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1 Introduction

In the design phase of machines operating with hydraulics, virtual testing is coming more
common [1]. The system is modeled with a computer and design parameters can be defined
without the use of real world prototypes. Especially elasticity related dynamical properties can
be accessed. Modeling can also be used to design condition monitoring methods for
machinery. Models can be used to simulate faults and measurement information can be
accessed cost-efficiently using virtual measurement instead of real sensors in real machines.
This information can be used to design automatic fault diagnostic algorithms or fault
classifiers [2]. Sometimes this might be the only way to design fault classifiers, since faults
have a low probability of occurrence. It may take several years for critical faults to emerge. A
common problem in process industry (e.g. energy production, paper production and steel
production) is that machinery has been updated or modified which makes the measured
history data at least partially outdated.

Pattern recognition and hydraulic servo controls are widely researched fields. Mathematical
methods used in both are basically the same. The control theory tries to diminish step
response vibration while pattern recognition tries to find optimal method for extracting
overlapping signal information. Not much has been done upon pattern recognition in fault
diagnostics of hydraulics. Automotive industry is being active in analyzing electro-hydraulic
steering and breaking components [3, 4]. Parameter variation has been examined in the case
of simple hydraulic motor drive model [5]. Models related to leakage have recently raised
interest. The use of Kalman filtering in hydraulic leakage detection [6] and QFT (Quantitative
Feedback Theory) fault tolerant control under leakage [7] has also been studied. Supply
pressure and sensor faults as well as fluid contamination have been studied in relation to
QFT-fault tolerant control [8] and by using Volterra nonlinear models [9].

The measurement of pressure over filter is the usual method for hydraulic system monitoring.
Fluid condition is usually monitored by laboratory analysis, since development of on-line oil
quality measuring sensors is relatively slow and difficult [10, 11]. Maor improvements have
been made in the fields of moisture sensors and dielectric constant measuring Sensors.
Marine-, off-shore- and paper-industries have an increasing interest towards low cost
humidity (or water content) in oil measurement devices.

The viewpoint of this report is that the direct on-line measurements available are not enough
to monitor hydraulic fluid powered machinery. More information is needed for early fault
detection and reliable fault diagnostics. The viewpoint includes also fewer sensors with
increased intelligence. I ntelligence is based on modeling.

2 Goals

The goal of the work wasto study the possibility to use mathematical simulation in the design
of fault classifier in hydraulic servo proportional system. The present report concentrates on
fault ssimulation, as well as classification of the simulated faults. The root causes of the faults
have not been analyzed fundamentally.
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3 Description of the target

The analyses were carried with two feedback servo-proportional controlled cylinder drive
simulation models using semi-empirical parameters. The first model was constructed earlier
[12]. The second model was developed from the first model by adding a pressure relief valve
and more advanced friction model. The models were created using Matlab R11 Simulink
building blocks.

3.1 Simulation model 1

The model applies the principle of centralized pressures. The hydraulic circuit is divided into
volumes in which the pressure is assumed to be uniform. Valves and pipelines are assumed to
be flow limiters. The flows passing limiters can be calculated, since the pressures are known
from volumes and effective bulk modulus values. The main parameters of simulation model
are shown in Figure 1.
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Figure 1. The main parameters of simulation model [12].

Shown parameters of Figure 1 are:

ps = supply-side pressure [Pa]

pt = tank pressure [Pa]

p1 = cylinder-side pressure [Pa]

p2 = piston-side pressure [Pal

Q. = cylinder-side flow [m*/]

Q. = piston-side flow [m*/]

Be1 = effective bulk modulus of cylinder side [Pe]
Be> = effective bulk modulus of piston side [Pa]
V1 = volume of cylinder side [m”]

V, = volume of piston side [m’]

A1 = cylinder-side area of piston [m?]

A, = piston-side area of piston [m’]

y = position [m]

L = length of cylinder [m]

U = voltage input [V]

Ap = pressure difference [Pa)
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Feedback sensor, controller, valve dead zone, valve hysteresis, A/D conversion (digital
control), and control delay factors are also included in the model. The characteristics of
mechanical components were modeled simply with one rigid component. The model has been
described in detail previousy [12].

3.2 Simulation model 2

Model generation and parameter function rules are basically the same as in Model 1 with
some additions and changes to the model. The main parameters of simulation model 2 are
shown in Figure 2:
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Figure 2. The main parameters of simulation model 2.

The parameters in Figure 2 are as follows:

y = piston position [m]

P, = pressure before control valve [Pa)

p, = cylinder-side pressure [Pa]

p; = piston-side pressure [Pa]

Qs = flow from pump [m*/s]

Qgex = leak flow from pump [m®/s]

Q: = flow from relief valve to tank [m’/s]

Qe Qiieak = leak flow from valve to tank [M*/s]
Qa = cylinder-side flow [m®/s]

Qg = piston-side flow [m*/]



7(22)
V7T RESEARCH REPORT No.BTUO43-051389

The friction in the cylinder was modeled in simulation Model 1 by adding extra load to the
system. This does not represent well the real situation as there is no differentiation between
static and slip friction. Simulation model 2 uses friction model that was generated originally
for diding pair contact [13,14]:

1F =s,z+s,k+by

|

iSo=Fg/Z (1)
:

7S, =,/ms,

where,

F,. = friction force [N]

oo = Spring coefficient of piston seal [N/m]

z = seal deflection [m]

2 = speed of deflection change [/

o1 = damping coefficient of piston seal [Nm]
b = coefficient of viscous friction [Ns/m|

¥ = piston velocity [m/s]

The supply force produced by the cylinder [26]:
FSu:Acpz'APps'Fm (2)

where,

Fs, = supply force [N]

A= cylinder-side area of piston [n]
A= piston-side area of piston [n]

The cylinder is placed vertically towards ground, which leads to the following mechanism
eguation:

Fs, =Mg ©)

where,
m = combined mass of piston and load [kg]
g = gravitational coefficient [m/s’]

