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Energy-saving and Performance-
enhancing of a High Speed on/off
Solenoid Valve

High-speed on/off solenoid valves (HSVs) are digital vales commonly used
in hydraulic power systems. These valves are usually used in pressure and
flow control which requires high dynamic and energy performance to
improve the control accuracy. This paper aims to propose a new control
method used to improve the dynamic and energy performance of HSVs.
The proposed method is based on the pulse width modulation (PWM)
technique implemented by LabVIEW software and NI myRIO. Based on
that, NI myRIO has a real-time module; no feedback is needed. A
mathematical model of the HSV is introduced, describing each subsystem
of the vale and its interactions with each other. The proposed method is
validated under different operating conditions. The results show that
applying the proposed control method on the HSV will reduce the valve
spool closing time by 72% and reduce energy consumption by 94%
compared to the traditional on/off control method.
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1. INTRODUCTION

Control problems of fluid power systems can be solved
using proportional or servo valves [1]. These valves
provide good valve controllability and have the
advantage of small hysteresis and high precision [2, 3].
However, these valves have defects such as high cost
and high sensitivity to contamination [4, 5]. Digital
valves have the potential to replace these valves as they
have the advantage of high reliability and low cost.
HSVs are typical digital valves commonly used in
hydraulic and pneumatic power systems as they are low
affected by pollution and have simple construction [6].
The HSV control system accuracy and response speed
depend mainly on the characteristics of the HSV itself
[7].

On the other hand, the successive reduction of the
fuel resources, the continual raising in the fuel price,
and the huge increase in environmental pollution make
energy-saving an urgent issue for most researchers [8].
HSV is considered a basic component of hydraulic and
pneumatic power systems. So, the energy efficiency of
the whole system is significantly affected by the lost
energy on the HSV [9]. Therefore, the dynamics and
energy characteristics of HSV are considered its most
important performance indicators.

Recently, many researchers have been interested in
enhancing the dynamics and energy performance of
HSV. Enhancing the dynamics and energy performance
of HSV can be performed either by optimizing the
driving algorithm or valve construction. A and Scheid et
al. [10] used an electronic driving circuit to control the
driving current instead of the excitation voltage to
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improve the driving algorithm. Qi and Wang et al. [11]
and Zhou et al. [12] used multi-voltage driving circuits
to enhance the velocity response. While in Ref. [13],
Tao and Ma applied conservation of energy at the HSV
to study the relationship between the excitation voltage
and the power loss. Zhong et al. [14] used the PWM
technique with current feedback to improve the valve
operating frequency and lower the solenoid coil
temperature. In Refs. [15, 16], the robustness of a
hydraulic actuator is enhanced by applying a self-
correcting PWM control algorithm at HSV. Lee et al.
[17] used high- and low-side current sensing circuits to
develop a highly accurate solenoid valve driver.

Besides these studies and others, researchers also
tried to improve the energy and dynamics characteristics
by improving the valve construction. Liu et al. [18] used
an annular flange and a permanent magnet to reduce the
consumed energy by the HSV. Ruan et al. [19] designed
a two-dimensional rotary valve used for the excitation
of the hydraulic vibrator [20]. Xie et al. [21] designed a
macro-micro linear actuator with high resolution and
large stroke based on giant magnetostrictive material.
Noergaard et al. [22] built a moving magnet actuated
(MMA) annular seat valve to avoid the solenoid valve
switching limitations. Koktavy et al. [23] developed a
new valve architecture where two spools driven by
crank-mechanism are used.

Improving the dynamics and energy performance of
HSV through improving the valve construction is
available only at the stage of valve design. Otherwise,
this method cannot be used to enhance the performance
of existing HSVs.

All of the above researches are concerned with
improving the dynamics performance of HSVs. But,
few of these researches are concerned with improving
both the dynamics and energy performance of HSVs.
Even if the energy performance is improved, a relatively
small energy ratio is obtained. As well, few researchers
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studied their proposed method under different operating
conditions.

