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Simultaneous Trajectory Tracking Control of Position and Force 
with Pneumatic Cylinder Driving Apparatus 

Ji -Seong  Jang* 
Division o f  Mechanical Engineering, Pukyong National University, 

San 100, Yongdang-Dong, Narn-Gu, Busan 608-739, Republic o f  Korea 

In this study, a position and force simultaneous trajectory tracking control algorithm is 

proposed for a driving apparatus that consists of two pneumatic cylinders connected in series. 

The controller applied to the driving apparatus is composed of a non-interaction controller to 

compensate for interaction between cylinders and a disturbance observer aimed to reduce the 

e|~ct of model discrepancy that cannot be compensated by the non-interaction controller. The 

effectiveness of the proposed control algorithm is proved by experimental results. 
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1. I n t r o d u c t i o n  

Pneumatic cylinder driving apparatus are wide- 

ly used in industrial applications owing to the 

easy installation and maintenance. However, the 

most common application of the pneumatic cylin- 

der driving apparatus is a simply repeating oper- 

ation (Johira, 1997; McGuirk et al., 1998) be- 

cause it is not easy to obtain high performance 

control results due to several nonlinear charac- 

teristics of the air and cylinder such as compressi- 

bility, low damping characteristics and lower driv- 

ing force compared to the friction force. There- 

fore, to apply a pneumatic cylinder driving appa- 

ratus to a new field, an application which makes 

the best use of the pneumatic cylinder should be 

selected and the controller compensating the non- 

linear characteristics should be designed. The 

position trajectory tracking performance of a 

pneumatic cylinder driving apparatus is inferior 

to the others because of the low stiffness charac- 
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teristics but it means that the interaction between 

the pneumatic cylinders is smaller than the others 

(Noritugu, 1993). So, the low stiffness charac- 

teristics has a merit in case that multiple cylinders 

are driven at the same time and each cylinder has 

a different output. 

Yamafuji and Fukushima (1988) used LQ con- 

troller for simultaneous control of position and 

force with a pneumatic cylinder, but they applied 

the controller only to step input because force 

control was not started until the position error 

was reached within a certain limit. 

The goal of this paper is to design a simulta- 

neous trajectory tracking controller of position 

and force for a driving apparatus composed of 

two pneumatic cylinders connected in serious and 

two proportional flow control valves to control 

each cylinder. The controller applied to the driv- 

ing apparatus is composed of a non-interaction 

controller and a disturbance observer. The non-  

interaction controller to compensate interaction 

between two cylinders is designed based on the 

dominating equations of the driving apparatus. 

The disturbance observer using a control system 

with the non-interaction controller as an internal 

model is designed to reduce the effect of modeling 

error that cannot be compensated by the non-  

interaction controller. 
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The performance of  the proposed control algo- 

rithm is evaluated by experiments and the experi- 

mental results show that the pneumatic cylinder 

driving apparatus with the proposed control algo- 

rithm tracks the given position and force reference 

inputs accurately. 

2. Configuration of 
the Driving Apparatus 

Figure 1 shows the configuration of the driving 

apparatus. It is primarily composed of two pneu- 

matic cylinders, a personal computer, 12-bit A / D  

and D / A  converter, and two control valves. The 

pneumatic cylinders ((I), (~) CA IB30-300: SMC 

Corporat ion) are single rod type whose inside 

diameter is 40 mm, rod diameter is 12 mm and the 

stroke is 300 mm. The control valves ((~) MPYE- 

5-1/8HF-010B, (~) MPYE-5-1/4LF-010B : FESTO 

® 

r | t , n i l  J I I 

i_o__s_ ...... @ ...... _,,' 
(~) Cylinder for force control (~) Load cell 
(~) Cylinder for position control (~) Potentiometer 
(~) (~) Proportional flow control valve 

Fig. 1 Configuration of the pneumatic cylinder 
driving apparatus 

Corporation) are proport ional  flow control val- 

ves. The position measurement is carried out by a 

linear potentiometer ((~) LTM300S: G E F R A N  

Corporation) and the force is measured by load 

cell ((~) MNT-100L : CAS Corporat ion) 

3. Modeling 

3.1 Dominating equations 
Figure 2 shows the schematic representation of 

the pneumatic cylinder driving apparatus. 

