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Abstract 
In this paper a model of a high pressure hydraulic system was developed to simulate the effect of 
increased internal leakages inside the hydraulic cylinder and the 4/2 way directional control 
valve and to calculate the main parameters of the hydraulic system under various loads through 
the use of leakage-simulating throttle valves. After the completion of modeling, the throttle valves 
that simulate the internal leakages were calibrated and a number of test runs were performed for 
the cases of normal operation and the operation with increased internal leakages. The theoretical 
predictions were compared against the experimental results from an actual hydraulic test plat-
form installed in the laboratory. In all cases, modeling and experimental data curves correlate 
very well in form, magnitude and response times for all the system’s main parameters. This proves 
that the present modeling can be used to accurately predict various faults in hydraulic systems, 
and can thus be used for proactive fault finding in many cases, especially when the defective com-
ponent is not easily detected and obvious at first sight. 
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1. Introduction 
The bond graph method is used to create the model of a high pressure hydraulic system and to simulate various 
degrees of internal leakage in its 4/2 way directional control valve and hydraulic cylinder under various loads. 
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After the model was created a series of test runs, simulating normal operation and increased internal leakage for 
the cylinder and the 4/2 way directional control valve, were conducted and their results were compared with the 
measurements from an actual high pressure hydraulic system with the same degrees of internal leakage. The 
goal is to experimentally verify whether bond graph modeling can be used as a tool for proactive fault finding in 
high pressure hydraulic systems, by accurately simulating various operating conditions of the system. In this 
paper, the model is compared to the actual system during operation when there is a gradually increasing internal 
leakage inside the cylinder and the 4/2 way directional control valve.  

A useful insight into the scope, operation and components of high pressure hydraulic systems can be found in 
Kaliafetis and Costopoulos [1], Hehn [2], Meritt [3], Mitchell and Pippenger [4], and Rabie [5], whereas Totten 
et al. [6] deal with the troubleshooting principles of hydraulic systems. 

For the modeling of hydraulic systems through the bond graph method an in depth research has been done by 
Athanasatos and Costopoulos [7], Athanasatos et al. [8], Barnard and Dransfield [9], Barnard [10], Dransfield 
[11], and Dransfield and Steki [12]. 

2. Hydraulic System Modeling 
2.1. Description of Hydraulic System 
The line diagram of the hydraulic system used as the test platform can be seen in Figure 1 and its main compo-
nents and measuring instruments are explained in Table 1. The system can be used to simulate a variety of op-
erating conditions. In this paper though, we will focus exclusively in the internal leakage of the hydraulic cylin-
der (26) and the 4/2 way directional control valve (11) under various loads. The internal leakage on the hydrau- 
lic cylinder is simulated via throttle valve (H) which, when open, allows some amount of flow to bypass the  

 

 
Figure 1. Line diagram of the hydraulic system to be modeled.  
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Table 1. Components of hydraulic system.                              

Number/symbol Component 

1 Vane pump 

2 Electric motor 

3 Return line oil filter 

4 Main relief valve 

5, 18, 19 Pressure gauges 

6, 9 Flow control valves 

7 4/2 way valve 

8 Flow control valve 

10 4/2 way valve 

11 4/2 way direction control valve 

12, 17 Shutoff switches 

13, 16 Check valves 

20 Thermometer 

24, 25 Terminal switch 

26 Hydraulic cylinder 

14, 15 Manual load valves 

A Pressure transducer 

B Flowmeter 

C Flowmeter 

D Pressure transducer 

E Linear encoder 

F Two-stage electrically operated load control valve 

G Pressure transducer 

H Flow control valve for internal leakage simulation 

I Flow control valve for internal leakage simulation 

J Flowmeter 

K Pressure transducer 

L Check valve 

 
cylinder. Similarly, the internal leakage in the 4/2 way valve is simulated via throttle valve (I) which, when open, 
allows some flow directly from port “P” of the valve to port “T”. 