Therefore, the main contribution of this paper is to
propose a control method that enhances both the
dynamics and energy performance of HSVs with a large
ratio of saved energy. Moreover, the proposed control
strategy is studied under different valve operating
conditions.

The proposed control method is implemented by NI
myRIO, which is programmed using a LabVIEW state
machine. NI myRIO is a reconfigurable input/output
device used for real-time implementation of multiple
design or control concepts [24]. This device can be
programmed using LabVIEW or C. In this work,
LabVIEW is used to program NI myRIO, as the
software of the control system developed by LabVIEW
has the advantage of visualized programming, fast
development, and clear structure [25].

In this paper, valve construction and its principle of
operation are explained in section 2. A mathematical
model based on differential equations describing each
subsystem of the valve is presented in section 3. An
explanation of the proposed control method, containing
the LabVIEW state machine code and the implemented
hardware setup, is given in section 4. Experimental
setup and the required parameters identification are
presented in section 5. While in section 6, results are
discussed. Finally, the conclusions are presented in
section 7.

2. HSV STRUCTURE

The HSV under this study is (HSV-6432-B). It has three
positions and four ways. Figure 1 shows a typical 4/3
solenoid operated direction control valve [26].
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Figure 1. A typical HSV; two solenoids "a" and "b," (1)
valve body, (2) solenoid coil, (3) valve spool, (4) return
spring, (5) solenoid plunger, (6) press pin.

As shown, the valve has two solenoids on each side.
When either of these solenoids is energized, an
electromagnetic force is produced. This force pushes the
solenoid plunger, which moves the valve spool against
the return spring force.

The four ports of the valve are the supply port (P)
connected to the pump, the return port (T) connected to
the tank, and two ports (A) and (B) connected to the
hydraulic actuator.

The three positions of the valve spool are neutral,
“a,” and “b” positions. The neutral position is obtained
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when neither of the two solenoids is energized.
Therefore, the valve spool is kept stationary at the
neutral position under the action of the two springs.
Positon "a" is obtained when solenoid "a" is energized.
Position "b" is likely obtained when solenoid “b” is
energized. The press pin at the end of each solenoid is
used for manual valve operation. When the spool is
neutral, hydraulic oil is prevented from passing to the
actuator. Positions “a” and “b” allow the hydraulic oil to
flow to the actuator. If the valve spool is at position "a,"
the supply port is connected to port (A), allowing the
hydraulic oil to pass to the actuator through that port,
while port (B) is connected to the tank. If the valve
spool is at position “b,” hydraulic oil is allowed to pass
to the actuator through port (B) while port (A) is
connected to the tank.

3. HSV MATHEMATICAL MODEL

In this section, a mathematical model for HSV is
presented. As shown, the HSV can be represented by
two main subsystems; the electromagnetic subsystem
and the mechanical subsystem. Figure 2 shows the HSV
main subsystems and their interactions.

F

mag

—_—
v(t) (R1) It) — Mechanical | (1)
— electric circuit | cireuit dx/dt SUbS\(StEITI -

L] {_
Electro-magnetic subsystem

Figure 2. Representation of HSV subsystems and their
interactions.

3.1 Electromagnetic subsystem

Figure 2 also shows that the electromagnetic can be
represented by an (R, L) circuit. Consequently, the total
solenoid applied voltage can be expressed as follows:

U, = 1R+lﬂ+Lﬂ
dt  dt

)

where U, .... is the solenoid driving voltage [V].

.. 1s the solenoid coil passing current [A].
R .... s the solenoid coil resistance [Q].
L .... is the solenoid coil inductance [H].

The solenoid coil inductance is a function of the
valve spool position, and it can be expressed as shown
in equation (2), while its derivative with time is
expressed in equation (3).

2
[ teAn @)
(&max —X)
dL ,qunz dx
Fr— @
L (gmax —X)" U

where 4, .... s the air gap permeability [H/m].

