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Abstract— Hydraulic actuators are widely used on mobile

equipment and robots, due to their good capability in
positioning especially in servo system, fast and smooth response,
high power density, environment tolerance, and compact size.
Using actuators for constant speed operation hydraulic systems
is highly required in many applications such as steel sheet
rolling, pressing operations, production, oil and gas subsea
applications assembly lines, robotics, aircrafts equipment and
submarine systems. However, accepted positioning in the
applications requires an accurate electro-hydraulic actuator
facing several problems such as (internal and external leakage,
backpressure, and load).
A variable-pump and/or valve-controlled may be used to
control the actuator velocity in a constant speed operation. The
valve control may be done by using a proportional directional
valve while the variable-pump may be used either by a variable
displacement or variable speed pump. They may be used to
satisfy the actuator flow-demand due to any system disturbance
or system leakage.

An experimental test rig has been carried out, equipped with
variable displacement vane pump and 4/3 Electro-hydraulic
proportional direction control valve EHPDV with its
proportional amplifier, to investigate the hydraulic system
performance and to measure the operating parameters to
evaluate the system dynamic and steady state characteristics of
the studied hydraulic system.

The measured parameters have been directly connected to the
data acquisition system to store the measured parameters. A
LABVIEW program has been constructed to read the measured
value from the sensors; displacement and pressure.
Investigations have been carried out using both methods; pump
control and valve control to decide which one is more effective in
a certain operation conditions and pressure ranges in the
experimental work.

Results for different directional proportional valve setting and
the variable vane pump speed have been illustrated to show
their effect on the dynamic and steady state response of
hydraulic cylinder. Intentionally, different system external
leakages have been introduced to show its effect on the system
performance. The leakage compensation has been shown to be
achieved by either controlling the proportional electro-hydraulic
valve input volt or controlling the pump speed through
frequency modulator.
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I. INTRODUCTION

Hydraulic actuators are widely used in mobile equipment,
industry and robots, due to their good capability in positioning
and affording the required speed especially with servo systems
which are characterized with fast and smooth responses, high
power density, environment tolerance, and compact size.
System leakage problems include internal and external
leakage. Internal leakage is essentially affected by the flow
geometry such as clearance, working pressure in addition to
the fluid properties such as oil viscosity while the external
leakage is affected by the seal type and the hose connections.

The actuator constant velocity is considered very critical in
some applications like aviation, robotics, subsea systems, etc.
The change in actuator velocity in hydraulics systems occurs
due to a lot of un-certainties like internal leakage, external
leakage, back pressure, pressure drop inside the hydraulic
circuit, and change in oil viscosity due to temperature.

Leakage compensation in constant speed hydraulic systems is
highly required to have a precise control of the job target. To
achieve this, two options are available; either pump control or
flow control. For flow control, one of the most methods used
in achieving the leakage compensation is to develop an
effective actuator velocity control using a proportional electro-
hydraulic control valves with either open loop or closed loop.
Another method is to use pump control through motor speed
control.

In the present work, experimental investigation of a constant
speed system, comprising proportional electro-hydraulic
directional control valve (EHDCV) and variable pump
rotation speed control, is studied. The system performance has
been studied for different working conditions for dynamic and
steady state response, the effect of external leakage of the
system performance has been highlighted for different
working conditions for the valve input, pump speed.

The external leakage compensation has been achieved by
controlling the proportional electro-hydraulic valve input volt
or by controlling the pump rotation speed through frequency
modulator. The main objective is to compensate the minor
expected external leakage inside the hydraulic system that
leads to sudden change in the actuator speed and to maintain
constant operation parameters.
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The variable speed hydraulic system, as shown in Figure 1,
is an energy-saving system, which usually utilizes a
variable speed pump, a fixed displacement pump driven by
a variable speed electric motor, and varies the output of
actuators by regulating the rotary speed of the electric
motor. Compared with traditional variable displacement
hydraulic systems, utilizing a constant speed electric motor
to drive a variable displacement pump, the variable speed
hydraulic systems have many advantages, such as higher
reliability, wider range of speed regulation, better energy-
saving, and lower cost.