2.2. Modeling Procedure of the Hydraulic System 
To ease the modeling procedure, each main component of the system, was modeled separately. Due to the focus 
on the hydraulic cylinder and the directional control valve more detailed models are used for these two compo-
nents and simpler ones were used for the rest of the components, in order to avoid creating an overly complex 
model. 
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2.3. Symbol Nomenclature 
The main symbols that appear in the bond graph components and the resulting equations are the following: 
ω = Angular velocity of electric motor and pump shaft 
Qp = Flow rate at pump outlet 
Vp = Geometric displacement per radian rotation of the pump 
Tp = Torque at electric motor shaft 
Pp = Pressure at pump outlet 
Cp = Hydraulic capacitance in pump outlet 
Qlp = Flow loss due to pump internal leakage 
Rlp = Hydraulic resistance coefficient in the pump internal leakage flow path 
Qrv = Flow rate through pressure relief valve 
Rrv = Hydraulic resistance coefficient in the main relief valve flow path 
Pset = Main relief valve opening pressure 
Qi = Input flow 
Qo = Output flow 
Pi = Input pressure 
Po = Output pressure 
PRpv = Pressure drop from pump outlet to 4/2 valve inlet 
QA = Flow rate from 4/2 way valve “A” port 
QB = Flow rate from 4/2 way valve “B” port 
QP = Flow rate from 4/2 way valve “P” port 
QT = Flow rate from 4/2 way valve “T” port 
QPA = Flow rate through P- > A flow path 
QPB = Flow rate through P- > B flow path 
QAT = Flow rate through A- > T flow path 
QBT = Flow rate through B- > T flow path 
PA = Pressure in 4/2 way valve “A” port 
PB = Pressure in 4/2 way valve “B” port 
PP = Pressure in 4/2 way valve “P” port 
PT = Pressure in 4/2 way valve “T” port 
QPA = Flow through the P- > A path in 4/2 way direction control valve 
QPB = Flow through the P- > B path in 4/2 way direction control valve 
QAT = Flow through the A- > T path in 4/2 way direction control valve 
QBT = Flow through the B- > T path in 4/2 way direction control valve 
Qlv = 4/2 way valve internal leakage flow rate 
RPA = Hydraulic resistance coefficient in the P- > A flow path in 4/2 way direction control valve 
RPB = Hydraulic resistance coefficient in the P- > B flow path in 4/2 way direction control valve 
RAT = Hydraulic resistance coefficient in the A- > T flow path in 4/2 way direction control valve 
RBT = Hydraulic resistance coefficient in the B- > T flow path in 4/2 way direction control valve 
KPA = Flow coefficient of P- > A path in 4/2 way direction control valve 
KPB = Flow coefficient of P- > B path in 4/2 way direction control valve 
KAT = Flow coefficient of A- > T path in 4/2 way direction control valve 
KBT = Flow coefficient of B- > T path in 4/2 way direction control valve 
N = Valve spool displacement to maximum valve spool displacement ratio  
Xi = Valve spool displacement (Xi > 0 when flow paths P- > A and B- > T are enabled) 
W = Maximum valve spool displacement 
Dv = 4/2 way valve spool diameter 
cv = Radial clearance between 4/2 valve spool and body 
μ = Absolute fluid viscosity 
PRvt = Pressure drop between 4/2 valve T port and tank 
x = Hydraulic cylinder piston displacement 
x  = Hydraulic cylinder piston velocity 
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Q1 = Flow rate entering the hydraulic cylinder right chamber 
Q2 = Flow rate entering the hydraulic cylinder left chamber 
A1 = Hydraulic cylinder piston surface (right side) 
A2 = Hydraulic cylinder piston surface (left side) 
Ffc = Friction force during the motion of the hydraulic cylinder piston 
Fmc = Force due to mass inertia in the hydraulic cylinder moving parts 
SFload = Equivalent load 
t = Elapsed time 
mc = Mass of cylinder moving parts 
P1 = Pressure in hydraulic cylinder right chamber 
P2 = Pressure in hydraulic cylinder left chamber 
F = Force exerted in hydraulic cylinder piston 
Cc1 = Hydraulic capacitance in cylinder right chamber 
Cc2 = Hydraulic capacitance in cylinder left chamber 
Qlc = Internal leakage through hydraulic cylinder piston 
Dc = Hydraulic cylinder piston diameter 
L = Length of hydraulic cylinder piston 
Fu = Coulomb friction force 
Kf = Viscosity coefficient 
PRcv = Pressure drop through check valve “L” 

2.4. Hydraulic System Bond Graph Model 
From the models of the individual components, the entire hydraulic system bond graph model is created. In 
Figure 2 we see the bond graph model of the system during the motion of the hydraulic cylinder piston to the 
left, while in Figure 3 we see the bond graph model of the system during the motion of the piston to the right. 