.. 1s the number of solenoid coil turns.
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Zmax ---- 15 the maximum length of the air gap
[m].
X ....1s the valve spool position [m].
A ....is the air gap cross-section area [m?].
From equations (2) and (3), the time derivative of
the coil inductance can be expressed as follows:

dL L dx

P “
dt (gmax —X) dt
Hence, the current derivative can be expressed as:
di 1 . i dx
LU, -iR) - )
dt L (gmax —X) dt

3.2 Mechanical subsystem

The following equations can represent the mechanical
subsystem of the solenoid valve

Frag = Frya —K(x+x ) —cx = mx (6)

where F, ., .... s the electromagnetic force [N].

mag
Fjyq - 1s the hydraulic force [N].

K ....1s the return spring stiffness [N/m].

X pre ---- 18 the pre-loaded spring distance [m].

¢ ....1s the damping coefficient [N.s/m].
m .... is the mass of the moving parts [kg].
Equation (6) shows that the electromagnetic force is
the spool movement motivation force. The spool
movement restriction forces are the hydraulic force,
spring force (kx ), and damping force (cx ).
The electromagnetic force can be expressed as [27]:

2 4.2
1 u.n”Ai
Frogg=0——"—

7
2 (gmax_x)2 ( )

Rabie, M Galal et al. [28] derived an expression for
the hydraulic force. It can be expressed as :

Fiyq =0.2480APx (8)

where @ .... is width of the solenoid valve port [m].
AP .... is the pressure difference between both
sides of the valve spool [Pa].

When the valve is excited, the electromagnetic
subsystem of the valve is responsible for converting the
excitation voltage into force. This force is responsible
for overcoming the valve spool restriction forces and
makes the spool move to the fully open position.

When the valve spool reaches its maximum stroke, it
stops, and equation (6) becomes:

Fmag_thd_K(x+xpre):0 ©

Now, the electromagnetic force is only required to
hold the valve spool at its position overcoming the
hydraulic and spring forces.

As explained in equation (7), the electromagnetic
force is directly proportional to the solenoid current. So,
the needed force is large at the beginning of solenoid
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energizing. Consequently, a large electric current should
be consumed to quickly overcome the restriction forces
and reduce the valve opening time. If the spool reaches
its maximum stroke, a small force is required, and hence
small current should be consumed.

From equations (9&7), the values of the required
holding force and the corresponding holding current
could be obtained. The excess consumed electric current
is converted to heat, raising the temperature of the
solenoid. The solenoid temperature rise is a function of
the solenoid architecture and the excessive consumed
current. So the solenoid current can be divided into two
main parts:

lor = lhol + itemp (10)

where ij,, is the holding current, and i, is the excess
current converted to heat.
Generally, the electric power and energy are expre—

ssed as (P = i’R ) and (W = Pt) respectively. So, the
power and energy lost due to consuming excess current
can be expressed as :

2
Blos R (11)

= itemp
Wios = Blost (12)

where P, .... is the power lost [W].
Wiy ---- 1s the energy lost [J].
t .... the valve operating time [s].

4. PRINCIPLE OF THE PROPOSED CONTROL
METHOD

In this section, the principle of the proposed control
method is presented. This method uses state machine
language and NI myRIO as a controller. This method
does not use any sensor to give feedback.

Figure 3. MD10C driver card.

MD10C driver card, shown in figure 3, is used to
drive the excitation voltage to the solenoid valve
according to the control signal from the controller.

As shown in the figure, the card has four ports on
the left side; two for the power supply (+, and -) and the
others (A and B) are connected to the solenoid valve,
while on the right side, there are three ports; port (GND)
is connected to ground, and the two others (PWM, and
DIR) are the control signal ports.
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The excitation signal from the power supply to the
valve is delivered correspondingly to the control signal
at the PWM port. The control signal at the DIR port
controls the excitation signal direction. If there is no
signal at the DIR port, the signal is delivered from port
A to port B and vice-versa.

control signal

Power supply

PWM port Solenoid

valve

DIR port

LabVIEW

NImyRIO MD10C

Figure 4. Hardware implementation of the proposed control
method.

The hardware implementation of the proposed
control technique is shown in figure 4, in which a 24
DC voltage source is used as a power supply connected
to the driver card. LabVIEW software defines the
operating code to NI myRIO accordingly to the desired
control signal.

