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Intelligent Switching Control of Pneumatic Cylinders 
by Learning Vector Quantization Neural Network 

KyoungKwan Ahn*, ByungRyong Lee 
School o f  Mechanical and Automotive Engineering, Umversay o f  Ulsan, 

San 29, Muger2-dong, Nam-gu,  Ulsan 680 749, Korea 

The development of a fast, accm ate, and inexpensive position-controlled pneumatic actuator 

that may be applied to various practical positioning applications with various external loads ~s 

described in this paper A novel modified pulse-width modulatmn (MPWM) valve pulsing 

algorithm allows on/off solenoid valves to be used in place of costly servo valves A comparison 

between the system response of the standard PWM techmque and that of the modified PWM 

techmque shows that the performance of the proposed techmque was sigmficantly increased A 

state-feedback controller with positron, velomty and acceleration feedback was successfully 

~mplemented as a contmuous controllel A switching algorithm fm control parameters using a 

learmng vector quantization neural network (LVQNN) has newly proposed, which classKies the 

external load of the pnemnatic actuator The effecUveness of this proposed control algorithm 

with smooth switching control has been demonstrated through experiments with various external 

loads 
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Satm ated control input for MPWM 
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1. Introduction 

Pneumatm control systems play very impor- 

tant ioles m mdusmal  automation systems ow- 

ing to the advantages of low cost, easy mainten- 

ance, cleanliness, ready availability and cheap 

power source, etc (Anderson, 1967) A pamcu- 

larly welt-suited apphcatmn for pneumatic ac- 

tuators ts the position control of 1obotic mam- 

pulators, loading/unloading systems, air balance 

systems and grippers, where stiff and lightweight 

StlUCtures are crltmal Unfoitunately, pneumatic 

actuators are subject to h,gh fiiCtlOn forces, dead- 

band due to stlctlon, and dead-time due to the 

compresstblhty of air These nonhnearmes make 

accurate posmon control of pneumaUc actuators 

difficult to achieve 

As a result, a considerable amount of research 
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has been devoted to the development of various 

position control systems for pneumatic actuators 

(Noritsugu, 1995 ; Tang, 1995 ; Marchant, 1989 ; 

Kawamura, 1989). Many of these systems, though 

successful, use expensive proport ional  servo val- 

ves and pressure sensor feedback loops and the 

external loads are also assumed to be constant or 

slowly varying. 

The object of this paper is to implement inex- 

pensive on /of f  solenoid valves, rather than ex- 

pensive servo valves, to develop a fast, accurate, 

inexpensive and intelligent pneumatic control 

system taking account of the changes of external 

loads. However, with solenoid valves, fine mo- 

tion control is difficult to achieve because of 

the limitation of valve response time and its dis- 

crete on /o f f  nature. Previous studies (Noritsugu, 

1986 ; Noritsugu, 1987 ; Muto, 1993 ; Mishra, 

1994) have tried to implement on/of f  solenoid 

valves for the position control of pneumatic ac- 

tuators. Noritsugu (1995, 1996) has used the 

PWM method and solenoid valve to control the 

velocity and the position of pneumatic cylinders. 

Muto (1993) has used differential PWM (Pulse 

Width Modulation) method to control hydraulic 

actuators and Ahn and Tu (2004) has used intel- 

ligent switching control method in the position 

control of artificial muscle manipulator.  These 

systems were successful in addressing smooth ac- 

tuator motion in response to step inputs. How- 

ever, some [imitations still exist, such as de- 

terioration of the performance of transient res- 

ponses due to cases of abrupt changes of  external 

loads. To overcome this problem, the MPWM 

(modified pulse width modulation) on/of f  valve 

control scheme and a switching control algo- 

rithm by LVQNN (Learning Vector Quantization 

Neural Network),  have been newly proposed and 

control performance has been experimentally ver- 

ified. 

2. Pneumatic  Position 
Control System 

2.1 Experimental apparatus 
A schematic diagram of the control system is 

shown in Fig. 1. An IBM compatible computer 
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(Pentium i GHz) was applied to control the on./ 

off solenoid valve and to get experimental data. 