2.5. Hydraulic System Bond Graph Model Equation Layout 
The equations for the components of the bond graph are the following:  

- Electric motor, pump and main relief valve 
 

 
Figure 2. Hydraulic system bond graph model for the motion of the piston to the left.                   
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Figure 3. Hydraulic system bond graph model for the motion of the piston to the right.              

 
Swm: constω =                                           (1) 

TFVp: p pQ Vω= ⋅                                           (2) 
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p

T P
V

= ⋅                                            (3) 

Cp: ( ) 10 dp p p
p

P P Q t
C

= + ⋅ ∆ ⋅∫                                    (4) 

Rlp: 
p

lp
lp

P
Q

R
=                                            (5) 

Rrv: 0  if  rv p setQ P P= <  

( )
  if  p set

rv p set
rv

P P
Q P P

R

−
= ≥                                   (6) 

0-junction: p ip lp rv opQ Q Q Q Q∆ = − − −                               (7) 

- Section from pump outlet to 4/2 way valve inlet 
Rpv: constpv pvPR Ρ= −∆ =                                  (8) 

1-junction: pv i oPR P P∆ = −                                   (9) 

- 4/2 way direction control valve 
0-junctions  

P PA PB lvQ Q Q Q= + +                                   (10) 

T AT BT lvQ Q Q Q= + +                                   (11) 

A PA ATQ Q Q= −                                      (12) 

B PB BTQ Q Q= −                                      (13) 
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1-junctions 

PA P AP P P∆ = −                                      (14) 

PB P BP P P∆ = −                                      (15) 

AT A TP P P∆ = −                                      (16) 

BT B TP P P∆ = −                                      (17) 

PT P TP P P∆ = −                                      (18) 

RPA: 0  if  0PAQ N= =  

  if  1 0PA PA PAQ K N P N= ⋅ ⋅ ∆ − ≤ <                            (19) 

0  if  0PAQ N= >  

RPB: 0  if  0PBQ N= =    if  0 1PB PB PBQ K N P N= ⋅ ⋅ ∆ < ≤                     (20) 

0  if  1 0PBQ N= − ≤ <  

RAT: 0  if  0ATQ N= =  

  if  0 1AT AT ATQ K N P N= ⋅ ⋅ ∆ < ≤                             (21) 

0  if  1 0ATQ N= − ≤ <  

RBT: 0  if  0BTQ N= =  

0  if  0 1BTQ N= < ≤                                     (22) 

  if  1 0BT BT BTQ K N P N= ⋅ ⋅ ∆ − ≤ <  

Rlv: 
3π

2 ,
12

v v
lv i

i

D c
Q P W X W

Xµ
⋅ ⋅

= ⋅ ⋅∆ − ≤ ≤
⋅ ⋅

                            (23) 

- Section from valve outlet to tank 

Se: constvt vtPR P= −∆ =                                   (24) 

- Hydraulic cylinder and equivalent load 
Α) Piston movement to the left 
0-junctions 

1 1 1 lcQ Q A x Q∆ = − ⋅ −                                   (25) 

2 2 2lcQ A x Q Q∆ = ⋅ + −                                  (26) 

1-junctions 

12 1 2P P P∆ = −                                       (27) 

1 1 2 2 loadfc mcF P A P A F F SF∆ = ⋅ − ⋅ − − +                             (28) 

Α1 transformer 

1 1F P A= ⋅                                        (29) 

1

1

Qx
A

=                                         (30) 

Α2 transformer 

2 2Q A x= ⋅                                         (31) 
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2
2

FP
A

=                                          (32) 

Cc1 capacitance 

( )1 1 1
1

10 d
c

P P Q t
C

= + ⋅ ∆ ⋅∫                                  (33) 

Cc2 capacitance 

( )2 2 2
2

10 d
c

P P Q t
C

= + ⋅ ∆ ⋅∫                                (34) 