The controller then feeds the control ports of the
driver card according to the proposed control code.
Finally, the driver excites the valve with the controlled
excitation voltage.

The control strategy is written using state machine
language and implemented using LabVIEW software.
Figure 5 shows the principle of the control method. The
desired input control signal is generated with time by
the operator. The control code should define two vari—
ables (¢,, & t,;) whose values depend on the operator
input signal. The variable #,,'s value is when the
operator controls the input signal starts rising. While the
value of the variable #,; is the time at which the control
input signal starts dropping down. The values of
variables (#, ?. and d_;) should be accurately deter—
mined. ¢, is a time more extensive than that the spool
takes to make the valve fully open. f. takes less time
than the spool to start moving back to its initial position.
d.;, The control signal duty cycle is adequate to feed the
solenoid valve with the holding electric current i;,;. The
method of determining these values is explained in the
next section.

Once the operator input signal starts, the controller
transmits a PWM signal with a duty cycle with a value
equal to one to the PWM driver port. That helps rapid
open the valve spool.

After a time equal to ¢, the valve spool should have
been moved to its maximum stroke. Then, the PWM
signal duty cycle is reduced to d, as only the holding
current is adequate, any more current is not needed, and
considered a waste of power. The controller does not
transmit any signal to the driver's DIR port at these two
conditions.
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Figure 5. Control method flow chart.

If the operator input signal starts dropping down, the
solenoid valve is to be de-energized. According to
Lenz's Law, when the solenoid is de-energized, an
induced emf is produced opposing the motion of the
valve spool. Consequently, the controller transmits two
signals; one of five volts to the driver DIR port, and the
other is a PWM signal with a duty cycle having a value
of one to the driver PWM port.

That will feed the solenoid valve with a complete
negative supply voltage. This voltage will face the
induced emf and hence reduce the time taken by the
spool to close the solenoid valve. After a time equal to
t., the solenoid valve is de-energized. The driver pre—
vents any voltage from transmitting to the valve as no
signals are received from the controller.

5. EXPERIMENTAL SETUP AND PARAMETER
CALCULATIONS

Equation (5), in section 3, shows that the time derivative
of the solenoid coil current depends on two parts. The
first part is affected by the solenoid electromagnetic
properties, while the second part is affected by the valve
spool dynamics.
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The equation shows that any change in the valve
spool position will change the time derivative of the coil
passing current. Any change in valve spool position
would change the current curve. Hence, the slope of the
current curve can be used to estimate the valve spool
movement. If the valve spool is fixed stationery, when
the solenoid is energized, the second part of the
equation will be zero. Consequently, the current will
increase exponentially until reaching its maximum
value. Similarly, if the spool is fixed stationary when
the solenoid is de-energized, the current will drop
exponentially until reaching its neutral position.

Solenoid current is measured when the solenoid
valve is energized and de-energized while its spool is
fixed stationery at a certain point and prevented from
motion. The electric current is measured when the sole—
noid spool is fixed at two positions, its initial position
and its maximum stroke position. Fixation of the spool
at either point is carried out using a mechanical jaw.

A resistor is connected with the solenoid to measure
the electric current passing through its coil. As the
resistor is connected in series, the passing current
through the solenoid and the resistor is the same.

The resistor is ceramic-based, having a maximum
power of 20 W. Consequently, it can withstand the high
consumed current. The resistor is 1 ohm. So, its voltage
drop equals its passing current. A NI USB-6008 data
acquisition card measures the voltage drop across the
resistor, which is equal to the solenoid passing current.

The solenoid current measured is shown in figure 6.
The figure shows that the current curve slope does not
change until it reaches its maximum value when the
solenoid is energized. Also, when the solenoid is de-
energized, the current curve slope does not change until
the current reaches zero. The figure declares a diffe—
rence between the current curve slopes when the spool
is fixed at its neutral position and its maximum stroke.
That is because of the difference in the inductance at the
two positions. The figure also shows that the maximum
value of the current when the spool is fixed at its initial
position is higher than when the spool is fixed at its
maximum position. The force required for maintaining
the spool at its initial position is larger than that required
for maintaining the spool at its maximum stroke.

