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Abstract: In this paper, a new solution for an electro-hydraulic servo drive is proposed, which
consists of two electro-hydraulic servo drives: one with a hydraulic cylinder and one with a hydraulic
rotary motor. In the proposed drive, the linear actuator is attached to a horizontal base and the
hydraulic motor is mounted on the actuator piston rod. Thus, the output signal of the drive is
the lifting and lowering of the element suspended on the rope. The paper describes the structure,
kinematics, dynamics, and control of a novel electro-hydraulic servo drive. A servo valve and a
proportional valve are used to control the flow of the hydraulic cylinder and the hydraulic motor.
Special attention is paid to the construction of two actuators in one drive unit. The controller is based
on the PLC controller. The measuring system uses laser displacement sensors and an encoder. The
results of laboratory investigations are discussed in the paper. The proposed drive contains all of the
characteristics of a mechatronic device. The main contribution of this study is the proposal of the
controller architecture and the algorithm to control the speed and position when lifting or lowering
loads.

Keywords: servo drive; electro-hydraulic drive; hydraulic motor; servo valve

1. Introduction

Due to the ability to generate very high forces and torques at output, electrohydraulic
servo drives are used in many machines and industrial devices. A wide range of movement
speeds in the range of 0.01 mm/s-1000 mm/s and positioning accuracy at the level of
several micrometers confirm that these drives do not differ in the accuracy and speed of
movement from electric drives. The advantage of electrohydraulic drives is also the fact
that, thanks to the use of an actuator, they obtain linear displacements directly. Thanks to
the fact that the drive system built for their use is relatively simple, they have a low failure
rate and are often cheaper than an equivalent electric servo drive. The basic knowledge
of hydraulic components and drives has been described by many authors, for example,
Murrenhoff [1], Chapple [2], Rabie [3], Backe [4] or Akers [5]. The electrohydraulic servo
drive is an automatic control system in which the output signal, i.e., the displacement
of the cylinder piston rod, follows the input signal. The adjustable variable is a linear
displacement of the piston (piston rod) or an angular rotation. In the electro-hydraulic
servo drive, the electrical energy of the low-power input signal is “converted” into a high-
power hydraulic output signal (pressure, flow rate) and then into a mechanical one, such
as displacement or rotation. The basic components of the electrohydraulic servo drive are
the cylinder or hydraulic motor, control valve, and electronic controller. One of the most
important elements of electro-hydraulic systems is the control valve, which enables good
operation of actuators such as cylinders or hydraulic motors. Technical Bulletin [6] provides
the basic operation, construction, and guidance on selecting valves for various applications.
Information on proportional valves and servo valves is included. There are also data on
control systems for electrohydraulics. Materials made by Moog make it easy to choose and

Appl. Sci. 2023, 13, 8598. https:/ /doi.org/10.3390/app13158598

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app13158598
https://doi.org/10.3390/app13158598
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-5513-4864
https://orcid.org/0000-0001-6353-5801
https://doi.org/10.3390/app13158598
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13158598?type=check_update&version=1

Appl. Sci. 2023,13, 8598

20f11

use the right valves across a range of different types of equipment. The control of the valve
by the regulator is carried out thanks to the control card. Its main task is to directly affect
the electro-hydraulic valve with electrical signals. An analog or digital signal is supplied
to the card, which controls the position of the spool of the multi-edge hydraulic amplifier.
Currently, the control cards can be a separate component of the valve (located away from
it) or are built directly into the valve. On more advanced cards, there is also a position
and speed regulator of the cylinder or the hydraulic motor. The input of this controller is
supplied with signals from sensors and measurement systems. The regulator is responsible
for the implementation of advanced control, supervision, and communication algorithms.

