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An approach to pneumatic cylinder on-line conditions monitoring
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1. Introduction

Linear pneumatic cylinder or drive is one of the
most often used actuators in various production, assembly
and conveyance units. As a result of long term operation,
sealings of a cylinder wear out and this causes appearance
of internal leakages. Leakages may become the reason for:

1. degradation of cylinder performance (force
and speed decrease, change of timing parameters);

2. increase of compressed air consumption.

Cylinder manufacturers usually specify the num-
ber of operation cycles or the mileage for component or its
sealing replacement. However, in every particular installa-
tion and working conditions cylinder leakages may pro-
gress dissimilarly.

Leakages are among the most important factors
describing technical conditions of a cylinder. Therefore,
following tasks are raised for a cylinder diagnostics:

1. leakage localization;

2. leakage level estimation.

Though the problem of pneumatic and hydraulic
components condition monitoring is not new, constant in-
terest and research activities in this field were observed
over the last decade. Scientific articles mainly seek to pro-
pose methods for fault detection and identification (estima-
tion) of pneumatic systems and components. Pneumatic
and hydraulic cylinders [1-5], pneumatic servo-motors [6],
digitally controlled valves [7] were most often considered
among the objects of monitoring. Faults in these systems
are sealing leakages [1,3-5,6,8,9], friction increase
[2, 10] and other malfunctioning [6]. Development of new
sensors for process data acquisition [4, 11] as well as ob-
tained data processing in order to recognize the fault and
estimate its level [3-6, 9] are described in references. Sig-
nals gathered for the fault detection can be separated to the
high frequency vibrations (acoustic emission) [3, 8, 11]
and low frequency patterns such as pressure, flow, timing
parameters, etc. [2, 4-6, 7,9, 10, 12, 13]. Despite the origin
of physical measured signals their further processing is
usually applied. It involves feature extraction and feature
mapping to the space of faults. Applications of various
classification methods such as neural networks [5,7,
9, 10, 13], vectorized maps [4, 12], bond graphs [6], ge-
netic programming [2, 8], etc. were presented in the pa-
pers.

It has to be mentioned that the reliability of solu-
tions offered by these mathematical tools are strongly de-
pendant on the successful selection of input features that
are extracted from original sampled signals. The so called
diagnostic features selection is done in the research stage
and requires understanding of mechanical processes run-
ning in a pneumatic system [14,15]. Some authors also
discover influence of possible diagnostic features charac-
terizing operation of a pneumatic cylinder on the features

of the other cylinders in a pneumatic system composed of
several pneumatic components [16].

The diversity of reported approaches makes us
think that the final reliable and suitable solution for pneu-
matic components conditions on-line monitoring has not
been found until now. Therefore, the goal of our investiga-
tion is to perform a search of diagnostic features and meth-
ods that could be utilized for the on-line condition monitor-
ing by means of estimation of a pneumatic cylinder leak-
ages using only common industrial process sensors such as
air flow, pressure transducers and proximity switches.

2. Pneumatic cylinder and typical pneumatic system

Several leakage appearance locations can be dis-
tinguished in a typical pneumatic cylinder construction:

1. between chambers of an actuator (piston seal);

2. from retract chamber to the ambience (end
seal, wiper seal);

3. through the tube connection ports (extend, re-
tract ports).

Measurement of pressure in the selected points is
common in pneumatic systems. Operation of a system
could be monitored using industrial air flow meters as
well. For indication of an actuator piston end position,
typically magnetic proximity sensors are used. Seeking to
detect and estimate leakage levels it is not enough to ob-
serve pressures, air flow and time intervals between prox-
imity switches discrete signals, but it is also necessary to
know an algorithm or model that transforms directly meas-
ured parameters to leakage estimates.

A pneumatic cylinder starts its working cycle on
triggering of the control valve. At the moment of trigger-
ing, transient flow and pressure processes can be observed
in connecting tubes. We will call flow and pressure time
domain signals flow and pressure patterns. The shape and
parameters of these patterns depend on leakage. Other sys-
tem parameters and settings such as working pressure, ac-
tuator load, length of connecting tubes, throttles position,
etc. make influence on them too.

The testing bench was assembled in order to in-
vestigate the influence of leakages and secondary factors
on directly measured transient processes of air flow and
pressure. The acquired experimental data are used for the
search of diagnostic features.