The stroke and the bore diameter of the rodless 

cylinder (SMC, MYIM32-1000L) were [000 mm 

and 32mm, respectively, and different masses 

could be attached to the table of the rodlcss cy- 

linder. The displacement of the cylinder was mea- 

sured by a linear scale (US Digital, resolution 

0.05 mm) and the air pressure were also measured 

by air pressure sensor (SMC, ISE 40-01-22L) 

which was fed back to the computer through a 

24 bit counter board (Advantech, PCL 833) and 

A / D  board (Advantech, PCI 1731), respectively. 

The control signal was changed into pulse width 

modulated signal through our proposed MPWM 

algorithm. The control signal was sent to con- 

trol the solid state relay and 8 pneumatic on/of f  

solenoid valves (MAC, 111B-872JD). The band- 

width of  the valves used in the experiments was 

,. . . . . . . . . .  1 i i i i h 
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Fig, 1 Schematic diagram of pneumatic conlrol sys- 
t e r n  

Fig. 2 Photograph of experimental apparatus 
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250 He. The experiments were conducted under 

a pressure of 0.5 MPa and all control software 

was coded in C. A photograph of the experi 

mental apparatus was shown in Fig. 2. 

2.2 Character i s t i c s  of  the o n / o f f  solenoid 

valve 

When using on/off  solenoid valves to control 

the position of a pneumatic cylinder, it is neces 

sary to understand the characteristics of the on/  

off solenoid valve�9 This includes the dead time 

and the rise time of valve, the maximum current, 

etc. Figure 3 shows the current of the solenoid 

valve when the ON signal was applied to the on/  

off solenoid valve for 100 ms. The current was 

measured from the voltage drop across the resist- 

ance, which is serially connected to the solenoid 

valve. 

in the zoom graph of Fig, 3, the valve started 

to move alter t, and the valve was fully opened 

after re. This means that the valve started to move 

when the duration of the ON pulse to the valve 

0 . 6  

0.4 

3 0.2 

0.0- 

7-- 

r 

Clllir 

r c " ~ ' ~ l  ~ " 6f-"-a~, J"P~' 

O 'i 
i 100ms ",. 

o-  s'o . . . .  ~;o ~ ~;o 2oo 

04 

Time(ms) 

03 

0.2 

0.t 

0,0 

Fig. 3 

Z o o c f i  /'" :~"- 
�9 / 

/ 
/ 

: ./ 
�9 / t ~4[ms 1 

/ 
�9 /r=4.6[m sl / 

: / 
/ 

! / 

o- _.... : 

i 
'6 ' ' 

5 58 60 2 

T i m e  [ m s ]  

Measurement of valve opening time 

3~  
> 

N 
~tm 

was longer than 4 ms. 

2.3 Modif ied  P W M  algorithm 

When using on/off  solenoid valves to control 

the position of the cylinder, the control input u 

must be converted into the pulse width modula- 

tion on/off  signal in each solenoid valve. Previ- 

ous studies have used 1) a conventional PWM 

scheme (Noritsugu, 1986, 1987; Muto, 1993), 

where the valve opening time was proportional to 

the magnitude of the control input and 2) a 

modified PWM scheme (Shih, 1996, 1997), where 

the dead time of valve and other nonlinear terms 

were considered. In modified PWM scheme, the 

dead-time of on/off  solenoid valves is impor- 

tant in the design of our PWM algorithm because 

the valve failed to move if the duration time of 

ON signal to the solenoid valve was shorter than 

the dead-time of tile valve. To overcome this 

problem, we applied a modified PWM algorithm, 

where the minimum pulse width time was added 

to the output of the conventional PWM even if 

the control input was very small. However, the 

control input became zero within any allowable 

position error in order to prevent the oscillation 

of an actuator or a valve near the reference posit 

tion. The limit of position error is expressed by r 

in equation 1. 

r ,  

b~"M(t'=l; (k )T+tp(kl<_t<kT 
, 0 t, k:, < r 

�9 t , ( k )  ~ r 
(I) 

t,(k)={t0 I>.-y[s ly.. )'l>s 

' IU(k:,l 
t~,(k) =,  U~'m~(- T +t,,= , 0<1U(k)I~Um~' ('-t,,=/T) 

, T IU(k}>U=,..(l t , , /T} 

Our proposed modified PWM (MPWM) valve 

pulsing method is shown in equation 1 and one 

example of the MPWM output with respect to the 

continuous control dgnal is shown in Fig. 4 

where the MPWM period is 10 ms. Particularly, 

the same size of paired on/off  solenoid valves (V 1 

and V2, V3 and V4, V5 and V6, V7 and V8 in 

Fig. I) were used in order to improve the control 
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performance of this pneumatic system. Figure 5 

shows a comparison of system responses accord- 

ing to 4 types of valve combinations. 