A pressure relief valve was added to Model 2. The pressure relief valve was planned
originally to Model 1, but the stability of the model was not achieved. The relief valve
changes the pressure-equations into following [25]:

: &1 ZE(QS -Q - Qa-Qp)

i 10

. _ By ] ]

: p, = m(QA Queak = Ac¥) (4)
I — Be?, _

+&3 _V30 +AP(L- y)(QB QBIeak+AP§{)
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where
b, b,, p; = pressure differentials[Pa/g]
V10, Va0, V3o = constant volumes related to different pressure [m”]
Be1, Beo, Bes = effective bulk modulus values related to different pressure [Pa]
L = stroke of piston [m]

The bulk modulus of casing prior to the control valve is assumed to be infinitely high (rigid),
which leads to the following effective bulk modulus:

By =B, ©)

(o]

where
Bo = bulk modulus of oil [Pa]

Pipes are used after the control valve. For the calculation of cylinder and piston side effective
bulk modulus values, the piston is positioned to L/2. The bulk modulus values are then [16]:

i1 1 N 1V,

R

i B. B, B,V ®)
| :

il 1, 1Vy

1 Be3 Bo Bp Vt3

where

By = bulk modulus of pipe [Pé]
V2, Vi = total volume for effective bulk model calculation (y =L/2) [m"]

The dynamics of control valve is expressed as a second-order system between the spool
displacement and the input voltage [25]:

R=U@t)w,” - xw,” - 2kd,w

i

|

W, =—
o,

|

(ot ™
'|'tl = s

1 | |W—90°
i ¢

.I. dv - 1

1 2t,
where

X = gpool position [m]

¥ = spool velocity [m/s)]

% = spool acceleration [m/s]

U(t)= voltage input to servo solenoid valve [V]

oy = nominal angular velocity (frequency) in valve dynamics [rad/s|
dy = cancellation ratio of valve dynamics

G|, we L1l = valve coefficients
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The cylinder side flow and the leak flow are defined as follows [25]:

‘QA:C XU osign(p, - p,)xJ|p- P U >0

'QA C, WU xsign(p, - p;)*/|p,- pr| UEO

— aIIe QN (8)
IQAIeak 2 P, —(p,- p) U>0
Y Que =0 U £0
where

C, = valve semi-empiric flow coefficient [m*/(sV (Pa)*°)]
pr = tank pressure [Pa]

vale= total leak flow relative to maximal flow [%0]
Qn=nominal flow through valve [m?/s]

pns=nominal input pressure of valve [Pa)

U = control valve voltage [V]

The piston side flow is defined correspondingly as follows [25]:

].QB =C, U sign(p; - py)%/|pr- Pyl U>0

::,:QB :CV>U >€ign(ps' pl)X\/|p3' p1| UEO

IQAIeak =0 U>0 ©)
| Qe = Y2t Q0 (Y U EO
1 2 P,

The flow from pump is as follows [27]:

Qs =hg Wy, Mg (10
where

ns= overal efficiency of pump

Vge= pump displacement [m*/rev]

ns=pump speed [rev/s|

The flow through relief valve follows normal valve flow equation and is [27]:

Q, =k, xsign(p, - pr)*/|p,- Py (11

where
k. = amplification coefficient of pressure relief valve []

The dynamics of the relief valve is expressed through relief valve amplification coefficient as
afirst order system as follows [27]:
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l&r - (pl' pref)' (Cl+Czp1)>kr

c (12)

dyna

where

pret = reference pressure of relief valve [Pa]

C1,C5,Cayna = Semi-empirical coefficients of relief valve

The A/D-conversion properties were not included in Model 2 (analog control instead of
digital control). Pl-controller was used in Model 2. Model 1 uses look-up table based
controller

3.3 Fault modeling

The same faults were included in Model 2 that were present in Model 1. The Following faults
were included:

Electrical signal failure

Leak from cylinder side to outside system
Leak from piston side to outside system
Cylinder inside leak

Valve spool sticking (jamming)

The electrical signal was modeled by setting the input voltage to zero for predefined time:
U (t) = O’ tOVsIart E’ t E’ tOVend (13)

where
toveart = Start time of electrical signal failure[9]
tovena = end time of electrical signal failure[s]

Valve spool sticking was modeled through voltage. The voltage value was kept constant for
predefined time:

U (t) = U (tjamstart )’ tjamstart £ t £ tjamend (14)

where
tiamstart = Start time of spool sticking []
tjamend = €nd time of spool sticking [s]

Cylinder side leak was modeled using a circle as flow orifice outside the system:
QAof = QA - Qhole(px = Py, py = pair) (15)

where

Qaof = valve flow under cylinder side leak [m/g]
Qhole = leak flow through hole [m*/s]

Pair = @tmospheric pressure [Pa]

Piston side leak was modeled correspondingly:
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QBof = QB - Qhole(px = Ps» py = pair) (16)
where

Qsor = valve flow under piston side leak [m®/g]
A leak inside affects both flows as follows:

.‘[QAif = Qa * Quoie(Px = P2 Py = Ps)

1
1 Q= Qs - Quue(Py = P2 P, = By) (17)

where
Qaif, Qair = valve flow under inside leak [m*/g]

The flow through the hole during leaking is calculated in the following way (both laminar and
turbulent flows included) [15, 16]:

i .2 ]
- 128nr 128r o 8r

| - K + B ++4a?<—px-p:
I | L P \/gL 0 o ngz( y)
1 Quoe(Pys Py) =sign(p, - py) ar

: 2K, —

1

.l Ihole

K = (18)
| - dhole4

! z

-I-K - hole

I ! dhole4

I

!

1

where

Ihae = length of the hole [m]
dhole = diameter of the hole [m]
Enae = flow resistance coefficient of the hole

4 Methods

Signals generated with Simulink were analyzed using Matlab and its toolboxes. Pattern
recognition toolbox (Prtools 3.16) was used to generate and test various classifiers [17].
Feature extraction was performed using statistical windows reduced simulation data. Four
classifiers were chosen to analyze data with different window sizes.