3. Experimental setup

Schematics of the built testing bench is shown in
the Fig. 1.

The testing bench consists of the pneumatic cylin-
der with the diameter of 32 mm, stroke of 80 mm length,
5/2 type control valve CV', one-way throttles Dr and



Dr, to control cylinder piston movement velocity, tubing
L whose length can be changed during the experiment,
magnetic proximity sensors PS; and PS,, working pres-
sure p, transducer, the first and the second cylinder
chamber pressure p, and p, transducers respectively,
Venturi nozzle V', differential pressure Ap transducer,
load mass M , simulated leakages between the actuator
chambers LP, and to the ambience LA and LP,, com-
puter that controls the testing bench. All signals were sam-
pled with the sampling frequency F;=3 kHz. The pneu-
matic valve was controlled using discrete outputs of the

multifunctional data acquisition board DAQ. Type of the
air compressor used is Jun-Air 6-15.
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Fig. 1 Scheme of testing bench

Compressed air flow O was calculated using the
measured differential pressure 4p and the working pres-
sure p, according to expressions given in [17]. Air com-

pressibility was taken into account. The Venturi nozzle
was calibrated in five points in the range of Reynolds
number from 1200 to 15000 by the accredited laboratory.

Table 1
Leakage flow rate through the leakage orifices
d3 Po, Q, Ua
mm MPa dm’/min dm*/min
0.3 0.28 0.08 0.06
0.5 0.28 0.83 0.05
0.7 0.28 1.99 0.05

Leakages LP,,

positions, shown in the Fig. 1 using orifices of circular
shape and known diameters. Compressed air flow rates
(leakage rates) Q through these orifices are given in the

LP, and LP, were applied in the

Table 1. The compressed air flow rate uncertainty U is
evaluated statistically taking repetitive measurements and
calculating 95% confidence interval of the average value.
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4. Data acquisition and preprocessing

Selected values of working pressure, load mass and
leakage levels were set during the data acquisition. The
pneumatic actuator was operated for 10 cycles for each set
of settings. One cycle consists of extend and retract subcy-
cles. The following experimental data were recorded dur-
ing these 10 actuator operation cycles: 4p; ), po ; (),

plj(ti)7 ij(ti)’ PSlj(ti)’ PSz,' (ti) > Vj(ti)’ J =1...,10.
Having pressures 4p; (t,.) and p; (t,) the corresponding
flow rate pattern Q, (¢,) was calculated. Then synchronous

averaging was applied on the extend subcycle flow rate
and pressure patterns. Prior to the synchronous averaging
patterns were synchronized according to the rising edge of
the proximity sensor PS, signal. The retract subcycle pat-

terns were averaged in the same way, except the synchro-
nization was done on the rising edge of the PS, signal.

In the following we will omit the word averaged
though all later considered flow and pressure patterns are
assumed averaged as explained above.

5. Search for diagnostic features and algorithms
5.1. Parameters of air flow rate and pressure patterns

Air flow rate and pressure patterns of extend and
retract subcycles are of similar shape, though some of their
parameters may differ, because of unequal working cylin-
der volumes and effective piston areas. Taking this into
account, extend and retract subcycles are averaged sepa-
rately.

According to the physical model of a pneumatic cyl-
inder operation, three phases may be distinguished: initial
(phase I), movement (phase II) and final (phase IIT) [18]. It
makes sense to consider separate phases of a cylinder op-
eration subcycle, because physical processes, taking place
during these phases are of different nature. For instance, in
the phase I piston does not move and thus load mass does
not influence patterns of the flow rate and the pressure.

The following factors influencing pressure and air
flow rate dynamic characteristics were investigated using
the above described testing bench:
leakage LF, LP, and LP, level and position;
working pressure, p,=0.30, 0.35 and 0.40 MPa;
load mass, M =0, 1,2, 3,4 and 5 kg;
connection tubing L length;
settings of throttles Dr; and Dr, .
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Parameters of the dynamic flow rate and the pres-
sure processes that were apparently affected by considered
leakages and secondary factors are pictured in Fig. 2. In
the Table 2 dependencies between pattern parameters and
influencing factors are labeled. “+” sign in a cell of the
table denotes monotonic dependence between value of the
parameter corresponding factor. “*” denotes non-
monotonic dependence and “-“ denotes absence of correla-
tion between the parameter in the respective row and the
factor in the respective column. We call monotonic de-
pendence the one showing only increase or only decrease
of the parameter value through all the range of influencing
factor levels independent to the values of other factors.



