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Abstract: This paper looks into the background of the internal leakage effect on the
dynamic behavior of an electrohydraulic servo positioning system. The electrohydraulic
servo systems are widely used in precise control at high forces, but the overall quality of
this servo control could be impaired by faults in the system. There could be several defects
which have effect on the system response, but this work points to the effect of internal
leakage of the hydraulic cylinder because this error cannot be easily detected. To show the
effect of internal leakage on electrohydraulic servo system a complex nonlinear
mathematical model considering the leakage of the hydraulic cylinder is used. The work
herin demonstrates the relationship between internal leakage and the dynamic behaviour of
the servo positioning system. Laboratory test results are used to verify the conclusions
drawn from the mathematical model of the complete servo positioning system.
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1 Introduction

In control technology, several uses of servo systems can be found, among which
the most common applications are motion/rotation speed or position control [1].
Servo systems are mainly used when the advantages of these systems can be
exploited to set the technological parameters of the controlled process: higher
precision, reliability, better repeatability, shorter settling time, coordinated
movement (even more in case of more degrees of freedom) [2], [3]. The
advantages previously mentioned can be achieved by precise and appropriate
control of technological equipment. In the case of precise and fast control, such as
manufacturing equipment, mouldering equipment, mobile machines, material
handling equipment and so on, servo systems are widely used [4].

The electrohydraulic servo systems can be applied in various ways in the referred
fields, including testing equipment, active shock absorbers, mining machinery,
material testing equipment, airplane simulators, paper manufacturing machines,
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hydraulic systems on ships, robotics as well as steel and aluminum rolling mills,
etc. Hydraulic actuators are widely used in the industrial environment due to their
large reaction force on heavy loads, large power/volume ratio, good dynamic
behavior, adequate rigidity, good heat removal, simple protection against
overload, resistance against exterior impacts and also such actuators can be started
under load with maximum acting power [5]. Hydraulic systems are also widely
applied on airplanes where the application of hydraulic actuators is an ideal choice
because of their large power/weight ratio and precise controllability [5].

The theoretical background and the elements of servo hydraulic systems are
introduced in different studies [4]-[12], [23]-[25]. Generally, every regulated
hydrostatic drive can be regarded as a hydraulic servo that is a closed loop system
and in which the controlled feature of the drive is controlled by the application of
some hydraulic element. In case of hydraulic systems, the servo mechanism
usually controls large power units with low energy input signal. In the servo
system, the servo hydraulic actuator corrects the output signal of the system by
negative feedback based on the difference between the reference and real output
signal, as well as it amplifies the acting power [7].

In modern hydraulic systems, more types of electromagnetically operated
controlling units are used to implement electrohydraulic control. In precise servo
technology valves are used and the valve spool operated by proportional magnets
or electromagnet adjusted flapper ensures more precise operation [10], [12].

The block diagram of a typical electrohydraulic position control servo system can

be seen in Fig. 1.
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Figure 1
Typical hydraulic servo system

The control quality of hydraulic servo systems depends on the main elements used
such as: servo regulator/controller, servo valve, hydraulic cylinder/actuator,
feedback position transducer and power supply. The dynamic response of the
system mainly builds upon the frequency characteristic of servo valve and load,
but this overall quality of servo control could be impaired by faults in the system.
There could be several defects which affect the system response. This study points
to the effect of internal leakage of the hydraulic cylinders, since this defect and
consequently the replacement or refurbishment of the actuator, can cause a longer
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downtime of the equipment. This downtime may cause a greater loss of
production and revenue in the case of continuously operated manufacturing
equipment, for example a hot rolling mill. The fault of internal leakage is caused
by wrong wear of piston seal or abrasion. This seal prevents the leakage and
closes the gap between piston and the cylinder wall. External leakage can be
detected visually, so this leakage can be easily perceived [21]. The internal
leakage cannot be detected easily until the actuator seal is almost completely
damaged, due to this reason the detection of internal leakage is more important.
Several complex models based on the fault detection method are applied for
electrohydraulic servo systems, but the leakage is not examined in details by the
applied models [13]-[20].

This paper looks into the background effect of the leakage by a complex nonlinear
mathematical model and demonstrates the relationship of internal leakage on
dynamic behavior of the servo positioning system. Experimental results are
presented to verify the conclusions drawn from the model.