2.5 T T

=== Spool is fixed at maximum stroke
====Spool is fixed atits initial position

2 4

-
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I

Current (Amp)

g
w
T
|

0 I 1 I 1 I -
0 100 200 300 400 500 600 700 800 900

Time (msec)

Figure 6. The current is measured when the valve spool is
fixed at its initial position and when it is fixed at its
maximum stroke position.
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Figure 7. A typical response of a solenoid valve shows the
excitation voltage, current, and displacement.

Figure 7 shows a typical response of a solenoid
valve [29]. The figure shows the energizing voltage, the
corresponding current, and spool displacement.

As shown, after the valve has been energized, the
current curve may be used to measure the time taken by
the spool to start moving and the time taken to reach
maximum stroke.

The current curve also can be used to determine the
time taken by the spool to start moving back and to
reach zero position after it has been de-energized.

The solenoid current is measured when the solenoid
is excited by a pulse excitation signal, having an ampli—
tude of 24 volts and a frequency of 2 Hz. These
transition times are calculated for the solenoid valve
under this study. The result of the measured current is
shown in figure 8.

2.5

-
o
T

Current (Amp)

X646
Y 0.4684

0.5

0 100 200 300 400 500 600 700 800
Time (msec)

Figure 8. Solenoid valve passing current after it has excited
by a pulse signal of amplitude 24 volt and frequency 2 Hz.

The figure shows that the spool takes about 16 msec,
after the solenoid has been energized, to reach its
maximum stroke. The value ¢, is chosen to be 25 msec.
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This value will ensure that the valve has been fully
opened under different operating conditions.

It is also shown; that the spool takes about 46 msec
to move back to its initial position after the solenoid has
been de-energized. So the value ¢, is chosen to be 8
msec. This value is adequate to shorten the time taken
by the spool to move back to its initial position.

Spring and hydraulic forces should be calculated to
estimate the holding duty cycle value. Figure 9 shows
an experimental test set up to measure the spring
stiffness. The spring is subjected to various forces by
changing the loading masses. At each load, the spring
deflection is measured. Then, a linear relationship
between the spring deflection and the corresponding
load is obtained to estimate the spring stiffness.

The electromagnetic force required to hold the
valve spool at its maximum stroke can be obtained by
substituting (9) with the parameters shown in table 1.

Table 1. Spring and hydraulic forces parameters
identification

Parameter Unit Value
Spring stiffness(K) N/m 5600
Valve spool maximum.stroke (x) m 1.7%1073

m 1.5%1073

Pre-loaded spring distance (x,,,.)

Valve port width (o). m 25%1073

Also, the actual generated force after the solenoid
valve is energized is measured. That can be done by
energizing the solenoid valve and letting the spool reach
its maximum stroke. Then the valve spool is subjected
to an axial load created by standard weighted masses.
Masses are added until the valve spool is to move back.
Hence, the generated electromagnetic force equals the
exerted axial load.

Figure 9. Experimental setup to measure the spring
stiffness.
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Figure 10. A hydraulic circuit is set up to measure the
hydraulic motor speed. (1) hydraulic tank. (2) relief valve.
(3) pressure gauge. (4) solenoid valve. (5) hydraulic motor.
(6) rotary encoder.

Equation (7) shows that the electromagnetic force is
directly proportional to the electric current square for
the same spool position. Consequently, the required
holding current and the corresponding holding duty
cycle can be obtained by comparing the required force
with the solenoid valve generated force and consumed
electric current. The experimental results show that the
needed duty cycle is 0.2. However, a duty cycle of 0.22
ensures holding the spool at different operating condi—
tions.

The hydraulic circuit shown in figure 10 is installed
to validate the proposed control method. This circuit
consists of the solenoid valve under this study which is
connected to a hydraulic motor. A rotary encoder is
installed on the hydraulic motor to measure its speed.
The base that attaches the encoder with the hydraulic
motor is produced using a 3D printer.

