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Abstract-This paper describes a new type of digital hydraulic
valve run by two servo motors. Digital hydraulics is a cutting-
edge technology, which saves more exhausted energy than
conventional hydraulic valves. It includes conventional valves,
but its working principle is different. Similar or different size
valves constitute a digital hydraulic valve assembly. When the
assigned valves are opened, a certain amount of flow is obtained
from the output of the valve assembly. To control a digital
hydraulic valve, Pulse Number Modulation (PNM) Control
technique is used for equal valve flow rates, while Pulse Code
Modulation (PCM) is used for different valve flow rates. Valves
are exerted by independently launched electric coils. Previous
studies used controller board and external power booster circuits
for coils. In this study, a new type of digital hydraulic valve is
designed, manufactured, and tested with the PNM method. The
studied valve body has two different valve groups. Every group
includes 16 equal valves and 1 camshaft rotated by 1 servo motor.
The servo motors are controlled by a PLC. The calculated
performance index is found to be 5.1ms which is similar to the
results of previous studies. The experimental results showed that
the cam and servo motor controlled digital hydraulics is
applicable to variable speed control hydraulic systems.
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1. INTRODUCTION

Hydraulic cylinders and hydraulic motors are used for
lifting and turning heavy loads. Elevators, presses, excavators,
buckets, and dams are common areas of use. When precise
position control is required for lifting heavy or light loads, and
the lifting system has limited space, hydraulic systems are
applied instead of electric actuators. Proportional and servo
valves are used for precise position control with a hydraulic
cylinder. However, these high cost valves can easily break
down due to contamination in the oil. This paper presents a
hydraulic valve which can be used in precision position control
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applications, can work in the performance of servo and
proportional valves, is resistant to oil contamination, and saves
more energy than the conventional valves. The proposed valve
is tested for speed and position control with a hydraulic
cylinder.

Pressurized flow valves have been highly investigated in
order to increase the performance of a system. Pressure and
flow rate change during the operation greatly affect the
behavior of the system [1, 2]. On-off directional valves,
proportional valves, servo valves are often used for a single
hydraulic cylinder or a single motor. Authors in [3] used two
independent proportional valves each for one port of a
hydraulic cylinder, reducing the energy losses by 15%.
Authors in [4] increased the controllability of the system by
running the inlet and outlet ports of a hydraulic cylinder by 5
separate proportional valves. In addition, the efficiency of the
system has increased. The lines to and from the cylinder were
controlled by 4 proportional valves. Another valve saves the
potential load energy that the cylinder lifts and increases the
system efficiency by connecting the return line of the hydraulic
cylinder to the system. Authors in [5] proved that parallel-
connected on-off valves can be used as servo valves in the
digital hydraulic method. In this method, the hydraulic system
using water as fluid is operated with valves located in parallel.
The valves have different flow rates and are controlled by the
binary coding method. The data obtained in the experiment
showed that velocity and position graphs are similar to the
servo valve actuated system. However, it was found that the
pressure shocks in the system are high.

Proportional and servo valves alone are generally used with
a hydraulic cylinder, and a spool of the valve regulates the
amount of flow through the valve. However, in digital
hydraulics, the on-off valves just open and close and are more
than one. The flow rate of each valve is a small amount of the
total flow of the system. The flow rate of each valve may be
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different or equal to the others'. If the valve flow rate is desired
to be the same, valves with a very small flow rate are required
in order to increase their accuracy, so the number of valves
increases. If the valve flow rate is selected in multiples of 2 by
the binary coding method, four valves will be sufficient instead
of sixteen equal valves. The sensitivity will be 1/16 times. The
Fibonacci (1: 1: 2: 3: 5) method is similar to the binary coding
method and the flow rates are chosen using different
coefficients. In this way, when the valve flow rate is selected as
a coefficient of some numbers, pressure shocks occur during
the opening and closing of the valves at system pressure. These
pressure shocks cause undesirable results in system control,
hydraulic system parts and make it difficult for the system to
operate linearly [6].

Authors in [7] evaluated the hydraulic systems required in
the ITER fusion reactor. They stated that the hydraulic system
to be used in the reactor would take a narrow space, work in
high radiation, and should carry high reliability and high
sensitivity. They mentioned that the digital hydraulic method
would be suitable for this because the system is capable of
tolerating errors. When they compared the servo hydraulic
system to the digital hydraulic system, they obtained similar
position tracking results. However, the digital hydraulic system
made oscillation movements when servo systems gave more
linear results at low speeds. They stated that using more on-off
valves should be used to solve the pressure fluctuation causing
oscillations. When separate valves are placed differentially in
the A and B pressure and tank lines to the system, all four flow
lines can be controlled independently. Controller systems
using 2-5 independent proportional valves instead of only one
proportional valve are called programmable, multifunctional,
independent line, and distributed line. Since the valve system
is used differentially, these systems are energy efficient, and
their losses are minimized. When a single proportional valve is
used, the valve spool regulates the flow to the pressure line
and tank line equally [8-10]. Digital hydraulic control method
is superior compared to proportional and servo systems. In
the case of a digital hydraulic system, when a valve fails, the
system is capable of continuing operation.

