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Abstract

Gas flow has fractional order dynamics; therefore, it is reasonable to assume that the pneumatic
systems with a proportional valve to regulate gas flow have fractional order dynamics as well. There
is a hypothesis that the fractional order control has better control performance for this inherent frac-
tional order system, although the model used for fractional controller design is integer order. To test
this hypothesis, a fractional order sliding mode controller is proposed to control the pneumatic posi-
tion servo system, which is based on the exponential reaching law. In this method, the fractional order
derivative is introduced into the sliding mode surface. The stability of the controller is proven using
Lyapunov theorem. Since the pressure sensor is not required, the control system configuration is simple
and inexpensive. The experimental results presented indicate the proposed method has better control
performance than the fractional order proportional integral derivative (FPID) controller and some con-
ventional integral order control methods. Points to be noticed here are that the fractional order sliding
mode control is superior to the integral order sliding mode counterpart, and the FPID is superior to
the corresponding integral order PID, both with optimal parameters. Among all the methods compared,
the proposed method achieves the highest tracking accuracy. Moreover, the proposed controller has less
chattering in the manipulated variable, the energy consumption of the controller is therefore substantially
reduced.
© 2019 The Franklin Institute. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Pneumatic actuators have been widely used in the field of industrial automation. The
main advantage of these actuators are their lower costs and larger output power to size
ratio [1]. However, they have nonlinearities due to friction force and the complex gas flow
across the valve port, dead zone due to stiction force caused by the sealing ring of the
cylinder, and weak stiffness due to the compressibility of air. It is therefore difficult to achieve
high precision positioning in a pneumatic servo system [2]. As a result, the applications
of pneumatic servo systems are conventionally limited to some low precision applications.
However, with the development of the high performance to price ratio pneumatic elements
(especially, the proportional valve) and the microcontroller (for example, the digital signal
processor), the application field of the pneumatic servo systems is extended the area of high
precision tracking control.

Currently, many control strategies are introduced into the pneumatic servo system, including
PID control [3.,4], adaptive backstepping control [5-8], sliding mode control (SMC) [9-16],
intelligent control [17-20] etc. Among these methods, SMC is considered to be a more
effective way to solve the problems of system uncertainty. For the linear and nonlinear models
of pneumatic system, two sliding mode controllers were designed respectively in [9]. However,
this method was complex and sensitive to the payload variations. A sliding mode controller
was proposed for the pneumatic system with on/off valves and a position feedback in [10],
yet this method needed expensive pressure sensor. In [11], an adaptive backstepping SMC
method was proposed for pneumatic position servo system. In the design of the controller, the
dynamic equations of the system were not required. The controller achieved better tracking
performance than the compared methods. However, the stability of the control algorithm is not
proven. Due to the discontinuous-input of the pneumatic actuator, a sliding mode controller
for an averaged model of pneumatic system is proposed in [12], but in this method, the system
model was needed. An adaptive second-order sliding mode output feedback controller was
proposed for pneumatic servo system in [13]. Yet the perturbation bound must be known.
The derivative of sliding mode variable is not required of this method, and the chattering
can be reduced effectively through gain adjustment. A backstepping sliding mode algorithm
for independent force-stiffness control of pneumatic cylinders was presented in [14], which
achieved good force and stiffness tracking performance. However, the system dynamics are
again required in this method. A controller proposed in [15] achieved very good results
although the friction was not considered. The controller included a robust motion control
loop and a non-linear state feedback pneumatic force control loop. The motion controller
was a sliding mode control and the pneumatic dynamics was used as a natural filter of the
discontinuous part of the control law. But the chattering of control output is obvious, and
expensive pressure sensors are needed. In [16], the use of a reduced order controller was
proposed, in which a second order system model with delay input was introduced to design
a homogeneous robust nonlinear controller. However, the controller design using the reduced
order model are still complicated, and the tracking accuracy improvement is not as good as
expected. The sliding surfaces of all aforementioned controllers are the integer order derivative
of state (error) variables.

