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Resume

The presented work was directed to develop the dynamic performance of an
electro-hydraulic proportional system (EHPS). A mathematical model of the
EHPS is presented using electro- hydraulic proportional valve (EHPV) by
Matlab-Simulink, which facilitates the simulation of the hydraulic behavior
inside the main control unit. Experimental work is done and the closed loop
system is designed using the linear variable displacement transducer sensor
(LVDT). The controller of the system is an Arduino uno, which is considered
as a processor of the system. The model is validated by the experimental
system. The study also presents a real time tracking control method, based
on pulse width modulation, by controlling the speed of the actuator to
achieve the position tracking with minimum error and low transient time, by
applying the constant input signal 50 mm the transient time was 0.9 seconds
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1 Introduction

The proportional valve is a valve, which produces
a proportional output to an electronic control input, or
a valve that operates by proportional solenoids instead
of on-off solenoids.

It can be classified to three types; pressure control
valves, flow control valves and directional control valves.

The pressure control valves are designed mainly to
control the pressure while the proportional flow control
valves are designed mainly to control the flow rate and
the proportional directional valve is used to control both
the flow direction and the flow rate.

Many studies have dealt with the proportional
valve investigations. Vaughan and Gamble [1] presented
a nonlinear dynamic model of a high-speed direct acting
solenoid valve, the model accurately predicted both
the dynamic and steady state response of the valve
to voltage inputs. Simulated voltage, current and
displacement results were presented, which agreed well
with experimental results.

Chen et al. [2] proposed an adaptive self-tuning
controller to enable a hydraulic proportional valve to
achieve accurate tracking control.

The performance of the closed-loop system was very
robust as the system response remained the same under
various operating conditions.

Rahman et al. [3] began the first step of converting
a conventional on-off solenoid into the a proportional one.

They studied the dynamic behavior of a conventional
solenoid by letting the simulation depending on the
linear magnetic principle, by using the simulation
package SIMNON. A comparison was done between the
results from simulation model and experimental work.

Niksefat and Sepehri [4] studied the development
and experimental evaluation of a hydraulic force
controller, using the nonlinear Quantitative Feedback
Theory (QFT) design method. The designed controller
was implemented on an industrial hydraulic actuator
equipped with a low-cost proportional valve.

Elmer and Gamble [5] presented a generic non-
linear dynamic model of a direct-acting electro-hydraulic
proportional solenoid valve. The model accurately and
reliably predicted both the dynamic and steady state
responses of the valve to voltage inputs. Simulated
results were presented, which agreed well with
experimental ones.

Dasgupta and Watton [6] studied dynamics of
a proportional controlled piloted relief valve through
the bond-graph simulation technique. The simulation
results were also verified by the experimental results.

Chen et al. [7] studied the nonlinear model of
a variable displacement axial piston pump (VDAPP)
with a three-way electro-hydraulic proportional valve
(EHPV), which controlled the swash plate actuators.
The time response for the swash plate angle was
analyzed theoretically by the simulation model, as
well as experimentally and a favorable model-following
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Figure 1 The EHPS hydraulic circuit

characteristics was achieved. The proposed neural
controller, which conducts the nonlinear control in
VDAPP, enhanced adaptability and robustness and
improved the performance of the control system.

Liu et al. [8] studied an optimization of a throttle
poppet valve based on hydraulic feedback principle to
use it in machines. The study can be used as a guideline
for design of various sizes of proportional valves.

Amirante et al. [9] designed a new methodology of
spool surfaces of 4/3 proportional directional valve.

It was based on redesign of both the compensation
profile and spool lateral surfaces to reduce the flow
forces acting on it.

The proposed methodology achieved lower actuation
forces compared to the commercial configuration.

Acuna-Bravo et al. [10] presented application of
a model-based control structure called Embedded Model
Control (EMC).

The position tracking of the spool presented a better
result by using the EMC compared to those using an
industrial manufacturer.

2 Model description

The system shown in Figure 1 consists of hydraulic
pump (1), which feed the electro hydraulic proportional
valve (EHPV) (3), through the pressure relieve valve (2).

The one-way valve (4) prevents the flow to return,
while the pump is in no operation mode.

The EHPV controls the output hydraulic feed
delivered to the hydraulic actuator (5) to allow the
hydraulic actuator tracking the required input position
by the PID controller (proportional integral derivative
controller) (6).

3 Mathematical model

The proposed system modelling is mathematically
done by Matlab-Simulink and the system components

configuration are selected as the same as the
experimental ones.

3.1 Hydraulic pump

The type of the hydraulic pump used in the electro-
hydraulic system is a fixed displacement gear pump,
which operates at nominal speed of 600 rpm and
maximum output flow rate of 6.05 liter/min.

The pump is driven by an AC electric motor that
operates at 220 Volts, 50 Hz and 1.5 Kw.

3.2 Relief valve

The relief valve is used to control the pressure in
the hydraulic systems to protect its individual elements,
pipes and hoses from the over-pressure problems; it is
adjusted at a pressure of 60 bar.