4.1 Generation of simulated signals

Simulink used variable step size for simulation runs. The Duration in Model 1 was 20 sand in
Model 2 3.5 s. Model 1 signals were linearized to 38500 points and Model 2 signals to 20000
points. Noise signal was added to the position feedback signal. Model 1 used arandom signal
generator with random wave generation and sample time of O seconds. Model 2 used a
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random number generator with 0.15 s sample time. Noise signal was set to about +/- 1 mm.
Figure 3 presents 2 examples of the modeled noise signals.

—_
on

noise [m]
=] =
(] = (] —
noise [m]
[}

N
in
T

—_
on
—_
=

t [s]. t[s]

Figure 3. An example of Model 2 noise signal (left) and an example of Model 1 noise signal
(right).

Gaussian distribution is used in both cases to generate the random signal. 100 simulation runs
were performed for each fault in addition to 'no fault'-case. Faults were modified using
random number generator for each simulation run according to Table 1.

Table 1. Fault variation in simulation runs.

Model 1 (9-20s) Mode 2 (0-3.59)
teat: 9+0...1*9 [S] tsart: whole simulation [S]
leaks tsop: teartt0...1¥2 [9] tsop: Whole simulation []
Ohote: 56-5 [M] Ohote: 56-5+0...1*5e-4 [m]
- tsat:9+0...1*9 [ tsart: round(0...1)* 2+0.4+0...1*0.85 [ 9]
sticki ng faults tgop:tgart+0. R [S] tgop: t¢att+0.1+0...1*0.1 [S]
zero volt tsat:9+0...1¥9 [g] tsart: round(0...1* 3)+0.3+0..1*0.15 [ 9]
faults tgop:tgart+0. A [S] tgop; t¢at+0.1+0...1*0.1 [S]

Model 1 had an additional fault simulation drive that had both outside leaks on (total was then
7 faults x 100 simulations x 38500 points). This fault situation was not used in simulation
with Model 2. Model 1 used two position step signals as input signal. In the case of Model 2,
the steps were changed to ramp signals. Signal vectors presented in Table 2 were stored in
binary format.

Table 2. Sored signals from simulations (rows were 20000 or 38500 point vectors).

Model 1 matrix-file column (9-20 s) Model 2 matrix-file column (0-3.5 )
1 t=time[g t=time[g
2 Yin = Wanted position/input [m] y = actual position [m]
3 y = actual position[m] p1 = pressure before control valve [m]
4 ¥ = piston velocity [m/s] p2 = cylinder side pressure [Pa]
5 Fa, = piston generated force [N] ps = piston side pressure [Pa]
6 Q. = cylinder side flow [m’/s] Qa = cylinder side flow [m’/s]
7 Q. = piston side flow [m®/g] Qg = piston side flow [m?/g]
8 p1= cylinder side pressure [Pa] Fq, = piston generated force [N]
9 p2 = piston side pressure [Pal U = Control valve voltage[V]
10 Qre = flow from relief valve [m*/g]
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The characteristic Model 1 output signals for all simulated faults are shown in Appendix 1.
Leak faults are plotted for the whole simulation. The characteristic output signals of Model 2
for all faults are shown in Appendix 2.

4.2 Feature extraction

Statistical windows were chosen for feature extraction method. The calculation is visualized
in Appendix 3. The statistical parameters used for windows are explained in Table 3.

Table 3. Explanation of statistical parametersfor windows [18].

Parameter Calculation Explanation

Igr computes the difference between the 75th
and the 25th percentiles of the sample. Theigr
isarobust estimate of the spread of the data,
since changes in the upper and the lower 25%
of the data do not affect it.

ar median(Xi7se) -
9 medi an(xizs0,)

Kurtosis is a measure of how outlier-prone a
distribution is. The kurtosis value of the normal
KUrtosis E(x- m)* dis_tribution is3. Distributions_thqt aremore

K=———" outlier-prone than the normal distribution have
S kurtosis greater than 3; distributions that are
less outlier-prone have kurtosis less than 3.

Skewness is a measure of the asymmetry of the
data around the sample mean. If skewnessis
negative, the data are spread out moreto the

K= E(x- m® left of the mean than to theright. If skewnessis

skewness 53 positive, the data are spread out more to the
right. The skewness of the normal distribution
(or any perfectly symmetric distribution) is
zero.
_ 14 _
mean X; :ﬁé X Mean isthe average value of the samples.
i=1
é X2 The root mean sguare value (rms) of a sample
rms —— isascalar that gives some measure of its
n magnitude.
max max(x;) Returnsthe largest elements along of an array.
done K=1(x)-b Slope defines if the values of a sample are
P X. increasing or decreasing

Cylinder side pressure (p1) was chosen for feature extraction measurement quantity in Model
1. Inthe case of Model 2, feature vectors (feature vector = total amount of pointsin linearized
simulation vector divided with window size) were calculated for the cylinder side pressure
(p2), the piston side pressure (ps) and the valve control voltage (U). For Model 1 feature
vector sizes of p; were defined as 20, 15, 10 and 5 points. In addition to these four vectors
100, 75, 50, 25 were defined for Model 2 voltage measurement quantity. Also 20, 15, 10, 5
size vectors were calculated for p, and ps of Model 2. The feature extraction algorithm
calculated windows with remainders by leaving the last signal points out (eg. in the
calculation of 15 size feature vector for Model 2, 19995 first signal points are used as
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1333¥15=19995 and 1334*15=20010). Some examples of feature vectors are plotted in
Appendix 4.