From Fig. 5, it is understood that system res- 

ponses of this pneumatic system depended more 

on the on/of f  valve in the exhaust part (V3 and 

V4, V7 and V8 in Fig. 1) rather than the on/of f  

valve in the supply part (VI and V2, V5 and V6 

in Fig. 1). 

If  the control input is positive and greater 

than UBmaxB(Saturated Control Input),  V l, V2 

valves are used as intake valves and V5, V6 valves 

are used as exhaust valves to improve the rising 

time. If the control input is positive and less than 

Um~x, only V I and V5 valves are used as intake 

and exhaust valves, respectively. 

Z 

M 

1 0 1 .t 1 ~2 
T ime[s ]  

Fig. 4 Example of the MPWM signal 

...... .......... 

600[ Valve Valve I " 

V1 V5 
(v~,v2) v5 I ~" 

v l  (vs .v6)  ! ' 
gg ~~176 �9 ............ (w,v2) (v~,v6t i , ,  ..... i .  
.=_ 
to ."  " 

o / / .  / � 9  / ~ "  
[ 1 .  / " / ~  

�9 -: / ~ / /  

o 

0 0 13.2 0.4 0.6 f] 8 ~ 0 

Time(s)  

Fig. 5 Comparison of system response according to 
valve combination 
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Conversely, If the control input is negative and 

less than - Urns• V7, V8 valves are used as intake 

valves and V3, V4 valves are used as exhaust 

valves. If the control input is negative and greater 

than --U~ax, only V7 and V3 valves are used as 

intake and exhaust valves, respectively�9 

3. Intelligent Switching Control 
Algorithm of the Pneumatic System 

3.1 The overall control system 

In order to appropriately adjust the control 

parameters according to external loads, load con- 

ditions must be recognized using dynamic in- 

formation of the pneumatic system in an on- l ine  

manner. Here we applied the LVQNN as a means 

of supervisor, which classifies 4 typical external 

loads (0, 10, 20, 30 Kg). The overall control sys- 

tem with the LVQNN as supervisor was shown 

in Fig. 6. To control the pneumatic system, a 

3-state feedback control algorithm was applied 

in this paper, where the position, velocity and 

acceleration of the rodless cylinder were used. It 

is reported that a 3-state feedback control method 

was effective in the pneumatic control system 

(Weston, 1984; Klein, 1993). The controller out- 

put at sampling sequence k becomes 

u(k)=kp(ya(k) y(k))-kvv(k)-k~a(k) (2) 

where u(k),  y(k) ,  v(k),  a(k),  yd(k) ,  k> kv 
and ka represent control input, position, velocity 

and acceleration of the rodless cylinder, reference 

position, proport ional  gain, velocity gain and 

acceleration gain, respectively�9 The control input 

u is calculated from position, velocity and acc- 

eleration of the rodless cylinder and is converted 

L / b!. ~ : q~.', "q 

[-~,n Iglrllr 

, . . . . . . .  

Fig. 6 Structure of newly-proposed control 
algorithm 
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into a pulse width modulation signal to operate 

the on/off  solenoid valves. 

3.2 Classification of load conditions by the 

LVQNN 
The LVQNN was utilized here fbr classifying 

input patterns with inherent class intersections. 

The core of tile LVQNN is based on the nea- 

rest neighbor method by calculating the Eucli- 

dean distance. During training stage, the values 

of weights are adjusted according to the patterns 

of input samples in order to match with desired 

classes. The distance of an input vector to the 

weight vector of each node in Competitive layer 

is computed. 
The node of a particular class which has the 

smallest distance is declared to be the winner, The 

weights will be moved closer to the class if it is 

the expected winning class, otherwise they will be 

moved away. After the training process is fin- 

ished, the LVQNN is then ready for classifying 

unknown input vectors. During the evaluating 

stage, the distance of an unknown input vector to 

each of all classes' reference vectors is calculated 

again. After computing the distance to this input 

vector and each reference vector, the node which 

has the closest distance to the input vector is 

declared to be the winner. Then the unknown 

input vector will be assigned to the class which 

the reference vector bdongs  to. 