3.3 Proportional directional valve

The 4/3 electro-hydraulic proportional directional
valve, Figure 2, is a Hydraulic Ring manufactured
as type NG6. It has maximum operating pressure
of 315 bar, its valve spool has zero overlap and its
motion is controlled by the two electrical proportional
solenoids.

3.4 Hydraulic actuator

The hydraulic actuator used in this study is a double
acting steel, with a cam for operating the limit switch.

It has a diameter of 32/22mm, area ratio 1.6:1 and
max pressure of 160 bar.

Figure 3 illustrates the flow through the proportional
valve, were (P) is the valve pressure port, (T) is the valve
return to the tank, (A) and (B) are the valve outputs to
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Figure 2 Typical electrohydraulic proportional valve
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Figure 3 Proportional directional valve Internal orifices

the actuator; while a, b, ¢ and d are the areas where the
flow is subjected through the valve.

3.5 Model equations

The @-P mathematical relation of the pump has
been found as following:
Qp= Qu—(7Tx1078P,), (1)
where:
Q,,: maximum theoretical flow rate of the gear pump =
6.05 liter/min,
P,: pump output pressure.

The equation of poppet motion of the relief valve is:

2
mE Bt k2t 2) = p Ay B, @)
Eeat - K‘ZO . (3)
The flow rate equation is:
Qn = Cany BEH) )
Equation of motion of the valve spool is:
_ . d*x dx
Fs—msdt2 +fsdt+kx, (5)

where: m_ = mass of spool + 0.5 (mass of the return
spring) = 0.021Kg,

mass of spool = 19.58 Kg [measured],
mass of spring = 1.972Kg [measured],
f,=50: 100 N.s/m,
k = 24500 N/m [measured experimentally].
Flow rate equations through the proportional valve
are:

Q. = Gy 22 ®)
Q= CdA,,(x)ww, ¢
Q.= CdAc(x)q/M, (8)
Qu = Coala)y 2P B ©)

Continuity equations through the hydraulic actuator
are:

QAR—d%—Qi—Qe—M%:O, (10)
ay o Vi — Ay) dpr _
A+ Qi — Qs B a0 (11)
Actuator’s equation of motion is:
d* d
a~pR—A-pm:mCd—g+fcd—3t}+F. 12)

These equations are modelled in Matlab-Simulink
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Figure 4 The EHPS mathematical model code

Figure 5 Electrohydraulic test rig

to facilitate the study of the fluid behavior through the
hydraulic circuit and a controller is designed by the aim
of Simulink tool, as well.

Figure 4 shows the simulation code of the system on
Matlab-Simulink.

The system equations are represented in the code
with different input signals.

The system is also represented by a transfer
function, by using the system identification tool of the
program and it gives the following transfer function:

8.468S + 11.05
S+ 8.5225 + 11.11 °

(13)

The controller of the model can be selected, by the
transfer function which is the PID controller that is used
to adjust and resolve the error of the system.

It controls the system by evaluating the feedback
and compensating the system error. The mathematical

equation of the PID controller is:

de(t)
dt

t
u(t) = Kye(t) + K: [ e(t)dt + K (14)
0
where:
u(¢) is the controller output,
e(t) is the system error,
K, K and K, are the controller constants were:
Kp =0.428, K =558 and K, =0

4 Experimental work

The experimental work was done by using the
same components configuration as mentioned in section
(3), which is the same as the mathematical model
configurations.

Figure 5 shows the test rig used in this study.
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Figure 6 Electric circuit for controlling the system
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Figure 7 Pulse width modulation input signal 180

Figure 6 shows the electrical circuit used in
controlling and monitoring the position tracking of the
actuator.

The input signal is transferred from the Matlab-
Simulink to the control card (Arduino mega 2560) and
then delivered to the two coils of the (EHPV) through an
electric circuit.

The two coils receive the signal from the Arduino
(limit voltage 5 V DC) and boost this signal to (24 V DC)
by the aim of MOSFET transistor (IRLZ44).

The feedback position is delivered to the Arduino by
displacement sensor (LVDT).

The output from the sensor is up to (10 V DC),
while, as mentioned, the Arduino limit voltage is 5
V DC.

There are a two 10 Q resistors, used in series, to
reduce the limitation of the signal voltage to 5V DC.

A new method of controlling the system is proposed
in this study by experimentally testing the system by
means of oscilloscope connecting to the two terminals of
the proportional valve.

It has been found that the actuator response depends
on changing the pulse width modulation (PWM).

Figure 7 shows the PWM input signal, which is
detected by the oscilloscope with pulse width of 180, as
an example of the input PWM signal.

Figure 8 shows the four PWM inputs to the system
and its response on the actuator position with time.

As the pulse width increases, the speed of the
actuator increases, as well.
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PWM effect on the actuator response
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Figure 8 Effect of the pulse width modulation on actuator speed

input signal

ARDUINO

JAVAN

Pin2

—In1 Out ——

calibration

ARDUING
PR mr
Pin 10
up
ARDUING
Pin 11

,@

Figure 9 The EHPS controlling code

When the PWM is 160 the speed of the actuator
reaches 50 mm/s and when the PWM reaches 180 the
speed of the actuator reaches 74 mm/s.