4.3 Classification

Bayesian classifiers were tested in the classification of feature vectors x generated with
satistical windows using different parameters. The likelihood functions of classes w; (here
5+1 or 6+1) with respect to x in the I-dimensional feature space (here 5...100) follow the
general multivariate normal density [19]

1 el Tl o .
PXW) = ——————expe —(x-p;) S(X-p)5 1=1...,.M (19
| (2p)|/2|si|l/2 g 2 ” !’l g
where u; = E [X] is the mean value of the w; class and 2j thel ~ | covariance matrix defined
as[20]
S, = E[(x-p)(x-n)"] (20)

|S,| denotes the determinant of i and E[- ] the mean (or average or expected) value of

random variable. Equation 19 is preferable to work with logarithmic functions due to its
exponential form. Thisresult [19]

9,(x) = In(p(w)P(w:)) = In p(xw;) + In P(w;) (21)
or [19]
0,09 = - 2 (x- )" S *(x-w) +InP(w) + (22

where ¢; isa constant equal to -(1/2)In2x -(1/2)In|S,| . This can be expanded to [19]

9,00 =+ SXTS X+ XIS, - S+ S X+ InP() + (23)

term x'S 'x indicates that the decision curves are quadratic (e.g., €llipsoids, parabolas,

hyperbolas, pairs of lines). For |>2 the decision surfaces become hyperquadratic. This
classification is referred here as quadratic classifier (qdc is the used Prtools function). If the
covariance matrix is the same in all classes, that is, 2i = X, the quadratic term and ¢; will be
same in all discriminant functions. g(x) can be redefined to the following form [19]

g;(x) =p; S*x- %piTSpi +InP(w) (24)

Hence gi(x) is a linear function of X, the decision surfaces become hyperplanes. This type of
classification isreferred here as linear classfier (Idc in prtools).
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Figure 4. Linear and quadratic classification in the case of two class two feature space. [ 17]

In addition to Bayesian based classifiers, Parzen classifier was tested for all feature vectors
(parzenc). The density estimate is modified from eq. 19 [20, 21]

e 1 » 5
112 12 expg- o2 (X'”k)TSkl(X'Hk)3 k=1..,M (24)
(2p) hk|Sk| k 9

p(X| W) =

hy is the parzen window size of class wy. Prtools use Lissack & Fu error estimate for the
calculation of optimal window size [22].

The last classifier tested was neural net classfier (bpxnc in prtool). The tested classifier isa
feedforward network with two hidden layers and with batch mode updating using traditional
sigmoid transfer function [21, 24]. Initialization is performed using Nguyen-Widrow method
[23, 24].

Figure 5. The definition of variables involved in the backpropagation algorithm [ 19].
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The calculations are based on the use of backpropagation algorithm. Forward computations
are calculated after initialization for each training vector x(i), i=1,2...,N (Fig. 5) [19]
Lo e 1 o & 1 .
ui=a Wiy )+ ° a Wiy () r=12..,L j=12..k (29
k=:

k=1 1

The cost function J is then updated [19]

13=3 e)
e G
Te)o =4 e2(i)° =& (f i) - v,0))

24, 24

after this backward computations are calculated [ 19]
djL(i) =g ) fGus@)- vy, () i=12..,Nj=12..k (27
and in the sequel [19]

T i) =€) Fqui() r=LL-1..2 =12k
|

l & (28)
7€) =& di (v,

| k=1

finaly weights are updated [ 19]

Twi(new) =wj (old)+Dw] r =12,...,L j=12..k

1 (29)

| TR
{Dw} =-m8 ] )y )
i=1

where wj = [W}O,M/;l,...,W}kHJ. The training is stopped by prtool when iteration epochs are

twice that of the best classification result. The number of output neurons equals the number of
classes (here 5+1 or 6+1) and the input neurons the size of feature vectors (5...100).

5 Restrictions of the study

Major assumptions have been made in the modeling of hydraulic components. The most
important assumptions made in thiswork are as follows [27]:

The viscosity of oil, the bulk modulus of oil, the discharge coefficients and flow
angles of valve orifices are constants

Pressure is distributed evenly

Pressure does not saturate or cavitate

The inlet pressure of each valve is greater than or equal to outlet pressure and the tank
pressure is zero
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the compressibility of oil in the damping chambers as well as the Coulomb and the
viscous friction force between the valve spool or poppet and the valve housing can be
neglected

The simulated parameters have not been verified by measurements. Although the values of
the parameters do lack realism, it is expected that they have been estimated “close enough”.
As the classifiers function correctly with relatively noisy data, the exact values are not
necessarily needed. Similar hydraulic system models without faults have been verified
previously [16, 25, 26, 27]. The bulk modulus values of the model are not compensated by
piston movement. The modulus values are calculated when the piston is in the middle position
of the stroke. This is due to technical problems in the calculation. Also the pressure relief
valve model was reduced to afirst order model.

6 Results

From 100 simulations (6 or 7 cases in each simulation) 80 were used for training (6* 80=480
or 7*80=560) and 20 were used for testing. The selection of training and testing vectors were
random. 112 classifiers were trained and tested for model 1 (pressure measurement quantity *
4 different feature vector sizes * 4 different classifiers * 7 different parameters for feature
vectors). 448 classifiers were trained and tested for model 2 (voltage measurement quantity *
8 different feature vector sizes * 4 different classifiers * 7 different parameters for feature
vectors + 2 pressure quantities * 4 different feature vector sizes * 4 different classifiers * 7
different parameters for feature vectors). The results are presented in Appendix 5. The Tables
in the Appendix show the fraction of incorrectly classified cases for each method applied.
Thus, a small value indicates good result. The tables present some classifier result averages of
fractions of incorrectly classified tests as well, which help to compare different classifiers
irrespective of window size.

7 Discussion

A large amount of oil leaking out of the system is usually easily visible as fluid puddles under
the machinery. This is especially the case when the hose is leaking. The situation is different
in the case of pipe breakage or seal damage. The leak may be small enough to remain
unnoticed. The oil consumption increases slightly, but not necessarily enough to arise any
concerns. Even if the correct conclusions are made, finding the leak may be atedious task.

Extra load was used in Model 1 for cylinder friction modeling. De-Wit model was used in
Model 2 (eg. 1). A common model invented by Karnopp was used in the work by Tan and

Sepehri [9]:

] ¥

:'Fc(i() = fd +(fst - fd)>ea >sgn(X) + dk |i(| > Vo (30)
tF.(%) = fy >sgn(k) % £ v,

There are several reasons for using of the Karnopp model. It is quite simple, easy to

understand and it is numerically efficient. Disadvantages include that the actuator is drifting
when the outside load and the friction load are in balance. In reality as well as in De-Wit
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model, the position is not affected. Complexity and the definition of parameter o1 are the
disadvantages of De-Witt model.