—

Control valve

Fixed
Displacement Pump

Controller
| (Inverter)

Fig. 1: Inverter based hydraulic pump

The inverter based hydraulic pump adds brains and causes the
system to pump only as much as it needs to maintain constant
pressure. The improved inverter drive system used in
hydraulic applications along with the combination control
tandem pump, were used to create a unit. This unit
automatically controls the pump depending on the load
pressure during operation, standby, and pressure maintenance.
For example, during pressure maintenance, the motor runs at
minimum power to operate only the small pump.

The inverter based pump has the following advantages;
minimal heat generated by the motor, contributing to
consistent accuracy in process, much less oil needed for heat
reduction, less oil required to operate these units over
conventional systems, service life increase, operate at a very
low noise level, units operate just above room temperature
with continuous operation, because of less oil heating the oil
in tank actually lasts up to 3 times longer, less oil changed and
less oil used producing less cost in waste removal, lower CO2
emissions than conventional units, less cooling equipment
needed, reduced air-conditioning load, reduces the system
losses, relief valve is closed, reduce heat exchanger size,
reduce thermal effect and avoid properties change in oil . But
it has the following disadvantages, sensitive to inertia,
sensitive to speed variation, and sensitive to working pressure
due to internal leakage.

Imamura and Sawada (2008) developed a novel energy-saving
hydraulic pump system that comprises a high-efficiency
motor, low-inertia pump and an inverter controller. Compared
with conventional hydraulic pumps each driven by a constant
speed induction motor, our novel hydraulic pump system
driven by a high-efficiency variable-speed IPMSM (Interior
Permanent Magnet Synchronous Motor) features energy-
saving of 40% or more when used for an injection molding
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machine which is a typical application of this new pump
system. By means of a pressure feedback control function and
run speed control software on the controller, the pressure and
flow rate of the hydraulic fluid are accurately controlled
according to a command from the controller of the molding
machine.

Park and Hwan (2008) studied electro hydraulic actuator
(EHA) system in cascade system. The inner loop consists of an
electric motor, a gear pump, and an angular velocity controller,
and the outer loop consists of a hydro-actuator and a position
controller. Especially, dead-band nonlinearity that exists
between the electric motor and the gear pump and friction that
occurs between the cylinder and the piston are considered. The
tracking performance of EHA position control systems
becomes unsatisfactory due to the dead-band and friction
effects. Thus, in order to improve the position tracking
performance of EHA systems with disturbance, back stepping
control scheme for the desired position tracking is proposed,
which was compared with the conventional PID scheme.

Lovrec et al. (2009) study the applicability of a low-priced
drive concept using a speed-controlled induction motor in
combination with a constant-displacement pump applied in a
load-sensing control strategy. The suggested approach of the
drive concept has been experimentally verified on a prototype
of the drive. A hydraulic press-brake used for the machining of
casting products in the automotive industry was taken into
consideration. Experimental results prove that the suggested
drive concept fulfils, on the whole, the goals and expectations
aimed at in this work: low energy losses, low noise emission,
improved control dynamics, reduced steady-state error, and
convenient cost-effectiveness.

Hu and Ding (2011) discussed about the velocity tracking
control of the system, in which the compound algorithm of PD
& feed forward-feedback control was proposed. The simplified
working principle of this kind of pump/inverter-controlled
system was first introduced. The mathematic models of the
system and the transfer function were established based on the
hydraulic elevator system. The frequency-domain analysis of
the system showed that it is a type 0 system with the feature of
low frequency and poor damping. The steady-state error of
velocity is still existed by unity-feedback control without
compensation, and the velocity lag occurs with the integral
compensation.

Pournazeri and Khajepour (2011) proposed a new lift control
strategy based on the hydraulic supply pressure and flow
control. In order to control the peak valve lift, the hydraulic
pump speed is precisely controlled using a two-input gearbox
mechanism. This eliminates the need for precision control of
the solenoid valves opening interval within every cycle. To
achieve a smooth control signal, it is worthwhile to control the
maximum valve lift within few engine cycles rather than every
cycle; therefore, instead of using the governing nonlinear
differential equations of the mechanism, a novel average model
of the system is developed based on energy conservation
equations. Moreover, the new lift control technique is
implemented experimentally by reconfiguration of the existing
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electro hydraulic valve system prototype and empirical results
are then compared with those obtained from the simulations.