3.2,1 Structure of the neural classifier 

Figure 7 shows the architecture of the LVQNN, 

where P, y, Wl, ~ ,  R, S1, Sz and T denote input 

vector, output vector, weight of competitive layer, 

lnpti[ ([O/IqX';ilihr I.a}c~ I.il~e~l La>el Ou{pn~ 

p Y 
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Fig. 7 Structure of the LVQNN 

weight of lineal layer, the number of neurons in 

the input layer, competitive layer, linear and tar- 

get layer, respectively. The LVQNN is a super- 

vised learning algorithm and is composed of 2 

layers, The first is the competitive layer which 

functions the learning of the classification of tile 

input vector. The second is the tinear layer which 

classifies the competitive layer according to a 

designer's intention. 

For the generation of training data, the valves 

were fully opened in order to move the rodless 

cylinder in a forward direction. This is explained 

in the next section. 

For each input vector P ( j ) ,  a winner neuron 

W](i, j)  is chosen to adjust its weight vector: 

(Wang, 1996) 

liP(J) - W~U, jYI I< I ]P ( j ) -  W,(k, j)II, Vk-~i (3) 

The weight vector Wl (i, j)  is updated to the next 

step by the following Kohonen (1987) learning 

rule. 

A I G ( i ,  j)  = A . a ~ ( i ) '  (P(j) W~(i, j))  (4) 

where 2 is the learning ratio and a,(i) is the 

output of competitive layer§ 

The output of competitive layer a, (i) becomes 

1 if the input pattern is classified correctly and 0 

if the input pattern is classified incorrectly. 

3.2.2 Data generation for the training of the 

LVQNN 

In this section, the training data for the 

LVQNN is explained in detail. The input and 

output data of LVQNN are shown in Fig. 8. The 

input data for the LVQNN is the velocity of the 

rodless cylinder, and the output of the LVQNN 
is a class among 4 discrete classifications, where 

4 cases were classified according to the external 

load. For example, class 3 indicates that the range 

of the external load was approximately between 

15 kg and 25 kg, as shown in Table 1. To obtain 

training data for the LVQNN, a series of experi- 

ments were conducted under 12 different load 

conditions, as shown ill Table 1. In experiments 

for the generation of training data, the initial 

position of rodless cylinder was set to 80 mm and 

the four valves (Vl, V2, V5 and V6 in Fig. 1) 
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Table 1 Classification of external load 

No. Class 1 

I 0 kg 

2 2 kg 

3 4 kg 

Table 2 Training success rate of the LV( 

Class 2 Class 3 Class 4 ~N1V 

8 kg 18 kg 28 kg NCL \ 

10 kg 20 kg 30 kg 20 

12 kg 22 kg 32 kg 30 

40 

v(k) 
v(k+l) , 

v(k+2) , 
. L v o  

NN v(k+n-3) 
v(k+n-2) --~.! 

v(k+n-1) ~I 

* Class 

Training data for the LVQNN 

g 

> 

0 0  

]Fig. 9 

Fig. 8 

0.1 02  f1,3 0.4 

T im e (s) 

................... ::::~~i O k g - - ,  skg:;8ig 
[ ~, 2kg ................. lOkg .............. 20kg ~' 30kg I 

Experimental results for training data genera- 
tion 

were fully opened for 0.4 s in order to make the 

rodless cylinder move in a forward direction at 
full speed. 

