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Abstract— Servo pneumatics is a mechatronic approach In Pneumatic actuators there will be always a

that enables accurate position control of pneumatic drives compromise between speed and the accurate positioning.
with high speed. In this paper, a new method of position But the present industry requires the actuators having
manipulator with two interconnected pneumatic cylinders is  higher stroke lengths, high speed and better accuracy.
preseqtgd. Nonlinear mathematical model of_ the system Many researchers have tried different types of hybrid
comprising of mass flow rate, pressure dynamics, frictional  actyators which has one actuator to travel the course and
forcfsb and lr_“?(t'onftdy”amr']cs has be_e“_for?““'ztedh USINg  another for accurate positioning. Chiang et al [6] have
Matla -tS|mu Ink so v;/.arg tde system _:_S S'mﬁ.ate 'tr-]r (? Sf'ze developed hybrid pneumatic-piezoelectric actuator for long
o o g . 15 . S e of e '@ ad precise posiioning. Chiang (7] developed 2 X
cylinders have more significance in efficient positioning of gggj:tlg'ralfgr]telg%i?;nsegggt%qe&?ﬁ t'ﬁ{pﬁeﬁggle&tfsﬁ h?’:r”g
the system than length of the cylinders. p g P ! g
stroke and nanometer accuracy. Liu et al [8] developed a

Keywords— Servo Pneumatics; Positioning systems; hybrid actuator comprising of piezoelectric impact force

Nonlinear systems; Simulation; Optimal size parameters. coupled with differential pressure for the pneumatic
positioning device. Nishioka et al [9] proposes a new
l. INTRODUCTION control method for a multiplex pneumatic transmission

Pneumatic actuators are widely used in the field ofonstructed with special resonant valves and air tubes with
automation, robotics and manufacturing. Traditionally® control system driven by air vibration in air tubes without
pneumatic cylinders are used for motion between two harglectrical wires. But these hybrid actuators do not posses
stops. The pneumatic technology exhibits manya" the advantz_;\ges of pneumatic actuators. In this paper a
advantages such as high speed, high force generatiotyStém comprising of two pneumatic cylinders attached to
better efficiency, less maintenance and low operatin§@ch other is proposed to solve the problem. One cylinder
costs. In order to expand the capabilities of the pneumatitPPlied with “high pressure will undergo the course
cylinders to be operated as multi-position actuator, servg'ovement and another cylinder supplied with low pressure
control techniques are being used. The significant probleill P& used to fine movement.

is that such drives are nonlinear: the pressure within the The size parameters of the cylinders are the important
pneumatic cylinder, the frictional force, and thefactors in determining the speed and accurate positioning
compressed air flow rates through the chokes of thef the system. So an optimal design of these cylinder size
pneumatic drive all vary in nonlinear fashion. The deacharameters is required for efficient usage of the system. In
zone and time delay characteristics of the servo valve al§fie current research an attempt is made to optimize these
adds to the complexity for designing controller for thesjze parameters by using Taguchi analysis. Jeyapaul, et al.

system. Mathematical modelling of the system becomego] have reviewed various taguchi based optimization
very important for development of controller for the gpproaches.

system and also to optimize the parameters in the system.
Takosoglu et al [1] formulated mathematical model for Il.  SYSTEM DESCRIPTION

servo pneumatic positioning system. Najafi et al [2]  1hg system consists of two pneumatic cylinders A and
developed a mathematical model for the pneumali \yhich™ are interconnected to form a series linear

positioning system also considering the cushioning in th?nanipulator. The master cylinder A is fixed and the

cylinder. Miyajima et al [3] presented an explicit model for ylinder B is coupled to the rod end of the cylinder A. The

spool movement inside a proportional directional controlyinqer is mainly for the course movement and is supplied

al [5] have optimized the system parameters for efficieng

positioning control ir pressure from the flow control valve as shown in the

Fig. 1. Two proportional directional control valves V1 and
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V2 are used to control the position of cylinders A and Bpressure in two chambers of cylinder B, &d k, are
respectively. Each cylinder is connected with a positiorfrictional forces in two cylinders.