Digital hydraulics systems are cheaper compared to
proportional and servo systems and can cost even less if they
are mass manufactured. They have the advantages of not
requiring spool feedback as the proportional or servo valves
[11-13]. The model-based controller system is used to control
the digital hydraulic system. The controller operates based on
a steady-state model and does not require dynamic modeling,
so it does not make many calculations during the operation of
the system. In this method, the control technique is based on
reducing the previously calculated estimates in an optimal way
by using the cost function method. During the operation of the
system, the best reference command is determined by
comparing the measurements taken from the position,
pressure, and flow sensors with the estimated data to be
operated with minimum energy, and the system is controlled
according to [14-15]. Authors in [16, 17] conducted the
experiments of a hydraulic system powered by a fixed
displacement pump, working with a four-zone secondary
controller and variable displacement hydraulic motor. In this
system, it is not possible to produce a hydraulic cylinder with a

variable piston similar to its variable displacement motor in
today's conditions. Instead, authors in [16] used telescopic
independent pistons and cylinders. The cylinder is connected to
a boom arm and has loads of 200kg, 150kg, 100kg, and 50kg
on the arm. The system shows 60% reduction in energy losses
compared to systems operated by proportional and servo
valves. This system is well controlled at high speeds but faces
problems at low speeds. In contrast to the previous systems, a
safety valve and a second flow sensor outside the pump line are
installed to measure energy efficiency. It was found that the
energy saving of this experimental system is increased by
reducing the energy loss in the pressurized flow to the tank.
Authors in [18] operated a three-part hydraulic cylinder with 3
digital hydraulic control units including 8 on-off valves each.
This system is operated by digital hydraulics and its energy loss
is reduced by 66%. In the experimental system, the hydraulic
cylinder is connected to a single degree of freedom lever, and
the lever is required to keep fixed permanently.

Authors in [19] tested a lever mechanism with an electronic
load sensing pressure system, a distributed digital hydraulic
control unit, and a pressurized tank line. The system had a
hydraulic accumulator connected to the tank line. The flow
from the system to the tank was pressurized by a relief valve.
The studied system's energy losses decreased by 53% to 71%
compared to the proportional valve systems. Authors in [20]
examined a system of miniature valves to lift a load of 50kg.
Their system worked successfully for 15mm, 50mm, and
100mm position displacement. The coefficient found by
dividing the derivative of the position error over time by
velocity was determined as a success. Their obtained
coefficient was 1.7ms which is much better than the 5.3ms
found in [21]. In the newly developed digital hydraulic method,
instead of a servo valve, simple on-off poppet valves with
equal fluid flow rate are used. The total number of the poppet
valves is at least 2. In order to reduce the total number of
poppet valves, valves with different flow rates are selected in
multiples of two (binary coding). Thus, instead of 16 open-
close valves, the same process can be applied with 4 on-off
valves. In the digital hydraulic control method, when one of the
valves breaks down, the system continues to operate, and the
operation of the system is not disrupted at all [19].

Controlling four or more valves at the same time with
binary coding in PCM method causes undesired pressure
fluctuations in the system. Other PNM methods use equal flow
rate commercial valves that require more valves and more
space in digital valve assembly. To solve that, custom made
miniature valves are produced. This type of assembly is
smaller compared to the commercially used valve assembly.
Either commercial or custom-made valves require high
performance electronic control cards and additional valves are
added to the system to show a damping effect. Therefore, the
complexity of the system increases [19, 21-24].

The above mentioned digital hydraulic valves involve
independent control components for each small valve flow rate
and that makes it even more complicated. The proposed valve
has one camshaft and a servo motor for 16 same flow rate
valves, which is better coordinated to control the valves.
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II.  CONCTROL PRINCIPLE

The steady state model and the cost function presented in
[5] are used to control the suggested valve. For the extending
movement of the steady state, the equations of the system are:

QN,P = ZT:P] Up; QN,Pi (1)
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For the retracting movement of the steady state, the
equations of the system are:
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= B D
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where @ »(up) and @ (ur) are the nominal flow coefficients

of the tank side and the pressure side that change with up and
uyp which are the element vectors of QN,P and QN,T. F is the
force applied by the cylinder, Ps is the supply pressure, P, is
the piston side pressure of the hydraulic cylinder, Py is the
rode side pressure of the hydraulic cylinder, W is system
energy and v is the hydraulic cylinder velocity.