Nonmonotonic dependence on the other hand is character-
ized at least by one of the following features: 1) the pattern
parameter increases in one range of influencing factor, but
it decreases in another range, 2) character (increase or de-
crease) of the dependence changes in accordance to the
values of other factors.
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Fig. 2 Parameters of flow rate and pressure patterns

Table 2
Dependence between measured parameters and influence
factors
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Leakage location
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Parameters given in the Table 2 are called diag-
nostic features and are defined as follows (subscript de-
notes subcycle: “1” — extend subcycle, “2” — retract subcy-
cle):

e A —magnitude of phase I;
Ay —magnitude of phase II;

e S, — compressed air consumption in phase II,

N
Spg = At-ZQ, , where At is the sampling period,
i=1
N is the number of samples in the time interval
from ¢ to ¢,; t, corresponds to the moment of

proximity switch PS, signal edge, while ¢, corre-
sponds to the moment of PS, signal edge;
S, —compressed air consumption over fixed inter-

val; start of the interval is the control valve signal
while the duration is selected experimentally and
kept constant despite the real phase II duration, i.e.
cylinder operation conditions (load, pressure, etc.).
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The end moment of the interval is noted by ¢, in

the Fig. 2;

P, —residual pressure at the end of the phase II;

Tpg — duration of the phase II;
T, — duration between the phase I magnitude posi-

tion and the start moment of the piston movement,
which corresponds to the rising edge of the respec-

tive proximity sensor signal.
Due to the jittering effect of proximity sensor air
consumptions S,g, and S,g, exhibit larger variation than

air consumptions S,, and S,,.
In the Table 2 we show that the leakage LF af-
fects extend subcycle parameters 4,, 4, and S, but does

not affect corresponding parameters of retract subcycle
patterns. The leakage LP, on the other hand affects pa-

rameters of both subcycles.

Most of the parameters are influenced by secon-
dary factors. Some of secondary factors, such as throttles
settings and tubing length often remain unchanged after
pneumatic system is installed and tuned. Therefore, values
of these factors could be assumed constant during the
monitoring stage. It is of importance that diagnostic system
could adapt itself to particular settings of throttles and tub-
ing characteristics. On the contrary, it would not be correct
to assume stability of working pressure and load mass. The
load mass may vary in each subcycle. Working pressure
may also fluctuate as a result of the compressed air source
adjustment by plant personnel.

Inadequacy of modeling the cylinder leakages by
orifices connected as shown in the Fig. 1 can result in ab-
solute measured parameters values changes compared to
those caused by the real internal leakages. However, this
will not affect principals of the bellow described diagnostic
methods, since they are based on the comparison of re-
feerence and monitoring values of the diagnostic features.

5.2. Building a diagnostic model

We have found it difficult to select a flow rate or
pressure pattern parameter independent upon secondary
factors. Therefore, we need to transform one or several
directly measured parameters into derived diagnostic fea-
ture y*, that is independent on secondary factors. The

output of the diagnostic model could be:
1. Modified air flow rate or pressure pattern parameter
having eliminated the influence of secondary fac-
tors, such as, for instance, working pressure;

2. A parameter of cylinder physical model that charac-
terizes the level of a fault, e.g. the diameter of an ef-
fective leakage orifice;

3. Measurable parameter that directly characterizes

fault level. In a case of leakage this could be an in-
crease of air consumption, compared to the air con-
sumption observed in reference conditions, i.e. con-
ditions without any leakage.
Anyhow the derived diagnostic feature will need
to be related to directly measured parameters with an ex-
pression

b

n’ =1’

V¥ =F(x,%,....X by,....b,) (1)



where x,, i=1,...,n is directly measured flow rate or
pressure pattern parameter, b,, j=1,...,m is the model

parameter.

Having the specification data of pneumatic com-
ponents and tubing lines one may attempt to derive expres-
sion (1) using equations of fluid dynamics. Unfortunately,
these nonlinear differential equations are difficult to solve
and include various parameters that are seldom known in
practice. These are dynamic friction coefficient, line losses
coefficient, etc. [18].