transducer which senses the position and feeds it to the The position of the entire linear manioulator is the sum
control system. The controller manipulates the voltage posit re-t Ibu ! u

applied to the proportional control valves. The control?jr)pos't'on values of the two individual values as given by
system consists of two individual feedback controlled* ™
SISO system with a setpoint splitting technique. X=X, +X, @)

Position Transducer 1 Position Transducer 2 Where X IS the pOSItlon Of the Coupled manlpu'atg'a.rxj
Al 4 g ¢ e : Xp are the positions of cylinders A & B respectively. The
‘ position values of individual cylinders A and B are given

I:: Comml:I as per Newton's second law of motion by (5) and (6)
Syster

- = — Syrem respectively.
E i
T\ llrrr lI ‘Mq':x HT o }<|< . Fa 5)
X, =
6 % Flow Control Valve 6 % a

4 M +m, +My+my

7~

R A & B - Pueumatic Cylinders Fb

V1 & V2 - Proportional Directional Control Valve .
Xy =" — (6)
M +m,

Fig. 1. Schematic representation of positioning system using two

pneumatic cylinders interconnected. where m and m are internal piston mass of cylinders A

and B respectively, Mis the total mass of cylinder B, M
. MATHEMATICAL MODELLING is the external load.

The mathematical model of the system has been -
y The absolute pressure values inside the two chambers

derived from physical laws and recent literature . ;
information. The system constitutes the nonlinearities of:'e';s%ﬂgg/eerli A and B are given by (7), (8), (9) and (10)

the dead zone, the mass flow rate, the pressure dynamf

and the motion equation, that includes the friction . K
dynamics. Pu= W(Rmal_ PuAal ) @)
a0
In the modelling of the system, the following e
assumptions are made; . K .
) Pa2: (_Rma2+Pa2Aa2Vz-) 8)
+ The gas is perfect. Ago(lat! a0
e The pressures and temperature within each . K )
chamber are homogeneous. P = (R — Ry Apyvy) ©
Apa(lpo+X
» Kinetic and potential energy terms are negligible.
. K .
» Tube length can be ignored when air supply is Rz = A (I o )(_Rmb2+ szAszb) (10)
very close to valve and cylinder. bz\"b "7 b0 % b

- Valve dynamics is sufficiently faster than Wherex is adiabatic exponent, &nd }, are stroke lengths
mechanical systems dynamics. of cylinders A and B respectivelyyland o are lengths of
. ) dead zone of cylinders A and B respectively, R is specific
The totall fo_rce developed in the series connectegq constant, g and m, are mass flow rates to two
manipulator is given by algebraic sum of force develope@hambers of cylinder A, gnand m, are mass flow rates to
in two individual cylinders as given by (1). two chambers of cylinder B,,vand y are velocity of
F=F+F, N cylinders A and B respectively.

The mass flow rate values for two chambers of the

where F is the total force generated,afd 5 are forces : :
generated in cylinders A and B respectively. cylinders A and B are given by (11), (12), (13) and (14)

respectively.
The individual forces Fand [ are given by (2) and (3) .
respectively. Mag =0 X ra( C1PaW 177 C 48 WV Js 11)
Fa=AaPar- AaPasr Fra @) My =0 X o CoPasW 25 C1P W ), (12)
Fo = ApiPoi= Ap P~ Fro 3) My =0gX rb(Cl4PbSW14_ CPrv 4}, (13)
where A; and A, are cross sectional area of two chambers .
of cylinder A, A;; and A, are cross sectional area of two My, = 0oX rb(CZSPb2W23_ C.,P bsWJL (14)

chambers of cylinder B, JPand B, are absolute pressure o . .
in two chambers of cylinder A,,Pand R, are absolute where 0, is air density, % and X, are spool movements in

the proportional directional control valves connected to
cylinders A and B respectively which depends on the coil
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voltages wand y applied, Bsand B are absolute pressure

values of air supplies to cylinders A and B respectively,
Cuis Cus5, Cy3 and G, are sonic conductance consistent with
the standard 1SO 6358-1989 for critical pressure ratio
W14, Wys,Wo3 and w, are nonlinear flow function (sonic

flow and subsonic flow) depending on the pressure ratic L
and on the critical pressure ratiag,bys, b,z and h,.

The equations of frictional forces in cylinders A and B
are given by (15) and (16) respectively.