Xu and Jin (2013) proposed an energy regulation based
variable-speed electrohydraulic drive. This novel drive
principle is combined with the advantages of variable-speed
drive and valve-control drive. The speed-control strategy,
which is aimed at the multiple-input multiple-output (MIMO)
structure of the proposed drive principle, is analyzed. The
results of simulations and experiments comparing it with three
other drive principle systems show that the proposed drive
principle has not only good speed-control accuracy, but also a
perfect energy-saving performance.

Xu et al. (2014) presented an accumulator-based power
assisted unit (PAU). The PAU is an energy assisting &
recycling device, which can release or absorb hydraulic energy
according to system requirements. The proposed drive is
expected to improve response and control precision compared
with the variable-speed drive. The proposed drive principle
system is a multi-input-multi-output (MIMO) complicated
nonlinear system with time-varying, which increases the
control difficulty. A mathematical model of proposed drive
was firstly deduced. Then, a hybrid control strategy was
presented. A four drives have been tested using three common
variable-load disturbances. The comparisons of simulation
results show that the proposed drive principle system
demonstrates a good dynamic performance, which can not only
achieve the expected energy saving target, but also
significantly improve the response and control precision over
the existing variable-speed drive system.

Il. EXPERIMENTAL TEST RIG

Experimental study has been carried out to show the effect of
changing the different flow control methods namely
proportional directional valve control, pump speed control on
the system static and dynamic performance. In addition,
different flow control methods with external system leakage
are used to keep actuator speed constant, neglecting the speed
variation due to oil compressibility. External system leakage is
intentionally introduced and the leakage compensation has
been achieved by using the proportional electro-hydraulic
valve and by controlling the pump speed through frequency
modulator. The study aims to highlight the difference between
these two control options on the dynamic and steady state
response of the system.

The developed hydraulic system used for investigation consists
of a double acting actuator with horizontal load and connecting
hoses equipped with a position sensor linear variable
differential transformer (LVVDT) and pressure sensors. The load
force acting on the actuator includes the mass and back
pressure acting on the actuator in the return line by a throttle
valve.

The experimental test rig has been shown in Figure 2 while the
circuit of the studied system has been introduced in Figure 3.
The experimental test rig consists of three phase AC motor,
variable displacement vane pump, 4/3 Electro-hydraulic
proportional direction control valve EHPDV with its
proportional amplifier, double acting cylinder, pressure relief
valve, check valve, oil tank and filter.
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] Fig 2:Experient| Test Rig

(1) ball valve, (2) variable speed vane pump, (3)AC motor, (4)
variable frequency driver, (5) pressure relief valve, (6)
pressure gauge, (7) Pressure sensor, (8) LVDT sensor, (9)
throttle valve, (10) electro hydraulic proportional control
valve, (11) tank, (12) filter.
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Fig 3: Schematic diagram of the hydraulic circuit.
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The electro-hydraulic proportional directional control valve is
used to provide a precise flow quantity at the desire time to the
actuator chambers to perform the required task. The valve
under investigation is manufactured by Parker-Hannifin of 4/3
electro-hydraulic open loop proportional directional control
valve controlled by a proportional electrical solenoid with zero
lapping to regulate the flow rate. The maximum flow is 12
L/min with solenoids (9v, 2.7 A).

The used measuring instrumentations are pressure transducer,
Linear Variable Differential Transformer (LVDT). The
pressure transducer is used to measure the pressure at the
output ports of the proportional valve with pressure range up to
40 bar and supply voltage of 12 to 36 VVDC and output signal
from 4 to 20 mA, it has been calibrated with a percentage error
of 0.7%. A linear variable differential transformer (LVDT) is
used to measure linear displacement of the actuator with range
up to 230 mm, supply voltage of 9-24 VVDC and sensitivity of
200 mV/mm with output signal of 0-5 V and it has been
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calibrated with a percentage error of 0.4%. A variable
frequency driver (VFD) is used to control the speed of the AC
motor by controlling the frequency of electric power supplied
to the motor.

