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Abstract:    We investigate motion synchronization of dual-cylinder pneumatic servo systems and develop an adaptive robust 
synchronization controller. The proposed controller incorporates the cross-coupling technology into the integrated direct/indirect 
adaptive robust control (DIARC) architecture by feeding back the coupled position errors, which are formed by the trajectory 
tracking errors of two cylinders and the synchronization error between them. The controller employs an online recursive least 
squares estimation algorithm to obtain accurate estimates of model parameters for reducing the extent of parametric uncertainties, 
and uses a robust control law to attenuate the effects of parameter estimation errors, unmodeled dynamics, and disturbances. 
Therefore, asymptotic convergence to zero of both trajectory tracking and synchronization errors can be guaranteed. Experimental 
results verify the effectiveness of the proposed controller. 
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1  Introduction 
 

The problem of synchronizing two pneumatic 
cylinders arises in pneumatic operated applications 
such as lifting equipment, medical instruments, and 
semiconductor processing devices. Traditional mo-
tion synchronization among multiple pneumatic ac-
tuators has been implemented by linkage mechanisms 
in open-loop operations. However, mechanical link-
ages are not adequate to achieve high-performance 
motion synchronization in the presence of load vari-
ation, model uncertainties, and external disturbances. 
In addition, mechanical synchronization has limita-
tion to the operation range of the equipment. Thus, 
feedback control methods are necessary for high 

precision synchronized motion control of multiple 
pneumatic actuators. 

Several synchronization approaches were con-
sidered in Jang et al. (2004), Shibata et al. (2006), and 
Zhu et al. (2009). In these studies, similar control 
architectures with an individual controller for each of 
the pneumatic cylinders and a synchronization con-
troller were proposed. Each pneumatic cylinder was 
controlled separately by its own individual controller 
to track its desired trajectory, while the synchroniza-
tion errors amongst cylinders were fed to the syn-
chronization controller and the output of which was 
added to cylinder controllers for reducing the syn-
chronization errors. This method was also applied to 
the synchronization control of two hydraulic cylin-
ders (Chen, 2007; Chen et al., 2008) and linear motors 
(Hsieh et al., 2007). However, the issue of how to 
design a control algorithm that will explicitly achieve 
a bounded synchronization error is yet to be resolved. 
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Furthermore, since the precision motion trajectory 
tracking control of a single pneumatic cylinder is still 
a big challenge, the achievable motion synchroniza-
tion performance is not satisfactory.   

During the past decade, the cross-coupling 
method (Koren, 1980) was employed to design the 
controllers for position synchronization of multiple 
motion axes (Sun, 2003; Xiao et al., 2005; Xiao and 
Zhu, 2006; Sun et al., 2007). For example, in Sun 
(2003), the position synchronization error of each axis 
was coupled with the position error to form a coupled 
position error. An adaptive coupling controller with 
feedback of this coupled position error was proposed 
and proven to guarantee asymptotic convergence to 
zero of both position and synchronization errors. The 
cross-coupling concept has also been widely used in 
robotics (Sun and Mills, 2002), control of parallel 
manipulators (Su et al., 2006; Sun et al., 2006), for-
mation control of multiple mobile robots (Sun et al., 
2009), and synchronized trajectory tracking control of  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

multiple 3-DOF (degree of freedom) experimental 
helicopters (Shan et al., 2005).  

In Meng et al. (2013), an integrated direct/  
indirect adaptive robust controller (DIARC) was de-
veloped for the motion trajectory tracking control of a 
pneumatic cylinder driven by a proportional direc-
tional control valve. The controller employs a physi-
cal model based indirect-type parameter estimation to 
obtain reliable estimates of unknown model parame-
ters, and uses a robust control method with fast dy-
namic compensation type model compensation to 
attenuate the effects of parameter estimation errors, 
unmodeled dynamics, and disturbances. Extensive 
experimental results were presented to illustrate the 
excellent achievable performance of the proposed 
controller and performance robustness to load varia-
tion and sudden disturbance. 

In this paper, the synchronization of two pneu-
matic cylinders that are not mechanically connected is 
considered (Fig. 1). To achieve a high performance  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 1  Schematic of the dual-cylinder pneumatic servo system 
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synchronized motion trajectory tracking control of 
dual-cylinder pneumatic servo systems, an adaptive 
robust synchronization control strategy which incor-
porates the cross-coupling concept into the DIARC 
architecture is proposed.  