2 Electrohydraulic Servo Positioning System

The examined equipment is a hydraulic positioning system which consists of a
hydraulic power supply with relief valve and accumulator, flow control servo
valve, a linear actuator unit (hydraulic cylinder), a position sensor and an
electronic controller unit. The output signal of the system is the electric signal of
the position transducer which is proportional with the actuator position. The servo
amplifier and controlling unit determine the control signal of the servo valve
based on the error signal that shows the difference between the reference and the
actual output signal. The servo valve modifies the oil flow of the hydraulic
cylinder until it is in appropriate position; I. e. the error signal is zero. Proportional
or nozzle-flapper based servo valves are used in general hydraulic servo
positioning systems depending on their applications. A simple servo valve
controlled positioning system can be seen in Figure 2.
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C ' ‘ Load
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valve

Figure 2
Servo valve controlled hydraulic cylinder
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A complete servo hydraulic positioning system with accumulator, relief valve,
asymmetric hydraulic cylinder, mass-spring-dumper load and sensors is shown in
Figure 3.
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Figure 3
Electrohydraulic servo positioning system with mechanical load

3 Mathematical Model of the Electrohydraulic
Positioning System

The electrohydraulic servo system was examined by a close-to-reality
mathematical model, taking into account the non-linear and dynamic behaviour of
hydraulic elements and the leakage of hydraulic actuator [16]-[20].

A servo-valve has high-order non-linear response and a number of valve
parameters are required to calculate an accurate mathematical model [9]. The
servo valve construction, models [10], specification standards [12], dynamic
response model are described in detail in the literature [9], [17], the construction
of torque motor and valve sleeve can be seen in Figure 4 and 5. The torque motor
consists of an armature moved sleeve pivot. When current flows in the armature
coils, the armature ends rotate because of the torque generated by the magnet
fields of the current. This movement changes the oil flow of opposing nozzles,
because the differential pressure of spool changes, therefore the spool is moved
inside the valve sleeve shown in Figure 5.
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Figure 4
Servo-valve torque motor

Figure 5

Spool movement inside the valve sleeve

When the spool moves from centre position the nozzles open the oil flow between
the pressure port and tank port (P and T), and the two control ports (A and B), so
the actuator is operated by the pressured oil (Figs. 6 and 7). In most cases a second
order linear model of servo-valve can approximate the physical system properly
[9]. The coefficients of second order system can be calculated by the frequency
response based on Bode plots included in the servo-valve reference data [9], [22].
The torque motor of the servo-valve can be modeled as a series L-R circuit. The
torque and consequently the moving force F; of the valve spool are proportional to
the torque motor current, the approximation of dynamic model of the valve spool
movement xs can be specified by a second order transfer function (ws is the natural
frequency and ¢ is damping ratio of the spool, k; is proportionality coefficient) [9,
18]:

d?x,
=+
dt

26,00, S v X, =0l K ®
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The oil flow rate at the control ports also depends on the pressure drop across the
valve. The As flow cross-section is proportional (factor is w) to the valve spool
displacement (Fig. 6).

A q,
P Pa >

—> Ps
B Qp
T P, <—3

FT

Xs J
Figure 6

4/3 Flow control valve (Three Land, Four-way)
Ps,Pr: supply and tank pressure; P,, Py: actuator chamber pressures; Q,, Qp: actuator oil flows

The oil flow is also proportional to the square root of the pressure drop and c; is
the volumetric flow coefficient (» volumetric density of the oil) [7], [17], [18]:

Q:CS.W.XS. EAP (2)
[o)

A c¢s'w product can be approximated by the valve nominal pressure drop 4Py and
flow Qy [10]:

Coc owe @3)

) J05-AP,

The compressibility of the oil creates a “spring” effect in the cylinder chambers
which interacts with the piston mass to give a low frequency resonance. The effect
can be modeled using the flow continuity equation from fluid mechanics [6] (pa
and py, the density of the oil in chamber “a” and “b”, Q, and Qy the load and return
flow of the valve):

d
g V)=me—m, =, Q.- p,-Q, ()
In case of constant oil density the formula is:
dv. Vv d
_o -V, V. 4 Q)
Qa Qb dt p) dt
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Using the g fluid bulk modulus (mineral oils have 1.4 10° N/m, the value is
pressure dependent) the formula can be written as [17], [18]:

dp _dP (6)
p B

o -4V V. dp 7
Qa Qb_ dt +ﬂ dt ( )

where V is the internal fluid volume. The pressure in cylinder chambers can be
calculated using the A,, A, active areas of the piston annulus and V,, V, internal oil
volume in chamber “a” and “b”, Xq , V4 position:

b, _B (4 _9V, 8
dt Vv, [Qa dtj
dR_B (Lo _dV ©)
dt vV, ( % dtj
Cc
> M
Fp K

Figure 7
Hydraulic cylinder with 4/3 servo valve and mass-spring-dumper load

Using Merrit’s laminar flow leakage model [10], the internal leakage oil flow at
piston Q; and external leakage oil flow at piston rod Q. (see Fig. 7) can be
modeled by the leakage resistance. The formula of leakage model using R; and R,
the internal and external cylinder’s leakage resistance or C; and C, the internal and
external cylinder’s leakage coefficient [17], [18]:

Qi :¥:Ci(Pa_Pb) (10)
B _c. 11
Qe Re Ce Pb ( )
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The chamber’s pressure values can be written as:

dp, B dV 12
dt ( Q‘j (42
dar, _ B _av 13
&V [ Q, +Q, Qj (13)

The net acting force Fp can be calculated by the pressure and annuluses values of
the two sides of the piston:

Fo=P A-R-A (4
Based on (12-14) the acting force is:

F. =J{\Z~(Qa—Aa-vd —Qi)}dw—

(15)

—H\E'(—Qb+Ab-vd+Qi—Qe)}dt-Ab

_BA __BA
Fo(t) = j[ A O A Qb(r)jdf
| B- A BA ]
'!|:VaO+Aa-xd(T)+VaO+Ah_Xd(.r)1| Vd(T)JdT (16)
floBA L BA | RE-RE
0 VaO+Aa'Xd(T) Vbo+Ah'Xd(T) Ri
P R
o\WVho T A X (1) R,

The position of the piston can be calculated by the acting force and the load. In
case of a mass M (mass of piston my) — spring k — dumper c load and friction F,,
the movement of the system is:

d’ Xd ®, .. %O
dt

The complete nonlinear state space model of the electrohydraulic positioning
system is:

M +m,)- +k-x, (t) = Fo () —sgn(v, ) - F, 17)
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This state space model can be used to examine the effect of leakage that appears in
hydraulic cylinder.

4 Effect of Internal Leakage on Dynamic
Performance

In the case of a worn piston seal, the internal leakage causes an oil flow decrease
in chamber “a” and an oil flow increase in chamber “b”. The external leakage
causes the oil to flow out of chamber “b” and decreases the oil flow returning to
the tank. The dynamic behavior of hydraulic positioning system depends on the
pressure difference of hydraulic cylinder chambers and control force generated by
these pressure values. Based on the nonlinear mathematical model of the
electrohydraulic servo positioning system the following relation can be observed
between the internal leakage resistance and chamber’s pressure values:

dPa :E. Q _ dva _ Pa - Pb (19)
da v, | 7% dt R,

B[ o M PR PR (20)
dt Vv, ° ot R R
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The differential equations of chamber pressure values clearly show that, while the
pressure difference Pa-Pb of chambers is low, the effect of internal leakage is
negligible as well. When the pressure difference and consequently the net acting
force starts to increasing, the internal leakage oil flow also increases [22]. This
greater leakage, decreases the pressure alteration speed in chamber “a” according
to Eq. (19):

(21)

(22)

The internal leakage modifies the acting force dynamic through its effect on
chamber’s pressure values. According to Eq. (14) the differential formula of the
acting force can be written as:

dF dP,

dt  dt

A 9R 23
A, i A (23)

Based on this formula, it is recognized that the pressure alteration speed in
chamber “a” decreases while, on the opposite side, in chamber “b”, this speed
increases, resulting in the overall decrease of the acting force alteration speed.
These effects impair the dynamic controllability of the acting force. Differential
equation of the acting force:

=(ﬁ'Aa Q0+ LA -Qba)J

\dt”/ Vo +A, - X(t) Vio = Ay - X(1)

(24)

n _BA R
Vio + A - X(1) R,

The complex mathematical formula of acting force shows the effects of each
factor. The third part of this form describes the negative effects of internal
leakage. Based on this negative effect of internal leakage, the control speed of
acting force decreases, this impacts the acceleration of mechanical system
adversely. This decelerating factor causes a damping effect in the dynamic
response of this positioning system.
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5 Experimental Results

The Laboratory electrohydraulic test system at Obuda University Donat Béanki
Faculty of Mechanical and Safety Engineering, was used to examine the leakage
effect on the behaviour of this hydraulic positioning system. The laboratory test
hydraulic system and computer-aided control and data acquisition unit are shown
in Figures 8-10.

Figure 8
Electrohydraulic positioning system and computer control
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Figure 9
Hydraulic cylinder and proportional valve with pressure transducers

Figure 10
Mass-spring mechanical load of the positioning system
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The hydraulic circuit diagram of the electrohydraulic test positioning system is
shown in Figure 11.

LvDT
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IR 7
-

L Throttle
valve
generates
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oil flow

Figure 11

Hydraulic circuit diagram of the electrohydraulic positioning system

Table 1

Parameters of the positioning system are included in Table I.