To develop an adequate velocity control for hydraulic cylinder
actuators, a hardware-in-the-loop electro hydraulic linear
actuating system simulator was developed. This interactive
simulator was established using LABVIEW software which is
consisted of a pulse width modulation (PWM) valve control
driver, an electro-hydraulic proportional directional control
valve. The control flow chart of the experimental test rig is
illustrated in Figure 4.

| Faedback Sigral

PC Based controller —H—| NI 6008 DA Card
Flaw
Pressum
Sensor

Fesdback signal

“ | Proportional Driver
Card

Hydraulic Cylincsr ‘

Lot

Fig 4: Flow chart of the system control

I1l. EXPERIMENTAL RESULTS

Many experiments have been conducted to show the effect of
change the directional proportional valve setting and the vane
pump speed on the dynamic and steady state response of
hydraulic cylinder. Intentionally, different system external
leakages have been introduced to show its effect on the system
performance. Different input voltage for proportional valve
and different input frequency for the pump speed have been
applied. Pressure has been read using pressure gauge, piston
displacement has been also measured using a LVDT sensor
then actuator velocity were calculated using LABVIEW
software.

A. System Performance using different flow control methods
without leakage

System performance such as piston displacement, piston
velocity, stroke time (time needed until piston reaches the end
of stroke) and velocity rise time (time to constant velocity) has
been studied, static and dynamic performance, using different
flow control methods namely proportional directional control
valve, pump speed control. Different experimental
investigations have been conducted with different proportional
valve setting at constant pump speed. In addition, different
pump speeds setting at constant valve setting have been
investigated.

1. System Performance for Different Pump Speed Control:
Experimental tests were conducted for fixed input value of
40% for the directional proportional control valve for different
input frequency values applied to show their effect on the
system performance.

System performance for different pump speed has been
illustrated in Figure 5. The piston displacement stroke varied
from 0 to 230 mm while varying the pump speed from 450 rpm
to 900 rpm , the piston reached its target in 25s at maximum
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pump speed of 900 rpm and the longest time was 54s at a
minimum pump speed of 450 rpm.

= 600 RPM
750 RPM

Displacement {mm)

e 900 RPM

0 20 40 60 80

Time (s)

Fig 5: Piston displacement at different pump speeds

In Figure 6, the stroke time decrease with the increase of
controlling the inverter frequency for controlling pump speed
which reflects that the cylinder moves faster with the increase
of the input pump rpm.

Stroke Time (s)
= =) oo
o o o

[~
o

450 600 750 900

RPM

Fig 6: Piston stroke time for different pump speed.

In Figure 7, the piston velocity varied from 0 to 4.5 m/s while
varying the input pump speed from 450 to 900 rpm and the
piston reached its maximum velocity in 10s at maximum pump
speed of 900 rpm. While the minimum velocity at 2.5 m/s at
minimum pump speed of 450 rpm, and the velocity rise time in
this case is kept constant in about 35s of actuation.

Velocity (mm/s)
w

100

Time (s)

Fig 7: Piston Velocity for different pump speed.

The following experimental results conducted for different
pump speed control in the range of 450 to 900 rpm and
proportional DCV opening setting of 40%, 50% and 60% as
shown in Figure 8. In this figure as the pump speed increased,
the cylinder stroke rise time has been decreased for different
proportional valve setting. It has been shown that at 40% DCV
setting, the cylinder stroke time is about twice increase of that
for 50% while the DCV setting of 60% is about 30% reduction
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of that at 50% valve setting and this difference is decreased
with the increase of pump speed. This discrepancies is due to
the increase of the pump flow with the increase of the pump
speed while the effect of this variation with the different DCV
setting show that at 50% valve setting the performance of
stroke time is more effective rather than that at 40% DCV
setting and at 60% does not has a great effect from that at 50%.