 
 

2  Dynamic models 
 

As shown in Fig. 1, each rodless pneumatic 
cylinder of the dual-cylinder pneumatic servo system 
is controlled by a proportional directional control 
valve (FESTO MPYE-5-1/8-HF-010B). The motion 
of the piston-load assemblies of the two cylinders can 
be described by 

 

L C L( ) ,A    Mx p bx F x F f             (1) 

 
where M=diag{M1, M2} and b=diag{b1, b2} are the 
2×2 diagonal inertia and viscous friction coefficient 
matrices, respectively, M1 and M2 are the lumped 
masses of the piston-load assemblies of the two cyl-

inders, x=[x1, x2]
T, T

1 2[ , ] ,x xx    and T
1 2[ , ]x xx    are 

the 2×1 vectors of piston position, velocity, and ac-
celeration, respectively, A is the piston effective area, 
pL=[pL1, pL2]

T is the 2×1 vector of pressure differen-
tial across the piston, in which pL1=pa1−pb1, pL2= 
pa2−pb2, pa1, pa2, pb1, and pb2 are the absolute pressures 
of the left and right chambers of two cylinders, re-
spectively, C ( )F x  is the 2×1 vector of Coulomb 

friction, modeled by C f f( ) ( ),F x A S x   where Af= 

diag{Af1, Af2} is the 2×2 unknown Coulomb friction 

coefficient matrix and T
f f1 1 f2 2( ) [ ( ), ( )]S x S xS x    is a 

known 2×1 vector of smooth function used to ap-
proximate the traditional discontinuous sign function 
sgn( )x  used in the traditional Coulomb friction 

modeling for effective friction compensation in 
complementation (Meng et al., 2013), FL=[FL1, FL2]

T 
is the 2×1 vector of external load force, and f is the 
2×1 vector of lumped modeling error including ex-
ternal disturbances and terms like the unmodeled 
friction forces and other uncertainties. Let fn=[fn1, 

fn2]
T be the nominal value of f and 0 n f f f  the 

time-varying portion of f. The motion of the piston- 
load assemblies of the two cylinders can be rewritten 
as 

L f f L n 0( ) .A     Mx p bx A S x F f f         (2) 

 
Define the unknown parameter set θ1=[θ11, θ12, 

θ13, θ14, θ15, θ16]
T as θ11=b1, θ12=Af1, θ13=−FL1+fn1, 

θ14=b2, θ15=Af2, θ16=−FL2+fn2. Eq. (2) can be further 
rewritten as 

 

T
L 1 1 0 ,A   Mx p f                      (3) 

 

where 1 f1 1T
1

2 f2 2

( ) 1 0 0 0

0 0 0 ( ) 1

x S x

x S x

 
  
 

 
 

  is a 

6×2 matrix of known functions, commonly referred to 
as the regressor. 

The differential equation that describes the 
pressure build-up in two cylinders is given by 
 

L L p ,  p q F d                       (4) 

where  
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are two 2×1 vectors of known functions, in which γ is 
the ratio of specific heats, R is the gas constant, Va1, 
Va2, Vb1, and Vb2 are the volumes of the left and right 
chambers of two cylinders, respectively, Ta1, Ta2, Tb1, 
and Tb2 are the gas temperatures inside the left and 
right chambers of two cylinders, respectively, Ts is the 
ambient temperature, a in1,m  a in 2 ,m  bin1,m  and bin 2m  

are the mass flows entering the left and right cham-
bers of two cylinders, respectively, a out1,m  a out 2 ,m  

bout1,m  and bout 2m  are the mass flows leaving the left 

and right chambers of two cylinders, respectively, 

a1,Q  a2 ,Q  b1,Q  and b2Q  represent the heat transfer 

between the air in the cylinder chambers and the in-
side of the barrel, and d is the 2×1 vector of lumped 
unknown nonlinear functions due to external dis-
turbances and modeling errors. Let dn=[dn1, dn2]

T be 
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the nominal value of d and 0 n d d d  the time- 

varying portion of d. Moreover, define the unknown 
parameter set θ2=[θ21, θ22]

T as θ21=dn1, θ22=dn2. Eq. (4) 
can be rewritten as 

 
T

L L p 2 2 0 ,   p q F + d                  (5) 

 

where T
2

1 0

0 1

 
  
 

  is the 2×2 regressor matrix. 