An alternative approach is to derive empiric ex-
pression (1) using measured training data. This way we can
compose the so called “data-driven” model. Training data
are composed of a group of points (¥, *, X, Xy, --os

x, ), k=1...,K measured at various possible working

conditions. K is the total number of training points. In this
approach structure of the model is kept known and coeffi-
cients b, are estimated in a manner to optimally fit the

model (1). The criterion for optimality is a minimized
mean square error. The goal of training or more precisely
derivation of a coefficient estimates is to adapt model (1)
to the particular configuration of a pneumatic system that
involves tubing lines length, settings of throttles, cylinder
type, etc. Other factors such as working pressure and load
mass will enter the model directly or indirectly in a form of
independent variables x,. An example of an indirect case
could be load mass, whose value usually is unknown dur-
ing operation. Therefore, some flow rate or pressure pa-
rameter reflecting load mass must be included into the
model (1).

In references [7, 12, 13] their authors attempt to
derive dependence (1) using artificial neural networks. In
these publications a larger variety of fault types and a lar-
ger variety of directly measured parameters are considered.
In our investigation we focused mainly on the problem of
leakage LP, detection and its level estimation. Let us take
a closer look to the examples of each type of derived diag-
nostic feature:

1. change in the initial phase (phase I) magni-
tude;

2. parameter of the physical cylinder model, that
characterizes effective leakage orifice diameter;

3. increase of compressed air consumption over
the defined part of subcycle.

5.3. Change in the initial phase magnitude

The parameter 4 depends on working pressure
p, but not on the load mass M . What is said concerning

A, can equally be applicable for 4, . Thus, further we deal
only with 4, . Pressure p, in real systems does not fluctu-

ate in a wide range. Taking this into account, we assume
that the dependence between A4, and p, is linear

A, =b, +b,p, 2

The estimates of coefficients b, and b, may be
obtained using regression analysis. The value of A4, calcu-
lated from Eq. (2) is the expected initial phase flow rate
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pattern magnitude when working pressure is p, and leak-
ages are absent (reference conditions). The difference
AA = 4, — A4, between magnitude A4, measured in moni-

toring stage and expected magnitude 4, may be an indica-
tion of the occurred leakage. Fig. 3 presents experimental
data that shows the feature 4, dependence on pressure p,
when the leakage LP, was absent and later three specified

leakage levels were introduced (see Table 1).

Eq. (2) represents the initial phase magnitude de-
pendence upon working pressure when leakage is absent.
Conditions at the absence of leakage are called reference
conditions. After the further investigation it was found that
adequacy of the model (2) can be improved using second
order polynomial instead of the linear model. However, in
such a case training data must be collected by setting at
least three different pressure levels for the derivation of
coefficients b,, b, and b, estimates. In the case of a linear

model only two levels of independent variable p, are suf-

ficient.
It is easy to notice that the larger leakage LP, was

introduced the smaller the value of 4, or respectively lar-
ger value of 44, was observed. We approximate the de-
pendence of experimental 4, samples on the working pres-

sure by the linear function at each fixed leakage level (see
Fig. 3). Then one may see that lines corresponding to the
different leakage levels can be held parallel. This way the
change A4, does not depend on working pressure p, and

A4, is an instance of derived feature y* that characterizes
leakage LP,. Differently from 4, it is not sensitive to

working pressure p,.
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Fig. 3 Dependence of the phase I flow rate pattern magni-
tude A4, on working pressure py and piston sealing
leakage LP;. Measurements of the magnitude were
made at four different load mass values M =0, 1, 3,
S5kg

The drawback of diagnostic feature A4, is that

particular leakage level will be difficult to track from the
value of A4, . Therefore, threshold of a diagnostic rule

must be set, based on the experience of experts. For exam-
ple, one could offer to consider leakage LP, significant,

when 44, exceeds some percentage from the value of 4
that was observed in reference conditions.