In Fig. 2, A [m 2] is the pressurized area of 

piston, F [N] is the force, G [kg/s]  is the mass 

flow rate, L [m] is the cylinder full stroke, 

M Fkg] is mass of the piston and rod. P [Pa] is 

the absolute pressure, T [K] is the absolute tem- 

perature, V [m s ] is the control volume, x ['m] 

is the displacement, subscript l, 2 mean the in- 

coming side and the outgoing side respectively, 

subscript a, b mean the force control side and the 

position control side respectively. 

Eqs. (1 ) - - (4 )  describe the dynamic pressure 

change in the cylinder chambers. Here it is as- 

sumed that air is a perfect gas, pressure and tem- 

perature within the chamber are homogeneous 

and the process is adiabatic. 

dP~l x dx 
dt =--V-~I {P~'A' -d7 -+G~ 'RT~ l  } (1) 

d Pa2 /c dx 
dt  ---V--~a2 {-Pa2A2--~  - -Ga2RTaz } (2) 

dt  ~ 

dPb2_ x I D ~ dx Gb2RTb2~ f (4) dt -- V-~b2 [ " b2"a2--d-i--- 

~.~.a,aA b PI, I. T~, J • V~, I 

G, 

P,.T P ....... I',.,,, P,.I" P ....... 7: ..... 

Fig. 2 Schematic diagram of the driving apparatus 
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in Eqs. ( 1 ) ~  (4), x is the specific heat ratio. 
Eqs. (5) and (6) show dynamic equation and 

output force respectively. 

M dT.Xz = A i P b l -  AzPb'z-" AiP. l  + AzPa2 
dt  (5) 

n d x  _ / d x ~  
- z ~ - g / - -  ~-~ sgn ~-d-/-:  

F=AxP~I-AzPa2+AIPbl-A2Pb2 (6) 

In Eq. (5), B [ N / ( m / s ) ]  is the dynamic friction 
coefficient, Fc IN] is the friction force. 

3.2 Linearization 
The linearized equations of  the mass flow pass- 

mg the control valves (Merritt, 1967) become 

Gal = kqaua - kuoPal (7) 

G~2=kq~u~ + k~P~2 (8) 

Gbl = kqbub -- kpoPb, (9) 

Gb2 = kqbub + kpoPbz ( 1 O) 

where kq [ (kg / s ) /V]  is the flow gain of the con- 
trol valve, kb [ (kg / s ) /Pa ]  is the flow-pressure 
coefficient of the control valve, and u IV] is 
the control input. In Eqs. (7) ~ (10), kpa and kpb 
were expressed as kt,0 because there was little 
difference between kpa and kt,b. 

At an operating point x=xo,  Pal=Pbl=Plo, 

Paz=Pbz=Pzo, Vai = Va2 = Vbl = Vbz = Vo, and Tal = 
Ta2 = Tbl=Tb2=Tatm, the linear model of the 
driving apparatus can be obtained as follows. 

IF ( s ) ]  , , , [u . ( s ) ]  [ H..(s) H,b(S) 

z(s) Hb (s)] 
H~,,(s) H.b.(S) 

H ~ ( s ) - - -  H.b(S) = -  
H ~ ( s )  ' H ~ ( s )  

H~(s) Hbb.(S) 
H b . ( S ) - - - -  Hbb(S) = -  

Hbas(s) ' Hb~(S) 

H ~ ( s )  = H ~ ( s )  =~k~(A~+ A~) 

H~b.(s) =HbMS) =~keo(A~+ A2) (11) 

Haas(S) =Haas(s) = s + vkpo 

Hbas(S) =Hbbd(S) =Ms3+ ( ~kpoM + B) s 2 

+ (~kpoB+2KE) s 

teRTian .: _A~ xPlo ± A2 KP~ 

4. Controller Design 

4.1 Non-interaction controller design 
From the Eq. (11), the relationship between 

two conuol inputs, ua(S), ub(S) and two out- 
puts, F ( s ) ,  x(s) ,  can be represented by 

F ( s )  =Haa(S) Ua(S) +Hab(S) Ub(S) (12) 

X(S) =--Hba(S)  Ua(S) +Hbb(S)Ub(S) (13) 

and it can be known that the driving apparatus 
exhibits the property of interaction between con- 
trol inputs and outputs. Therefore, to control each 
output to a desired value, controller that can 
compensate the interaction effects have to be 
designed. 

