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ABSTRACT 

This paper introduces a novel, compact pneumatic 
actuator capable of executing both rotary and linear 
motions to enhance work efficiency. Considering the 
strong nonlinearities inherent in the valve-controlled 
pneumatic cylinder system and the valve-controlled 
pneumatic motor system, we employ an extended state 
observer-based sliding mode control method for the 
high-precision control of the composite motion 
pneumatic actuator. The sliding mode control is 
adopted for its rapid response and good robustness, and 
the extended state observer is employed to estimate 
state variables and overall uncertainty of the system in 
real time. The results indicate that the maximum 
steady-state error is approximately 0.44 mm when 
ESO-SMC is used to control the composite motion 
pneumatic actuator to track a sinusoidal displacement 
signal with a 0.25 Hz frequency and a 20 mm 
amplitude. The steady-state error is approximately 2 
rpm during the constant rotary speed control of the 
pneumatic actuator at 800 rpm. 
 

INTRODUCTION 
Pneumatic technology (Liu et al., 2019; Ma et al., 

2020; Sun et al., 2024) is an engineering technology 
that employs compressed air as the operational 
medium and air compressor as the power source for 
energy and information transfer. This technology is 
employed in contemporary industrial fields due to its 
adaptability to complex environments such as 
flammable, explosive, radiation, and electromagnetic 
fields.  
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Pneumatic cylinders and pneumatic motors are 
common actuating elements in pneumatic systems. 
Pneumatic cylinders are used to realize linear 
reciprocating motion to output force and linear 
displacement. Pneumatic motors are used to realize 
continuous rotary motion to output torque and angular 
displacement. The development of pneumatic 
actuators has never stopped (Han et al., 2019; Liang et 
al., 2020; Qian et al., 2023a; Qian et al., 2023b; 
Saddam et al., 2024; Yue et al., 2022; Zhu et al., 2022). 
While the pneumatic industry continues to enhance 
product performance, researchers have also conducted 
extensive studies and developed novel pneumatic 
actuators featuring low friction, high efficiency, and 
high precision. For example, vibration friction 
reduction pneumatic cylinders (Gao et al., 2016; Pham 
et al., 2015; Qian et al., 2022a; Qian et al., 2023c), 
rolling diaphragm-sealed pneumatic cylinders 
(Whitney et al., 2014), and air-floating frictionless 
pneumatic cylinders (Qian et al., 2023d) are all novel 
linear pneumatic cylinders proposed by researchers to 
enhance pneumatic cylinder performance. In addition, 
a scroll-type pneumatic motor (Luo et al., 2018) is a 
representative new type of pneumatic motor proposed 
in recent years. Through the investigation, it was 
identified that Festo, a German-based company, has 
developed a swivel/linear pneumatic cylinder (model 
DSL-B). This pneumatic cylinder features dual motion 
modes: a 270° maximum swivel rotation and a 200 
mm linear stroke. Crucially, the independent or 
simultaneous control of these motions provides a 
unique advantage, driving its widespread industrial 
adoption. In addition to the continuous enhancement of 
linear and rotary actuators, there is a growing industrial 
demand for integrated motion capabilities. Practical 
applications such as petrochemical explosion-proof 
valves (Zong et al., 2022), which require both linear 
thrust and rotary positioning, automated fuel coupling 
mechanisms (Bi et al., 2021), which involve linear 
insertion and rotary locking to ensure secure fuel 
transfer, and fruit-picking end-effectors (Huang et al., 
2021; Mao et al., 2022; Xie et al., 2024) that must grip 
and twist produce, all exemplify scenarios where both 
linear and rotary motions are indispensable. These 
examples not only highlight the broad applicability of 



 
J. CSME Vol.47, No.3 (2026) 

10.29979/JCSME.202606_47(3).0008 

-274- 
 

pneumatic actuation in delivering explosion-proof, 
spark-free, and intrinsically safe motion, but also 
underscore the necessity for compact actuators capable 
of generating combined motion. Consequently, it is of 
great research significance to develop a compact end 
effector that can achieve the combination of rotary and 
linear motion. 