The used rotary encoder is (E6B2-CWZ6C), which
produces 1000 pulse/rev [30]. The encoder is connected
to NI myRIO, and a LabVIEW code depending on the
shift register, is designed to measure the motor speed.

The solenoid valve is energized either by the
traditional or proposed control methods. Also, the valve
supply pressure is changed. At every time, the hydraulic
motor speed is measured.

A comparison between these speeds is made to
validate the proposed control method.

6. RESULTS AND ANALYSIS

The solenoid supply voltage can be reduced by using
the PWM technique. Using the PWM technique directly
without applying the proposed control method will
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reduce the consumed energy, but other unsolicited
results will appear. The solenoid valve is excited for 0.5
sec by a PWM signal with a frequency of 1 kHz and
different duty cycles. The current is measured, and the
results are shown in figure 11. The figure shows that,
when applying a signal with a 30% duty cycle, the
current increases exponentially until reaching its
maximum value without any change in its slope. Also,
the current decreases exponentially to zero without
changing its slope. So, the valve spool does not move
from its position. Consequently, applying a PWM signal
with a 30% duty cycle or lower will produce an
electromagnetic force not adequate to overcome the
static friction force and other motion restriction forces.
When applying a PWM signal with a 40% duty
cycle or higher, the current will oscillate until reaching
its maximum value. As explained in the previous
section, any change in the existing electric slope is due
to the valve spool movement. So, the oscillation of the
current curve indicates that the spool oscillates until it
settles at its maximum stroke. Consequently, the last
oscillating point before the electric current increases
exponentially to its maximum value indicates the point
at which the valve spool has been settled at its

maximum stroke position. The zooming view (zoom 1)
shows that point for different duty cycles. The zooming
figures are concerned with indicating the time at which
the valve spool has been settled. So, the electric current
curve resulting from using a PWM signal with a 30%
duty cycle is removed.

The valve spool takes to settle at its maximum stroke
position about 140, 61, and 42 msec when energized by
a duty cycle of 40%, 50%, and 60%, respectively.

Decreasing the applied duty cycle will reduce the
time taken by the valve spool to return to its initial
position. The zooming view (zoom 2) shows the points
at which the valve spool has been moved back to its
initial point. It is shown that when the solenoid valve is
de-energized, the valve spool takes to move back to its
initial position 40, 42, and 45 msec when applying a
duty cycle of 40%, 50%, and 60%, respectively.

Therefore, reducing the applied voltage by applying
the PWM technique directly without using the proposed
control method will decrease relatively the consumed
energy. But the valve spool will oscillate and take a
long time to settle at its maximum stroke when the valve
is energized.

1.5 T T T T ;
= §0% duty cycle
====150% duty cycle
a 40% duty cycle
E 1r 30% duty cycle |
3
==
£
Q
=
305 i
’ /
Zoom 1
Zoom 2/1
0 | | | | | .
0 100 200 300 400 500 600 700 800
Time (msec)
Zoom1
127
041
1 L
037
08
1 027
06 :
1 I
i 0.1
040 ] |
100 150 200 250 600 650 700

Figure 11. Solenoid current when the solenoid is excited for 0.5 sec by a signal of frequency 1 kHz and different duty cycles

(60%, 50%, 40%, and 30%).
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The time taken by the valve spool to return to its
initial position when the solenoid is de-energized will
decrease. However, the resulting reduced time is short.

The proposed control method is applied to the
solenoid valve using state flow and the parameters
identified in section 5. The delivered signal from NI
myRIO to the driver card control ports is shown in
figure 12.

7 —~

——PWM port voltage
—DIR port voltage

122 124 126 128

w L o
T T T

Voltage (volt)
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0 100 200 300 400 500 600 700
Time (msec)

Figure 112. The driver card control ports voltage according
to the proposed control code.

The corresponding average voltage delivered from
the card to the solenoid valve is shown in figure 13.
Also, the figure shows a comparison between the sole—
noid valve average delivered voltage when using the
proposed control method and the solenoid valve deli—
vered voltage when using the traditional on/off control
method.