Fig. 3 shows a block diagram of a unity feed- 
back control system. 

Where R ( s )  is [Fr ( s ) x r ( s )  ] r and Y ( s )  is 
[ F  (s) x (s) ] r. 

In Fig. 3, all realizable stabilizing control- 
lers C.( s )  derived from Youla parametrization 
(Desoer, 1980 ; Umeno and Hori, 1989) are given 
by 

C.(s) =~2(H(s)) 
=(I~H(s)+Du(s)Q(s))(~H(s)_Nu(s)Q(s))_ z (14) 

where Dn(s)  and Nu(s)  are the denominator 
and numerator of right coprime fraction of H (s), 
and l,~'n(s), Zu(s )  are matrices that satisfy the 
Bezout identity described in Eq. (15). 

~.(s) l~.(s) +/5.(s) 2.(s) = I  ~15) 

where / )n(s)  and /Vn(s) are denominator and 
numerator of  left coprime fraction of H ( s ) .  One 
of matrices satisfying Eq. (15) can be obtained as 
follows. 

H ( s )  ERH**, NH(s) =/VH(s) = H ( s )  
(16) 

D.(s) =/).(s)=I. ff'.(s)=0, Z.(s)=I 

Fig. 3 Block diagram of a unity feedback contral 
system 
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In Eq. (14). a free parameter Q(s) is given by 

Q (s) =H -~ (s) H,~ (s) ERH.. 

H'(s)=fH~o(S) Hbb,O ](S) (17) 

where H,n(s) is a desired closed loop transfer 

matrix and Haa,n(s), Hbbm(S) are desired closed 

loop transfer ftmctions for force and position 

control system respectively. A stabilizing control- 

ler Cn(s) described in Eq. (14), after combining 

Eqs. (16) and (17). can be written as 

C~(s) =H-~(s)H~(s) ( I -H~,(s))  -~ (18) 

and closed loop transfer matrix of the unity feed- 

back control system using the Cn(s) becomes 

Ho(s )=Y(s )R- l ( s )=Hm(s )  (19) 

From Eq. (19). it can be known that using the 

controller given by Eq. (18), there is no interac- 

tion between inputs and outputs, therefore, chan- 

ges in Fr(s) affect only F(s) and changes in 

Xr(S) affect only X(S). 

4.2 Disturbance observer design 
Non-interact ion controller may be brought 

about position and force control error owing to 

the modeling error. In this section, the disturb- 

ance observer using H=(s)  as an internal model 

is designed to compensate a modeling error and 

track a reference input more accurately. Fig. 4 

shows the block diagram of the control system 

with the disturbance observer consisting of J (s) 

and Hgl(s). 
In Fig. 4. K(s) is a prefilter matrix to adjust 

reference input tracking performance, d(s) is a 

disturbance representing modeling error of Ho(s) ,  

J(s) is a stabilizing filter matrix and do(s) is an 

output of disturbance observer. Transfer matrices 

from d(s) to do(s) and Y(s) are given by 

dots) d-'(s'l =[ I - J  (s) + J (s) H~'(s) Ho(s) ]-' 
[J (s) Hg ~ (s) H0(s) ] (20) 

Y (s) d-'(s) =[ I - ]  (s) + J (s) Hg'(s) Ho(s) ]-' 
[H0(s) (I-](s))] (21) 

From Eqs. (20) and (21), if IlJ(s)ll=I then 

do(s) = d ( s )  and Y(s)=0, therefore, it can be 

known that the disturbance observer estimate 

and compensate the modeling error within a fre- 

quency band of I l l ( s ) I I = l .  
Fig. 4 can be transformed into Fig. 5 equi- 

valently. 