According to Carneiro and de Almeida (2006) 
and Meng et al. (2011), the gas temperatures inside 
the cylinder chambers can be estimated by 

 

p p
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(6) 

 
where ps is the supply pressure and np is the polytropic 
index with a value of 1.35. Choosing the middle of the 
stroke as the origin of piston displacement, the vol-
umes of the left and right chambers of two cylinders 
can be expressed as 

 

a1 a10 1

a2 a20 2

b1 b10 1

b2 b20 2

( / 2 ),  

( / 2 ),

( / 2 ),  

( / 2 ),

V V A L x

V V A L x

V V A L x

V V A L x

  
   
   
   

            (7) 

 
where Va10, Va20, Vb10, and Vb20 are the dead volumes 
of two cylinders at the beginning and the end of the 
stroke, including fittings and lines, and L is the piston 
stroke. The heat transfer between the air in the cyl-
inder chambers and the inside of the barrel can be 
determined by 

 

a1 a1 1 s a1

b1 b1 1 s b1

a2 a2 2 s a2

b2 b2 2 s b2

( ) ( ),

( ) ( ),

( ) ( ),

( ) ( ),

Q hS x T T

Q hS x T T

Q hS x T T

Q hS x T T

   


  


  
   









            (8) 

 
where h is the heat transfer coefficient, and Sa1(x1), 
Sb1(x1), Sa2(x2), and Sb2(x2) are the heat transfer sur-

face areas, which can be calculated by 
 

a1 1 1

a2 2 2

b1 1 1

b2 2 2

( ) 2 π ( / 2 ),

( ) 2 π ( / 2 ),

( ) 2 π ( / 2 ),

( ) 2 π ( / 2 ),

S x A D L x

S x A D L x

S x A D L x

S x A D L x

  
   
   
   

           (9) 

 
where D is the diameter of the piston. 

According to Meng et al. (2011; 2013), the mass 
flows entering or leaving the cylinder chambers can 
be described by 
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(10) 
 

where i=1, 2 is the control valve’s index,  im  is the 

mass flow rate, Ai(ui) is the effective valve orifice area, 
ui is the control valve’s control input, Cd is the dis-
charge coefficient, C1 is a constant with a value of 
0.0404, pu and pd are the upstream pressure and the 
downstream pressure, respectively, Tu is the upstream 
temperature of air, pr is the critical pressure ratio, and 
λ is the minimum pressure ratio to have a laminar flow, 
which takes a value close to 1. Fig. 2 shows the rela-
tionship between input signal ui and orifice area (in-
put and exhaust paths) Ai(ui), i=1, 2. 
 

 
 
 
 
 
 
 
 
 
 
 Fig. 2  Input and exhaust path valve areas vs. input signal
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Assumption 1    The extent of parametric uncertain-
ties and uncertain nonlinearities is known; i.e., 
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  (11) 

 
where θ1 min=[θ11 min, θ12 min, θ13 min, θ14 min, θ15 min, 
θ16 min]

T and θ2 min=[θ21 min, θ22 min]
T are the minimum 

parameter vectors, θ1 max=[θ11 max, θ12 max, θ13 max, θ14 max, 
θ15 max, θ16 max]

T and θ2 max=[θ21 max, θ22 max]
T are the 

maximum parameter vectors, and fmax and dmax are 
known positive scalars. 
 
 
3  Controller design 
 

In this section, an adaptive robust synchroniza-
tion controller for multi-cylinder pneumatic servo 
system is developed by incorporating the cross-  
coupling technology into the DIARC architecture. 
The proposed controller comprises an online recur-
sive least squares estimation (RLSE) algorithm and a 
robust control law. The former is employed to obtain 
accurate estimates of model parameters for reducing 
the extent of parametric uncertainties, while the latter 
is utilized to attenuate the effects of parameter esti-
mation errors, unmodeled dynamics and disturbances. 
The robust control law and the parameter adaption 
algorithm can be designed separately with the use of 
projection mapping. Since the system model uncer-
tainties are unmatched, the recursive backstepping 
technology is adopted to design the robust control 
law. 

3.1  Robust control law 

Define the motion trajectory tracking error vec-
tor of the two cylinders as 

 

1 d1
d

2 d2

,
x xe

= = =
x xe

  
      

e x x            (12) 

 
where xd=[xd, xd]

T is a 2×1 vector of the desired mo-
tion trajectory. Obviously, the motion synchroniza-
tion goal will be achieved if e1=e2. Thus, we define 
the position synchronization error vector of the two 

cylinders in the following way: 
 

1 1 2

2 2 1

,
e e

= = =
e e




   
      

Te                (13) 

 

where 
1 1

1 1

 
   

T  is the 2×2 synchronization 

transformation matrix. According to the concept of 
cross-coupling approach, a coupled position error 
vector E=[E1, E2]

T that contains both the motion tra-
jectory tracking error vector e and the synchroniza-
tion error ς is introduced: 
 

Τ

0
d ,

t
  E e                      (14) 

 
where β=diag{β, β} is a positive-definite coupling 
gain matrix, which determines the weight of the syn-
chronization error ς in the coupled position error E. 