Imc inertia phenomenon 

( ) 10 d
c

mcx x F t
m

= + ⋅ ⋅∫                                   (35) 

Rlc resistance  
3

12
π 1 π
12 2

c
lc

D c
Q P x D c

Lµ
⋅ ⋅

= ⋅∆ + ⋅ ⋅ ⋅ ⋅
⋅ ⋅

                              (36) 

Rfc resistance  

( )sgnfc u fF x F K x= ⋅ + ⋅                                   (37) 

SeFload 

load load const SeF F= =                                   (38) 

Β) Piston movement to the right 
0-junctions 

2 2 2 lcQ Q A x Q∆ = − ⋅ −                                   (39) 

1 1 1lcQ A x Q Q∆ = ⋅ + −                                   (40) 

1-junctions 

21 2 1P P P∆ = −                                        (41) 

2 2 1 1 loadfc mcF P A P A F F SF∆ = ⋅ − ⋅ − − +                             (42) 

Α2 transformer 

2

2

Qx
A
⋅

=                                           (43) 

2 2F P A= ⋅                                          (44) 

Α1 transformer 

1
1

FP
A

=                                           (45) 

1 1Q x A= ⋅                                            (46) 

Cc1 capacitance 

( )1 1 1
1

10 d
a

P P Q t
C

= + ⋅ ∆ ⋅∫                                   (47) 

Cc2 capacitance  

( )2 2 2
2

10 d
a

P P Q t
C

= + ⋅ ∆ ⋅∫                                  (48) 
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Imc inertial phenomenon  

( ) 10 dmc
c

x x F t
m

= + ⋅ ⋅∫                                    (49) 

Rlc resistance 
3

21
π 1 π
12 2

c
lc

D c
Q P x D c

Lµ
⋅ ⋅

= ⋅∆ + ⋅ ⋅ ⋅ ⋅
⋅ ⋅

                              (50) 

Rfc resistance 

( )sgnfc u fF x F K x= ⋅ + ⋅                                   (51) 
SeFload:  

load load 0SeF F= =                                     (52) 
- Check valve “L” 
1-junction:  

 Rcv i oP P P∆ = −                                       (53) 
SeRcv:  

const  if  0cv Rcv PAPR P Q= −∆ = >  

0  if  0cv PAPR Q= ≤                                    (54) 

2.6. Constants and Initial Conditions Definition 
Based on manufacturer data and measurements performed, the following constants and initial conditions were 
determined. 

1600 rpm 167.55 rad/sω = =  
3 31.375 51.31 5 m /rev  m /rad

2πp
eV e −

= − =  

3
12 m4.48  

PapC e−=  

5
4 31.375167.55 3.67  m /s

2πp p
eQ V eω
−

−= ⋅ = ⋅ =  

3m6 12 
s PalpR e= −
⋅  

7.0 6 PasetP e=  
3m2.5 9 

s ParvR e= −
⋅

 

9.537 4 Papv pvPR P e= ∆ = −   
3

1 2

m5.185 7 
Pa sPA PB AT BTK K K K e= = = = −

⋅
 

0.02 mW =  
23.5 mmvD =  

5 mmvL =  
20.0261 Ns/mµ =  

34 μmvc =  
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2
1 2 0.0021 mA A= =  

3

1
5.30 4 2.1 3 m

1.5 9 Pac
e e xC

e
 ⋅ − + ⋅ − ⋅

=  ⋅  
 

( ) 3

2

5.85 4 2.1 3 0.5 m
1.5 9 Pac

e e x
C

e
⋅ − + ⋅ − ⋅ −  

=  ⋅  
 

60 mmcD =  

30 mmcL =  

83 μmcc =  

163.2 NuF =  
31.49  N s/mfK e= ⋅  

7.32 kgcm =  

0.1 6 PacvPR e∆ =  

1.46 5 PavtPR e= −  

( ) ( )1 20 0 0 PaP P= =  

( ) ( )0 0 0 m/sx v= =  

( )0 0 mx =  

2.7. Calibration of Throttle Valves “H” and “I” with Calculation of “Equivalent Clearances”  
for Increased Internal Leakage in Hydraulic Cylinder and 4/2 Way Valve 