Pneumatic servo control technology has been a 
persistent focus for researchers in pneumatics (Ahmad 
et al., 2021; Liao et al., 2022; Qian et al., 2024). The 
development of early pneumatic servo technology can 
be traced back to the last century. However, the 
pneumatic servo system has faced challenges such as 
low stiffness, low natural frequency, and strong 
nonlinearity, making it difficult to achieve an ideal 
control effect using traditional control theories and 
methods. Consequently, the development of effective 
control strategies constitutes a central challenge in 
advancing pneumatic servo control technology. In 
terms of the position servo control for pneumatic 
cylinders, Ren et al. successively proposed adaptive 
backstepping (Ren et al., 2013) and fractional-order 
proportional-integral-derivative (PID) control (Ren et 
al., 2019) methods, and found that the latter achieved 
better control performance compared with the former. 
Zhao et al. introduced an ESO-based ADRC method to 
achieve high-precision position control of a rodless 
pneumatic cylinder (Zhao et al., 2019). The results 
demonstrate that the controller achieves a very high 
positioning accuracy with a steady state error within 5 
μm, but the trajectory tracking curve shows obvious 
hysteresis phenomenon. In addition, they proposed a 
multi-controller positioning strategy (Zhao et al., 2017) 
and a prescribed performance control strategy based on 
a nonlinear ESO (Gu et al., 2023) for pneumatic servo 
systems. Soleymani et al. developed a multiple surface 
SMC approach, and the results verified the 
performance of the controller and its good robustness 
to uncertainties (Soleymani et al., 2017). Qian et al. 
constructed an integral SMC controller and applied it 
to a pneumatic motion trajectory tracking system 
controlled by four switching valves and a pneumatic 
system based on a vibration friction reduction 
pneumatic cylinder controlled by a proportional 
directional valve (Qian et al., 2017; Qian et al., 2022b; 
Qian et al., 2024b). Meng et al. presented an adaptive 
robust control (ARC) algorithm to enhance the 
pneumatic motion tracking accuracy (Meng et al., 
2013a; Meng et al., 2013b). 

Research on pneumatic motor control remains 
limited. Safak et al. introduced a trajectory tracking 
fuzzy logic controller for achieving the speed control 
of pneumatic motors (Safak et al., 2010). In the 
experiment, genetic algorithm (GA) was employed to 
optimize the controller parameters to realize the speed 
control of the pneumatic motor under different 
working conditions. Chen et al. designed a PID-based 
fuzzy neural network controller for the pneumatic 
motor speed servo system, and proposed an accurate 

speed control method to address external disturbances 
and strong nonlinearities within the system (Chen et al., 
2016). The results affirm the effectiveness and 
superiority of this controller. They also proposed an 
adaptive dynamic SMC method incorporating a PID 
fuzzy neural network observer (Chen et al., 2017). The 
results indicate the robustness of the proposed method 
in addressing the pneumatic motor speed servo system. 

The organizational structure of this paper is as 
follows. Section 2 describes a linear-rotary composite 
motion pneumatic servo system. The system model is 
established in Section 3. Section 4 constructs an ESO-
SMC controller. Section 5 and Section 6 gives results 
and discussion, and conclusions and outlook. 
 
PNEUMATIC SERVO SYSTEM BASED 

ON LINEAR-ROTARY COMPOSITE 
MOTION PNEUMATIC ACTUATOR 

 
Linear-rotary composite motion pneumatic 
actuator 
 

To address the limitations in the rotary angle of 
the DSL-B swivel/linear pneumatic cylinder, this study 
designs a novel linear-rotary composite motion 
pneumatic actuator by combining a pneumatic motor 
and a pneumatic cylinder, as shown in Figure 1. The 
pneumatic actuator consists of a rotary motion module, 
a linear motion module and a torque transmission 
module. 

A Gast blade-type pneumatic motor (1AM-NRV-
39A) is used as the rotating power source for the rotary 
motion module. To facilitate the control study of this 
pneumatic actuator, the information acquisition device 
for the rotary motion is also considered. In this paper, 
an Omron rotary encoder is used. As shown in Figure 
2(a), the rotary encoder is connected to the rear end 
cover of the pneumatic motor through an encoder 
connector and secured with countersunk bolts. In 
addition, a coupling is used to connect the rotor of the 
pneumatic motor and the rotating shaft of the rotary 
encoder, as shown in Figure 2(b). One end of the 
coupling is provided with a wedge-shaped key to 
match the rear end of the pneumatic motor, and the 
other end matches the rotating shaft of the rotary 
encoder through a set screw to achieve the purpose of 
measuring the speed of the pneumatic motor. 

The linear module utilizes a Festo piston-type 
pneumatic cylinder (DSBC-32-150-PPVA-N3) to 
generate linear displacement. The rear end cap of the 
cylinder is redesigned to facilitate the mechanical 
integration between the pneumatic cylinder and the 
pneumatic motor. During installation, the countersunk 
bolts are screwed into the front cover of the pneumatic 
motor through the rear cover of the pneumatic cylinder. 

To achieve the combination of rotary and linear 
motions, a torque transmission module is designed, 
consisting of a sleeve and a transmission rod made of 
430F stainless steel.  Figure 3 shows the structure of 
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the through set screws, and the other end is machined 
to form an "I" shaped hole. One end of the transmission 
rod fastens to the rodless end of the piston through set 
screws, and the other end is processed into an "I" 
shaped shaft, thereby realizing matching transmission 
with the sleeve. During rotary motion, the torque of the 
pneumatic motor is transmitted through the torque 
transmission module to the piston rod of the linear 
pneumatic cylinder, while overcoming its friction force 
to drive the piston rod to rotate. During linear motion, 
relative sliding occurs between the sleeve and the 
transmission rod, thereby achieving the telescopic 
movement of the piston rod. 
 
