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Fig. 3. Simulation results using the simplified feedback tracking control described in (20): 
(a) position; (b) position following error; (c) chamber pressures; (d) velocity; (e) velocity following 
error; (f) control input. 
 
 
conducted for the case of using a single five-port valve, because it is adopted in a 
wider range of practical applications. 

From Figs 2 and 3 it can be seen that the approximated feedback control has a 
similar position tracking accuracy, that is, the maximum error is less than 6 mm 
or the relative error is less than 0.6%. But the velocity responses and the feed-
back control input are more violent when using the approximated feedback 
controller. In practice, the choice of the feedback control must compromise the 
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tracking accuracy, smoothness of responses, and the complexity of the controller 
structure. 

Both controllers described in (16) and (19) use full state feedback, which 
means that it is required to measure the position, velocity, and two chamber 
pressures. To get all this information, at least three sensors are needed – position 
(velocity), chamber A pressure, and chamber B pressure sensors. Generally, 
using three sensors in the system is not cost-effective for many industrial 
applications. Therefore, it is desired to simplify the controller structure further to 
not include the chamber pressures in state feedback. A test has been conducted to 
replace the chamber pressure variables by constants. In this test, the pressures 3x  
and 4x  are replaced by sPµ  and ,sPη  and also, the feedback parameter 3 0.K =  
Then 
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As the test uses a rodless cylinder, .a bA A A= =  Then 
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Generally, 1( )xµ η−  is much smaller than ( )( 2 ).lµ η+ + ∆  Therefore, (23) may 
be further simplified to 
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   (24) 
 
Using ˆ

iK  to replace the coefficients in (24), the feedback tracking control law 
can be rewritten in the following form: 
 

2
1 2 2 3 1
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where 1 2

ˆ ( )( 2 ),K Cx A lα β= + + ∆�  2
2

ˆ [( 2 ) ] ,K CM l k= + ∆�  and 3
ˆ .K CM k= �  

The controller shown in (24) is simple enough to be implemented in real-time 
control. The simulation results are shown in Fig. 4. 

From the above simulation results, the tracking accuracy is within ± 9 mm, 
which is acceptable in comparison with the results obtained using the nonlinear 
feedback in (16) but the dynamic responses are much more violent. If this 
approximated feedback control is chosen, the necessary filters need to be 
introduced to get smooth responses before it can be applied to the system. With 

3 0,K =  the first two terms of the controller (24) can be considered as a nonlinear 
PI control combined with the velocity feedback. 
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Fig. 4. Simulation results using the further simplified feedback tracking control described in (25): 
(a) position; (b) position following error; (c) chamber pressures; (d) velocity; (e) velocity following 
error; (f) control input. 

 
 

6. FEEDBACK  CONTROL  DESIGN  FOR  THE  SYSTEM   
WITH  UNKNOWN  FRICTIONS 

 
In Sections 4 and 5, the combined friction force 1 2 3 4( ) ( , , )S cK x S x x x−  and the 

load variation effects are neglected for the convenience of analysis. When the 
system has the combined static and dynamic frictions, a simulation is conducted 
with 20 N,CF =  30 N,SF =  using the feedback controller (16). The simulation 
results are shown in Fig. 5. 
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Fig. 5. Simulation results for the system 
with the effects of friction force 

( ) ( , , ):S c a bK x S x P P− �  (a) position; (b) posi-
tion following error; (c) velocity. 

 
 
In Fig. 5, it can be seen that the tracking error is over 2.5% and there is obvious 

time-delay in velocity responses while the influences of friction forces are 
considered. In practice, the static friction of a cylinder has an uneven distribution 
along the cylinder and varies with the environment changes [17]. Therefore, it is 
necessary to develop a control strategy to address the uncertain frictions and the 
load effects. From the practical point of view, an efficient way to overcome the 
static friction to lead the pneumatic system to have a fast starting response is to 
open the control valve fully and give the maximum compressed air flow rate at the 
initial stage of the piston movement. As previous simulation and experiment study 
has shown [12], this method is simple but effective. A similar method is used in this 
paper, combined with the tracking control strategy described in Section 5. 

From Eq. (1b), 2 2 1 2 3 4 3 41 [ ( ) ( , , ) ].f S c a bx M K x K x S x x x A x A x−= − − + −�  When 
the piston starts moving, the static friction force is zero and only  
the CF  term is left in 2 3 4( , , ).S cK S x x x−  Equation (1b) becomes 

2 2 3 41 [ ],f C a bx M K x F A x A x= − − + −�  in which 2x�  represents the accelera-
tion of the piston. Due to the effect of ,CF  the resulting acceleration by the force 

3 4a bA x A x−  will be reduced. If we can estimate the decreases in acceleration, the 
friction force CF  can be roughly obtained. Based on this idea, a friction 
compensation control strategy is proposed. There are two key aspects of the 
control strategy. 
1. To reduce the time-delay caused by static friction: When the piston velocity is 

zero and 3 4a bA x A x−  is less than ,SF  the piston stands still. During this 
period, the valve is set to fully open, that is, u  is set to have the maximum 
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positive/negative valve displacement, which will replace the tracking control 
described by (16) or (17)–(18) or (19) or (20)–(21) or (24). 