In recent years, fractional order control methods have been widely studied. Different from
the integer orders of derivative and integration in conventional calculus, the order of deriva-
tive or integration in the fractional order calculus is a real number. In fact, the integer order
derivative and integration are special cases of their fractional order counterpart. The fractional
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order dynamics were also studied by researchers from different fields [21] including material
science, viscoelastic system [22] and extremum seeking application [23]. In particular, frac-
tional order controllers [24-27] have been developed to control some dynamical integer order
and fractional order systems. In [28], a fractional order disturbance observer was proposed
to estimate the mismatched disturbance, at the same time, a novel fractional order sliding
mode controller was proposed based on an observer to decrease the tracking error and the
chattering effect. In [29], a fractional order integral slide surface and a switching-type reach-
ing law were introduced in an adaptive SMC, which resulted in less chattering. In [30], a
fractional order integral sliding surface was proposed for the stabilization of an uncertain
fractional order nonlinear system. In the approach, a fractional order exponential reaching
law was used. In [29,30], two proposed methods adopted fractional order integral sliding
surface and different reaching laws to reduce the reaching time and then improve the system
performance. A sliding surface using fractional order integral was proposed in [31] for the
speed control of a permanent magnet synchronous motor in order to reduce the chattering
of the controller output and to improve robustness. A sliding surface with a fractional order
(larger than 1) derivative term was proposed in [32] to control the attitude of a quad-rotor.
A sliding surface with two fractional order derivative terms was proposed in [33] to con-
trol a flexible link manipulator robot in order to improve the performance. The approach
proposed in this manuscript is different from all the reviewed work in the sense that the
use of a sliding surface with one fractional order (less than 1) derivative term is proposed.
Furthermore, the proposed method is experimentally verified in pneumatic position servo
system.

The pneumatic system involves gas flow. The research has shown that fluid dynamics
has fractional order characteristics [22]. In [34], an optimized fractional order PID (FPID)
controller is proposed to control the pneumatic system, and the experimental results show that
the FPID controller with the optimized parameters has better performance than the integer
order PID (IPID) controller with the optimized parameters. In order to further verify the
superiority of fractional order controller, in this paper, a fractional order sliding mode control
method with an exponential reaching law is proposed, based on the integer model of the
pneumatic servo system. In this method, the fractional derivative is introduced in the traditional
sliding surface, which take the advantage of the fractional order derivative property to improve
the performance without significantly increasing the complexity of implementation. To the best
knowledge of the authors, such a sliding surface is reported for the first time. Since during the
design of the controller, only the displacement information needs to be known, the proposed
controller is simpler to be implemented. The control system is also easy to analyse because
only fractional order sliding surface is used. The control system configuration is simple and
inexpensive because no pressure sensors are needed. The stability of the controller is proven
by using Lyapunov theorem. The experimental results presented indicate that the proposed
method achieves better tracking of the reference signals, and less energy consumption as
compared to other methods.

This paper is arranged as follows. The description of the linearized mathematical model
is given in Section 2. The proposed fractional order sliding mode controller and the proof
of system stability are given in Section 3. The experimental comparison results of the pro-
posed method are given in Section 4. The same section includes a comparative analysis
of the proposed approach with other methods. A number of conclusions are offered in
Section 5.
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Fig. 1. Schematic diagram of pneumatic position servo system.

2. Mathematical model of pneumatic position servo system

The schematic diagram of the pneumatic position servo system is shown in Fig. 1. The air
is compressed by the air pump, and then flows into the Chamber A or B of the cylinder. Due
to the difference of air flow rate between Chamber A and Chamber B, the pressure difference
across the piston is produced, which drives the piston and payload. The potentiometer detects
the position information of the load and sends it to the computer via analog-to-digital con-
version (ADC). The designed controller regulates the proportional valve via digital-to-analog
conversion (DAC).

The model of the pneumatic position servo system is described as follows [5,6,11]:

My = Ja(u, pa)
my = fp(u, pp)
KRTm, = KpaAa)} +Aa(y0 +)’)Pa s (D

KRTny, = —KppApy +Ap(Yo — ¥) b
My = p.As — prAr — Fy

where, m, and m, are the mass rates of Chambers A and B, respectively. p, and p, are
pressures in Chambers A and B, A, and A, are the intersecting surface area of the two sides
of the piston corresponding to Chambers A and B, respectively, y is the payload displacement,
Yo is the initial position of the payload, M is the total mass of the payload and piston, Fy is the
friction force, K is the adiabatic index of gas, R is ideal gas constant, T is the air temperature,
u is the input voltage of the proportional valve and f,(u, p,), fp(u, pp) are nonlinear functions
of the upper stream and the lower stream pressure of Chambers A and B, respectively, which
are given as:

{fa(ua Pa) = A Pu — Pa(Calll + Caguz) )
fou, pp) = /Py — polcpu+ cpu®)

where p, is the downstream or outlet pressure, po is the atmospheric pressure cq,, a4y, Cp,,
cp, are constants related to the air property.
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Fig. 2. Block diagram of the fractional order sliding mode control system.