 

 
1-Rotary encoder; 2-Pneumatic motor; 3-Rotating 

shaft; 4, 7-Set screw mounting hole; 5-Sleeve; 6-
Transmission rod; 8-Sealing ring; 9-Piston; 10-Piston rod 

Fig. 1. Schematic diagram of linear-rotary composite 
motion pneumatic actuator. 

 
 

 
(a) Connector part        (b) Coupling part 

Fig. 2. Schematic diagram of rotary motion module. 
 

 
Fig. 3. Schematic diagram of torque transmission module. 

 
Linear-rotary composite motion pneumatic servo 
system 
 

To investigate the servo control performance of 
the developed pneumatic actuator, a linear-rotary 
composite motion pneumatic servo control system is 
constructed using two Festo proportional valves 
(MPYE-5-1/8-LF-010-B), as shown in Figure 4. One 
valve is employed to regulate the air inlet and outlet of 
the two chambers of the pneumatic cylinder of the 
linear module. Another one is employed to regulate the  
air inlet of the inlet chamber of the pneumatic motor of 
the rotary module, and the pneumatic motor exhaust 
chamber is exhausted to the atmosphere through a 
silencer. The pressure values in the pneumatic cylinder 

chambers and the pneumatic motor inlet chamber are 
captured using three Huba pressure sensors 
(511.930002741). The displacement information of the 
piston is captured in real time by a Panasonic laser 
displacement sensor (HG-C1200), and the speed 
information of the pneumatic motor is collected in real 
time by an Omron rotary encoder (E6B2-CWZ6C). 
The implementation of control signals for the two 
proportional valves, along with the acquisition of 
signals from all sensors, is achieved through a data 
acquisition card (NI PCI-6221), thereby enabling 
precise servo control of the linear and rotary motions 
of linear-rotary composite motion pneumatic actuator. 
 

 
1-Air supply; 2-Pressure reducing valve; 3-Air tank; 4-
Proportional directional valve; 5-Stop valve; 6-Pressure 

sensor; 7-Rotary encoder; 8- Pneumatic actuator; 9-Laser 
displacement sensor; 10-Digital to analog converter; 11-

Industrial computer; 12-Analog to digital converter 
Fig. 4. Schematic diagram of linear-rotary composite 

motion pneumatic servo system. 
 

 
(a)                      (b) 

 
Fig. 5. (a) Valve-controlled pneumatic cylinder  

(b) Valve-controlled pneumatic motor. 
 
MATHMATICAL MODELS OF LINEAR 

-ROTARY COMPOSITE MOTION 
PNEUMATIC SERVO SYSTEM 

 
The rotary and linear actions of the developed 

composite motion pneumatic actuator are controlled by 
two proportional directional valves. Figure 5 shows the 
schematic diagram of the proportional valve-
controlled pneumatic cylinder part and the 
proportional valve-controlled pneumatic motor part. 
For the subsequent design of the model-based 
controller, mathematical models for these two parts are 
established below. 
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Models of linear module 
 

Using Newton's second law, the differential 
equation of the pneumatic cylinder motion can be 
expressed as 

1 1 2 2c c c c fMx A p A p F f= − − +   (1) 

where M is the total mass of the moving parts, x is the 
acceleration of the piston rod, Ac1 and Ac2 are the acted 
areas of the piston in the transmission rod and piston 
rod chambers, Pc1 and Pc2 are the pressures in the 
transmission rod and piston rod chambers, Ff is the 
friction force experienced by the piston-rod assembly 
as it moves, and f is the uncertainty component of the 
system. 

Due to the compressibility of gas and the 
variability of thermal processes inside the pneumatic 
cylinder, the study on cylinder friction is complicated. 
Therefore, researchers mostly use existing models and 
identify the model parameters. The combined model of 
static friction, Coulomb friction and viscous friction is 
a well-known friction model. However, the 
discontinuity problem of this model at zero speed 
causes it to be unsuitable for friction compensation. To 
this end, the cylinder friction is approximated by the 
following smooth continuous function (Meng et al., 
2013) 

( )f f vF A S x c x= +     (2) 

where Af is the correction coefficient of the smooth 
friction model, cv is the viscous friction coefficient, and  

( )S x  is the Stribeck approximate continuous smooth 
curve, and it can be chosen as 

2( ) arctan(1000 )
π

S x x=     (3) 

Here, to determine the parameters Af and cv, the 
high-precision friction test platform (Qian et al., 2022c) 
we built previously is utilized to test the steady-state 
friction of this pneumatic actuator. The test schematic 
diagram and the measurement results are shown in 
Figure 6. A ball screw sliding table drives the piston 
rod at a constant speed, while a force sensor captures 
the friction force data of the actuator. By fitting the 
friction test results with the above simplified model, Af 
and cv are obtained to be 2.95 N and 88.81 N·s/m, 
respectively. 