The maximum actuator speed is reached when
the PWM reaches 240 as the speed reaches 105 mm/sec
and the inertia of the actuator increases, as well, which
negatively affects the system control.

This experiment helps to produce a new method
of electro-hydraulic proportional system control, by
controlling the speed of the actuator to avoid the inertia
of the actuator.

The following controller depends on adjusting the
speed; when the actuator position is far from the
target position the input PWM signal should be high to
increase the speed of the actuator.

When the actuator approaches its target, the PWM
signal should be reduced to avoid the actuator inertia.

Figure 9 shows the Matlab-Simulink code of this

controller, which consists of:
®  Arduino pin (2) block that receives the displacement
of the actuator from Arduino, which receives it from
the displacement sensor (LVDT).
Arduino pin (10) and (11) blocks, which send the
required (PWM) signal to the Arduino that delivered
this signal to the two coils of the proportional valve.
The two function blocks control the speed by
calculating the difference between the input signal
and the actuator position.

5 Results and discussion

The mathematical model is validated by the
experimental work by varying the input signal with the
following:

*  Constant input 50 mm, step input 70 mm.

Square signal 70 mm.

Sinusoidal signal with amplitude 30 mm, bias 30 mm
and frequency 0.5 rad/sec .08 Hz.

These results are shown in Figures 10 to 13, as they
show that the model has a good agreement with the
experimental results in the constant, step and square
signal inputs, respectively

When applying a sinusoidal wave, the experimental
result shows a relative delay compared to the
mathematical model.

This delay is due to the controller, which reduces the
actuator speed to avoid the actuator inertia that led to
high overshooting; however, the mathematical model result
is still in a good agreement with the experimental result.

The mathematical model helps in studying the fluid
behavior inside the hydraulic circuit, which is calculated.

Figure 14 shows the pressure behavior in the
hydraulic circuit by applying the constant input.

Figure 15 shows the pressure behavior by applying

the sinusoidal wave, those results are serving for testing
the system failure, when applying a high load or object
to any component malfunction.
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Figure 13 Hydraulic actuator response by applying the sinusoidal wave input of 30mm
amplitude and 30mm bias with frequency) 0.08 HZ (experimental vs simulation)
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Figure 11 Hydraulic actuator response by applying the step input
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Figure 12 Hydraulic actuator response by the applying square input
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Figure 14 Hydraulic circuit pressure behavior by applying the constant input of 50mm
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Figure 15 Hydraulic circuit pressure behavior by applying the sinusoidal wave input
of 30mm amplitude and 30mm bias with frequency) 0.08 HZ

Conclusions The proposed method of controlling the electro
hydraulic proportional system is confirmed by good
The study presented a new method for controlling  results with tracking different input signals.

the electro hydraulic proportional actuator by controlling The study presented a mathematical model of the
the speed of the actuator. system and its transfer function, and a controller of the

This method is applied by controlling the pulse model is done by the PID controller.

width modulation signal that operates the two coils of This study also facilitates studying the pressure
the proportional valve. behavior inside the hydraulic circuit.
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Annex - Nomenclature

nomenclature meaning

a area of cylinder rod side, m?

A area of cylinder piston side, m?

A throttle area a in directional proportional valve, m?

A throttle area b in directional proportional valve, m?

A throttle area c in directional proportional valve, m?

A, throttle area d in directional proportional valve, m?

Ap poppet area of the relief valve, m?

B bulk modulus of elasticity of hydraulic oil, N/m?

C, discharge coefficient

C radial clearance, m

d diameter of cylinder rod, m

D diameter of cylinder piston, m

F proportional solenoid force, N

f. damping coefficient of relief valve poppet, N.s/m

f. damping coefficient of directional proportional valve spool, N.s/m
F proportional solenoid force, N

F,. seat reaction of the relief valve, N

k stiffness of return spring in directional proportional valve, N/m
m, mass of poppet in the relief valve, g

m, mass of moving parts in the directional proportional valve, kg

p pressure, bar

P, pressure at port A of the direction proportional valve, bar

P, pressure at port B of the direction proportional valve, bar

P, pressure at port P of the direction proportional valve, bar

P, tank pressure, bar

Q flow rate, liter/min

Q, flow rate through opening area a at directional proportional valve block, liter/min
Q,x flow rate from port A to rod side chamber in the hydraulic cylinder, I/min
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Q, flow rate through the opening area b at a directional proportional valve block, I/min
Q, flow rate through the opening area c at a directional proportional valve block, I/min
Q, flow rate through the opening area d at a directional proportional valve block, I/min
Q, flow rate through the relief valve, I/min

V. volume actuator rod side

V., volume actuator piston side

X displacement of directional valve spool, m

y displacement of cylinder rod, m

zZ displacement of relief valve poppet, m
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