In Model 1 the controller operation is relatively slow. The difference between the target
position and the actual position is quite large (see App. 1., Fig. 6). The main reason for the
slow motion isthat the model had restrictions on the maximum piston speed. The slow piston
speed reduces pressure peaks. Another way is to use a ramp function, as has been done in
Model 2.

The pressure signals become negative in the case of inside leak (see green curves of App. 1.
and App 2.). Thisis due to the limitations of the model, which does not compensate the rapid
pressure fluctuations fast enough. Also in Model 2 the pressure relief valve flow (see App. 2.,
Fig. 8) was set so that negative flow is not possible (i.e. flow from tank to system). The
sudden pressure increase (see blue curves of App. 2., Fig. 3and 4 at 1.5 s) in the piston side
leak fault is due to the elimination of negative flow.

The zero-volt control signal changes the spool position very rapidly. This can be seen directly
from the flow and pressure changes (see blue curves of App. 1. a 11 s. and yellow curves of
App. 2. a 3 9). The piston position is also heavily affected and the work cycle is delayed. The
effect is basically same in both models. The amplitude of pressure vibration is higher in
Model 2 as there is no velocity threshold. The fluid leak to air (atmospheric pressure)
produces some visible changes to the position signal. The position is slightly over steered
during the cylinder side leak and under steered during the piston side leak in both models (see
pink or cyan curve of App. 1., Fig. 1 and pink or blue curve of App. 2., Fig. 2). The reason for
excessive over steering in Model 2 as compared to Model 1 is the negative flow aspect of the
pressure relief valve mentioned before. The pressure increases as the closed loop system seeks
balance between pressure and flow at near piston stroke (1 or 0.4 m) position by adjusting the
valve opening (see e.g. cyan and pink curves of App. 1., Fig. 2 at 12-15 s or pink and blue
curves of App. 2., Fig. 3 a 1.5-2.55). A Larger hole size should produce pressure drop. The
vibration amplitudes are smaller during outside leaking near the piston stroke position.
Leaking inside the cylinder produces serious pressure vibration (see e.g. green curves of App.
1, Fig 2. a 13-15 sand App 2., Fig. 3at 1.5-2.5 s). The pressure vibration was so extensive
that it induced vibration to the position signal in both models. This kind of a variation in
hydraulic system pressure is undesirable since it produces wear. In Model 1, the sudden stop
of the valve spool in the valve sticking fault produces first a steady flow and a high flow peak
after the spool is released. This is also indicated as vibrating pressure. The piston movement
response is decreased with better friction model in Model 2 and this filters the flow peak.
Otherwise the effect is the same. There is only a negligible visible effect on pressure if
sticking or jamming takes place while the spool is not moving. Also in the case of zero volt-
fault, the effect is minimal if the control voltage (flow) is already zero. Fault phenomena
modeling were changed in Model 2 to represent amplified effect to output signals. The zero
volt fault was run so that the control voltage was either high or low. The sticking failure was
run during the spool movement. The leak duration was set for the whole simulation and the
leak size was increased (seetable 1).

The general requirement to keep the measurement costs low was the reason for measurement
guantity selection for windows and classifiers. Flow sensors are expensive and flow
information can be accessed more easily by measuring the control voltage. Pressure
measurement is moderately expensive, but it is less costly than flow measurement. As sensors
are not needed in voltage measurement, it is the most preferable choice for monitoring
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purposes. Sensor prices may be irrelevant as the signal processing unit represents the highest
cost in the system.

Classification error probability in Model 1 is too high. The acceptable level is lower than 20
% (or 0.2). Smulated signals do not show clear difference between the fault situation and the
normal operation. The short duration of the leak is the main reason. Also the mentioned zero
volt fault when the control voltage is already zero and the spool sticking fault when the spool
is not moving are reasons for the lack of difference in the signal. In other words short leaks
are extremely hard to find in the system using these techniques. The probability of short leak
to take place is quite low. If the pipe or seal breaks, it is seldom atemporary fault. Although it
is possible that sea leak is effective only in some high or low pressure range.

Model 2 was used to simulate faults in places where substantial effect can be seen. The error
probability in amost all cases decreases to acceptable level. Even zero error can be seen using
voltage, 2000 point window (10 point feature vector) and the maximum value of feature
vector (Appendix 5 page 2). Small windows (or large feature vector) were not tested for
pressure signals. The feature matrices were singular, which stopped teaching of the classifier
algorithm. This is a common problem for classifiers [27]. The comparison of voltage
(Appendix 5 p. 2) and pressure signals (Appendix 5 p. 3-4) does not show much difference in
classification. Best window sizes seem to be 2000 points (10 point feature vector) or 1333
points (15 point feature vector) wide. The averages on the right side of Tables (Appendix 5)
tell that the best results can be achieved using parameters like the root mean square (RMS) or
the maximum value of the feature vector (max). These parameters are the most used also for
elements of rotating machines in vibration condition monitoring (e.g. rolling bearings, gears)
[28]. The Parzen classifier produced the smallest error in classifying voltage and cylinder side
pressure data. The quadratic classifier was the best in classifying the data of piston side
pressure signal. The results depend more on the feature extraction method than on the
classifier type. In this work the linear and neural net classifiers performed worse than the
guadratic or Parzen classifiers. The linear classifier does not seem to be adequate for the
present nonlinear problem. The neural network had two hidden layers. The number of training
vectors was 80. The network can have 75 or 100 input neurons (the size of feature vector).
The number of training vectors should be ten times more with these sizes of networks. The
idea was to test the classifier with a small number of training vectors. Also the neural
networks have the tendency to find local optimum [6].