 
The thermodynamic equation inside the linear 

pneumatic cylinder is established according to the first 
law of thermodynamics and the ideal gas law. For the 
convenience of modeling, it is assumed that no heat 
exchange occurs between the gas in the chambers and 
the external atmosphere, i.e., the gas temperature in the 
chambers is equal to the ambient temperature. Then, 
thermodynamics can be described as follows 

1 1 1
1 1, 1,

1 1

2 2 2
2 2, 2,

2 2

1 2 0

( )

( )

c c c
c c in c out

c c

c c c
c c in c out

c c

c c

RT p Vp m m
V V

RT p Vp m m
V V

T T T

γ γ

γ γ


= − −


 = − −

 = =


  


  

 (4) 

where R is the ideal gas constant, γ is the gas specific 
heat ratio, m  c1,out and m  c2,out are the inflow mass 
flow rates corresponding to the transmission rod and 
piston rod chambers, Vc1 and Vc2 are the outflow mass 
flow rates corresponding to the transmission rod and 
piston rod chambers, Vc1 and Vc2 are the volumes of the 
transmission rod and piston rod chambers, Tc1, Tc2 and 
T0 are temperature of the transmission rod chamber, 
piston rod chamber, and atmosphere, respectively. Vc1 
and Vc2 can be expressed as 

1 1 1

2 2 2

2

2

c d c

c d c

LV V A x

LV V A x

  = + +   


  = + −   

 (5) 

where V1d and V2d are the dead volumes of the 
transmission rod and piston rod chambers, and L is the 
cylinder stroke. Note that x is positive during 
pneumatic cylinder extending movement, and the 
cylinder middle position is the zero point. 
 

 

(a) Schematic diagram of friction test 

 

(b) Results of friction test 
Fig. 6. Friction test of composite motion pneumatic 

actuator. 
 
Models of rotary module 
 

As shown in Figure 5(b), it is assumed that 
compressed air flows into the pneumatic motor 
chamber from port m1 and flows out from port m2. 
During the rotation of the pneumatic motor rotor, the 
working length mx of the blade can be described as 
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2 2 2cos sinm m m m m mx d R dθ θ= + −  (6) 

where Rm is the radius of the inner wall of the motor 
housing, dm is the eccentricity, and dm = Rm-rm, in which 
rm is the radius of the pneumatic motor rotor, θm is the 
rotary angle of the pneumatic motor. 

The torque balance equation for the composite 
motion pneumatic actuator is described as 

m f m mM M J θ− =    (7) 

where Mm is the driving torque of the pneumatic motor, 
Mf is the total friction torque of the composite motion 
pneumatic actuator, Jm is the moment of inertia, and 
θ is the angular acceleration of the pneumatic motor. 

The torque Mm is determined by the combined 
torque of the gas in the inlet and outlet chambers acting 
on the working blade. Assuming that dm

2sin2θm<<Rm
2, 

and then Mm can be expressed as 

1 2
1 ( )( )( )
2m m m m m m m mM L p p x r x r= − − +  (8) 

2 2 2
1 2

1 ( )( cos2 2 cos )
2 m m m m m m m m m mL p p d d R R rθ θ= − + + −  

where Lm is the length of the pneumatic motor blade, 
pm1 and pm2 are the pressures in the inlet and outlet 
chambers of the pneumatic motor respectively. 

For this composite motion pneumatic actuator, the 
total friction torque is characterized using a combined 
model of coulomb and viscous friction. It can be 
described as 

( )f c vM M f Mθ θ= +   (9) 

where Mc is the coulomb friction torque, and Mv is the 
viscous friction torque coefficients. ( )f θ   can be 
expressed as 

0 0
( )

sign( ) 0
f

θ
θ

θ θ

 == 
≠




 

，

，
 (10) 

When the pneumatic motor is stationary or 
rotating at a constant speed, 0θ =  , then the total 
friction torque is equal to its driving torque. Therefore, 
this study measures the two chamber pressures of the 
pneumatic motor at different constant speeds to 
calculate its friction torque, and further identifies the 
parameters Mc and Mv. As shown in Figure 7(a), the 
proportional directional valve, the pneumatic motor, 
and the rotary encoder form a closed-loop speed 
control system, which can control the pneumatic motor 
to perform constant rotary speed motion. In addition, 
two pressure sensors are used to measure the pressure 
in both chambers of the pneumatic motor. Based on the 
test results presented in Figure 7(b), we obtain Mc and 
Mv as 0.1281 N∙m and 8.66×10-5 N∙m/(r/min), 
respectively. 
 