Contains the result of comparing in pairs with the final result

cylinder

Component Type Main parameter
) L=400 mm
A e huiragtic © | Hagenbuch AG D=40 mm*
gy KWS 40/28 - 400 d=28 mm’

Pos.: 1: 4...20 mA

Bosch servo valve

4WRP H6C4B 10L

Pmax=250 bar

valve

with linear magnet LX/G2424/M : 10 I/min (AP=70 b:
0811404 112 Qn: 10 Vmin (AP=70 bar)
Bosch valve drive RV45 10V U: -10...10V
Hydromatik GmbH _
Pump A2F 10 R4P1 Vg=9,4 mlfrot
Hydac FAB NR 3 _
Accumulator 226 C 27198 1L v=1l
Precision throttle Parker 9NG0OSAF Qn=30 I/min

Amax=0,22 cm?
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Pressure gauge 1 Hydac Druckfermer P=0...100 bar
Typ. 905632 Tki=4...20 mA
Pressure gaude 2 Hydac Druckfermer P=0...400 bar
gang Typ. 905934 ki=4...20 mA
a=+t3/11g
Accel t Pololu MMA7341L
ccelerometer ololu E=440mV/g
Mass - M=60 kg
RECOM SZ 8030 Dr=50 mm
Spring 50x254 Lo=254 mm
k=89 N/mm
- HIDROKOMOL P- p=0,872 g/lcm® (T=15 °C)
Hydraulic oil
4 46 v=46 mm?/s (T=40 °C)

The internal leakage was generated by a precision adjustable throttle connected
parallel with the hydraulic cylinder. An accelerometer provided usable
information about the dynamic movement of the positioning system and pressure
sensors are used to observe the pressure in actuator chambers.

The Bosch Rexroth industrial servo position controller was changed to a PC aided
control with MATLAB and Real-Time Windows Target runtime environment for
position control algorithm and National Instruments NI PCI6251 unit for data
acquisition. The next figure (Fig. 12) shows the curves of observed displacement
parameters in case of start-stop:

Walve pos [%]

130 ; H H i i
v [mfz]

Fant. Y L

gscillations

/ ..... o =

S S S S SR R S SR
141 142 143 144 145 146 147 148 1413
ts]

15

Figure 12
Observed displacement parameters of electrohydraulic positioning system
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The mechanical oscillations of the electrohydraulic servo system can be detected
more accurately by the accelerometer signal. The oscillations were monitored at
quick stop of the system at different throttle valve values, therefore at different
leakage resistance [20]. The settling times (¢,=0,1 m/s?) were calculated and can
be seen in Figure 13.

Settling time [s]
0,4

0,35 _
0,3 \
0,25 \
0,2
0,15
0,1
0,05

0 T T T
>5 5 1,32 0,22
R; [10% Ns/m®]

Figure 13
Settling time at different leakage resistance

The decelerating feature of the electrohydraulic servo positioning system at
decreasing leakage resistance/increasing leakage oil flow can be seen in Figure 12.
When the leakage oil flow increases the settling time of the system is reduced.
This effect means that leakage causes a higher dumping factor of the
electrohydraulic system.

6 Discussion

The results of an electrohydraulic servo system presented in this paper, can be
observed from the point of effect of internal leakage. A complex nonlinear
mathematical model was used to see into the background of the effect of internal
leakage and how the dependency of the system dynamic response. Laboratory test
verification presented in this paper was carried out to verify the conclusions drawn
from the mathematical model of the electrohydraulic servo positioning system and
the relation between internal leakage and dynamic behaviour of the system.

Based on the description and interpretation of the mathematical model, it can be
concluded that the presented model can be adaptable in the design of leakage fault
detection method for electrohydraulic servo systems. Early leakage detection
could help in the planning of the preventive maintenance of servo hydraulic
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actuators, which is a very important aspect, in the case of a continuously working
production unit.

Conclusions

In this paper, a detailed nonlinear complex mathematical model was presented for
an electrohydraulic servo positioning system. This complex model includes the
effects of leakage, based on Merrit’s laminar flow leakage model. Using this
mathematical representation of the electrohydraulic servo system, an obvious
effect can be demonstrated between internal leakage oil flow and the chamber’s
pressure values and acting force of the hydraulic cylinder. It can be concluded that
increased internal leakage causes a negative effect on the dynamic performance of
the positioning system with an increased damping feature.

Experimental results of internal leakage were examined in the laboratory for
hydraulic tests at Obuda University Donat Banki within the Faculty of Mechanical
and Safety Engineering. Damping features of the system were observed by the
calculated settling time of the system’s oscillations. It can be seen that increased
leakage leads to lower settling times in free oscillations of the system, because the
system’s damping effect is increased.
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