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Abstract—Pneumatic actuators are advantageous in terms ebntrast, systems employing the direct switchinghme only

cost, power to weight ratio and inherent safetywkleer, their
dynamics makes precise closed-loop position conterly
difficult in practice. Two sliding-mode control algthms for
controlling the position of a pneumatic cylinder Hirectly
switching four on/off solenoid valves are proposadthis
paper. The solenoid valves are much less expetisare the
commonly used servo or proportional valves. Theppsed
algorithms are compared to two state of the aritiposcontrol
algorithms. Based on experiments on a high frictigtinder
with various payloads, the proposed controllers viol®
superior performance in terms of valve switches ggond,
steady state error, settling time and overshooée athieved
number of valve switches per second is also abogitenth of
the number required by the pulse-width modulatioethad
that is commonly used with on/off valves. This ddoresult
in prolonged valve lifetimes and reduced maintepasusts.

Keywords—actuator; pneumatic; position control; dlng-mode
control; solenoid valve.

. INTRODUCTION

Pneumatic actuators are widely used in automatimalse
they provide several advantages. They are low ctesin and
provide a high power to weight ratio. They are afgwerently
safe due to their natural compliance. However ctheed-loop
control of their position for servoing applications very
difficult and remains an active research topic.(ELi[5]). Our
interest is on the closed-loop position of pneumatilinders.
The majority of previous papers employed proposgioor
servo valves to control the flow of air to/from thglinder’s
two chambers. In this paper, on/off solenoid valwékbe used
since they are much less expensive than propottsemao
valves (e.g., US$40 vs. US$800). This advantagefset by
the disadvantage that their flow behaviour is disicwious,
making smooth and precise position control morécdit to
achieve. While pulse-width modulation (PWM) may tmed
with on/off valves to approximate a proportionallvea in
position control applications (e.g.,[6]-[8]) it alscauses
frequent valve switching leading to shorter valite.lIn
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switch the valves when it is necessary for therddstlosed-
loop performance. This reduced switching frequepi@iongs
the valve life, leading to reduced repair and reptaent costs.
In spite of its advantages, relatively few researshhave
investigated the direct switching approach.

In [9], a double acting cylinder was controlled ngsifour
two-way on/off solenoid valves (i.e. two valves mstinder
chamber) and an optical encoder for position feeklb@heir
sliding-mode control (SMC) algorithm used three ragiag
modes for the valves, and was the first to condiseproblem
of excessive valve switching. This algorithm wikk Burther
described in section Ill. For a 2 kg payload antDanm step
input, the steady state error (SSE) was 0.1 mm tued
overshoot (OS) was less than 10 mm. They did mmirteany
robustness results. A more sophisticated SMC dlguoriwith
seven valve operating modes was proposed in [1@#y Tised
the same valve configuration as in [9]. The intrcithn of the
four additional modes and two additional tuning gpaeters
was shown to improve both the tracking errors aatles
switching frequency. For a 0.9 kg payload and 40 step
input the 7-mode controller reduced the positive f@® 7.2
mm to 0.76 mm (i.e., 89% reduction) compared with 8-
mode controller from [9]. For the same payload andultiple
sine wave reference input the switching frequenith the 7-
mode controller was 48% less than with the 3-maueroller,
while the tracking errors were similar. Nonlinearodel
predictive control algorithms were used to direclyitch the
valves in [11] and [12]. While these algorithms @athe
potential to outperform those from [9] and [10]thequire a
system model and greater computing power to impheme

In this paper we propose modified versions of théCS
algorithms from [9] and [10], and compare their exmental
position control performance with the original aitfims. The
system structure is described in section Il. Nthe, designs of
the existing and proposed control algorithms aresgmted.
Experimental results, including robustness tests,paesented
in section IV. Finally, conclusions are drawn ictsen V.
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Il.  SYSTEM STRUCTURE

A schematic of the system structure is shown in FigAs
in [9] and [10], two two-way on/off valves (alsorteed 2/2
valves) are connected to each chamber of the @lifichis has
the advantage of allowing the pressure of each bbaro be
independently controlled. The cylinder drives alpag mass
horizontally. The position and cylinder pressures fad back
to PC-based control system. The PC switches theesalia
optocouplers.