Models of proportional directional valve 

 

In this study, two FESTO proportional directional 
control valves were employed. Their flow 
characteristics were characterized in accordance with 
the flow equations specified by the international 
standard ISO 6358, as follows: 

1

2

1

( ) ,

( ) 1 ,
1

u d
d

uu

d
u d

d u
uu

p pA u C C b
pT

m
p bp pA u C C bp pT

b

 ≤

=    − − >   − 

  (11) 

where m  is the gas mass flow rate through the valve 
port, A(u) is the valve opening area, C1 is a constant, pu 
and pd are the pressures downstream and upstream of 
the valve port, Tu is the temperature upstream of the 
valve port, b is the critical pressure ratio, Cd is the 
correction coefficient, which can be expressed as 

2

0.8153 0.0933 0.1038d d
d

u u

p pC
p p

   
= + −   

   
 (12) 

The relationship between the valve opening area 
A(u) and the control voltage u can be obtained through 
the flow test of the proportional directional valve, as 
shown in Figure 8. 
 

 

1-Composite motion pneumatic actuator; 2-Rotary encoder; 
3-Pressure sensor; 4-Proportional directional valve; 5-Air 

tank; 6-Pressure reducing valve; 7-Air supply 
(a) Schematic diagram of friction torque test 

 

(b) Results of friction torque test 
Fig. 7. Friction torque test results of composite motion 

pneumatic actuator. 
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CONTROLLER DESIGN 
 

In this study, a sliding mode control (SMC) 
method is adopted for the rotary and linear motion 
actuation systems of the composite motion pneumatic 
actuator due to its fast response and strong robustness. 
Given the complexity of friction characteristics in the 
actuator, which arises from the involvement of both 
linear and rotary motion, an extended state observer 
(ESO) is further implemented to estimate the state 
variables and total uncertainty of the system in real 
time. The ESO helps mitigate the impact of complex 
frictional behaviors and external disturbances on the 
system's performance. The schematic diagram of the 
extended state observer-based sliding mode controller 
(ESO-SMC) is shown in Figure 9. 

 

 

Fig. 8. Relationship between valve opening area and control 
voltage 

 

 

Fig. 9. The schematic diagram of the extended state 
observer-based sliding mode controller. 

 
Extended state observer 

For second-order system 0( , , , )y f y y t b uω= +   
(u is the system input, y is the system output, ω is the 
disturbance part; b0 is the known part of the system), it 
can be expressed in differential form as follows 

1 2

2 3 0

3 ( )

x x

x x b u

x tω

=
 = +


=







 (13) 

where y = x1, y = x2, f = x3, and f =ω(t). The state 
equation corresponding to the above equation can be 
expressed as 

( )x Ax Bu E t

y Cx

ω= + +


=


 (14) 

where

0 1 0

0 0 1

0 0 0

A

 
 
 =
 
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 , 0

0

0

B b

 
 
 =
 
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 , 

0

0

1

E

 
 
 =
 
  

 , and 

[ ]1 0 0C = . 
Then, the corresponding continuous linear 

extended state observer is as follows 

ˆ( ) 

ˆ

z Az Bu L y y

y Cz

= + + −


=


 (15) 

where z is the state vector, and L is the error feedback 
gain matrix. 

Although ω is unknown, its value can be 
estimated through the correction term, so the parameter 
ω is omitted in Eq. (15). Therefore, the observer 
equation can be re-expressed as 

[ ] [ , ] c

c

z A LC z B L u

y Cz

= − +


=


 (16) 

where uc = [u y]T is the combined input, and yc is the 
output. Let the observer gain matrix L be 

[ ] TT 2 3
1 2 3 0 0 0      3 3L β β β ω ω ω = =    (17) 

Therefore, the differential equation of the state 
observer can be obtained as follows 

1 2 1 1

2 3 0 2 1

3 3 1

( )

( )

( )

z z z y

z z b u z y

z z y

β

β

β

= − −
 = + − −


= − −







 (18) 

where: z1, z2, and z3are the online parameter estimates 
corresponding to y, y , and f, respectively, and β1, β2, 
and β3 are the observer gains. The gains of the 
observers should satisfy the following condition. 

1

2 3 3

0
0

β
β β β
>

 > >
 (19) 

It is assumed that the rate of change of the total 
system disturbance f is bounded, with f ω< , |ω|<ωb, 
ωb is a positive real number. 

Define 1ê z y= −  , 2ê z y= −    and 3f̂ z f= −  
as the online estimation errors. By subtracting Eq. (18) 
from (13), we obtain: 

ˆG AG Eω= −      (20) 

where 

ˆ
ˆ

ˆ

e

G e

f

 
 

=  
 
 

 , 
1

2

3

1 0
ˆ 0 1

0 0
A

β
β
β

− 
 = − 
 − 

, 
0
0
1

E
 
 =  
  

. 

When the observer gains satisfy Eq. (19), the 
matrix Â  can be concluded as a Hurwitz matrix by 
the Routh criterion. Therefore, for any positive definite 
matrix Q, there exists a positive definite symmetric 
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matrix P such that ˆ ˆT TA P PA Q+ = − . 
The defined Lyapunov function can be expressed  

as follows: 
TV E PE=      (21) 

Taking the derivative of the Lyapunov function, 
we get 

2
min

2
min max

ˆ ˆ( ) 2
2

( ) 2

( ) 2 ( )

T T

T T T

T T

b

V E PE E PE

E A P PA E PE
E QE E PE

Q E E P E

Q E P E

ω

ω

λ ω

λ ω λ

= +

= + −

= − −

≤ − +

≤ − +

  

    (22) 

where λmin(Q) is the minimum eigenvalue of matrix Q, 
and λmax(P) is the maximum eigenvalue of matrix P. 