Therefore, a total 12 cases of experiments were 

carried out to prepare for the training data of 

the LVQNN, as shown in Fig, 9. As the load 

increased, the system response became slower 

and had more of a time delay. From Fig. 9, the 

external load may be classified by using the 

LVQNN. In the training stage of the LVQNN, 

the numbers of input vectors were adjusted 

from 27 to 32 and the number of neurons in the 

! 
27 28 29 30 31 

94.1% 95.5%o 97.2%0 98.5% 97.5% 

98.8% 98.7% 99,3% 97.7% 99.1% 

98.8% 98.1,0/oo 99.30/00 100% 100% 

Leaning rate: 0.04 
Training Epoch: 10000 

NIV : Number of Input Vector 
NCL : Number of Competitive Layer 

)NN 

32 

98.1% 

]00% 

]00% 

competitive layer was adjusted from 20 to 40 in 

10 steps in order to obtain the optimal parame- 

ters of the LVQNN. From Table 2, it is un- 

derstood that the optimal number of input vec- 

tors and the number of neurons of the competi- 

tive layer were 30 and 40 respectively. 

3.3 Proposition of the smooth switching 
algorithm 

If the load condition is different from its load 

condition used in the training, the output of the 

LVQNN may not belong to the predefined class, 

but to mixed classes with different ratios in each 

class (i.e. if the external load is 25 kg, it may 

belong to 3 or 4 class). Therefore, the following 

switching algorithm was proposed to apply to 

abrupt changes of external loads as follows. 

c l a s s ( k ) - d X c l a s s ( k - l )  +(1 A) • (5) 

where k is discrete sequence, /1 is forgetting fac- 

tor and class(k) is the output of the LVQNN 

at k time sequence. The selection of A is depen- 

dent on one cycle time of MPWM signal and the 

convergence rate of  each control parameter. In 

our experiment, one cycle time of MPWM signal 

and convergence time of classification was .~et to 

be 10 [ms] and 0.1 [s], respectively. The initial 

value of class was set to be I and tti was selected 

to be 0.53 in order to reach the target class within 

1% error with respect to the true class within 

0.1 [ms]. By this setting of 2, the calculated 

class becomes 3.990[(within 1% error) after 0.1 

Ems] if the estimated classes all belongs to 4. 

The optimal parameters of the 3-loop control- 

ler and the MPWM were obtained by a trial- 

and-error method through experiments, which 
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Table 3 Opmnal parameters of 3-loop controller 

and MPWM 

Class No. ~ .  U.,~,x 

0.07 . 60 

0.12 100 

3 0.166 150 

4 0.195 I _200 

1.5 0.001 

are shown in Table 3. From Table 3, it may be 

unde,stood that velocity feedback gain (Kv) and 

saturated control input (U,,,ax) increased accord- 

ing to an increase of external loads and had to be 

automatically switched according to the external 

load. 

The following equations are the updating 

laws of velocity feedback gain (K~) and saturated 

control input (Um~x). 

K~(k) =K~(P) • (q -c las s (k ) )  
+K~(q)  • (class(k) P) 

(6) 

U,,,ax(k)-- U~.x(P) • (q class(k)) 
+ Un~.(q) • (class(k} - p )  

(7) 

D=floor (class(k)), q =ceil  (class(k)) (8) 

where k is discrete sequence, c[ass (k) is the out- 

put of the LVQNN at k time sequence, function 

floor {') rounds to the nearest integer greater than 

or equal to the input value and function ceil(.) 

rounds to the nearest integer greater than or equal 

to the input value. For example, floor(1.7) equals 

l and ceil(l+7) equals 2. 

4. Experiments 

Experiments without external loads are shown 

in Fig. 10, The reference position of the rodless 

cylinder is set to be 600 ram, the experiment time 

for 3 s and the proportional, velocity and acceler- 

ation gains (k~,, /e~,, ka) of the 3-state feedback 

controller were set to be 1.5, 0.065 and 0.0001, 

respectively. These control parameters were based 

o~ the following design specifications. 
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Fig. 10 Experimental results of rodless cylinder 

The steady state error was about 1.75mm in 

the case of the conventional PWM algorithm 

and about 0.2 mm in the case of our proposed 

MPWM algorithm as seen in Fig. 10. From the 

experimental results, it was verified that the pro- 

posed MPWM method was very effective in the 

accurate position contro| of the pneumatic sys- 

tem. Figure I1 shows the experimental results of 

position control with different external loads (~0 

kg, 20 kg and 30 kg), where the control gains 

were the same as that of the unloading condi- 

tion. From Fig. II, it may be understood that the 

systcm response became more oscillatory accord- 

ing to an increase of external load and this sug- 

gested that the control parameters must be ad- 

�9 Maximum overshoot : within 0.3[%] lusted according to the variations of the external 

~ Settling Time" less than 1.5 is] load. Next, experiments were carried out to verify 
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the effectiveness of  our proposed MPWM and 

switching algorithm by the LVQNN, These ex~ 

perimental results are shown in Figs. 12 and 13, 

which correspond to 20 Kg and 30 Kg in the 

600-  
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.EE 4 0 0 -  

300-  
D.. 