1.  CONTROLLERDESIGN

A. Three-mode Siding Mode Control Algorithm

In this section, the three-mode sliding mode cdiaro
(abbreviated as SMC3) proposed by Nguyen et al.ig9]
briefly summarized. The three operating modes afmeld as
follows:

Mode 1: Both chambers’ valves are closed
(4,=0,u,=0, u,=0 andu, =0)
Mode 2: Chamber A charges and chamber B discharges

(y=1,u,=0, y,=0 andu, =1)

where e=y-y, is the position error,y is the actual
position, y, is the desired position, and and w are

constant and positive numbers. The valuesdétermines the
mode according to:

s> ¢, mode 2
s<-¢, mode 2z (2)
-£<s<é¢&, model

where £ is the mode 1 boundary limit. It is used to redtiee
valve switching caused by control chattering. Twmitli the
tracking error it is desirable to chooseas small as possible.
However, £ also needs to be large enough to reduce
chattering.

B. Seven-mode Siding Mode Control Algorithm

The seven-mode sliding mode controller (abbreviaed
SMCY7) proposed by Hodgson et al. [10] is brieflysoarized
in this section. They extended SMC3 from three ¢wes
operating modes with the goal of reducing the nunob@alve
switches per second. The valve states for thensmales are
defined in Table 1. Modes 1, 6 and 7 are the sasn8MC3
modes 1, 2 and 3, respectively. Modes 2-5 are new.

Mode 3: Chamber A discharges and chamber B charges As with SMC3 the sliding surface is defined by (1).

(uy,=0,u,=1, u;=1 andu, =0)

Mode 2 is used to move the piston in the positiveation
and mode 3 is used to move it in the negative timcMode
1 is used to reduce the chattering when the trgckimor is
small enough and to save energy.

They use the second-order sliding surface:
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Figure 1. System schematic cgrarr.

They extended the three regions oused with SMC3 (see
(2)) to five regions. The regions, correspondingdes and
qualitative forces are listed in Table 2. In aduitio deadband
&, they introduce a larger boundary lim@ . Examining

Table 2, regions< -8 ,-£<s< ¢ ands> S map to unique
modes. Regions B < s< —gande < s< S map to two modes
each, and additional logic based on the chambesspres are
required to identify the unique mode to apply. Tareciple
behind the mode selection is the mode producinglarger
acceleration should be chosen since it will rediheetracking
error faster.
For region-f3 < s< -¢, they deduced that the steady state

payload acceleration with mode 2 is roughly proposl to
P.— R, whereP,is the supply pressure afylis the pressure

inside chamber B. Similarly, with mode 4 the steasigte
acceleration is roughly proportional ® — P, whereP,is the

pressure inside chamber A aRgis atmospheric pressure.
They then defined

E,=(R-R)-(R.-PR) ®)

where if E is positive mode 2 should produce a larger
acceleration than mode 4. So the following switghliogic is

TABLE I. VALVE STATES FOR THE SEVEN OPERATING MODES USED
BY THE SMC7CONTROLLER
Mode
valve 2 3 4 5 6 7
Uy 0 1 0 0 0 1 0
Uy 0 0 1 0 0 0 1
Uz 0 0 0 0 1 0 1
Uy 0 0 0 1 0 1 0
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applied in the regiorB <s< -¢:

E >0, mode
4
E <0, mode
For regione<s< B, a similar approach is employed. a4 } e Yy T

Cylinder

Note that the steady state acceleration will beatieg. They
defined

Ez:(Ps_Pa)_(Pb_Po) %)
where if E, is positive mode 5 should produce a larger 4 ' i \
acceleration than mode 3. So the following switghiogic is Exhaust g |
applied in the regiorf <s< -¢: Figure 2. System hardwarePC and optocouplers are not sha.
E, >0, mode (ISMC3), is derived from SMC3 by replacing (1) wiff) and
E, <0, mode (6) (8). The second proposed algorithm, termed inte§MIC7