The recursive backstepping technology is 
adopted, and the following steps will be taken to 
synthesize a control input vector u=[u1, u2]

T for two 
control valves such that x tracks the desired trajectory 
xd while achieving precise motion synchronization of 
the two cylinders. 

3.1.1  Step 1 

Define a switch-function-like quantity as 
 

, r E E                             (15) 

 
where Λ=diag{Λ, Λ} is a positive-definite feedback 
gain matrix. Differentiating r with respect to time 
leads to 

 

Τ Τ .  r e e +                    (16) 
 

Define a positive semi-definite function 
 

   

Τ Τ
1

Τ
Τ Τ

0 0

1 1

2 2
1

d d ,
2

t t

V

 

 

  

r Mr K

K





 

    
     (17) 

 
where Kς=diag{Kς, Kς} is a positive-definite diagonal 
matrix. Differentiating V1 and noting Eqs. (3) and (16), 
one obtains 



Meng et al. / J Zhejiang Univ-Sci C (Comput & Electron)   2014 15(8):651-663 656

 
Τ T Τ

1 L 1 1 0 d

Τ
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0

[ ]

d .
t

V A



     

  

r p f Mx M M E

K K

  

 

    

      
 

 (18) 
 

Considering pL 
as the virtual control input, the fol-

lowing control law pLd for pL is proposed: 
 

Ld Lda1 Lda2 Lds1 Lds2 ,   p p p p p         (19) 

where  

T Τ Τ
Lda1 1 1 d

Lds1 p

1 ˆ[ ( ) ],

/ .
A

A

     

 

p M x E K

p K r

        
 

 

pLda1 is the usual model compensation with the 

physical parameter estimate 1̂  updated using an 

online adaption algorithm to be detailed in Section 3.2, 
pLda2 is a fast dynamic compensation type model 
compensation term discussed later in this section, 
pLds1 is a negative feedback of r to stabilize the 
nominal system, in which Kp=diag{Kp1, Kp2} is a 
positive-definite diagonal control gain matrix, and 
pLds2 is a robust feedback term to be synthesized later 
so that some guaranteed robust performance can be 
achieved in spite of various model uncertainties. The 
last term in pLda1 is used to compensate for the effect 
due to addition of the cross-coupling technology to 
the overall system dynamics. The necessity of intro-
ducing this term will be shown in the following con-
troller design process. Let ep=pL−pLd denote the vir-
tual control input discrepancy. Substituting Eq. (19) 
into Eq. (18) gives 

 

 
Τ Τ Τ T

1 p p Lda2 Lds2 1 1 0

Τ
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0

( )

d .
t

V A A A



     

   

r e r K r r p p f

r K K K

 

  

 

        
 

(20) 
 

Substituting Eq. (15) into the term Τ Τr K   in  

Eq. (20) leads to 
 

Τ Τ Τ T
1 p p Lda2 Lds2 1 1 0

Τ Τ Τ Τ Τ Τ

( )

( ) .

V A A A     

   

r e r K r r p p f

K K

 

 

 

       
 

(21) 
 

In practice, the uncertain nonlinearity 0
f  and the 

model uncertainties due to parameter estimation error 

1
  together can be categorized into a low frequency 

component dc1 and a high frequency component Δ1(t), 
i.e., 
 

T
c1 1 1 1 0( ) .t   d f                   (22) 

 
As done in Meng et al. (2013), the low frequency 
component

 
dc1 can be compensated using pLda2 as 

follows: 
 

Lda2 c1

1 ˆ ,
A

 p d                         (23) 

 

where c1d̂  represents the estimate of dc1 updated by 
 

c1
ˆc1 c1

T
c1 c1M c1

c1

ˆ Proj ( )

ˆ ˆ, || ( )|| and ( ) 0,

, else,

t d t



      


d
d r

d d r

r



0





   (24) 

 

with c1 c1M
ˆ|| (0) || dd , where γc1=diag{γc11, γc12} is the 

positive-definite diagonal adaptation rate matrix and 
dc1M>0 is a preset bound. Such a projection type ad-

aptation law guarantees c1 c1M
ˆ|| ( ) ||  .t d t d  Substi-

tuting Eqs. (22) and (23) into Eq. (21) gives 
 

Ld

Τ Τ Τ
1 p p Lds2 c1 1

Τ Τ Τ Τ Τ Τ

Τ
p 1

[ ( )]

( )

,

V A A t

A V

    

   

 
p

r e r K r r p d

K K

r e




 



          (25) 