In order to facilitate analysis and system design, f,(«, p,) and f,(u, pp) are linearized, and
the friction Fy and other unmodeled factors are treated as disturbances, then a third-order
linear model is derived from Eq. (1) as follows [9]:

Y =aiy+ay+ay+bu+d, 3)

where aj, a;, a3 and b are the model parameters, d is the disturbance, |d| <dis, dis is a
constant.

Define the state variables as x; =y, x, =y and x3 = y, which represent the displacement,
the velocity and the acceleration of the payload, respectively. The third-order linear model
can then be written as:

)&1 =X

©=n @)
X3 = a1x; + axxy +asxz +bu+d

y =X

It is noted that due to the system structure and other design reasons, it is difficult to get
the exact values of the model parameters. Furthermore, the parameters might be time-varying
according to the different position of the piston. The linearized model given by Eq. (4) is used
for design and analysis of a fractional order controller. Although the model used is integer
order, the fractional order designed based on this model achieves very good performance.

3. Fractional order sliding mode controller
3.1. Fractional order sliding mode controller design

The control goal is to make the output y of system (4) track the reference signal y;
asymptotically. The block diagram of the fractional order sliding mode control system is
shown in Fig. 2.

The tracking error is defined as e = y(¢) — y;(¢). The sliding mode surface is defined as:

S =&+ 21D" e + A%e, (5)

where, D*e is the u order derivative of the e. The definition of the u order derivative can
be found in [34]. If © =1, Eq. (5) is an ordinary sliding mode surface. Here, 1 <u <2
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corresponds a fractional order sliding surface. The time derivative of S is:

S ="¢+2xD" e+ A% (6)
The exponential reaching law below is used:
S = —esgn(S) — kS, (7)

where € >0 and k> 0 are constants.
From Egs. (6) and (7), we have:

¢ =(V =Yy = —esgn(S) — kS — 2AD" e — A%, ®)
The control law is obtained by Eqs. (4) and (8).

1
U= Z[—6sgn(S) — kS —ajx; — azxy — azxs + Vg — 22D le — 2%é). 9
3.2. Stability analysis of the control system

The Lyapunov function is defined as:
1

V =-52. 10
5 (10)

Then, the time derivative of V is:
V =88 = S(¢ + 2AD" e + 1%¢)
=SV — Y4+ 2AD* e 4 2%6)

= S(aix; + asxs + azxs + bu +d — Vg + 22D* e 4 2%6). (11)
Substituting Eq. (9) into Eq. (11), we obtain:
V =85S = S(d—esgn(S) — kS) < —(e — d)|S| — kS>. (12)

Using the Lyapunov stability theory, we know that by choosing a suitable parameter to
ensure € > dis, the system state will asymptotically approach to the sliding surface given by
S=0.

When § =0, we have:

¢+ 2iD" e+ 1’e = 0. (13)
By Laplace transform, the above equation can be expressed as:
SE (s) + 2As"E (s) + A2E(s) = 0. (14)

According to the classical control theory, the above equation can be treated as a close-loop
system with e as output and open-loop transfer function given by:

1
Gy (s) = ﬁ(sz + 2asM). (15)

According to the conclusion in [33], the phase of this open loop transfer function is always
greater than —r /2 and there is no pole in the right half plane. Therefore the Nyquist theorem
can be used to prove the stability of the closed-loop system. According to the final-value
theorem of the fractional order system Laplace transform we have:

11— 00

. .S 5
hmezlgr(l)ﬁ(s + 2as*) = 0. (16)

To this end, we conclude that the tracking error e tends to zero if S tends to zero, which
means that the pneumatic system output can asymptotically track the reference signal.
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Fig. 3. Photo of the pneumatic servo system.

4. Experimental results and their comparison to existing methods
4.1. Experimental platform

The experimental platform used in this study is manufactured by Festo Company of Ger-
many. It includes a regulated power supply, a rod-less cylinder, a pressure regulator, a poten-
tiometer, a proportional three position five-way valve, a payload and a PCI2306 data acqui-
sition card. The photograph of the experimental equipment photo is shown in Fig. 3.

The software used in the experiment is Visual Basic. The user interface displays the payload
position and the reference signals, it is also used to select the type of the input signal, to set
the parameters, and so on. The controller output is forced to saturate within the range [Upnin,
Unax]- The sampling time is set to 10ms, the actual position of the payload y is detected by
the sensor. Before the experiment, the piston is forced to the middle point of the cylinder.