The solenoid valve is energized by using both
traditional and proposed control methods. The passing
current is measured, and the results are shown in figure
14.

30

Voltage of traditional on/off method
= Average voltage of the proposed method

20r 1
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T
I
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(=]
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I

.30 \ \ : \ \ .
0 100 200 300 400 500 600 700

Time (msec)

Figure 123. The solenoid delivered voltage using the
traditional on/off method, and the average delivered
voltage when using the proposed control method.
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Figure 134. Solenoid current when the solenoid is

energized by the traditional on/off method and the
proposed control method.

The figure shows that at the beginning of solenoid
energizing, the behavior of the current curves is the
same. Consequently, applying the proposed control
method makes the valve spool rapidly open without any
oscillation. No extra time is needed for the valve spool
to reach its maximum stroke position.

It is also shown that the solenoid current is reduced
to holding the current value after the valve has reached
its maximum stroke. The reduction of current occurs
exponentially without any change in the existing slope.
Accordingly, the valve spool is stationary at its
maximum stroke position and does not move.

The zoomed portion of the figure shows the points at
which the valve has been closed. It is shown that when
the proposed method is applied, the valve spool takes
only 13 msec to reach its initial position. When the
traditional on/off method is used, the valve spool takes
46 msec to get its initial position and close it. So, the
proposed control method reduces the valve closing time
by about 72% of the traditional way.

The temperature effect is studied by measuring the
valve temperature after energizing it by both the
traditional on/off method and the proposed control
method. PT2100 Pacer digital thermometer is used to
measure the valve temperature, and the results are
shown in figure 15.

45 T

—Temperature under proposed control method
—Temperature under traditional on/off method /

Temperature (°C)
w B
o =]
| |

o
=
I

2 5 | | | |
0 1 2 3 4 5 6

Time (min)

Figure 145. Temperature effect when using the traditional
on/off method and the proposed control method.
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The figure shows a slight increase in the valve
temperature observed when using the proposed control
method to energize the solenoid valve. Otherwise, a
significant rise in valve temperature is observed when
the valve is energized by the traditional on/off way. The
temperature is shown to increase rapidly with
increasing the energizing time. The increased
temperature is considered a waste of energy, but it also
harms the solenoid valve.

Increasing the valve temperature harms the magne—
tization characteristics of the solenoid. Hence, the
dynamic response of the valve is affected as well. If the
temperature exceeds the solenoid coil insulation layers'
tolerance, these layers may melt, causing the coil resis—
tance to increase [31]. Consequently, more current is
consumed, and hence more energy is wasted.
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Figure 156. Power consumed energy and saved energy of

the solenoid valve when it is energized by the traditional
on/off method and the proposed control method.
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Figure 167. Hydraulic motor speed when the solenoid valve
is excited by the proposed control and traditional methods
under different supply pressures (2 MPa and 3 MPa).

According to the equations represented in section
3, the consumed power of the solenoid valve is calcu—
lated. Power is calculated when the valve is energized
for 0.5 sec using the traditional on/off and the proposed
control method. In the time-power diagram, energy is
presented by the area under the curve. Consequently,
power and energy results are shown in figure 16.

The saved energy depends on the solenoid valve
energizing time. But, generally, the results show that

FME Transactions

the proposed control method saves about 94% of the
consumed energy when using the traditional on/off
control method.

Figure 17 shows the hydraulic motor speed resulting
under different supply pressure (2 MPa and 3 MPa).

The results show that, under the same supply
pressure, the hydraulic motor reaches at the same time
approximately the same speed. Consequently, the valve
pressure and flow rate do not change when the valve is
energized either by the proposed control method or by
the traditional on/off. It is also shown that although the
solenoid valve has been de-energized simultaneously,
the hydraulic motor stops when using the proposed
control method faster than when using the traditional
on/off method. The proposed control method's valve
closing time is shorter than the conventional on/off
control method's valve closing time.

7. CONCLUSION

A new method of controlling HSVs is presented. The
proposed control method is used to enhance the
dynamic and energy performance of the HSVs. The
proposed method uses NI myRIO as a controller while
the MD10C card is used as a driver. The controller is
programmed using LabVIEW software.