100 4

Valve Opening %
Valve 40%

——Valve50%

Stroke Time {s)
w
o

—Valve 60%

\

450 600 750 S00
Pump Speed (RPM)

Fig 8: Cylinder stroke rise time for different pump speed and valve setting.

0

In Figures 9 to 10, the cylinder velocity and velocity rise time
have been plotted. In these figures, as the pump speed
increased, the cylinder velocity rise time have been decreased
for different proportional valve setting. It has been shown that
for different DCV setting, the velocity value at 50% DCV
setting is about more 200% of than at 40% DCV setting and
this difference increase with the pump speed increased. Also,
at DCV setting of 60% is about 120% of that at 50% valve
setting and this difference is decreased and reached a constant
value with the increase of pump speed. This discrepancies is
due to the DCV overlapping and show that at 50% valve
setting the performance of stroke rise is more effective rather
than that at 40% DCYV setting and at 60%.

16 -
14 |

12 .\ Valve Opening %o

10 -

Valve 40%

=—Valve 50%

Velocity Ris e time (s)

Valve 60%

[ N N )

450 600 750 900

Pump speed (rpm)

Fig 9: Cylinder velocity rise time for different pump speed.

Figure 10 shows that the variance in the valve opening at
constant rpm has a large effect on the piston steady state
velocity more than changing the pump speed at constant valve
opening.
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Fig 10: Steady state cylinder velocity for different pump speed.

2.Effect of proportional DCV setting on System Performance

System performance, cylinder displacement and velocity, has
been recorded for different input volt for the directional
proportional control valve for a pump speed of 600 rpm for
the pump inverter of the controlling pump in case of no
external leakage.

e Valve Opening %o
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£
H = 50%
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e ——70%
80%
40 60 80
Time (s)
Fig 11: 1 Piston displacement for different valve opening .
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E
e
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¢} T T T
40 50 60 70 80

DCV opening %

Fig 12: Piston stroke time for different valve opening at 600 rpm.
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Fig 13: proportional valve overlapping effect
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Piston displacement varies from 0 to 230 mm while
directional proportional control valve opening varies from
40% to 80%, the piston reaches its end in 11s at maximum
voltage of 80% opening and the longest time exceeded 40s at
minimum voltage of 40% opening.

With the increase of the input directional proportional volt,
the piston displacement reached its maximum displacement
rapidly until it has no effect on the cylinder displacement for
a range over 60% opening as shown in Figure 12 due to valve
overlapping effect as it enter the saturation region . Figure 13
explains the effect of valve over lapping as it divide the valve
performance curve into main three areas dead zone , active
region and saturation region, the valve enter the saturation
region after 60% opening .In addition, piston velocity for
different directional proportional control valve voltage varies
from 0 to 11 m/s while varying proportional valve voltage
from 40% to 80% opening as shown in Figure 14.

12 4

11 4
10 - Valve Opening %
7 2]
~€ 8 4 ——40%
E 77
: 2 ——50%
s 5
o 60%
s °
34 ", —T70%
24 ""‘,“
1 e 80%
0 i W!..y ........ ! Y, ' :
0 10 20 30 40 50 60

Time (s)

Fig 14: Piston velocity for different valve opening at 600 rpm.

The piston reaches its maximum velocity in 11s at maximum
voltage of 80% opening while its minimum velocity of 2.5
mm/s was recorded at minimum voltage of 40% opening and
kept constant velocity for about 30 seconds.

12 4

===Pumpspeed 600 RPM and
Valve opening 40%

10 4

=5
L

Pump speed 750 RPM and
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[=2]

= Pump speed 600 RPM and
Valve opening 50%

VAN

0 - T T — Pump speed 750 RPM and
0 20 40 50 Valve opening 50%

Time (s)
Fig 15: Performance curves at 600 and 750 rpm at different valve opening