in Fig. 5, all realizable stabilizing controllers 

Cx(s) and C2(s) derived from Youla parame- 

trization are given by 

C, (s) =K(s) (Z.0(s) -Nno(S) Qo(s)) -1 

Cz(s) =Y2(Ho(s) ) =( ff'no(s) + Dno(s) Qo(s) ) (22) 

(Z,0(s) - N,o(s) Qo(s) )-' 

where Dno(S) and Nno(s) are the denominator 
and numerator of right coprime fraction of 

Hm(s) and l/Vno(s), Zno are matrices that satisfy 
the Bezout identity described in Eq. (23). 

IVno(S) Ill/no(S) +Dno(s)Zno(S)=I (23) 

where/)no and ttno(s) are denominator and nu- 

merator of  left coprime fraction of Hm(s). One 

of matrices satisfying Eq. (23) can be obtained as 

lbllows. 

Hm(s) ~RH.~, Nu0(s) =N.0(s) =Hm(s) 
(24) 

D.0(s) = / 3 . 0 ( s ) = I ,  W.o(S)=0, Z . 0 ( s ) = I  

In Eq. (22). a prefilter K(s) and a free parameter 

Q0(s) are given by 

Fig. 4 Block diagram of the control system with a 
disturbance observer 

ch,~ 

Fig. 5 Equivalent system of the control system 
described in Fig. 4 
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K (s) = H g  ~ (s) HrR (s) E RH® 
Hw(s)=[ Ha(s) Ha(s)O ] (25) 

Qo (s) =H7~ ~ (s)] (s) ERH,, 

](S)=[]ao s) A(s)O ] (26) 

where HrR (s) is the desired closed loop transfer 

matrix from R(s )  to Y(s )  in Fig. 4 and 5 and 

] ( s )  is a stabilizing filter matrix. 

Eq. (22), after combining Eqs. (24) and (26), 

can be written as 

C,(s) = K ( s )  ( I - ] ( s ) ) - '  

C2(s) =H; , ' ( s )  l (s) ( I - J  (s) ) - '  
(27) 

4.3 Selecting the controller parameters 
According to the conditions of Eqs. (17) and 

(26), Hm(s) and ] ( s )  can be selected as follows. 

Haa= (s) - - - - ~ -  Haa~ (s) 
- s + 1 ~  - Haas(s) 

13=KeFvkq~(A,+A2), Ker=0.0125 [V/N]  

Hbb~(S) -  a _ Hbb.~(S) 
(s +V-d-) 3 Hbb,,~(S) 

a=KexVkqb (Al  + A2), Kt, z=200 IV/m]  

(28) 

A ( s )  =3__28_ 3a 
s+ 3t9' Is(s)  -- (s+3 3v,-j-~) 3 (29) 

where KPr, Kpx are control gains to specify the 

internal model Hm(s). 
In order to have a zero acceleration error and 

track asymptotically a reference input, Ha (s) and 

Hb(s)  in Eq. (25) must be BIBO stable and has 

the following properties (Chen, 1999). 

Table 1 Physical parameters of the pneumatic 
cylinder driving apparatus 

A, [m 2] 1.26 x 10 -3 M [kg] 1.0 

A3 [m 2] 1.14×10 -3 Pl0 [Pa] 3.5×10 s 

B [N/(m/s)] 223 P20 [Pa] 3.8×103 

ko0 [(kg/s)/Pa] 3.09x 10 -9 R [J/(kg'K)] 287 

k~[(kg/s)/V] 1.95x 10 -3 Zat~ [K] 293 

k® [(kg/s)/V] 1.44×10 -3 Vo [m 3] 2.8× 10-4 

L [m] 0 3 x 1.4 

402 C:n(s) 
G(s) = (s+40)2 = C u ( s )  ~ R H ®  

Hoo~(s) C/d(s) =s3 + h2s2 + h~s + ho 

Ha(s )=  hzs2+hls+h~ 
s3+ hzs2 + h~s + ho 

Hbb.a ( S ) C :a ( s ) = sS + g4s 4 -F g3s3 "{- gzs2 + gls -k go 

Hb (s) -- g2sZ + gls + g° 
sS + g4s4 + g3sS + g~s2 + g~s + go 

(31) 

Table 1 shows physical parameters of the driving 

apparatus. 