5.4. Effective leakage orifice diameter

Seeking to determine effective leakage orifice di-



ameter d from directly measured parameters we could use
working pressure p, and initial phase magnitude 4,. We

have made an assumption that the dependence between d
and these two parameters is linear

d=b,+bp,+b,4, 3)

To find the estimates of coefficients b,, b, and
b, values of the orifice diameter d = 0.0, 0.3, 0.5, 0.7 mm,
the working pressure p,=0.30, 0.35, 0.40 MPa and the

load mass M =0, 1, 3, 5 kg were alternated. Magnitude
A, was measured each time after setting all combinations

of d, p, and M values. Fig. 4 presents family of lines

calculated using model (3) together with experimental data
used to derive estimates of the coefficients of the model.
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Fig. 4 Prediction of the leakage LP; effective orifice di-
ameter d using model (3)

Effective diameter of leakage orifice is not diffi-
cult to interpret and it could be used to characterize leak-
age level. However, in this approach it is always necessary
to collect experimental training data at several levels of the
artificially introduced leakage. This, of course, can be car-
ried out only having laboratory facilities but hardly in field
conditions.

5.5. Increase of compressed air consumption

It is possible to estimate compressed air consump-
tion by integrating flow rate pattern over the defined time
interval.

Compressed air consumption is influenced by the
load mass M. However, load mass measurement during
pneumatic system operation is hardly possible. We have
noticed from the experimental data that load mass size is
strongly correlated with the time interval 7, (see Fig. 2).

In the Fig. 5 dependence between M and 7, is presented
at two different pressure p, and all leakage LP, levels.
We see that 7, may be utilized to indirectly estimate load

mass of the cylinder. This way, it is reasonable to consider
dependence of the air consumption and easy measurable
T, instead of load mass M.

In the (a) and (c) subplots of the Fig. 6 depend-
ences of the air consumptions §,, (extend subcycle) and

S;, (retract subcycle) on T, and T,, respectively are
shown at different leakage LP, levels and all working
pressure levels.
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In a case of leakage absence we have approxi-
mated dependence of S,, upon 7, by the following sec-

ond order polynomial function
Sp=ay+aTy, +a2TAz|

4)

An expression analogous to Eq. (4) may be writ-
ten for S,, dependenceon 7,,.
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Fig. 6 Dependence of the air consumption on parameters
T4 and T, at different leakage LP; (a) and c)) lev-
els and at different leakage LP, (b) and (d)) levels

Utilizing measured 7', and using Eq. (4) we can

calculate the expected air consumption. If measured air
consumption exceeds the expected one, this may be an
indication of leakage presence. The difference between
measured and expected air consumptions may be used to
characterize the leakage level.

We assume that S,, does not depend on T, or
load mass if the range of load mass variation is narrow.
This way leakage detection and estimation will become
straightforward since derivation of the model (4) will not
be necessary. In this approach the expected air consump-
tion would be simply equal to the consumption observed in
reference conditions.

Dependence of S,, on T, and dependence of Sy,

on T,, at different leakage LP, levels are presented in

subplots (b) and (d) of the Fig. 6. It is interesting to notice
that the value of S, is not influenced by the leakage LF,



level, though value of §;, is influenced. Hence, by com-
paring changes of Sy, and S, over their reference values

we gain principal possibility to distinguish the type of ap-
peared leakage.

7. Conclusions

Internal leakages of pneumatic cylinder may be
monitored without interruption of its normal operation (on-
line). In this paper several methods were suggested for
piston sealing leakage level estimation by directly measur-
ing dynamic flow rate patterns in the compressed air sup-
ply line. These methods are based on the comparison of
diagnostic feature value measured during monitoring over
its observed value in reference conditions. Because it is
difficult to find a parameter sensitive only to the leakage, a
model or algorithm that allows predicting the reference
value is required. The reference value must be predicted
taking into account current working conditions that in gen-
eral may not be identical to those present in reference con-
ditions.

It was found that useful diagnostic features for the
above problem solution are: 1) flow rate pattern magnitude
of the initial cylinder operation phase, i.e. prior to its
movement start, 2) air consumption over the defined period
of the cylinder operation subcycle.

Leakage may also be characterized by the effec-
tive diameter of leakage orifice. A method of indirect ori-
fice diameter estimation using working pressure and flow
rate pattern magnitude of initial cylinder operation phase
was presented.

