as:

U = Ya +my+ny — 20 — ¥a)
— 220 = Ja)/no — ks1sar(S /),

where S = (g — ¥) + 2AGq — ) + A2(ya — ), na = 29.5,
ny = 218.43, ng = 5531.3, 1. = 50, k51 = 976, ¢ = 0.05.

In [11], the sliding mode control based on second order
sliding surface was proposed. The controller is given as:

(34)

Is| > €

uiy = {—ksgsign(s), (35)

0, Is| < e,

where s = é + 26we + w?ekso = 1.96, 0 = 50, & = 1.
In [16], an adaptive backstepping controller was designed
without the knowledge of the accurate model of the
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pneumatic system, which simplifies the design procedure.
The controller in [16] is given as:

1
Ui = =i, (36)
b “en
u=or+ Yy, 37
1 1
7 = —ysgn—(bo)uzs, (38)
b (bo)
A = Txzs, (39)

where x = [x; xo x31%, A= [a1 a2 a3])T, ¢| = ¢ = 50,
A=1,T=diag[111].

Reference [17] also employed adaptive backstepping
method, the controller in [17] is given as:

1 . ; .
u7 = Z(_ZZ +aiz1 +ayd + a2z

+ a1 + azon + @y — ¢33 — a3zz).  (40)

where z1, 22, z3 are error variables, which are defined as:

1 = X1 — Ym
2 =X — o] 41

i3 = X3 — a2,
And the adaptive law of the unknown parameters is:
b= —)»Z1ydl;2
ap = przix

ay = Przixz
as = f3zx3

(42)

whereci =cp=c3 =50, A =81 =8=83=1.
In [18], an adaptive backstepping sliding mode control was
proposed given by:

urg = —bki(xa — Ym) — bko(x3 — @1) — 1xy
— faxy — T3x3 + by — ¢35 — casgn(s), (43)
Define the sliding surface as:
s =kiz1 + k2o + 23, (44)
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where z1, 22, z3 are error variables, which are defined as:

i1 =X1—Ym

n=x -0 (45)
Select virtual control as:
o =y.m—6'1Z1 (46)
Q) =01 — 222 — 2.
The adaptive law of the unknown parameters is:
T1 = (1/B1)sxi
7o =(1 SX
02 = (1/B2)sx2 47)

where ¢ = c¢p = 60,

?3 = (1/B3)sx3

b = (1/M)[ki(x2 — Im) + ka(x3 — 61) — dials,
c3=001, c4 =60, kj =k =1,

Bi=B=p=1r=1

All above controllers are consistent to the expression in
the references, although the variables might be different for
different controllers. It would not affect audience for under-
standing the fact.
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