(ISMC7), is similarly derived from SMC7 by replagin1)
In order to reduce the number of switches betweeden  With (7) and (8).
when (5) and (6) are applied, they introduced aetiot
parameterr . Mode 2, 3, 4 or 5 is maintained for a period of |[V. EXPERIMENTS
T or longer. A largerr therefore reduces the switching but

may also lead to larger tracking errors. A. Hardware
The hardware implementation of the system structure
C. Proposed Siding Mode Control Algorithms presented in section Il is shown in Fig. 2. Theérdgdr (Festo,

We propose two SMC algorithms in this section. Bata ~Model number DGPL-25-600) is rodless; and has ar600
modifications of the existing algorithms, and asséd on the Stroke and 25 mm bore. The four on/off valves asslenby
idea that adding integral action can reduce sgttime and MAC, model number 34B-AAA-GDFB-1BA. The linear
SSE if it is properly applied. encoder has a resolution of 0.01 mm. The pressursoss are

. ) o i SSI Technologies, model number P51-100-A-B-136-D0-0

In order to add integral action, the sliding suefas based 000. The supply pressure is regulated at 0.6 MRPaofAthe

on jtedt rather thane. Thus, we define the new sliding S€nsor signals and control signals are interfacitdl the PC
0 ’ using a National Instruments PCle-6365 card. Theus 64-

surface as: bit Windows 7 with a 3.10 GHz Intel i5-2400 proaassnd
" . ) 8.00 GB RAM. This data acquisition and control eystis
s:%+%+ £ 4 e+J:e dt (7) programmed in C and operates at a 1 kHz sampletgiéncy.

w

B. Experimental Results and Discussion

Integral windup To test both the transient and steady state pedioces the
may occur when there is a large change in theetégiosition  desired position trajectory consists of a seriestep changes.
or a large disturbance, and the integral term actat®s a The step heights are 200 ma200 mm, 100 mm and 10 mm.

significant error during the transient. The timeued 10 The total duration is 4 s. The controller parameteere tuned
reduce this large integral term can lead to ovesslamd a . -\ inal payload of 2.14 kg

longer settling time. Anti-windup is implemented byunding

t
where J.Oedt provides the integral action.

the integral action as follows: 500
‘ E I :
erdtsqm (8) s
i . . g ] S A e A S
The first proposed algorithm, termed integral SMC3 7

TABLE 1. FIVE REGIONS OFSUSED BY THESMC7 CONTROLLER
Region Corresponding Modes Qualitative Pneumatic
Force
s<-p4 6 Large positive
-f<s<-¢ 20r4 Small positive
—£<S<¢€ 1 Zero
£<s<pf 30r5 Small negative 0 05 1 1.5 . 2 © 25 3 35 4
Ime (s
s> 7 Large negative . . . .
B 9 gatv Figure 3. Experimental result for SMC3 with the nominal paad
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Figure 4. Experimental result for SMC7 with the nominal paad

Sample responses for the four controllers withribainal
payload are plotted in Figs. 3-6. In these figusd4C3 and
ISMC3 modes 2 and 3 are plotted as 6 and 7 (whieh
equivalent in terms of the valve states) to alldwe 8-mode
and 7-mode plots to be more easily compared.

Comparing Figs. 3 and 4 the responses obtainedStG3
and SMC7 appear to be quite similar in terms oif thesition
tracking and number of mode switches. In contrdkg
performance of ISMC3 (Fig. 5) is clearly better thaMC3
(Fig. 3). ISMC3 exhibits lower OS and longer pesadere no
mode switches occur. ISMC7 (Fig. 6) demonstratesilai
improvements over SMC7 (Fig. 4). As with SMC3 aM(¥,
the benefits of ISMC7 relative to ISMC3 are not iolorg from
these plots. A quantitative comparison based onenous
experiments will be discussed next.