We have found it difficult to detect piston sealing
leakage bellow 0.3 mm of effective orifice diameter de-
spite the considered method, because the values of diag-
nostic features were very close to their values in reference
conditions. Leakages with effective orifice diameters 0.5
mm and 0.7 mm were detected reliably.
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PNEUMATINIO CILINDRO BUSENOS DARBO METU
STEBESENOS METODAS

Reziumé

Straipsnyje pasiiilytas pneumatinio cilindro nuo-
tekiy aptikimo ir lygio jvertinimo metodas, taikomas ne-
pertraukiant normalaus cilindro darbo rezimo. Atlikti eks-
perimentiniai tyrimai matuojant oro srauto ir slégio perei-
namasias charakteristikas bei cilindra valdancios sklendés
ir galiniy stimoklio padéciy jutikliy signalus. Remiantis
iSmatuotais signalais buvo atlitka diagnostiniy pozymiy,
nesanciy informacija apie nuotékio vieta ir jo lygi, paieska.
Nustatyta, kad oro srauto ir slégio charakteristikos yra ita-
kojamos ne tik nuotékiy, bet ir kintan¢iy darbo salygu, t. y.
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darbinio slégio, apkrovos masés, jungianciyjy oro tiekimo
linijy ilgio, droseliy nustatymo ir t. t. Straipsnyje pateikia-
mi analizuoti nuotékio aptikimo ir juy lygio jvertinimo
diagnostiniai modeliai, invariantis§ki minétoms kintan¢ioms
cilindro darbo salygoms.

7. Nakutis, P. Kaskonas

AN APPROACH TO PNEUMATIC CYLINDER
ON-LINE CONDITIONS MONITORING

Summary

A method of pneumatic cylinder leakage on-line
detection and level estimation is considered in the paper.
Air flow rate and pressure patterns together with control
valve signals and proximity sensors feedback signals are
measured in the conducted experimental tests. Search of
features applicable for the leakage detection and estimation
was carried out. Air flow rate and pressure patterns are
influenced not only by leakages, but also by working con-
ditions that embody system working pressure, load of the
cylinder, characteristics of tubing, flow throttles settings,
etc. Data-driven models and methods of their composition
are proposed in order to enable leakage detection and
measurement independent from varying working condi-
tions.
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X. Hakytuc, I1. Kamkonac

OIIEPATHUBHBIN METO/ JIJISI MOHUTOPHUHI A
TEXHUYECKOI'O COCTOSHUA
ITHEBMATHUYECKOI'O IMJIMH/IPA

Pe3zmomMme

B cratpe paccmaTpmBaeTcs MeToZ AN OOHapy-
JKeHUSI YTEUKH M OLCHKAa €€ YPOBHS B ITHEBMATHYECKOM
muHApe (OH-TaiH). J{MHAMHYECKHe MpPOLECHl ITOTOKa
C)KaTOr0 BO3AyXa M JABJICHHA BMECTE C CHTHAJIAMH pac-
MIPEAEIUTENBHOTO KIIaaHa U CHUTHAJaMU OOpaTHOM CBSI3H
JIATYMKOB TOJIOKEHHsI OBUTH M3MEPEHBI JKCIEPHUMEHTANb-
HO. Mcnomnp3ys 3KCTIepUMEHTaIbHbIE JaHHBIE OBLT MPOU3-
BE€JICH TOKCK JMarHOCTHYECKUX ITPU3HAKOB, IIPHMEHHMBIX
JuIsl OOHApy’KeHUs] YTEUKH M OLEHKH ee ypoBHs. Ha mapa-
METPBI JMHAMUYECKHUX IMTPOIIECOB BIHAIOT HE TOJIBKO yTed-
K{, HO TaKXKe U padovne ycJIOBUs, KOTOPHIE XapaKTepHu3y-
10TCsI pabOYNM JaBJICHUEM CHCTEMBI, Harpy3KOH LMINHI-
pa, 0OCOOCHHOCTSAMH COEJCHUTENBHBIX JIMHUNA, HACTPOHKOMH
npoceneit, u T.1. B paboTe npeyioxkeHs! AUarHoCTHYECKNe
MOJIETI ¥ METOABI MX COCTaBJICHHS, KOTOPBIC MO3BOJISIOT
00HapYXUTh YTEUYKN U U3MEPUTHh UX YPOBEHb HE3ABHCHMO
OT U3MEHEHNUS pabOvHX yCIOBHUH.
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