 

where c1 c1 c1
ˆ d d d , 

Ld
1V

p
 is a short-hand notation 

used to represent 1V  when ep=0. The robust feedback 

term pLds2 is chosen to satisfy the following condition: 
 

Τ
Lds2 c1 1 1[ ( )] ,A t   r p d                 (26) 

 
where η1>0 is a design parameter. Since projection 
mapping will be used to condition the parameter es-
timation algorithm so that the parameter estimates are 

kept within the known bounded convex set 
1

  (the 

closure of the convex set 
1
),  by assumption, 

c1 1( )t d   is bounded with some known functions 
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h1(t). For example, h1(t) can be any bounding function 
satisfying 

 

1 c1M 1M 1 max( ) ,ih t d f                (27) 

 
where θ1M=θ1 max−θ1 min. Therefore, pLds2 can be cho-
sen as 

2
1

Lds2
1

( )1
.

4

h t

A 
 p r                      (28) 

 
Substituting Eq. (26) into Eq. (25) leads to 

 
Τ Τ Τ Τ Τ Τ

1 p p

Τ Τ
1

( )

     .

V A



    

 

r e r K r K

K






    

  
    (29) 

 

It is thus concluded that 1V  can be made negative 

semi-definite by choosing a large enough feedback 
gain matrix Kp and/or a small enough controller pa-
rameter η1 when ep=0. As a result, r and the synchro-
nization error vector ς are bounded. Furthermore, the 

coupled position error E and its derivative E  are 
bounded according to Eq. (15). With the fact that ς is 
bounded, one can conclude that e is also bounded 
from Eq. (13). Now we have explicitly illustrated that 
the motion trajectory tracking error e will be bounded 
and the synchronization goal is achieved if we can 
make ep converge to zero or a small value. 

3.1.2  Step 2 

Differentiating ep and noting Eq. (5) yield 
 

T
p L p 2 2 0 Ldc Ldu ,      e q F + d p p       (30) 

where  

Ld Ld Ld Ld Ld
Ldc 1 c1

1 c1

ˆ ˆ ˆ
ˆ ˆ t

    
    

   

p p p p p
p x x d

x x d

   





 
 
represents the calculable part of Ld

p  and can be used 

to design control functions, 1 T
L 1 1

ˆ ˆ( )A x M p  
 
is 

the vector of estimated acceleration, and 

1 TLd
Ldu 1 1 0( )

  

p

p M f
x

 


   is the incalculable part 

of Ld
p  due to various uncertainties and has to be dealt 

with by certain robust feedback as in step 1. Consider 
qL as the virtual control input. Therefore, the next step 

is to synthesize a control function qLd for qL such that 
ep converges to zero or a small value with a guaran-
teed transient performance. 

Define a positive semi-definite function 
 

T
2 1 p p

1
.

2
V V  e e

                 
       (31) 

 
Differentiating V2 and noting Eqs. (25) and (30)  
lead to 
 

Ld

T T
2 1 p L p 2 2 0 Ldc Ldu( ).V V A        

p
e q r + F + d p p 

                      
       (32) 

 

Similar to Eq. (19), the following control law qLd for 
qL is proposed: 
 

Ld Lda1 Lda2 Lds1 Lds2 ,   q q q q q            (33) 

where  
T

Lda1 p 2 2 Ldc Lds1 q p
ˆ ,   .A     q r F + p q K e   

 
qLda1 is the usual model compensation with the 

physical parameter estimate 2̂  updated using an 

online adaption algorithm to be detailed in Section 3.2, 
qLda2 

is the fast dynamic compensation term to be 
synthesized later, qLds1 is a negative feedback of ep to 
stabilize the nominal system, in which Kq=diag{Kq1, 
Kq2} is the positive-definite diagonal control gain 
matrix, and qLds2 is synthesized later to dominate the 
model uncertainties. Substituting Eq. (33) into Eq. (32) 
gives 
 

Ld

T T T
2 1 p q p p Lda2 Lds2 2 2 0 Ldu( ).V V     

p
e K e e q q + d p    

    (34) 
 

Similar to Eq. (22), define a constant vector dc2 and a 
time-varying function vector Δ2(t) 

such that 
 

T
c2 2 2 2 0 Ldu( ) .t   d + d p    

    
       (35) 

 
As in step 1, the fast dynamic compensation term 
qLda2 can be chosen as 
 

Lda2 c2
ˆ , q d

                   
       (36) 

 

where c2d̂  represents the estimate of dc2 updated by 
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c2
ˆc2 c2 p

T
c2 c2M c2 p

c2 p

ˆ Proj ( )

ˆ ˆ, || ( )|| and ( ) 0,

else,

t d t



      


d
d e

d d e

e



0



   

(37) 