Every poppet valve has an equal flow rate. Also, the
elements of vectors of QMP and QN,T consist of the flow rates
of these valves. The system is controlled with the steady state
equations and the cost function. The least error control input
calculated from the cost function is applied to the servo
motors. This function can be written as:

10 =[%B)- 5R)] *+Kyalpy, (05,0 ]+

2
Ki[p,(k-1)5, 0 ] "+ K [py(k-D) D] (14)

where J(k) represents the calculated error for the given
combination of input, v, is the reference velocity, """
circumflex is used to represent the calculated values of the
below symbol, p, represents the downstream reference

pressure, K4 is the weight of downstream pressure error, and

K; and K, are the weights of pressure variation for the A and
B sides of the cylinder.

The least error combination shows us the best control
switch to achieve less error output. This combination has
error vectors that correspond to the vector of Oy ,(up) and

Oy 1(up) in the same row and column. Thus, less calculated

error for the given reference value is applied to the system.
Hydraulic systems are sensitive to disturbance and a closed-
loop controller is efficient to obtain better results [26]. A
closed-loop controller is used which can be written as:

Vie= Wt KP (V,'J’) (15)

where v, is closed-loop velocity reference, Kp is closed-loop
gain, y_is position reference, and y is the actual position.

A closed-loop controller is used to decrease velocity error
(Figure 3). The studied valve is not able to change the
direction of the piston, therefore a commercial directional
valve is added to the system as shown in Figures 1, 4. The
direction signal is shown as u;, in Figure 3.

III.  DESIGN OF THE VALVE

The studied hydraulic valve has two camshafts, and each
one is driven by 1 servo motor. Each camshaft has 16 cams and
is used to actuate the valve spools instead of 16 different coils
independent of each other. Its rode and piston ports are
connected to a commercial 4-way valve to channel the
pressurized flow to the pump and tank ports of the used digital
hydraulic valve. The studied digital valve has 2 groups of
valves. Each group includes 16 equal rate poppet valves and 1
servo motor to exert the spool of the poppets. The studied valve
cannot use the binary coding method because the camshaft is
able to open the valves one after another while the binary
coded method needs to open different flow rate valves
independently. For example, the PCM method might run 4
valves, and these are placed as 1x, 2x, 4x, and 8x flow rate
valves in a line. It will open 1x, 2x, 4x, and 8x flow rate valves
to have 15x flow rate or will open 1x and 8x flow rate valves to
have 9x flow rate. However, the used camshaft will open 16
pieces of 1x flow rate valves respectively to supply the 16x
flow rate to the system, and the studied valve cannot be used
for binary coding method. In addition, for binary coding
method, a hydraulic system has a lot of pressure fluctuations
while different flow rate poppets are opened. Instead, the
studied valve will open the equal flow rate poppets
successively by the servo motor with camshaft and the pressure
shocks which are produced with the opening and closing of
different flow rate valves will be decreased. Thus, pressure
shocks that reduce the life and operating accuracy of the system
will be prevented.

Two servo motors through camshafts exert the poppet
spools in the valve group one by one and each camshaft has 16
different angled cams mounted. As shown in Figure 2, each
cam makes an angle of 11,25° with the next cam. So, for every
11,25° turn of the camshaft, one poppet in the valve group
opens. The valve poppet is pressed down by a running cam
lobe and is lifted by spring force.
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Fig. 1. Test setup.

;((((/(%60

o

In Figure 2, each camshaft faces two identical valve bodies,
below and above. The left sides of the upper and lower body
are for the pressure line and the right sides are for the tank line.
Each valve body has 2 plates and spools fitted into them. The
red color valve plate houses the higher pressurized line, and the
orange color plate houses the lower pressurized line. Plates are
connected to each other with bolts. Also, two plates hold up
each valve body, camshafts, and servo motors from the sides
with bolts. To minimize the valve, two opposite valve bodies
are used.

IV. TESTSETUP

The test setup is shown in Figure 1. Loads are placed on the
plate, which is attached to the vertical cylinder rode end. Steel
frame houses the manufactured valve on the right side and a
directional valve on the left side. The vertical hydraulic
cylinder is set in the middle of the steel frame. Pressure
transducers are connected to the hydraulic cylinder end ports
and a linear position sensor is attached to the hydraulic cylinder
rode end. A hydraulic pressure supply unit is connected to the
valve with hydraulic hoses. The schematic of the hydraulic
circuit is shown in Figure 4. The studied valve body (8, 9) and
an on-off valve (10) are attached side by side on a frame. A
double-acting hydraulic cylinder (340 mm / @25 mm x 400
mm) is placed in the center of the frame to lift up loads. Its
ports are from the pump and tank ports of the studied valve
manifold. Hydraulic hoses are used to connect valves, cylinder,
and hydraulic supply to each other. A separate hydraulic supply
unit includes a 5.5kW electric motor and a 32.51t/min fixed
displacement pump (1) is used. Servo motors are run by an
OMRON PLC unit. Measurements are taken by the same PLC
unit. Two pressure transducers (6) are added to the rod pressure
line and piston pressure line of the hydraulic cylinder (11) to
measure the pressure of the cylinder chambers. To see the flow
rate of the pump, a flowmeter (4) is used. Hydraulic cylinder
displacement is measured with a linear position sensor (7).
Tank (12), check valves (2), relief valve (3), and mechanic