5. Exper imenta l  Resul t s  
and Discuss ions  

Figures 7 ~  10 show the experimental results 

with the various reference inputs. In Figs. 7 ~  10, 

x0 and F0, initial value of position and force, are 

set to 0 [N] and 0.143 [m] respectively and, a 

proport ional  controller with the KeF and Kex was 

used as a reference control algorithm in order to 

verify the validity of  the proposed control meth- 

od. Fig. 6 shows the block diagram of the control 

system with the proport ional  controller. 

In Figs. 7 ~  10, ex and e :  are the position and 

force control errors. 

Ha(O) =Ha(0) = l  

Ha (o) =Ha (o) =0 

//a (0) = B ~  (0) =0 

(30) 
I ' , t~) 

Using a low-pass filter C / ( s )  and Eq. (28), the 

HvR(s) satisfying the conditions in Eqs. (25) and Fig. 6 
(30) can be selected as follows. 

Block diagram of the control system with a 
proportional controller 
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Trajectory tracking control results with the proposed controller in case that the reference inputs of 

position and force are step mputs 
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Figures 7 ~ 8  show the experimental results in 

case that the reference inputs of position and force 

are step inputs. In Figs 7~8 ,  solid lines are re- 

ference inputs and dash lines are experimental 

results. In Fig. 7, it can be observed that transient 

response of position and force trajectory with the 

proportional controller is changed by the varia- 

tion of reference inputs, slack vibrations are 

shown in the vicinity of the steady state and a 

serious error occurs in the transient response and 

steady state response. In Fig. 8, it is clear that 

transient response of position and force trajectory 

with the proposed controller is not changed by 

the variation of reference inputs and, control 

errors with the proposed controller are materially 

reduced in the transient state and steady state 

where the mean value of e~ is --0.021 [mm] and 

e / i s  0.093 I-N], and the standard deviation of ex 

is 0.2 [mm] and e / i s  2.3 [N]. 

Figure 9 shows the results in case that the re- 

ference inputs of position and force are step input 

and sinusoidal input respectively• (a) shows the 

results when reference input of position was set 

to a step input and reference input of force was 

set to a sinusoidal input. It can be known that 

the results using proposed controller show good 

tracking performance for the reference input of 

force and, a little vibration was shown in the 

position response when the direction of force re- 

sponse was changed but the vibration was dis- 

appeared with course of time. (b) shows the re- 

suits when reference inputs of position and force 

were set to a sinusoidal input and a step input 

respectively. It can be known that the control 

results with the proposed controller tracks given 

reference inputs well. 

Figure I0 shows the results in case that the re- 

ference inputs of position and force are sinusoidal 

inputs. (a) shows the results when reference in- 

puts of position and force were set to smuso=dal 

inputs having the same frequency. (b) shows the 

results when reference inputs of position and 
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Trajectory tracking control results in case that the reference inputs of positron and force are step input 
and sinusoidal input respectively 
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Trajectory tracking control results in case that the reference inputs of position and force are sinusoidal 

inputs 

force were set to sinusoidal inputs having the 

different frequency. It shows that the results with 

the proportional controller cannot track the given 

reference inputs but the results with the proposed 

controller track given reference inputs well. 

6. Concluding Remarks 

In this paper, a position and force simultan- 

eous trajectory tracking control algorithm for 

the pneumatic cylinder driving apparatus is pro- 

posed. The control algorithm is derived from the 

Youla parametrization to insure stability of the 

control system. It is composed of the non-inter-  

action controller eliminating an interaction be- 

tween position and force control system based on 

the linear model of the driving apparatus, and the 

disturbance observer compensating the modeling 

errors and tracking the reference inputs more 

accurately. The experimental results show that the 

pneumatic cylinder driving apparatus with the 

proposed control algorithm has good tracking 

performance for the various reference inputs of 

position and force• 
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