 

with c2 c2M
ˆ|| (0) || ,dd  where γc2=diag{γc21, γc22} is 

the positive-definite diagonal adaptation rate matrix 
and dc2M>0 is a preset bound. Such a projection type 

adaptation law guarantees c2 c2M
ˆ|| ( ) ||  .t d t d  Sub-

stituting Eqs. (35) and (36) into Eq. (34) gives 
 

Ld

T T
2 1 p q p p Lds2 c2 2[ ( )].V V t    

p
e K e e q d  

 
  (38) 

 
Similarly, qLds2 is chosen to satisfy the following 
condition: 

 
T
p Lds2 c2 2 2[ ( )] ,t   e q d               (39) 

 
where η2>0 is a design parameter. One example of 
qLds2 is given by 

 

2
2

Lds2 p
2

( )
,

4

h t


 q e

         
             (40) 

 

where h2(t) can be any bounding function satisfying 
 

1Ld
2 2M 2 max c2M

2M 2 max

( ) ( )

,

h t f d

d


  



 

p
M

x
 

 
    (41) 

 
where θ2M=θ2 max−θ2 min. Substituting Eq. (39) into  
Eq. (38) leads to 

 
Τ T Τ Τ Τ Τ

2 p p q p

Τ Τ
1 2
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(42) 

 

Clearly, 2V  can be made negative semi-definite and  

ep can be made converge to zero or a small value by 
increasing feedback gain vectors Kp, Kq and/or de-
creasing controller parameters η1, η2. 

3.1.3  Step 3 

Once qLd=[qLd1, qLd2]
T is calculated, the desired 

effective valve orifice areas A1(u1) and A2(u2) of the 
two control valves can be calculated by 

Ld

s q s a s a b q b 0 b b

Ld

Ld

a q a 0 a a s q s b s b
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A u

q

RT K p p T V RT K p p T V

q

q

RT K p p T V RT K p p T V

q

 

 


 
  

 



(43) 

 

where i=1, 2. Thus, the input signal u=[u1, u2]
T for the 

proportional directional control valves can be ob-
tained according to the relationship between the input 
signal and effective valve orifice area (Fig. 2). 

3.2  Parameter estimation algorithm 

In this subsection, online recursive least squares 
estimation (RLSE) of θ1 and θ2 will be developed for 
reducing parametric uncertainties. As mentioned in 
Section 3.1, the widely used projection mapping in 
adaptive control will be used to condition the RLSE 
algorithm so that the parameter estimates are kept 

within the known bounded convex sets 
1

  and 
2
.  

Otherwise, no bounded robust control terms pLds2 and 
qLds2 can be found to attenuate the unbounded model 
uncertainties in Eq. (26) and Eq. (39), respectively. 

Assume the system is free of uncertain nonline-

arities, i.e., 0 0= =f d  0  in Eqs. (3) and (5). Rewriting 

Eqs. (3) and (5), the following linear regression 
models can be constructed: 

 
T

1 L 1 1,A  y Mx p                    (44) 
T

2 L L p 2 2 .   y p q F                 
 
(45) 

 
Let Hf(s) be a stable LTI filter transfer function 

with a relative degree 3, e.g., 
 

2
f

f 2 2
f f f

( ) ,
( 1)( 2 )

H s
s s s


  


  

      
 (46) 

 
where τf, ωf, and ξ are filter parameters. Applying the 
filter to both sides of Eqs. (3) and (5), one obtains the 
filtered linear regression models: 
 

T
1f f L 1f 1( ) ,H A  y Mx p  

             
 

(47) 
T

2f f L L p 2f 2( ) ,H   y p q F  
           

(48) 
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where 1f f1f 1 fT
1f

2f f2f 2 f

( ) 1 0 0 0

0 0 0 ( ) 1

x S x

x S x

 
  
 

 
 

  

and fT
2f

f

1 0

0 1

 
  
 

  are the filtered regressors, in 

which 1f ,x  2f ,x  f1f 1( ),S x  f2f 2( ),S x  and f1  represent 

the output of the filter
 
for the input 1,x  2 ,x  f1 1( ),S x  

f2 2( ),S x  and 1, respectively. Defining the predicted 

output as T
f f

ˆˆ
i i iy    leads to the following prediction 

error model: 
 

T
f f f

ˆ , 1, 2.i i i i i i     y y   
     

     (49) 

 
To achieve a complete separation of estimator 

design and robust control law design, in addition to 
projection mapping, it is necessary to use the preset 
adaption rate limits for a controlled estimation pro-
cess. Therefore, for each set of unknown parameter 

vectors, î  is updated using the following projection 

type adaption law with a preset adaption rate limit 

Μi
 : 

M
ˆ

ˆ sat (Proj ( )), 1, 2,
ii i i i  


 

  
        

(50) 

 
where τi is the adaption function, Γi is the positive- 

definite symmetric adaption rate matrix, ˆProj ( )i i
 

 
is the standard projection mapping, and 

iM
sat ( )   is a 

saturation function defined by Eq. (52).  
The standard projection mapping is 
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(51) 

where i

  and 

i
   

denote the interior and the 

boundary of ,
i

  respectively, and 
î

n
  

represents the 

outward unit normal vector at ˆ
ii   .  