2 0 0  1 

1 0 0 -  
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Fig. 11 
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Experimental results of rodless cy|inder 

without switching control with respect to 
four different loads 

external load, respectively, In the figure, position, 

velocity and acceleration of the rodless cylinder 

and control input, the output of the LVQNN and 

the MPWM pulsing signal are shown respectively 

in each figure. The output of the LVQNN started 
to take effect only after the magnitude of velocity 

of rodless cylinder was greater than 0.5 [m/s]. 

From these experimental results, it was verified 

that the external load condition was correctly 

recognized by class number 3 and 4, respectively, 

and that the accurate position control was also 

realized with a steady state error of  0,2 [mm]. 
Experimental results with a 25 kg load condi- 

tion are shown in Fig. 14. This load condition 
corresponded to the class 3 and 4. The class num- 

ber calculated from the output of the LVQNN 

was 3.45, which proved that the external load 

was between 20 and 30 kg. The velocity feedback 

gain (K~) and saturated control input (Umax) 

were updated using the updating laws of Eqs. (5) 

and (6), 
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in Fig. 15, experiments were conducted to com- 

pare system responses with respect to 4 different "_~ 

weight conditions (0, 10,20and 30kg)wi th  and ~ i'.] 

without the proposed switching algorithm by 

the LVQNN. From these experimental results, 

it was found that the system response became '~l't 

oscillatory acco,'ding to an increase of the exter- 
L t 

hal load. On the contrary, the system response 

was almost the same and the steady-state erro, 

was within 0.4 mm in any case when using our 

proposed swilching algorithm by the LVQNN . . . .  

In Fig. 16, experiments were conducted to in- _g .... ! 

vestigate the performance of our proposed con- ~ .... 

trol system with respect to abrupt changes of  ~ .... i 
external load. The external load was abruptly "~1 

changed from 20, 0 to 30 Kg and the experiment 

was executed for 5 seconds in each load condi- �9 -{ 

t i o n §  1 7 r o m  t h e  results of chlss classification (2 nd 

row fiom bottom in Fig. 16), it was verified 

that our proposed switching algorithm by the Fig. 15 
LVQNN was very effective in the classification 
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Fig, 16 Experimental results when external load 
changes step by step 

of abrupt changes of external load and that the 

parameters of the controller were automatically 

adjusted by using a smooth switching algorithm 

and that the control performance of transient 

responses was greatly increased with respect to 

abrupt changes of external load. 

One of the application fields of this research is 

the loading/unloading task and a point to point 

control is important in such a task. This pro- 

posed algorithm can only work with step inputs 

because LVQNN was trained by the experimental 

data of step responses�9 Theretbre LVQNN cannot 

recognize or recognize poorly the external load 

conditions in the case of sinusoidal input. 

5. Conclusion 

The first contribution of this paper was to 

develop a fast, accurate, inexpensive and external 

load independent pneumatic servo system using 

on/of f  valves. The position control was success- 

fully implemented using on/of f  solenoid valves 

instead of expensive servo valves. The valves were 

pulsed using a modified PWM algorithm, which 

compensated for the dead time of on/of f  valves. 

This was verified by experiments of position con- 

trol in which steady state errors were reduced to 

within 0.2 ram, 

The second contribution of this paper was to 

apply the learning vector quantization neural 

network (LVQNN) as a supervisor of switching 

controllers in pneumatic servo systems with an 

on/of f  valve, where the LVQNN functions to 

classify the condition of the external load and 

selects suitable gains of controller for each exter- 

nal load condition�9 

From the experiments of position control of 

pnm, matic cy[inder, it was verified that the pro- 

posed MPWM and smooth switching algorithm 

were very effective to overcome the deterioration 

of control performance of transient responses due 

to 4 different external loads�9 
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