In addition to tests with the nominal payload, sestere
performed with a decreased payload (0.95 kg) and
increased payload (3.24 kg) to quantify each cdiet’s

500

300} -+

Yy and y (mm)

0 0.5 1 15 2 25 3 3.5 4
Time (s)

Figure 6. Experimental result for ISMC7 with the nominal pzad
performed with each controller and payload comlxamatThe
averaged results of these tests are reported ile Tihb

a Examining the Table Il results for the nominal fwad, the

SPS of SMC7 is 18% smaller than that of SMC3. F8E 3

and OS the differences are -6%, +10% and -22%,
respectively.  While SMC7 demonstrates improved
performance vs. SMC3, the improvement is modestpeoed

to the results reported in [10]. It is hypothesitieat the much
larger static friction due to the seals of the &eBXGPL
cylinder used in our experiments (~80 N vs. ~0.30N the
Airpel M16 cylinder used in [10]) is the reason fbe modest
improvements observed here for SMC7.

The tabulated results for both ISMC3 and ISMC7 are
consistently superior to the SMC3 and SMC7 resufist
example, with the nominal payload the reductionsSiRS,
SSE,t; and OS for ISMC3 vs. SMC3 were 37%, 57%, 15%

agnd 65%, respectively. The improvements with therad

payloads were smaller. For example, with the irmeda

robustness to payload mismatch. The performanceiamet payload, ISMC3 reduced SPS, S$Fand OS by 43%, 19%,

include the SSE, OS, and the settling tiihevhich is defined
here as the time for the response to settle withinm of the
desired steady state position. These were averaged the
four step changes. The final metric is the avemnagmber of
times each valve is switched per second (SPS).tEste were

0 05 1 1.5 2 25 3 35 4
Time (s)
Figure 5. Experimental result for ISMC3 with the nominal pzad

16% and 47% respectively, compared with SMC3. The
improvements in SSE angwere expected due to the integral

TABLE III. AVERAGED EXPERIMENTAL RESULTS
Controller Payload SPS (ﬁqsrﬁ) (tss) (nc]):])

SMC3 Nominal 17.85 0.35] 0.4p 7.99
SMC3 Decreasedq 19.50 0.21 0.34 2.87
SMC3 Increased| 20.35 0.26 045 1253
SMC7 Nominal | 14.60, 0.33] 0.44 6.20
SMC7 Decreased 16.08 0.28 042 243
SMC7 Increased| 18.60 0.4 047 12J7
SMCI3 Nominal 11.20f 0.15| 034 27
SMCI3 Decreaseq 14.0p 0.1Y 0.35 0.78
SMCI3 Increased| 11.6% 0.21 0.38 6.1
SMCI7 Nominal 9.65| 0.19| 0.34 3.28
SMCI7 Decreased 11.88 0.20 0.35 1.14
SMCI7 Increased| 855 0.17 0.38 6.60
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action included in ISMC3, but the improvementshie bther
two metrics were not. The results also show that th

performances of ISMC7 and ISMC3 are similar, exdéjat [3]
ISMC7 lowered the SPS. For example, with the inseea
payload the SPS was 27% smaller with ISMC7. Lagthe, [4]
results with the altered payloads demonstrate B8, SSE
andts metrics were robust to changing the payload, heit@S 5]

was not.

V. CONCLUSION

We have proposed two control algorithms, ISMC3 ands]
ISMC?7, for controlling the position of a pneumatigdinder by
directly switching the on/off solenoid valves. Theoposed
algorithms experimentally outperform the existingoaithms
in terms of the SPS, SSE,and OS performance metrics. The
proposed algorithms also switch the valves much tean if
PWM was used. For example, the PWM period used/jn [
produces an SPS of 100 (assuming the duty cyaletiequal

(7]

(8]

to 0 or 100%). This is 10 times larger than the &Bf3eved by [9]
ISMC7 in our experiments. This reduced switchingut
prolong the life of the valves, and lower maintezermosts.
Since the performances of ISMC3 and ISMC7 are aimit is  [10]
recommended that ISMC3 be used since it does gaireeany
pressure sensing. 1]
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