The saturation function is defined as 

M
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(52) 

 

where M

i  is the preset adaption rate limit. The 

adaption rate matrix Γi is given by 
 

T
f f

T
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(53) 
 

where αi≥0
 
is the forgetting factor, νi≥0 is the nor-

malizing factor with νi=0 leading to the unnormalized 
algorithm, ρiM is the preset upper bound for ||Γi(t)|| 
which guarantees Γi(t)≤ρiMI t, and the adaption 
function τi is given by 

 

fT
f f

1
.

1i i i
i i i i







 
                   

(54) 

 
 

4  Experimental results 
 

Experiments were performed on the dual- 
cylinder pneumatic system as shown in Fig. 1 to ver-
ify the proposed adaptive robust synchronization 
controller. Fig. 3 is the picture of the experimental 
setup. Each rodless cylinder (FESTO DGC-25-500- 
G-PPV-A) was controlled by a proportional direc-
tional control valve (FESTO MPYE-5-1/8-HF-010B). 
The pressure sensors (FESTO SDET-22T-D10-G14- 
I-M12) were used to measure the chamber pressures 
of each rodless cylinder and the tank pressure. Posi-
tion and velocity information of the cylinder move-
ment was obtained by the magnetostrictive linear 
position sensor (MTS RPS0500MD601V810050). 
Two single-rod cylinders, controlled by pressure 
control valves, were employed to produce a load force 
or simulate a disturbance on the rodless cylinder. The 
control algorithms were implemented using a dSPACE 
DS1103 controller board, while an industrial com-
puter was used as the user interface. The controller 
executed programs at a sampling period of 1 ms. 
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The system physical parameters were m1=  

m2=2.6 kg, A1=A2=4.908×10−4 m2, L1=L2=0.5 m, 
V1a0=V2a0=2.5×10−5 m3, V1b0=V2b0=5×10−5 m3, R=287 
N·m/(kg·K), γ=1.4, Ts=300 K, ps=7×105 Pa, p0= 
1×105 Pa, h=60 W/(m2·K). The nominal values of the 
uncertain parameters were set as θ11=100 N·s/m, θ12= 
80 N, θ13=0 N, θ14=100 N·s/m, θ15=80 N, θ16=0 N, 
θ21=θ22=0 Pa/s. The bounds of the parametric varia-
tions were chosen as θ1 min=[0, 0, −100, 0, 0, −100]T, 
θ2 min=[−100, −100]T, θ1 max=[300, 250, 100, 300, 250, 
100]T and θ2 max=[100, 100]T. 

Using a trial-and-error procedure, the controller 
parameters adopted were β=diag{0.3, 0.3}, Λ= 
diag{100, 100}, Kς=diag{45, 45}, Kp=diag{30, 40}, 
h1(t)=100,

 
η1=4,

 
γc1=diag{150, 150}, dc1M=10, Kq= 

diag{400, 400}, h2(t)=400,
 
η2=10, γc2=diag{10, 10}, 

dc2M=10. The initial values of the adaption rate ma-
trices were set as Γ1=diag{100, 100, 100, 100, 100, 
100}, Γ2=diag{10, 10}. Other parameters in the pa-
rameter estimation algorithm were α1=α2=0.1, ν1=ν2= 

0.1, 1M
 = [10, 10, 10, 10, 10, 10]T, 2M

 = [5, 5]T, 

ρ1M=1000, ρ2M=100. The filter parameters were cho-
sen as τf=50, ωf=100, and ξ=1. The smooth function 

vector can be chosen as f ( )S x = 1

2
arctan(1000 ),

π
x




  

T

2

2
arctan(1000 )

π
x




 . 