To calibrate throttle valves “H” and “I” that control flow bypass through the cylinder and valve and thus simu-
late internal leakage, the “equivalent clearances” for the hydraulic cylinder and 4/2 way valve corresponding to 
various opening degrees of the throttle valves were calculated. The “equivalent clearance” is defined as the in-
ternal clearance between the hydraulic cylinder piston and body (the same goes for the internal clearance of the 
4/2 way valve spool and body) that would cause the same amount of flow to bypass the cylinder (or the 4/2 way 
valve) as the flow bypassing it due to the gradual opening of the respective throttle valve plus the flow already 
bypassing it due to the existing clearance. To calculate the “equivalent clearances” of the hydraulic cylinder, 
firstly, the total flow rate exiting the cylinder during the working phase was measured by flow meter “C”. Then, 
the actual “motion flow rate” used to move the cylinder piston was calculated from the piston velocity. Then, the 
“motion flow rate” was subtracted from the total flow rate in order to calculate the “equivalent internal leakage” 
flow rate bypassing the cylinder. Finally, Equation (36) was solved for clearance cc by using analytical methods, 
in order to calculate the equivalent clearances. In total, 4 tests were performed, each by gradually opening throt-
tle valve “H” by half a turn. The equivalent leakages calculated can be seen in Table 2, where the initial mea- 

 
Table 2. Equivalent clearances of hydraulic cylinder according to opening of throttle valve “H”.   

Throttle valve “H” opening Bypass flow rate Qlc (m3/s) Equivalent clearance cc (μm) 

Closed 1.80e−5 83 

Open by 1/2 turn 3.15e−5 101 

Open by 1 turn 7.00e−5 132 

Open by 1 1/2 turn 8.20e−5 139 

Open by 2 turns 1.05e−4 151 
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surement with the throttle valve completely shut corresponds to the existing internal clearance between the pis-
ton and the cylinder body.  

In the same manner, the “equivalent clearances” of the 4/2 way valve were calculated. The total flow rate that 
is headed to the valve is measured by flow meter “B”, while the flow that actually goes through the valve ports 
is measured by flow meter “C”. By subtracting the flow rate measured from flow meter “C” from the flow rate 
measured by flow meter “B”, we calculate the “equivalent internal leakage” flow rate bypassing the valve. Fi-
nally, Equation (23) was solved for clearance cv in order to calculate the equivalent clearances. In total, 4 tests 
were performed, each by gradually opening throttle valve “I” by half a turn. The equivalent leakages calculated 
can be seen in Table 3, where the initial measurement with the throttle valve completely shut corresponds to the 
existing internal clearance between the spool and the valve body. All measurements were performed with the 
load control valve set to create a backpressure of 10 bar, equivalent to a 2.1 kN load. 

3. Experimental Verification of Fault Predictions  
Using throttle valves “H” and “I”, a number of test runs was performed in the high pressure hydraulic system 
simulating internal leakage in the hydraulic cylinder and 4/2 way valve respectively. These test runs were repli-
cated in the bond graph model of the system using the “equivalent clearances” of the cylinder and valve calcu-
lated in paragraph 2.7. The results of the system and the model were compared and the comparison results are 
discussed in the following paragraphs.   

3.1. Comparison of Model and System during Operation with Increased Internal Leakage  
of the Hydraulic Cylinder 

In total, 3 test runs were conducted, with the load control valve being set to create a backpressure of 10, 20 and 
30 bars, which correspond to 2.1 kN, 4.2 kN and 6.3 kN of equivalent load respectively. Each test run started 
with throttle valve “H” completely shut off, and when one operating cycle was completed, it was gradually 
opened by half a turn at a time. The results of the model were compared to the ones of the actual system in terms 
of the equivalent internal leakage flow rate in the working phase and the ratio of the average speed in the work-
ing phase to the average speed in the return phase. The results are shown in the following figures. In Figure 4, 
the comparison of equivalent internal leakage values of the model and the actual system for an equivalent load 
of 2.1 kN is shown. As seen, there is a very good correlation between the experimental and the measurement 
data, with the correlation coefficient being r = 0.994. Also, the regression curves for both the experimental (con-
tinuous line) and the model data (dashed line) have the form of a 3rd degree polynomial equation, as expected 
by Equation (36). In Figure 5, we see the comparison of equivalent internal leakage values of the model and the 
actual system for an equivalent load of 4.2 kN. Again, the correlation of experimental and model data is very 
high (r = 0.998) and the regression curves for both the experimental (continuous line) and the model data 
(dashed line) have the form of a 3rd degree polynomial equation. Finally, the same goes for Figure 6, where the 
comparison of equivalent internal leakage values for the model and the actual system for an equivalent load of 
6.3 kN is shown. The correlation coefficient of experimental and model data is r = 0.995, with the regression 
curves for both the experimental (continuous line) and the model data (dashed line) again having the form of a 
3rd degree polynomial equation. 