Consequently, ||E|| converges to the set 
{ }max min2 ( ) ( )bE E P Qω λ λΦ = <  , indicating that the 

observer error is uniformly bounded. 

Tracking-differentiator 
When ESO is used to reduce the noise in the 

feedback input signal, a large phase lag is generated, 
which reduces the stability of the control system. The 
use of tracking-differentiator (TD) can well alleviate 
the phase lag phenomenon caused by ESO. A discrete 
form TD is adopted, as follows 

1 1 2

2 2 1 2

( 1) ( ) ( )

( 1) ( ) [ ( ), ( ), ( ), , ]ref

v k v k Tv k

v k v k Tfst v k v k x k r h

+ = +


+ = +
 (23) 

where h is the filtering factor, r is the speed factor, T is 
the tracking step, xref(k) is the input signal, v1(k) is the 
tracking output, and v2(k) is the differential output. 

0

1 2

2
0

2 0

2 0 0

8

/ ,   

0.5( )sgn( ),   

/ ,   

sgn( ),   

d rh

d dh

y v u hv

a d r y

v y h y d
a

v a d y y d

ra d a d
fst

r a a d

=

 =

 = − +

 = +



 + ≤ = 
+ − > 


 − ≤ =  − >

 (24) 

The larger the speed factor r is, the faster the 
system tracks the signal. However, when the internal 
and external noise of the system is large, the larger the 
speed factor r will make the tracking signal v1 more 
susceptible to the influence of noise. A better filtering 
effect can be achieved by choosing a suitable filtering 
factor h. The smaller the filtering factor h, the smaller 
the phase deviation of the tracking signal v1 will be. 
Sliding mode controller 

 
This section constructs the SMC (ESO-SMC) 

controller based on ESO for rotary motion and linear 
motion control of the composite motion pneumatic 
actuator. The second-order nonlinear affine model of 
the pneumatic servo system in the rotational motion 
and linear motion mode is established below. 

1 2

2 0( )d

x x

x f f x b u

=


= + +




 (25) 

where 2 2 2 1 1 1

2 1
( ) c c c c c c

f
c c

A p V A p Vf x F
MV MV

γ γ
= − − . 

In this study, a sliding mode surface is selected as 
follows 

1 2
0

d
t

s c e c e t e= + +∫   (26) 

where 1 1e v z= − , 2 2e v z= − , 2
1 Rc λ= , 2 2 Rc λ= . 

Taking the derivative of the sliding mode surface 
s, we get 

1 2

1 2 0 ( ( ) )cd cr

s c e c e e
c e c e b u f x f x

= + +
= + + + + −

  

 
 (27) 

where fcd is the uncertain disturbances (fcd = z3) in the 
system, and xcr is the reference signal. 

Although SMC has the advantages of simple 
implementation and strong robustness, the dynamic 
characteristics of the system and the high-frequency 
oscillation caused by non-ideal switching 
characteristics are often ignored in its design, which 
will lead to the chattering phenomenon during the 
control process.  

Therefore, the reaching law method is used in this 
paper, as follows 

sat( )s sε= −  (28) 

where sat(s) is the saturation function and can be 
expressed as follows 

1

sat( )

1

s

s ks s

s

> ∆
= ≤ ∆

− < −∆

，

，

，

 (29) 

Substituting Eq. (28) into Eq. (27), the ESO-SMC 
control law for the valve-controlled pneumatic 
cylinder system is obtained, as follows 

1 2

0

sat( ) ( )cr cds x c e c e f f xu
b

ε− + − − − −
=

 
 (30) 

For the valve-controlled pneumatic motor system, 
an ESO-SMC controller with friction torque 
compensation is designed, and its control law is as 
follows 
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1 2

0

sat( ) mr md fs x c e c e f M
u

b
ε− + − − − −

=
 

 (31) 

where fmd is the uncertain disturbances, and xmr is the 
pneumatic motor control reference signal. 