The feature vectors are plotted in Appendix 4. The first series (p. 1-8) visualizes the effect of
window size reduction to the signal. The RMS-feature vectors are plotted for no fault- and
sticking fault. The work sequence is not recognizable in the 5 point vector (p. 8), since too
much signal information is lost. The effect isvisible also in the classifier results (Appendix 5)
as the 5 point vector performs worse than the 10 or 15 point vectors. Excessive information
like 100 or 75 point vectors also reduce the classifier efficiency.

The second series visualizes (p. 9-15, appendix 4) the effect of the change of the windows
parameters. The inter quartile range (iqr) parameter values are different if compared to the
RMS or the average (mean). This means that most of the values are not in the 25% range from
the median. The high sensitivity of kurtosis (p.10) and skewness (p.14) can be noticed as large
variation in the fault cases. The sensitivity of parameter decreases classifier efficiency [29]. In
general, the average efficiency of kurtosis and skewness (appendix 5 two columns on right)
was worse than that of robust parameters like mean or rms. The differences between classifier
efficiencies in Model 1 were smaller than in Model 2, since the quality of training data was
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inadequate in Model 1. The differences in Model 1 were few percentages, but over ten
percentage in Model 2.

The third set of Figures (p.16-18, Appendix 4) visualizes the effects of different faults to 20
points max feature vector. The clear difference between the figures shows why the max
parameter performed best in the classification.

8 Conclusions

It has been demonstrated that statistical windows based data classification can be used for
analyzing a hydraulic cylinder drive, which is essentially a nonlinear system. The modeled
fault phenomena were not verified experimentally. The tested classification methods worked
well with simulated faults like electrical signal failure, control valve sticking, and leaking in
feedback valve-controlled hydraulic cylinder. The used hydraulic component models have
been verified in various previous research papers [16, 25, 26, 27]. The smallest classification
error was reached with Model 2 when using the Parzen classifier. The analyzed parameter was
the maximum value of control valve voltage signal, with window size of 2000 points (from
20000 points). In general the root mean square (RMS) and the maximum value of window
(max) parameters functioned best with window sizes of 1333 points (15 points size feature
vector) and 2000 points (10 points size feature vector). The Parzen and quadratic classifiers
performed better than the linear and neural network based classifiers. There was no significant
difference in results, if the used measurement quantity was voltage or pressure. Classification
of Model 1 data did not produce acceptable results. There was not enough difference in the
faulty and normal signals for feature extraction. The problem was solved by developing
enhanced failure models for Model 2.
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Model 1 smulationswith 5 fault cases and 1 no fault case.

Wanted (Black)/ Actual Position ('normal'=red '0 volt fault'=blue,'spool jamming'=yellow,
‘'cylinder side leak'=cyan 'piston side leak'=pink 'inside leak'=green)
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Figure 1. Position output(y) and input with different faults.

Cylinder side pressure ('normal'=red '0 volt fault'=blue,'spool jamming'=yellow,

x 10 ‘'cylinder side leak'=cyan 'piston side leak'=pink 'inside leak'=green)
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Figure 2. Cylinder side pressure output (p;) with different faults.
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Piston side pressure (‘normal'=red '0 volt fault'=blue,'spool jamming'=yellow,
x10" ‘cylinder side leak'=cyan 'piston side leak'=pink ‘inside leak'=green)
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Figure 3. Piston side pressure output (p2) with different faults.

Cylinder side flow ('normal'=red '0 volt fault'=blue, 'spoocl jamming'=yellow,
x 10" ‘cylinder side leak'=cyan 'piston side leak'=pink ‘inside leak'=green)
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Figure 4. Cylinder side flow output (Q1) with different faults.
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Piston side flow ('normal'=red '0 volt fault'=blue,'spool jamming'=yellow,

x 10" ‘cylinder side leak'=cyan 'piston side leak'=pink ‘inside leak'=green)
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Model 2 smulationswith 5 fault cases and 1 no fault case.
‘'normal'=cyan, '0 volt'=yellow, 'jJamming'=red, 'cylinder side leak'=blue 'piston side leak'=pink, 'inside leak'=green
oylpipeleak1 .bin-zerovolt1.bin-actual position y[mIx[s]
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Figure 1. Position output (y) with different faults.

'normal'=cyan, '0 volt'=yellow, 'j]amming'=red, 'cylinder side leak'=blue 'piston side leak'=pink, 'inside leak'=green
oylpipeleak1 .bin-zerovolt1.bin-valve input voltage y[VIx[s]
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Figure 2. Control valve input voltage (U) with different faults.
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‘normal'=cyan, '0 volt'=yellow, 'Jamming'=red, 'cylinder side leak'=blue 'piston side leak'=pink, 'inside leak'=green
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Figure 3. Cylinder side pressure output (p,) with different faults.

'normal'=cyan, '0 volt'=yellow, 'Jamming'=red, 'cylinder side leak'=blue 'piston side leak'=pink, 'inside leak'=green
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Figure 4. Piston side pressure output (ps) with different faults.
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'normal'=cyan, '0 volt'=yellow, 'Jamming'=red, 'cylinder side leak'=blue 'piston side leak'=pink, 'inside leak'=green
107 cylpipeleak1 .bin-zerovolt1.bin-pressure before control valve y[m]x[s]
X
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pressure [Pa]
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Figure 5. Pressure before control valve output (p1) with different faults.
'normal'=cyan, '0 volt'=yellow, jJamming'=red, 'cylinder side leak'=pink, 'piston side leak'=blue, 'inside leak'=green
« 10.4 oylpipeleak1 .bin-zerovolt1.bin-cylinder side flow y[m®s 1]x[s]
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Figure 6. Cylinder side flow output (Qa) with different faults.
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‘'normal'=cyan, '0 volt'=yellow, 'jamming'=red, ‘cylinder side leak'=blue 'piston side leak'=pink, 'inside leak'=green

« 10.4 cylpipeleak1 _bin-zerovolt1.bin-piston side flow y[m»s 1]x[s]
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Figure 7. Piston side flow output (Qg) With different faults.