Reference signals are defined as follows [35]:

(1) Reference signal 1:

ya = Ay sin(wit), (17

where A; = 167.475, w, = 0.57.
(2) Reference signal 2:

)= Ar/w?) sin(wyt) + (Ay/wn)t, t <4
Yd = 1142.157, t>4

where A, = 55.825, w, = 0.57.
(3) Reference signal 3:

(18)

va = As[sin(RQwst) + sin(wst) + sin(dwst /7)
+sin(wst/3) + sin(dwst /17)], (19)
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Fig. 4. Experimental results for tracking the sinusoidal signal using integer order SMC. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this article.)

where Az = 167.475, w3z = 0.57.
4.2. Experiment results with the conventional sliding mode controller

If w =1, Eq. (9) reverses to an integer order sliding mode controller. By doing a system
identification, the model parameters of Eq. (4) are roughly obtained as a; = 0, a, = —218.43,
a3 = —29.55 and b = 5559.20. The controller parameters are set to A = 110, ¢ =1, and
k = 185 (which are finely tuned to obtain the best result). The corresponding experimental
results of tracking three reference signals are shown in Figs. 4, 5 and 6, respectively.

In Figs. 4-6, the black dash line is a reference signal, the blue solid line is the actual output
of the system in the upper panel. At the same time, the middle panel shows the tracking error,
the lower panel of each plot shows the corresponding controller output.

According to Figs. 4-6, we know that the output of the pneumatic position servo system
can track the reference signals, however, the controller output oscillates with a relative large
amplitude between the upper and the lower limits.

4.3. Experimental results of the proposed method
The controller parameters are set as u = 1.5, A =41, ¢ =5, k =60, h = 0.01 and n = 20

in Eq. (9). The experimental results corresponding to tracking three reference signals are
shown in Figs. 7, 8 and 9, respectively.
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Fig. 5. Experimental results for tracking the s-curve signal using integer order SMC. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this article.)
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Fig. 7. Experimental results for tracking the sinusoidal signal using the proposed method.

Figs. 7-9 show that the output of the pneumatic position servo system can track the
reference signals with higher precision, with relatively small controller output chattering than
those of the corresponding integer order SMC.

4.4. Comparison of experimental results

The proposed method is comparised to the methods in [5,6,9-11,34,36-38] for tracking
three references, respectively. The corresponding controllers and parameter settings of the
method in [5,6,9-11,36] can be found in [34]. The controller parameters in [37] are ap = 5,
ar =10, a, =20, k; = 1000, k, =30, y =800, « =50, v =0.01, € = 10. The controller
parameters in [38] are b = 2000, ap = 1, a1 =2, a, = 100, go =2, g1 = 500, hg = h; = 30,
qo=9, po=1, hh =h3 =100, ¢» = g3 =3, p» = p3 = 1. Here, the controller parameter
notations might be identical, however, correspond to the description of different papers.

Defining the root mean square error to compare the steady state tracking error of all
methods quantitatively, which is given as:

(20)
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Table 1
RMSE (mm) and Q (v) for ten methods to track the sinusoidal signal.
Methods Index Max. Avg.
Method in [5] RMSE 2.6057 mm 2.5233 mm
0 2930.4 v 2930.4 v
Method in [6] RMSE 2.4579 mm 2.4249 mm
0 2930.4 v 2930.4 v
Method in [9] RMSE 2.5387 mm 2.5144 mm
0 2862.8 v 2858.8 v
Method in [10] RMSE 2.5034 mm 2.4804 mm
0 2930.4 v 2930.4 v
Method in [11] RMSE 2.0995 mm 2.0350 mm
0 2930.4 v 2930.4 v
Optimized IPID in [34] RMSE 1.0858 mm 1.0589 mm
0 2198.6 v 2131.8 v
Optimized FPID in [34] RMSE 0.7397 mm 0.7108 mm
[0} 12849 v 12212 v
Integer order SMC in [36] RMSE 2.0675 mm 2.0416 mm
[0} 2882.2 v 2874.7 v
Super-Twisting SMC in [37] RMSE 2.0767 mm 2.0285 mm
0 17937 v 1605.8 v
Terminal SMC in [38] RMSE 2.6137 mm 2.2807 mm
[0} 1466.0 v 14659 v
Proposed method RMSE 1.0368 mm 1.0148 mm
[0} 10744 v 1037.1 v

where N = N, — Nj, N represents the start time of consideration, N, represents the end time
of consideration. ¢y is the tracking error at kth sampling time defined by e; = y;(kT) — y(kT),
where T is the sampling time.