The defined Lyapunov function can be expressed 
as follows 

21
2

V s=  (32) 

Taking the derivative of the Lyapunov function, 
we get 

1 2

1 2

0 , 1 2

( )
   ( )

   ( ( ) )

( ( ))

ref

c d ref

V ss s e c e c e
s x x c e c e

s f x b u f x c e c e

ss s sat s sε ε

= = + +
= − + +

= + + − + +

= = − ≤ −

   

  

 



 (33) 

It is known through the Lyapunov stability theory 
that the choice of appropriate parameters can ensure 
that when ε > 0, the system state will be stabilized at 
the sliding surface s = 0. Eq. (26) can be expressed as 
follows by Laplace transformation: 

2
2 1( ) ( ) ( ) 0s E s c sE s c E s+ + =  (34) 

The above equation can be viewed as a closed-
loop system with e as the output. where the transfer 
function can be expressed as: 

2
2

1( ) ( 2 )k R
R

G s s sλ
λ

= +  (35) 

The phase of this transfer function is greater than 
-π/2, and there are no poles in the right half-plane. 
Therefore, according to the Nyquist theorem, it can be 
inferred that this system is stable. The formula 
obtained from the Final Value Theorem follows: 

2
2lim lim ( 2 ) 0Rt t R

se s sλ
λ→∞ →∞

= + =  (36) 

It can be known from the above equation that 
when s tends to zero, the tracking error also tends to 
zero. Therefore, the output of this pneumatic servo 
system can track the reference signal. 
 

RESULTS AND DISCUSSION 
Experimental setup 

Based on the schematic diagram of the linear-
rotary composite motion pneumatic servo system, this 
study establishes a MATLAB/Simulink RTW-based 
experimental platform for servo control, as illustrated 
in Figure 10. For motion control experiments of the 
novel pneumatic actuator, the system operates with a 1 
ms sampling period. The supply pressures for the 
valve-controlled linear module and rotary motion 
module are set to 0.2 MPa and 0.4 MPa, respectively. 
The system model parameters are listed in Table 1. 
Additionally, this paper selects two conventional 

pneumatic system controllers along with the proposed 
controller for experimental studies on actuator motion 
control. 
Experimental results 

Three controllers are used to control the linear-
rotary composite motion pneumatic actuator to track a 
sinusoidal displacement reference curve with a 0.25 Hz 
frequency and a 20 mm amplitude, and to perform 
constant rotary speed control at 800 rpm. In order to 
compare the motion control experimental results of 
different controllers, this paper selects two 
performance evaluation indicators to analyze the 
motion control experimental results of the controllers. 

1) emax = maxt≥Ts{|e|}, the maximum steady-state 
absolute value of the tracking error, where Ts is the 
time to reach steady state; 

2) RMSE is steady-state root mean square error, 
where N = N2 – N1, which can be expressed as follows 

2

1

21RMSE
N

k

N

e
N

= ∑  (37) 

Table 1. Model parameters of linear-rotary composite 
motion pneumatic servo system. 

Symbol Value Unit 

Ac1 8.04×10-4 m2 
V1d 1.1×10-5 m3 
Ac2 6.912×10-4 m2 
V2d 0.6×10-5 m3 
M 0.28 Kg 
Af 2.95 N 
cv 88.81 N⸱s/m 
L 0.15 m 

Mc 0.1281 N⸱m 
Mv 8.66×10-5 N⸱m/(r/min) 
b 0.29 - 
γ 1.4 - 
c1 0.0404 - 
R 287 N⸱m/(Kg⸱K) 
T0 300 K 

 
Fig. 10. Experimental platform of linear-rotary composite 

motion pneumatic servo system. 
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(a) Tracking curve of PID           (c) Tracking curve of LADRC    (e) Tracking curve of ESO-SMC  

(b) Error curve of PID           (d) Error curve of LADRC           (f) Error curve of ESO-SMC 
Fig. 11. Trajectory tracking results for 0.25 Hz sinusoidal displacement reference curve. 

(a) Tracking curve of PID        (b) Tracking curve of LADRC       (c) Tracking curve of ESO-SMC 
Fig. 12. Trajectory tracking results for 800 rpm rotary speed reference curve. 

Fig. 13. Trajectory tracking results for 700 rpm    Fig. 14. Trajectory tracking results of ESO-SMC 
rotary speed reference curve.                 for step signal with smooth transition.  

 
The proportional-integral-derivative (PID) 

control, with a long history, is the most common 
control approach used in practical applications. It has 
the advantages of simple structure, fast response speed, 
high stability and non-model-based, so the control 
strategy is suitable for pneumatic systems with strong 
nonlinearities. The experimental results of motion 
control with PID controller are shown in Figure 11(a), 
Figure 11(b) and Figure 12(a). The control parameters 
for the linear module are Kp=0.38, Ki=4.6, Kd=0.0128 , 
and the control parameters for the rotary module are 
Kp=0.25, Ki=0.22, Kd=0.004. It can be found from the 

experimental results that the PID controller achieves a 
maximum steady-state tracking error of 1.4 mm and a 
root mean square error of 0.441 mm in linear motion. 
In addition, the maximum steady state error achieved 
by the PID controller in rotary motion is about 15 rpm. 