‘normal'=cyan, '0 volt'=yellow, 'Jamming'=red, 'cylinder side leak'=blue 'piston side leak'=pink, 'inside leak'=green
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Figure 8. Flow fromrelief valve output (Qre) With different faults.
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'normal'=cyan, '0 volt'=yellow, 'Jamming'=red, 'cylinder side leak'=pink, 'piston side leak'=blue, 'inside leak'=green

« 105 oylpipeleak1 .bin-zerovelt1 bin-piston generated force y[NIx[s]
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Figure 9. Supply force output (Fs,) with different faults.
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U-100-200. mat-wrms-nofault
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xvaluel]

Figure 1. Model 2 100 point valve control voltage rms feature vectors for no fault-case.

U-100-200.mat-wrms-jamming
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Figure 2. Model 2 100 point valve control voltage rms feature vectorsfor sticking fault-case.



2(18)
V7T RESEARCH REPORT No. BTUO43-051389
APPENDIX 4.

U-100-266. mat-wrms-nofault
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Figure 3. Model 2 75 point valve control voltage rms feature vectors for no fault-case.

U-100-266. mat-wrms-jamming
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Figure 4. Model 2 75 point valve control voltage rms feature vectorsfor sticking fault-case.
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U-100-400. mat-wrms-nofault
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Figure 5. Model 2 50 point valve control voltage rms feature vectors for no fault-case.

U-100-400. mat-wrms-jamming
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Figure 6. Model 2 50 point valve control voltage rms feature vectorsfor sticking fault-case.
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U-100-800. mat-wrms-nofault
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Figure 7. Model 2 25 point valve control voltage rms feature vectors for no fault-case.

U-100-800. mat-wrms-jamming
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Figure 8. Model 2 25 point valve control voltage rms feature vectors for sticking fault-case.
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U-10-1000. mat-wrms-nofault
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Figure 9. Model 2 20 point valve control voltage rms feature vectors for no fault-case.

U-10-1000. mat-wrms-jamming
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Figure 10. Model 2 20 point valve control voltage rms feature vectorsfor sticking fault-case.
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U-10-1333. mat-wrms-nofault
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Figure 11. Model 2 15 point valve control voltage rmsfeature vectorsfor no fault-case.

U-10-1333. mat-wrms-jamming
10 T T

yvalue(]

xvalue[]

Figure 12. Model 2 15 point valve control voltage rms feature vectorsfor sticking fault-case.
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U-10-2000. mat-wrms-nofault
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Figure 13. Model 2 10 point valve control voltage rms feature vectors for no fault-case.

U-10-2000. mat-wrms-jamming
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Figure 14. Model 2 10 point valve control voltage rms feature vectorsfor sticking fault-case.
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U-10-4000. mat-wrms-nofault
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Figure 15. Model 2 5 point valve control voltage rms feature vectorsfor no fault-case.
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Figure 16. Model 2 5 point valve control voltage rms feature vectors for sticking fault-case.
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Figure 17. Model 1 10 point cylinder side pressure igr feature vectorsfor no fault case.
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Figure 18. Model 1 10 point cylinder side pressure igr feature vectorsfor cylinder side leak.
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p1-10-3850. mat-wkurtosis-nofault
25 T T T T

yvalue(]

xvalue[]

Figure 19. Model 1 10 point cylinder side pressure kurtosis feature vectors for no fault case.
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Figure 20. Model 1 10 point cylinder side pressure kurtosis feature vectors for cylinder side
leak.
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Figure 21. Model 1 10 point cylinder side pressure max feature vectorsfor no fault case.
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Figure 22. Model 1 10 point cylinder side pressure max feature vectors for cylinder side leak.
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Figure 23. Model 1 10 point cylinder side pressure mean feature vectorsfor no fault case.
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Figure 24. Model 1 10 point cylinder side pressure mean feature vectors for cylinder side
leak.
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Figure 25. Model 1 10 point cylinder side pressure rms feature vectors for no fault case.
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Figure 26. Model 1 10 point cylinder side pressure rms feature vectorsfor cylinder side leak.
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Figure 27. Model 1 10 point cylinder side pressure skewness feature vectors for no fault case.
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Figure 28. Model 1 10 point cylinder side pressure skewness feature vectors for cylinder side
leak.
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Figure 29. Model 1 10 point cylinder side pressure slope feature vectors for no fault case.
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Figure 30. Model 1 10 point cylinder side pressure slope feature vectors for cylinder side
leak.
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x107 p2-10-1000. mat-wmax-nofault
2.6 T T T T T

24r

yvalue(]

1.6

1.2

xvalue[]

Figure 31. Model 2 20 point cylinder side pressure max feature vectorsfor no fault.
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Figure 32. Model 2 20 point cylinder side pressure max feature vectors for cylinder side leak.



17 (18)
V7T RESEARCH REPORT No. BTUO43-051389

APPENDIX 4.

p2-10-1000. mat-wmax-insideleak

yvalue(]

0] 2 4 6 8 10 12 14 16 18 20
xvalue[]

Figure 33. Model 2 20 point cylinder side pressure max feature vectorsfor inside leak.
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Figure 34. Model 2 20 point cylinder side pressure max feature vectorsfor piston side leak.



3.5

yvalue(]
N
[¢)]

1.5

18 (18)

RESEARCH REPORT No. BTUO43-051389

APPENDIX 4.

p2-10-1000. mat-wmax-jamming
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Figure 35. Model 2 20 point cylinder side pressure max feature vectorsfor sticking fault.
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Figure 36. Model 2 20 point cylinder side pressure max feature vectorsfor zero volt fault.
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Table 1. Modédl 1 cylinder side pressure classifiers error probabilities (the lower the value the

SAF1850

LASEOZSES D

LISBZEIITO

982F 185350

o
D
o)