Fig. 2. Simulation model of positioning system using two pneumatic

Fa =fiv, +Fesign(v, )+ Fe{ij signy ¥ k. (B- B) (15)
cylinders interconnected.

p

Vb
R = fivy + Resign(y, )+ lgre{”*J sign(y ¥ k R~ B ) (16) o [ —— N T RSB N WO |
0o I S =l

where f is viscous coefficient of friction, Fis Kinetic al W o : —

coefficient of friction, ¥, and v, are stribeck velocities,,F g syl ¢ o S

. .. .. E el 7 — = = Total Position
is break away force angdand k;, are friction coefficients g °[  /* , I s sy JAPON
due to seals. 2 L.z _ e
o % ;/ : : : Posion of yinder 8|
IV. SIMULATION ENVIRONMENT ald ‘ ‘ |

i

. : S [ RPN S P S SUN NS S S S
The simulation model of the positioning system '} _ _
containing two interconnected cylinders is created base ¢ e @ @ s 1w ad s i

Simulation Time (s)

on (1) to (16) using Matlab-Simulink software. The
fs'mUIat'On model (_)f the p_osmonlng Sys_tem containing two Fig. 3. Simulation results of positioning system using two pneumatic
interconnected cylinders is shown in Fig. 2. The mass flow cyiinders interconnected when a step change in setpoint from 0 mm to
rates through the proportional valves are formulated using 100 mm is applied at simulation time Os.

equations (11) to (14) which depend on the control voltage

from the controller. The pneumatic pressure ports have V.  OPTIMIZATION AND RESULTS

been designed using the equations (7) to (10). The force Eqr optimizing the size parameters of the cylinders in

and position of the cylinders are obtained by usingne positioning system for fast response, Taguchi based
equations (1) to (6). Thg simulation is con(_jucted using th?echnique is used. The input parameters for the
parameters as shown in Table I. Proportional c,’ontro'leréptimization are Area of cylinders and lengths of the

with a gain value of 10 are used for controlling eachyyjinders. The output parameter is the settling time of the

cylinder positions to form a closed loop control system.,ition value to the desired value. Settling time is the time
Setpoint splitting technique is used such that 90% of th quired for the response curve to reach and stay in final

travel is done by cylinder A and remaining 10% of finegieady state value. It is obtained from the simulation

movement is produced by cylinder B. The simulationregponse. The various level values of the input parameters
results of the positioning system comprising two cylindersgre shown in Table I1.
when subjected to step change in input signal from 0 mm

to 100 mm at simulation time Os is shown in Fig. 3. TABLE II. VALUES OF SIZE PARAMETERS OF TWO CYLINDERS FOR

VARIOUS LEVELS

TABLE I. SYSTEM PARAMETERS USED IN THE NUMERICAL P : P :
SIMULATIONS Parameter 1 aragn €T parameter 3 arazﬂe er
Parameter Values Level Aa1 Aaz | Ab1 Ab2 |
m, and m 0.05 Kg X 195 X10 - X 195 X 10 "
My 0.4 Kg m m m m
M. 3Kg Lei’e' 25 | 18 0.1 25 | 18 0.1
K 1.4 |
R 288 Nm/KgK tevel | a9 | 30 0.2 49 | 30 0.2
dq 1.225 Kg/ni Cevel
P 06 MPa 3 64 45 0.3 64 45 0.3
Phe 0.1 MPa
To, Tas Toe 298 K ) i .
lac, o 0.02m For reducing the number of simulation tests to be
Cis, Coe, Gsand G, | 1.462 X 10° m's/Kg carried out, the Taguchi design of experiments is used. L9
D14/045, 052 and b; 0.28 orthogonal table design has been selected based on
ng zi%(’)\‘:l/m Taguchi design of experiments which is shown in Table
Vs: and 0.1 m/s .
Fpr 200N Based on the design of experiments, nine trails are
Kpe and ke 3 NiPa carried out and the settling time value is obtained from
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simulation results. From these values the signal to noise For finding the most dominant parameter in

ratio is obtained using the formula given by (17). determining the optimization, the analysis of variance
_ (ANOVA) technique is used. Table VI Shows the
S/ NRatio=- 10Iogﬂ §7) (19) ANOVA table obtained by using Minitab software. Fig. 4

shows the main effects diagram for the optimization
where y is the settling time of the respective trail. Thevariations of each parameter. From Table VI and Fig. 4, it
Settling time and S/N ratio for each trails based on Tagucli observed that that the area of the cylinders has more