Accurate modeling of pneumatic actuators 
remains challenging due to nonlinear factors such as 
air compressibility and actuator friction. Linear active 
disturbance rejection control (LADRC) is widely used 
in pneumatic systems because it is characterized by 
low dependence on accurate mathematical modeling, 
high disturbance immunity, and fast response. The 
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experimental results of motion control using the 
LADRC controller are shown in Figure 11(c), Figure 
11(d) and Figure 12(b). The control parameters for the 
linear module are λ1=390, ω0=31.5, b0=5900, r=50000, 
h=0.001 and for the rotary module are λ1=10, ω0=15, 
b0=500, r=5000, h=0.001. It is evident that the LADRC 
controller achieves a maximum steady-state tracking 
error and root mean square error of 0.8 mm and 0.398 
mm, respectively, in linear motion. Furthermore, the 
maximum steady-state error in rotary motion is 
approximately 2.5 rpm. Compared to the PID 
controller, the LADRC controller demonstrates 
superior accuracy in controlling constant rotational 
speed. 

The ESO-SMC controller designed in this paper 
is employed for motion control experiments and the 
results are shown in Figure 11(e), Figure 11(f) and 
Figure 12(c). In this regard, the control parameters of 
the linear module are λR=250, ω0=25, Δ=0.1, b0=3000, 
ε=1200, k=0.5, r=50000, h=0.001 and the control 
parameters of the rotary module are λR=250, ω0=10, 
Δ=0.1, b0=500, ε=200, k=0.5, r=5000, h=0.001. From 
the results of motion control experiments, it can be 
found that the maximum steady-state tracking error of 
0.44 mm and the steady-state root mean square error of 
0.176 mm can be realized with the LADRC controller. 
Moreover, the maximum steady-state error of the ESO-
SMC controller is about 2 rpm. Obviously, ESO-SMC 
exhibits smaller maximum steady-state errors and root 
mean square errors compared to LADRC and PID. 
This demonstrates the effectiveness of the designed 
ESO-SMC controller, and ESO-SMC enables the 
linear-rotary composite motion pneumatic servo 
system to achieve high motion accuracy. The nonlinear 
robust controller in ESO-SMC has a good suppression 
effect on the system saturation phenomenon caused by 
the high gain of ESO, which can effectively improve 
the system steady-state control accuracy without 
affecting the system stability. 

Figure 13 presents the tracking control 
performance of the ESO-SMC controller under a 
constant rotary speed reference of 700 rpm. Without 
adjusting the controller parameters, the ESO-SMC 
maintains control accuracy within a speed range of 
696–702 rpm. The experimental results demonstrate 
that the proposed ESO-SMC controller exhibits strong 
robustness and achieves satisfactory speed tracking 
performance for the linear-rotary composite motion 
pneumatic actuator. 

Finally, to analyze the positioning performance of 
the ESO-SMC controller, the reference signal is 
expressed as follows: 

2

2
4

(60 / π )sin(0.5π ) 30 / π, 4

(60 / π )sin(0.5π ) 30 / π , 4
ref

t

t t t
x

t t t
=

− + ≤= 
− + >

 (38) 

The trajectory tracking results of the ESO-SMC 
controller are shown in Figure 14. It can be found that 
the trajectory tracking accuracy of the ESO-SMC 

controller is satisfactory, and its tracking error is within 
0.04 mm. The experimental results show that ESO has 
a good estimation effect on the disturbances, and SMC 
has a significant suppression effect on the uncertainty 
and system instability caused by ESO. In general, for 
the developed linear-rotary composite motion 
pneumatic actuator, the ESO-SMC controller can 
achieve good tracking performance and positioning 
performance. 
 

CONCLUSION AND OUTLOOK 
 

This paper proposes a novel linear-rotary 
composite motion pneumatic actuator, which can 
achieve both linear motion and rotary motion. A linear-
rotary composite motion servo system is further built 
for the pneumatic actuator using two proportional 
directional control valves. In addition, an extended 
state observer-based sliding mode control (ESO-SMC) 
algorithm is designed to realize high-precision position 
and speed control of the system. From the experimental 
results, it is found that: 

1) In performing the linear motion of the 
pneumatic actuator, the ESO-SMC controller has a 
better tracking effect compared with the PID and 
LADRC controllers. The maximum steady-state error 
for tracking a sinusoidal reference signal with a 0.25 
Hz frequency is 0.44 mm, and the steady-state 
positioning error is within 0.04 mm. 

2) In performing the rotary motion of the actuator, 
ESO-SMC controller is able to realize faster 
adjustment time and better steady-state control 
accuracy. The maximum steady-state error for tracking 
an 800 rpm speed signal is approximately 2 rpm. 

The above results demonstrate the feasibility of 
the proposed linear-rotary composite motion 
pneumatic actuator, with the ESO-SMC controller 
achieving significant control accuracy. In future 
research, we will explore advanced control algorithms 
to further improve position and speed tracking 
performance, with the goal of practical implementation. 
Additionally, we plan to develop a frictionless linear-
rotary composite motion pneumatic actuator based on 
aerostatic gas lubrication principles to enhance 
efficiency and precision ( Jia et al., 2024; Jia et al., 
2025; Pu et al., 2025). 
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