For comparing energy consumption of different control methods quantitatively, energy con-
sumption Q is defined as

Ny
0= lw—ul, @1
k

=N

where, u; is the control voltage value at kth time sampling, uo is the zero point of the
proportional valve.

To reduce the effect of noise and initial conditions, each experiment was carried out thirty
times to get average RMSE, max RMSE, average Q, and max Q. The quantitative comparison
results are shown in Tables 1, 2, 3 for three reference signals, respectively.

According to Tables 1-3, we conclude that the RMSE of the proposed method is less than
those of other methods, and the energy consumption of the proposed method is the least
one. Controller designed in this paper has better tracking performance than some existing
methods. This is another evidence that a fractional order controller should be expected to
performance better than the integer order counterpart for a plant that possibly has fractional
order dynamics.
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Table 2
RMSE (mm) and Q (v) for ten methods to track the s-curve signal.
Methods Index Max. Avg.
Method in [5] RMSE 0.8955 mm 0.8759 mm
(0] 2930.4 v 2930.4 v
Method in [6] RMSE 0.8700 mm 0.8147 mm
0] 2930.4 v 2930.4 v
Method in [9] RMSE 0.9620 mm 0.9359 mm
0] 2900.6 v 2904.1 v
Method in [10] RMSE 0.9730 mm 0.9261 mm
0] 29304 v 2930.4 v
Method in [11] RMSE 0.6263 mm 0.6051 mm
0 29304 v 2930.4 v
Optimized IPID in [34] RMSE 0.3291 mm 0.2977 mm
0] 1346.2 v 1230.5 v
Optimized FPID in [34] RMSE 0.3145 mm 0.2640 mm
0] 909.1 v 8744 v
Integer order SMC in [36] RMSE 0.6763 mm 0.6502 mm
0] 2783.8 v 2768.4 v
Super-Twisting SMC in [37] RMSE 0.6999 mm 0.5955 mm
0 1595.0 v 15943 v
Terminal SMC in [38] RMSE 0.9564 mm 0.8251 mm
0] 1466.4 v 1466.4 v
Proposed method RMSE 0.2604 mm 0.2248 mm
0 6879 v 685.9 v
Table 3
RMSE (mm) and Q (v) for ten methods to track the multi-frequency sinusoidal signal.
Methods Index Max. Avg.
Method in [5] RMSE 1.2594 mm 1.2217 mm
(0] 2930.4 v 2930.4 v
Method in [6] RMSE 1.3250 mm 1.2411 mm
0] 2930.4 v 2930.4 v
Method in [9] RMSE 1.3827 mm 1.3316 mm
(0] 2921.8 v 29113 v
Method in [10] RMSE 1.3368 mm 1.3059 mm
(0] 2930.4 v 2930.4 v
Method in [11] RMSE 1.0496 mm 1.0414 mm
(0] 2930.4 v 2930.4 v
Optimized IPID in [34] RMSE 0.6781 mm 0.6288 mm
(0] 1644.3 v 1598.5 v
Optimized FPID in [34] RMSE 0.6023 mm 0.5739 mm
(0] 10319 v 1010.6 v
Integer order SMC in [36] RMSE 1.1059 mm 1.0661 mm
(0] 2848.5 v 2840.7 v
Super-Twisting SMC in [37] RMSE 1.1142 mm 1.0445 mm
0] 1701.8 v 1400.9 v
Terminal SMC in [38] RMSE 1.2857 mm 1.1193 mm
0] 1466.1 v 1466.1 v
Proposed method RMSE 0.8309 mm 0.8101 mm
0] 839.7 8323 v
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5. Conclusion

In this work, a new fractional order sliding mode controller is proposed for experimen-
tal control of pneumatic position servo system. The main contributions of this paper are as
follows: first, the proposed fractional order sliding mode controller uses a simple fractional
order sliding surface for the first time, and the stability of the proposed controller is proved.
Second, as compared to the integer order sliding mode control counterpart in the same situa-
tion, the proposed controller achieves better performance. Third, according to the experimental
results, the proposed method has better performance than some existing methods, moreover,
the proposed method reduces the chattering of the control force significantly, and consumes
less energy. Finally, since the pressure sensor is not required, the control system structure is
simple and inexpensive.

The work in this paper supports the hypothesis given in this paper, at least, for this
pneumatic servo system. At the same time, it might indicate that the pneumatic servo system
is a fractional order system.
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