Validation of the proposed control method is
performed under different operating conditions.
Experimentally, the results show that this control
method can enhance the valve performance by reducing
the valve closing time, rising temperature, and
consuming energy. The results show that the proposed
control method can reduce the valve closing time by 72
% compared to the traditional on/off control method.
The temperature rise of the valve is reduced by
approximately 34% after six minutes of solenoid
energizing. Also, the consumed energy is saved by
about 94%.

NOMENCLATURE
U, Solenoid driving voltage. [V].
i Solenoid coil passing current. [A].
R Solenoid coil resistance. [Q].
L Solenoid coil inductance. [H].
J7A Air gap permeability [H/m].
n Number of solenoid coil turns.
Zmax  Maximum length of the air gap. [m].
X Valve spool position. [m].
A Air gap cross section area. [m?].
Fag  Electromagnetic force. [N].
Fjyq  Hydraulic force. [N].
K The return spring stiffness. [N/m].
Xpre  The pre-loaded spring distance. [m].
c Damping coefficient. [N.s/m].
m Mass of the moving parts. [kg].
w Width of the solenoid valve port. [m].
AP Pressure difference between both

sides of the valve spool. [Pa].
By The power lost. [W].
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W,s  The energy lost. [J].
t Valve operating time. [s]-
ACRONYMS
High-speed on/off solenoid valve...................
(HSV).
Pulse width modulation..............................
(PWM).
Moving magnet actuated..................ooiininn
(MMA).
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YHITEJA EHEPTHJE ! ITIOBOJBITAIBE
HNEP®OPMAHCH EJIEKTPOMATI'HETHOI'
BEHTHWJIA BEJIMKE BP3UHE 3A
YK/bYUNBABE/MCK/bYUYUBAIBE

A.H. Abopo6a, K.A. I'ampu, A. Canex, M.X. Madpyk

EnexkTtpoMarHeTHH BEHTWIH BeJHKe Op3HHE 3a YKIbY—
4ynBame/ucKkbyunBambe (XCB) cy aururanne BpeaHOCTH
KOje ce 0OMYHO KOPUCTE Y XUAPAYTUYHUM €HEPreTCKUM
cucremuMa. OBH BEHTHIIM C€ OOWYHO KOPHCTE y KOHT—
POJM MPUTHCKA M MPOTOKA LITO 3aXTEBa BHCOKE IMHA—
MHUYKe U eHeprercke mepdopmance ga Ou ce
rmoOoJpIasia TaYHOCT KOHTpoJe. OBaj pax uMma 3a LUb
Jla TIPEIJIOKHN HOBY METOXy KOHTpOJIE KOja ce KOPHCTH
3a Mo0OoJbIIaAe JUHAMUYKHX W €HEPreTCKUX nepgop—
maHcu XCB-a.

[pemmoxkenn MeTon je 3acHOBaH Ha TEXHHLH
Monyrnanuje  mupuHe  wummyinca  (I[IBM)  kojy
nmmementupajy JIabBUEB codrtBep 1 HU mMuPUO.
Ha ocnoBy Tora, HI muPUO mma Moxmyn y peaaHoMm
BpeMeHy; HHje TOoTpeOHa TOBpaTHa WHQOpManyja.
VYBeneH je marematndyku monen XCB-a, koju omucyje
CBaKd IOJCUCTEM Baje U erope MmehycoOHe wHTE—
paxnuje. Ilpemnokena MeTona je BaMIUpana y pasiii—
YUTUM YyclloBHUMa pana. Pesynratm mokasyjy nma he
IpUMEHa MNpeaIokKeHe MeToAe ympaBbama Ha XCB
CMamUTH BpEME 3aTBapama KajeMma BeHTW1a 3a 72% u
CMambHUTH MOTPOLIKY eHepruje 3a 94% y mopehemy ca
TPaIULHOHATHOM METOIOM YIpaBJbakba YKIbYUHBAE
/MCKIbYUHBabE.
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