In Figure 7, the comparison of working phase to return phase piston velocity ratio values of the model and 
the actual system for an equivalent load of 2.1 kN is shown. The correlation coefficient is r = 0.997 and the re- 

 
Table 3. Equivalent clearances of 4/2 way valve according to opening of throttle valve “I”.       

Throttle valve “H” opening Bypass flow rate Qlc (m3/s) Equivalent clearance cc (μm) 

Closed 8.6e−6 34 

Open by 1/2 turn 1.10e−5 37 

Open by 1 turn 2.70e−5 49 

Open by 1 1/2 turn 5.40e−5 62 

Open by 2 turns 8.70e−5 73 
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Equivalent Internal Leakage Flow Rate for 
Fload = 2.1 kN 

 
Figure 4. Comparison of equivalent leakage flow rate between experi-
mental and model data for Fload = 2.1 kN.                            

 
Equivalent Internal Leakage Flow Rate for 

Fload = 4.2 kN 

 
Figure 5. Comparison of equivalent leakage flow rate between experi-
mental and model data for Fload = 4.2 kN.                           

 
Equivalent Internal Leakage Flow Rate for 

Fload = 6.3 kN 

 
Figure 6. Comparison of equivalent leakage flow rate between experi-
mental and model data for Fload = 6.3 kN.                           
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Working to Return phase piston velocity ratio for 
Fload = 2.1 kN 

 
Figure 7. Comparison of working to return piston velocity ratio between ex-
perimental and model data for Fload = 2.1 kN.                              

 
gression curves for both the experimental (continuous line) and the model data (dashed line) have the form of a 
3rd degree polynomial equation. Similarly, in Figure 8 we see the same values for the test run with an equiva-
lent load of 4.2 kN. The correlation coefficient between the experimental and the model data is r = 0.999 and 
again regression curves for both the experimental and the model data have the form of a 3rd degree polynomial 
equation, as expected. Finally, the same goes for Figure 9, where the comparison of working phase to return 
phase piston velocity ratio values for the model and the actual system for an equivalent load of 6.3 kN is shown. 
Here, the correlation coefficient between the experimental and the model data is r = 0.996, and the regression 
curves retain the form of a 3rd degree polynomial equation. 

3.2. Comparison of Model and System during Operation with Increased Internal  
Leakage of the 4/2 Way Direction Control Valve 

Again, the values of equivalent clearances for the 4/2 way valve calculated in Paragraph 2.7 were used in the 
model and its results were compared with the ones of the actual system. In Figure 10, the comparison of equiv-
alent internal leakage values in the working phase of the model and the actual system for an equivalent load of 
2.1 kN is shown. There is very good correlation between the experimental and the measurement data, with the 
correlation coefficient being r = 0.997. Also, the regression curves for both the experimental (continuous line) 
and the model data (dashed line) have the form of a 3rd degree polynomial equation, as expected by Equation 
(23). 

In Figure 11, we see the comparison of equivalent internal leakage values of the model and the actual system 
for an equivalent load of 4.2 kN. Again, the correlation of experimental and model data is very high (r = 0.999) 
and the regression curves for both the experimental (continuous line) and the model data (dashed line) have the 
form of a 3rd degree polynomial equation. Finally, the same goes for Figure 12, where the comparison of 
equivalent internal leakage values for the model and the actual system for an equivalent load of 6.3 kN is shown. 
The correlation coefficient of experimental and model data is again very high (r = 0.998), with the regression 
curves for both the experimental (continuous line) and the model data (dashed line) having the form of a 3rd de-
gree polynomial equation. 