Fig. 2. The valve assembly. pressure gauge (5) are the other system components.
Vr
geferen¢ Closed Model uD Digital Q ‘
— Loop + Based u Vaive Hydraulic y
Yo A Controller |3 yic é:nocﬂy Ugir System Cylinder

Fig. 3.

V. EXPERIMENTAL RESULTS

Fifth-order polynomial is used for reference generation.
Three different trajectories are chosen, namely 25mm, 50mm,
and 100mm back and forth displacement with 2s movement
time. Each trajectory is performed 4 times and Integral of
Square Error (ISE) and maximum position error measurements
are compared to see the performance of the system as shown in
Table 1. After several tests to acquire better cost function
parameters K,q, Ki and K,, they were found to be 5x107,
Nominal flow coefficients Qn.p; and Qn,ry are 1><10'8m3/(5\/Pa)

Block diagram of the closed loop control system.

and 0.9><10'8m3/(5\/Pa) respectively. Replaceable orifice cavity is
designed on the valve manifold and the flow rate of the valve
can be changed by using different diameter bores inside the
orifices. However, it is hard to find the desired diameter
commercial orifices, so commercial setscrews are drilled and
used for the required orifices. It is highly difficult to drill the
desired bore below Olmm diameter in high strength
commercial setscrews. Closed-loop gain is Kp = 35/s and the
used load mass is 50kg. Output data are filtered with a low-pass
filter. For each position tracking experiment, position, position
error, velocity, cylinder port pressures, and states of valve
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openings are measured. Figure 5 depicts that 25mm position
error is bigger than in longer distance trajectories. Both
pressure outputs oscillate at maximum speed peak point.
Maximum position error is 0.29mm at the speed stop point on
back forward movement.
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Fig. 4. Hydraulic circuit diagram.

Figure 6 presents the 50mm position tracking. The position
error is better than the 25mm error. There are some pressure
fluctuations at extending movement. Retracting movement
makes more valve openings than the 25mm retracting
movement. To decrease cavitation, the T port flow rate is
smaller than the P port flow rate. Due to the area difference
between the rod and piston side, more valve openings occur
with a larger speed. Figure 7 shows the pressure fluctuations
with both extending and retracting movement of 100mm
displacement results. These fluctuations happen when it is
getting closer around maximum speed peak point. Moreover,
the valve opening number increases with speed. Besides, the
best maximum position error by speed is 0.51mm. Previous
studies compared their experiments with a performance index
method calculated by dividing maximum position error by
speed.
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Fig 5. 25mm displacement tracking results.
TABLE 1.  VALUES OF ISE AND MAXIMUM ERROR FOR POSITION
Trajectory ISE (mm?/s) Ax (mm)
25 mm 0.14 0.29
50 mm 0.19 0.38
100 mm 0.26 0.51
VI. CONCLUSION

In this study, a cam operated digital hydraulic valve is
designed, manufactured, tested, and discussed. It is proven to
be applicable to solenoid operated digital hydraulic valves,
proportional, and servo operated valves.
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The results show promising values: the 100mm trajectory
performance index is 5.1ms, which is similar to the value of
5.3ms found in [21]. On the other hand, the 25mm trajectory
position error is not as good as the 100mm trajectory response
because valve flow rates are chosen with a wide range which
affects the speed and the position error. However, the valve is
self-designed and manufactured allowing orifice change, and
hence proper flow rates can be applied to the desired systems.
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Fig. 7. 100 mm displacement tracking results.

The 50mm tracking response etror can also be tolerated by
changing orifices. Also, by increasing valve number and using
smaller flow rate valves, 25, 50, and 100mm tracking responses
can give good results. On the other hand, the studied valve uses
a vertically placed cam, and this results in a wider valve
manifold with more valves. Cam operated valves cannot be
placed crosswise like solenoid operated digital hydraulic
valves. It can be concluded that the valve can present great
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performance for bigger systems due to manufacturing limits.
An essential result is achieved because cheaper components
than the solenoid-operated digital hydraulic valves are used.

It is possible to obtain smoother movement with smaller
flow rate of valves. This comes with a larger volume, but with
a smaller price.

In summary, our first digital hydraulic valve is not as
superior as the previously studied digital hydraulic valves due
to the used cam and servo motor, but it can be improved with a
smaller design and more valves while it has already showed its
potential with inexpensive components.
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