Design of Experiments is shown in the Table IV. influence on the system performance than the length of the
cylinders.
TABLE Ill. TAGUCHI L9 ORTHOGONAL TABLE DESIGN
Trall Parameter Parameter Parameter Parameter TABLE VI ANALYSIS OFVARIANCE TABLE
No. 1 2 3 4 Source DF| SeqSS| AdjSY AdjMg F
1 Level 1 Level 1 Level 1 Level 1 Parameter ] 1| 1.9266f7 1.92667 1.9267 51.3778
2 Level 1 Level 2 Level 2 Level 2 Parameter 4 1| 0.04167 0.04167 0.04167 1.1111
3 Level 1 Level 3 Level 3 Level 3 Parameter 3 1| 0.13500 0.13500 0.1300 3.6000
4 Level 2 Level 1 Level 2 Level 3 Parameter4 1| 0.00667 0.00667 0.00467 0.1778
5 Level 2 Level 2 Level 3 Level 1 Error 4 0.15000] 0.15000 0.03750
6 Level 2 Level 3 Level 1 Level 2 Total 3 | 2.26000
7 Level 3 Level 1 Level 3 Level 2
8 Level 3 Level 2 Level 1 Level 3
9 Level 3 Level 3 Level 2 Level 1
Main Effects Plot for Settling Time
Data Means
TABLE IV. SETTLING TIME AND S/NRATIO FOR EACH TRAILS BASED Pammeter 1 Parameter 2
ON TAGUCHI DESIGN OFEXPERIMENTS iiﬁ ‘\
Trail No. | Settling Time (s) | Signal to Noise (S/N) Ratig 2.00 e
1 2.4 -7.60422 1.75 \
2 2.5 -7.9588 g 250
3 2.6 -8.29947 < 1 2 3 1 2 3
4 24 -760422 A Parameter 3 Parameter 4
5 2.2 -6.84845 2.25
6 1.8 -5.10545 2.00 E—
7 15 -3.52183 s
8 1.2 -1.58362 o0
9 14 -2.92256 I ; e ; 3

Table V shows the consolidated S/N ratio of all the Fig.
input factors with all the levels. The values have been
computed by the adding the all MRPI values for VI. CONCLUSION
corresponding level of each process parameters. For hi hod of . ioul
example, Parameter 1 has Level 1 in the trails 1, 2 and3, " this paper, a new method of position manipulator
So the cumulative MRPI value is given by average otvith two interconnected pneumatic _cyllnders has been
MRPI values for trails 1, 2 and 3. In the Table 5, thePresented. One of the cylinders is used for course
maximum level value of each parameter indicates thénovhemen'g allnd gnlothferh for fine movement. ]!Detal[ed
optimal level of input parameters. So the optimal settlindnathematical model of the system consisting of motion
time is achieved when parameters 1 and 2 in level Qy“a”."c.& pressure dynamics, mass flow rate variations
parameter 3 in level 1 and parameter 4 in level 2 Thand frictional forces are presented. The model is simulated
minimum time response is obtained when the cylindef'SiNg Matlab-Simulink software. Using Taguchi technique,

parameters are 464 X 10° n?, A,=45 X 10° n?, I, = the optimal size parameters are obtained. It is observed
0.3m, A,;=25 X 10° n? Ab2=18, X afas mfand |, = ’O.aZm that the minimum settling time is obtained when the size of

So the minimum settling time is obtained when the size ofe cylinder A is more than the size of cylinder B. Also it
the cylinder A is more than the size of cylinder B. has been found that area of the cylinders has more
influence on the system performance than the length of the

4. Main effects plot for Settling time using ANOVA Technique

TABLE V. S/NRATIO FOR ALL POSSIBLE SOLUTIONS cylinders.  Further research includes real time
implementation and design of control system for this
Levels Paraf‘eter Parag‘aer Parag‘eter ParaZ‘etef interconnected cylinders based positioning system.
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