Figure 15 shows the variance between velocity curves at
pump speed 600 and 750 rpm at valve opening 40% and 50%,
it shows that the change in the valve opening has a large
effect on the velocity value and the velocity rise time more
than the effect of changing the pump speed.
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The following experimental results conducted for different
proportional DCV setting in the range of (40% to 80%)
opening and pump speed range of (450 to 1050) rpm. In
Figures 16 to 17, the cylinder velocity has been plotted for
different pump rpm and different valve opening. In these
figures, as the proportional DCV opening increased, the
cylinder velocity rise time has been decreased for pump
speed It has been shown that for different DCV opening, the
cylinder velocity rise time decreased and the reducing
behaviour are not all the same trend and with the increase of
the DCV valve setting the trend become more dramatic
decreased.

o

50
— W Pump450rpm
Z 00
v
E
o 30 | # Pump 600 rpm
=
2
4 ]
] 20 4 ? ™ f Pump 750 rpm
£
S 10| i b 4 *
Pump 1050 rpm
0 T
40 50 60 70 80

DCV opening (%)
Fig 16: Cylinder stroke time for different VValve opening.
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0 1 1 T 1
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Fig 17: Cylinder velocity rise time for different DCV opening

In these figures as the proportional DCV setting increased,
the cylinder stroke rise time has been decreased for different
pump speed and with the increase of the pump speed, flow
increase, the rise time decreased and the difference between
the different proportional DCV settings become smaller with
the increase of pump speed. It has been noticed that the
cylinder rise time becomes saturated for about 60% due to the
valve overlapping and that the valve best performance could
be achieved around 50% of its opening.

B. System Performance for Different System Leakage
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J
200 i ]
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Fig 18: Piston Displacement for different external leakage percent
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The tests were conducted while considering the leakage’s
effect on the expansion stroke of the piston, several leakage
values were used to show their effect on both displacement
and velocity. Piston displacement stroke varies from 0 to 230
mm with a constant pump speed of 600 rpm and valve
opening of 60%. It has been shown that as the leakage value
decrease as the piston displacement response time reaches
maximum values faster as shown in Figure 18.

12 4
10 +
—o—14% Leakage

—— 28% Leakage

—u—34% Leakage

Velocity {mm/s)

42% Leakage
45% Leakage

0 10 20 30 40 50 60 70 80
Time (s)

Fig 19: Piston velocity for different external leakage values

Piston velocity varies from 0 to 11 m/s, such velocity is
attained when the pump speed is 600 rpm and the valve
opening is 60% while the piston reaches its maximum
velocity 10 mm/s in 10 s and minimum velocity at 3.2 mm/s
in 40s as shown in Figure 19.

C. Performance with System leakage

1.System Performance with Proportional Directional Control
Valve:

Piston displacement stroke varies from 0 to 230 mm; such
displacement is attained while pump speed is kept constant at
600 rpm and valve input voltage is variable and the longest
time for the piston to reach the target was with a minimum
voltage of 4V as shown in Figure 20, while piston stroke time
for different input valve control signal with leakage and
without external leakage has been illustrated in Figure 21.
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S 150 4
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Fig 20: Piston displacement for different valve opening with system leakage
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Piston velocity varies from 0 to 11 m/s, such velocity is
attained while varying Valve opening from 40% to 80%. It
has been shown in Figure 22 that piston reaches its maximum
velocity in 10s at maximum valve opening of 80%, and
minimum velocity at 2.5 m/s at minimum valve opening of
40%. The velocity in this case is kept constant in about 36s.
Figure 23 shows the different between velocity rise time in
case of with leakage and without leakage.

80 -
60 -

a0 - —Without Leakage

Stroke time (s)

20 | = With leakage

40 50 60 70 80
Valve opening %

Fig 21: Piston displacement for different valve opening with and without
system leakage
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Fig 22: Piston Velocity for different valve opening with system leakage.
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Fig 23: Velocity rise time for given valve opening with and without system
leakage

2.System performance with controlling pump speed

For a fixed valve opening 40%, the piston displacement
stroke varied from 0 to 230 mm while varying the pump
speed from 450 to 900 rpm, the piston reached its target in
40s at maximum pump speed 900 rpm and the longest time
was 95 s at a minimum pump speed of 450 rpm.
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System performance for different pump speed has been
illustrated in Figure 24. The variance in piston stroke time
has been shown in Figure 25 for both cases with leakage and
without leakage.
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Fig 24: Piston displacement for different pump speed with system leakage
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Fig 25: Piston stroke time for different pump speed with and without system
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Fig 27: Velocity rise time for given pump speed with and without system
disturbance

Piston velocity varied from 0 to 2.8 mm/s while varying the
inverters input pump speed from 450 to 900 rpm and the
piston reached its maximum velocity in 15 s at maximum
pump speed of 900 rpm. The minimum velocity at 1.3 mm/s
is shown at minimum pump speed 450 rpm, as shown in
Figure 26. Variance in velocity rise time has been shown in
Figure 27.