In Figure 13, the comparison of working phase to return phase piston velocity ratio values of the model and 
the actual system for an equivalent load of 2.1 kN is shown. The correlation coefficient is r = 0.997 and the re-
gression curves for both the experimental (continuous line) and the model data (dashed line) have the form of a 
3rd degree polynomial equation. Similarly, in Figure 14 we see the same values for the test run with an equiva-
lent load of 4.2 kN. The correlation coefficient between the experimental and the model data is r = 0.999 and 
again regression curves for both the experimental and the model data have the form of a 3rd degree polynomial 
equation, as expected. Finally, the same goes for Figure 15, where the comparison of working phase to return  
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Working to Return phase piston velocity ratio for 
Fload = 4.2 kN 

 
Figure 8. Comparison of working to return piston velocity ratio be-
tween experimental and model data for Fload = 4.2 kN.                

 
Working to Return phase piston velocity ratio for 

Fload = 6.3 kN 

 
Figure 9. Comparison of working to return piston velocity ratio be-
tween experimental and model data for Fload = 6.3 kN.                

 
Equivalent Internal Leakage Flow Rate for 

Fload = 2.1 kN 

 
Figure 10. Comparison of equivalent leakage flow rate between expe-
rimental and model data for Fload = 2.1 kN.                         
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Equivalent Internal Leakage Flow Rate for 
Fload = 4.2 kN 

 
Figure 11. Comparison of equivalent leakage flow rate between expe-
rimental and model data for Fload = 4.2 kN.                           

 
Equivalent Internal Leakage Flow Rate for 

Fload = 6.3 kN 

 
Figure 12. Comparison of equivalent leakage flow rate between experi-
mental and model data for Fload = 6.3 kN.                            

 
Working to Return phase piston velocity ratio for 

Fload = 2.1 kN 

 
Figure 13. Comparison of working to return piston velocity ratio be-
tween experimental and model data for Fload = 2.1 kN.                  
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Working to Return phase piston velocity ratio for 
Fload = 4.2 kN 

 
Figure 14. Comparison of working to return piston velocity ratio between ex-
perimental and model data for Fload = 4.2 kN.                             

 
Working to Return phase piston velocity ratio for 

Fload = 6.3 kN 

 
Figure 15. Comparison of working to return piston velocity ratio between ex-
perimental and model data for Fload = 6.3 kN.                              

 
phase piston velocity ratio values for the model and the actual system for an equivalent load of 6.3 kN is shown. 
Here, the correlation coefficient between the experimental and the model data is r = 0.998, and the regression 
curves retain the form of a 3rd degree polynomial equation. 

4. Conclusion 
In this paper, the fault predictions of a model of an actual high pressure hydraulic system were verified by com-
parison with the results of an actual hydraulic system. The results of the model were compared to the results 
provided by an actual hydraulic system, modified in order to simulate various loads and degrees of internal lea-
kage in the hydraulic cylinder and the 4/2 way valve. Comparisons were made during simulation of increased 
internal leakage in the cylinder and the valve. In all cases, the results of the model correlate very well to the data 
provided by the actual system both in shape and in minima and maxima of the curves. The equivalent internal 
leakage in the hydraulic cylinder and the 4/2 way valve is a function of the equivalent internal clearance that has 
the form of a 3rd degree polynomial equation, as evidenced by the regression curves in both the experimental 
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and modeling data. Additionally, the ratio of the average velocity of the cylinder piston in the working phase to 
the average velocity in the return phase is also a function of the equivalent internal clearance of the hydraulic 
cylinder and the 4/2 way valve in the form of a 3rd degree polynomial equation. This also means that this ratio 
can be used as an index for the assessment of the internal clearance of the cylinder and the valve, given that it is 
fairly easy to calculate, unlike the more complex procedure and instrumentation required to measure the internal 
leakage. This could prove useful in real life applications of high pressure hydraulic systems where it is obvious 
that a problem exists, but the source of it cannot be easily traced. In similar situations the application of this 
modeling technique could also help the troubleshooting procedure even further, by allowing the simulation of 
“fault scenarios” in various components of the system, in order to locate the source of the problem. 
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