2. To reduce the tracking errors caused by the friction term or variable load  
of :CF  Suppose that the friction force 0.CF =  Then the estimated accelera-
tion would be 2 3 4ˆ 1 [ ].f a ba M K x A x A x= − + −  In fact, the acceleration of the 
piston is measured assuming that it will be represented by .a�  The relative 
difference between the measured and estimated acceleration values can be 
calculated by er ˆ ˆ( ) .a a a a= −�  This difference will be used to amend the track-
ing control law. The amendment of the tracking control law should also use 
the information of the position tracking error, that is, the difference of the 
desired and measured positions, 1.e  The proposed update tracking control law 
is *

er 1 1max(1 ( )),u u a e xκ= +  where u  is the tracking control law obtained 
through (16) or (17)–(18) or (19) or (20)–(21) or (24), 1maxx  is the absolute 
value of the maximum piston position, and κ  is a parameter of the updating 
rate, which will be determined through the simulation or experiment test. 
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Fig. 6. Simulation results for the system with the static friction force FS = 45 N: (a),(b) simulation 
results using the control strategy described by (17); (c),(d) simulation results using the enhanced 
control strategy to address the static frictions. 
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Fig. 7. Simulation results for the system with the static friction force FC = 20 N and FS = 45 N: 
(a),(b) simulation results using the control strategy described by (17); (c),(d) simulation results 
using the enhanced control strategy to address the frictions. 

 
 
Using the same pneumatic cylinder system as described in Section 5 and 

adopting the tracking control strategy proposed in this section, the simulation 
results are shown below, in which 1max 0.5 mx =  and κ  is chosen to have the 
value of 100. The results of the simulation with adopting the tracking control law 
u  described in (16) are shown in Fig. 6. 

Figures 6 and 7 show that the time-delay in the velocity responses and the 
position tracking errors are reduced dramatically when the enhanced control 
strategy is applied to address the problems caused by the friction forces. 

 
 

7. CONCLUSIONS 
 
Nonlinear pneumatic actuator systems are linearized via input–output feed-

back linearization. Based on the linearized model, a feedback tracking control is 
proposed using the well-developed linear control theory. Then the feedback 
control is transformed back to the nonlinear state space. For convenience, the 
static friction is ignored initially and treated as uncertainties in later analysis. The 
nonlinear feedback control is simplified for the purpose of real-time implementa-
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tion. The simulation results show that the simplified control offers satisfactory 
tracking accuracy. To address the problems caused by the friction forces, an 
enhanced tracking control strategy is proposed, based on a simple idea of 
comparing the measured acceleration with the estimated acceleration under the 
conditions without friction influences. The estimated value is then used to amend 
the control strategy proposed for the situation when the friction forces are 
ignored. The main advantage of the method proposed in the paper is that it has a 
clear theoretic guidance at the initial stage of controller design and leads to a 
simpler tracking control strategy. 
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Mittelineaarse  pneumaatilise  süsteemi  juhtimine  tema  
mudeli  sisend-väljundkujutise  lineariseerimise  kaudu 
 

Jihong Wang, Ülle Kotta ja Jia Ke 
 
On esitatud juhtimisstrateegia pneumaatilise süsteemi juhtimiseks eesmärgiga 

saavutada kolvi etteantud trajektoori järgimisel suurem täpsus. Meetod põhineb 
pneumaatilise süsteemi mittelineaarse mudeli tagasisidega lineariseerimisel. 
Kasutades staatilist mittelineaarset olekutagasisidet ja koordinaatteisendust ole-
kute ruumis, on süsteem teisendatud kujule, millel on lineaarne sisend-väljund-
kujutis ja lihtne lineaarne alamsüsteem olekute ruumis. Seejärel on juhttoime 
leidmiseks võimalik kasutada lineaarsete juhtimissüsteemide teooriast tuntud 
algoritme. Et mittelineaarsetel teisendustel eksisteerivad pöördteisendused, on 
esitatud lineaarse teooria põhjal leitud juhtimisalgoritmid süsteemi esialgsete 
olekukoordinaatide ja juhttoimete kaudu. Artiklis on käsitletud kaht juhtu: pneu-
maatilist silindrit juhitakse vastavalt kas ühe või kahe klapiga. Juhttoime esi-
algsel leidmisel ignoreeritakse hõõrdejõude, need tuuakse hiljem sisse kui 
süsteemi olekute häiringud. Kontrolleri praktiliseks rakendamiseks tuleb leitud 
juhttoimet lihtsustada aproksimeerimise teel nii, et tagasiside sõltuks ainult kolvi 
asendist ja kiirusest. Simuleerimistulemused näitavad, et lihtsustatud kontroller 
kindlustab etteantud trajektoori järgimisel nõutava täpsuse. 

 
 
 
 
 
 