5200550
5212850
Faer 0
52145510
54510
5426950
S/E085°0

caar 0
SEEEST
50
SEaro
5449050
S£41090
SEZEZa0

SEFD
SlZar o
SLi0r 0
525580
S/ESD
Scrary o
28650

562850
SEFarsao
5250
5448250
Scrli50
0850
SCeEEd 0

50151 O Bae

GBCFS 0
L£550
LA0S0
S0

ErFlan
258570
EFos 0

lewrony Lsaud

L£550
=[=Fa |
EFar 0
E¥ar o
550

G50

EFoa0

rewrnng s saad

A5EE0
2580
GBFr 0
EFLr D
A5EE0
S0

1550

lewrony Lsaud

95790
BCRE 0
L£SF0
SSEE
950
FLEE 0
90
rewrnng s saad

spiod g

GBCEr 0
BCar 0
FLEE 0
2589°0
550

FlLLS0
GBCEE0

lewrgges |saud

L5EF°0
SSEE
98ir0
LA0S0
S0

2550
EFlan

lewrnsos sald

Erlrn
EFar 0
o/80
0

530

Flor o
E¥ar o

lewrgges |saud

99750
E¥ar o
BCFS 0
SSEE
590

SSEE
2589°0

lewrnsos sald

sjuod |

A5EE0
L£09°0
50

258570
9o/50
Flea0
GBCEr 0

lewrgggy |saud

2580
9o/50
FlLEs 0
o

258570
FlLZa0
a0

lewrggcy |sald

GBCRED
BCFS 0
o

BCaC 0
SSEE
Flor o
FLAED

lewrgggy |saud

BCE5 0
LA09°0
Flea0
EFos 0
90

EFos 0
928/9°0

lewrggcy |sald

suod |

9e8/90
FlLi90
LASF0
L£550
1550
928.5°0
FLAS0
lewrgzgl Lsaud

EFLS0
GBCFS 0
258570
=[=Fa |
FlLEs 0
20

EFlan

lewrczEL L sald

LASF0
L5EF°0
LAOFD
EFLED
=[=Fa |
BCar 0
o
lewrgzgl Lsaud

258570
FLEE 0
99750
Flir0
FlLivr 0
FlLea
L£09°0
lewrczEL L sald

sod 07

suod g7

sod 0g

suod gz

ado|s

SSAUMENS

SLU

uegaL

HELU

SIS0UNY

b

X UBpPPIYZNN

adojs

SSaUmMINS

SLL

Leall

HEL

SIS0UNY

b

¥ uazied

ado|s

SSAUMINS

SLU

(TEET

HELL

SISOUNY

b

¥ aneipenhb

adojs

S5aUMIN5

S

(TEET

HELL

SI150UNY

b

H 1eaul|

sod

sjuiod 00| 0SS Woy 8Zjsm

S10128A 159} Of) ‘s10)pan wiea| g9g ‘yney 1ad sioppan ggL “{syney ou |} syney 7 “Aupgqeqord 1ong



2(4)

RESEARCH REPORT No. BTUO43-051389

APPENDIX 5.

Table 2. Model 2 valve control voltage classifiers error probabilities (the lower the value the
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Table 3. Model 2 cylinder side pressure classfiers error probabilities (the lower the value the

better)

GEFLLELGLD

6EFLLELIND

LSRLAOZOLD

EFLASPPSLO

5456810
SE5CIE0
SLEFLO
5020270
SZ1E0
SEFSETO
SLEFLO

52800
52800
5216400
521800
SFLE00
5/6660°0
528900

504400
SCEEBOD
S5F90°0
5£8990°0
52810

SZEEELD
502010

SZF5E1L0
52910
SZEBOLO
502510
5221800
528270
SI6Z10

501 Gl 07 Bae

£851°0
216210
£991°0
£80z'0
£16E10
£a

£852°0

lew ooF-0L-zd

£8010
£850°0
2FL0
£990°0
EEEDD
500

£8010

lew ooF-0L-zd

£911°0
£990°0
510
L0
54270
5210
5210

lew ooF-nL-zd

2FE0
£851°0
510
£931°0
EEELD
rao
EEEZD

lew ooF-nL-zd

swod g

£E810
5210

£852°10
5410

£851°10
£16210
£851°10

lew ooz-0L-zd

£850°0
£160°10
ZLF0°0
£930°0
SO0
EEELD
500

lew ooz-0L-zd

500
£E30°0
SZ00
ZLF0°0
£80r 0
£160°10
£850°0

lew ooz-oL-zd

EEELD
Z16110
£850°0
EEELD
££80°0
S0

££80°0

lew ooz-oL-zd

suod ),

ZlaT0
21610
£801°0
£0
500
510
£930°0

lew ceE|-pl-gd

29110
L0
5400
£801°0
EEEDD
£E30°0
£850°0

lew ceE|-pl-gd

£E30°0
L0
EEEDD
£930°0
s00
EEELD
£850°0

lew cec|-pl-gd

S0
£8510
S0
£EBLD
£850°0
£932°0
23010

lew cec|-pl-gd

suod 5,

SZ10
ZLFT0
ZLF0°0
SZL0
50
(1]
216010

1ew oooL-oL-zd

£930°0
L0

£850°10
£E80°0
£850°10
EEELD
£850°10

1ew oooL-oL-zd

£850°10
£E80°0
s00

£850°0
23100
EEELD
29110

1ewrgooL-oL-zd

ZlaL0
ZLFLO
5400
SZL0
s00
EEELD
£E80°0

1ewrgooL-oL-zd

swod OF

sod o7

swod o5

sod g

adols

SEAUMEYNS

SLU

UEaL

HEL

SISOHNY

b

X UappIYZNN

adols

S5aUMBNS

51U

LEaLl

®EL

SIS0UNY

b

5 uazied

adols

SEAUMEYNS

SLU

ueaL

HEL

SISOHNY

1hi

o apeipenh

adols

SEALMENS

SLU

ueaL

HEL

SISOHNY

1hi

o 1eauy|

sod
siod pO| 0000F WMoy 3ZIsA,

s10108A 158} 7] ‘S10)08A wea] ggF ‘yney 1ad s1opv8a ggl ‘(syney ou |) syney o ‘Aupqeqord 10113



4(4)

RESEARCH REPORT No. BTUO43-051389

APPENDIX 5.

Table 4. Model 2 piston side pressure classfierserror probabilities (the lower the value the

better)
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