D. System Dynamic Characteristics:

The system dynamic characteristics affect heavily the overall
performance of electro hydraulic systems. These particular
characteristics include overshoot response, settling time and
rise time. While conducting the different load and leakage
iterations on this system, it was concluded that settling time
and steady state error varied heavily between the existing of
external leakage and without external leakage cases. So, more
experiments were conducted to highlight this effect to adjust
the required voltage levels in leakage cases to match the no
external leakage case.

1.Leakage compensation in case of pump control

leakage While controlling the system using pump inverters, leakage
35 - has a great effect on response time of cylinder displacement
Opening40% as shown in Figures 28, the required controlling voltage
o Letkage 147 values to compensate the leakage effect have been shown in
_ 25 IIMV‘\' PGy Figure 29.
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Fig 26: Piston Velocity for different pump speed. RPM
Fig 28: Piston dynamic response time for different pump speed.
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Fig 29: Voltage required overcoming system leakage.

2. Leakage compensation in case of valve control

Also, while controlling the system using valve controller,
leakage has a considerable effect on response time of cylinder
displacement as in Figure 30, the required control voltage
values to compensate the leakage effect is shown more
clearly in Figure 31.

80 4

40 = Without Leakage

Stroke time (s)

20 - — With leakage

Valve opening %

Fig 30: Piston stroke time for valve voltage

—With leakage
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ey
-

av=05V

Input Voltage (v)

Fig 31: Voltage required overcoming system leakage

3.Steady state error adjustment in case of pump control
Steady state error is the difference between the measured
velocity in case of leakage and without leakage. The cylinder
velocity in case of leakage and without leakage has been
illustrated to show the difference steady state error has been
illustrated in Figure 32.

=t=Pump speed 450 Without
leakage

E s —+— Pump Speed 450 With
<2 ey Leakage
£ A
8 —=— Pump Speed 600 With
2 } Leakage
1 Y
Pump Speed 750 With
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0 20 40 60 80 100 120 Leakage

Time (s)

Fig 32: steady state error in piston velocity in pump control at 40% opening
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4.Steady state error in case of valve control
For DCV control of 40% opening, the cylinder velocity in
case of leakage and without leakage has been illustrated to
show the difference steady state error has been illustrated in
Figure 33.

.
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——Opening 40% With Leakage
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w oo

[N}

Opening 40% Without Leakage

-

Time (s)

Fig 33: steady state error in piston velocity during valve control at 600 rpm

The volt control signal for proportional DCV and speed control
for pump control will be used for leakage compensation in
future work through controller with a precise control algorithm
to compensate leakage in electro-hydraulic proportional
systems.

IV. CONCLUSIONS

The dynamic and steady state system performance for the
hydraulic pump and proportional valve have been
investigated. It has been shown that settling time and steady
state error are varied from normal while introducing external
leakage in the hydraulic system and these variations have
been observed and plotted. In order to overcome the external
leakage, controlling the proportional valve opening and the
pump speed has been illustrated.

e It has been found that controlling the proportional valve
opening has a better effect on piston performance than
controlling the pump speed.

e It has been shown that varying the input speed for the
pump has a considerable effect on the response time of
the actuator velocity as well as the actuator displacement
response time.

e It has been shown that valve opening higher than 60%,
there is a very small effect of varying on the response
time of the actuator velocity while there is a minor effect
on the actuator displacement response time due to valve
over lapping.

o It has been shown that the optimum range for pump speed
operation is about 600 to 750 rpm at a proportional DCV
opening in the range of 40% to 60% due to the valve
overlapping.
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