The controller was first tested for tracking si-
nusoidal trajectories with different frequencies. Fig. 4 
shows the synchronization error and the tracking errors 
of two cylinders for a sinusoidal trajectory motion 
with a frequency of 0.25 Hz and amplitude of 0.125 m. 
The average tracking errors of two cylinders in terms 
of L2 norm were L2[e1]=0.72 mm and L2[e2]=0.68 mm, 

and the maximum absolute tracking errors were  
1.31 mm and 1.40 mm. The average synchronization 
error in terms of L2 norm was L2[ς1]=L2[ς2]=0.48 mm 
and the maximum absolute synchronization error was 
1.05 mm. The proposed controller can effectively 
reduce the synchronization error between two cylin-
ders (Jang et al., 2004; Shibata et al., 2006), while 
guaranteeing a prescribed motion trajectory tracking 
transient performance and final tracking accuracy.  
Fig. 5 shows the history of online parameter estimates. 
The estimates of parameters all converged quickly 
and stayed close to some constant values. 

For tracking a faster sinusoidal trajectory (am-
plitude 0.125 m and frequency 0.5 Hz), the synchro-
nization error and the tracking errors of two cylinders 
are shown in Fig. 6. The history of online parameter 
estimates is shown in Fig. 7. The average tracking 
errors of two cylinders in terms of L2 norm were 
L2[e1]=0.93 mm and L2[e2]=0.95 mm, and the max-
imum absolute tracking errors were 2.19 mm and 2.25 
mm. The average synchronization errors in terms of 
L2 norm were L2[ς1]=L2[ς2]=0.49 mm and the maxi-
mum absolute synchronization error was 1.45 mm. 

For tracking a smooth step trajectory, which has 
a maximum velocity of max =0.3 m/sdx   and a maxi-

mum acceleration of 2
max =0.75π m/s ,dx  Fig. 8 shows 

the steady-state response of the system. The maxi-
mum absolute synchronization error was about  
0.92 mm, and the final steady-state synchronization 
error was below 0.05 mm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3  Picture of the experimental setup 

Fig. 4  Tracking errors and synchronization error for a 
0.25 Hz sinusoidal trajectory 

-2.0

-1.0

0

1.0

2.0

e 1
 (

m
m

)
e

2 
(m

m
)

-2.0

-1.0

0

1.0

2.0

-1.5
-1.0
-0.5

0
0.5
1.0
1.5

0 5 10 15 20 25
t (s)



Meng et al. / J Zhejiang Univ-Sci C (Comput & Electron)   2014 15(8):651-663 661

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

To further test the achievable control performance 
of the proposed synchronization controller, the tra-
jectory xd=0.05sin(1.25πt)+0.05sin(πt)+0.05sin(0.5πt) 
was considered. Fig. 9 shows the synchronization 
error and the tracking errors of the system. As can  
be seen, the average tracking errors of two cylinders 
in terms of L2 norm were L2[e1]=1.22 mm and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

L2[e2]=1.24 mm, and the maximum absolute tracking 
errors were 2.79 mm and 2.68 mm. The average 
synchronization errors in terms of L2 norm were 
L2[ς1]=L2[ς2]=0.52 mm and the maximum absolute 
steady-state synchronization error was about 1.44 mm. 
The process of parameter estimation is shown in  
Fig. 10. 
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Fig. 8  Steady-state tracking response of the smooth step 
trajectory 
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A large external load force was added to cylinder 

1 at t=7.5 s and removed at t=12.5 s to test the per-
formance robustness of the proposed synchronization 
controller to sudden disturbance. Fig. 11 shows the 
steady-state synchronization error of the system in 
this situation for the trajectory xd=0.125sin(πt). As 
can be seen, the added disturbance did not affect the 
control performance much except the transient spikes 
when sudden changes of the disturbance occurred. 

 
 

 
 
 
 
 
 
 
 
 
5  Conclusions 
 

This paper presents an adaptive robust synchro-
nization control strategy for two pneumatic cylinders. 
The cross-coupling technology is incorporated into 
the DIARC architecture and the proposed controller is 
synthesized with the feedback of the so-called cou-
pled position error, which is a combination of the 
trajectory tracking errors of two cylinders and the 
position synchronization error between them. The 
adaptive robust synchronization controller employs 
an online RLSE algorithm to obtain accurate esti-
mates of model parameters for reducing the extent of 
parametric uncertainties, and uses a robust control 
law to attenuate the effects of parameter estimation 
errors, unmodeled dynamics, and disturbances. Due 
to the use of projection mapping, the robust control 
law and the parameter adaption algorithm are de-
signed separately. Since the system model uncertain-
ties are unmatched, the recursive backstepping tech-
nology is adopted to design the robust control law. 
Theoretically, asymptotic convergence to zero is 
achieved for both position synchronization and tra-
jectory tracking errors. Extensive experimental re-
sults illustrate the effectiveness of the proposed con-
troller and its performance robustness to sudden  
disturbances. 
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