In recent years, the number of scientific works undertaking research and development
work on the use of electrohydraulic servo drives in relation to work with electric drives is
constantly decreasing. However, it is justified to carry out research work strictly focused
on both new design solutions and the application of control methods as well as new
possibilities of using actuators (hydraulic actuators and motors) and their connections. In
the literature, there are many works related to the application of new control methods in
hydraulic linear drives. The paper [7] describes the implementation of a fractional-order
PI controller for the PLC. The proposed control system is used for the positioning of an
electrohydraulic drive with a servo valve. Another example is article [8] that deals with
the structure of an adaptive control electro-hydraulic servo system with an external load.
The electro-hydraulic servo system consists of a servo cylinder controlled by a servo valve.
There is much less research on hydraulic motors than on actuators. AL-Assady described
simulation and experimental studies of the hydraulic motor servo system [9]. In this work,
the authors used a hydraulic motor that was controlled by a proportional valve and a PID
controller. The research involved controlling the rotational speed of the hydraulic motor. In
the work [10], a hydraulic motor was used as the winch actuator. The control of the winch
movement was performed using predictive control. The authors presented the test stand
of a winch with a hydraulic motor and the results of simulation tests. More studies on
hydraulic motors can be found in [11-13]. In the article [14], the authors presented a crawler
robot with four actuators. It is a system in which all actuators are controlled simultaneously.
A proportional valve control system was used. The aim of the work was to create a control
system that counteracts the position of the actuators. Test results show that this solution
can be used in various platforms of this type. Studies of electrohydraulic servo drives
with one actuator, e.g., a cylinder or motor, are widely published. There is much less work
related to testing systems with two or more drives operating simultaneously. However,
there are several entries from recent years on the construction, analysis, and control of
systems with several drives. These studies are included in the works [15-21]. This paper
presents the structure and investigation of a new electrohydraulic servo drive solution. The
research in this paper is focused on positioning an object with a single electro-hydraulic
drive (cylinder and hydraulic motor) and combining both drives. The main contribution of
the presented work is the new solution of the electrohydraulic drive and the introduction
of control of both drives at the same time. The new solution of the electrohydraulic drive
and the control of both drives at the same time allows us to increase the dynamics of the
positioning object. The main purposes of the article are to present the construction of a new
type of electrohydraulic drive, test the control system, and conduct research on the speed
of movement of both drives.

2. Linear Rotary Electro-Hydraulic Servo Drive Unit

The positioning of the object is carried out by the operation of both drives at the same
time in different proportions. A block diagram for this type of drive operation is shown
in Figure 1. For all types of drive unit operation, the position of the cylinder and the
hydraulic motor are regulated by regulators that send a given signal to the valve control
cards. Moving the slider on a proportional or servo valve will cause the cylinder or motor
to move. Two PID controllers were used, a separate PID controller to position the cylinder
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and the hydraulic motor. An essential element of the drive unit is the control system. It
must be specially designed and made to control two drives at the same time.
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Figure 1. Block diagram of the control system for object positioning.

Figure 2 shows the construction of the linear rotary electrohydraulic drive unit test
stand. The test stand consists of a base (1) to which a hydraulic cylinder (2) is attached.
The body is attached to the end of the actuator piston rod, which is connected to a linear
guide (3). Such a combination allows for blocking the rotation of the actuator piston rod
and causes linear movement of the actuator. The hydraulic motor (6) is placed inside the
body. A drum (9) is mounted on the shaft of the hydraulic motor, on which a steel cable is
wound. The object (13) is attached to the end of the steel cable. The object is attached to the
linear guide. This prevents the object from rotating. It can only move vertically. The main
elements of the described drive unit are the hydraulic cylinder and the hydraulic motor.
The position of the actuator piston rod is measured by the laser displacement sensor (5).
The laser displacement sensor (11) is also used to measure the position of the object. The
position of the hydraulic motor shaft is measured by an incremental encoder (7), which is
connected to its shaft through a coupling. The design of the new electro-hydraulic drive
allows the actuator and motor to work separately or at the same time.

Several important assumptions were made when designing the linear rotary servo
electrohydraulic drive (Figure 2). It is important that the hydraulic motor is mounted on the
end of the cylinder’s piston rod. To make this possible, a special adapter was designed that
is mounted on the end of the cylinder’s piston rod. Then, the hydraulic motor is mounted
on this adapter. The construction of the adapter allows for the installation of any hydraulic
motor of the SMM series. The speed range of the motors in this series is between 400 and
1950 rpm. Another key element is the drum (9) on which the steel cable is wound. It can be
quickly changed to another diameter in the range of 20-60 mm. Due to this, we can regulate
the speed of winding and unwinding of the steel cable. To avoid excessive stresses between
the hydraulic motor shaft and the encoder, coupling is used. The elements holding the
linear guide of the cylinder (4) and the linear guide of the object (14) are made of aluminum
profiles. The construction is bolted, which facilitates assembly and allows for quick, easy,
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and cheap modifications. Many studies have shown that the movement of the object on the
horizontal axis and the rotation on the vertical axis are small. For this reason, the object
was fitted to the linear guide. Due to this, the movement of the object is only on the vertical
axis, and the position measurement is only on the vertical axis.

Figure 2. Simplified drawing of the linear rotary electro-hydraulic drive.

In rotational motion, the quantity analogous to linear displacement is the angular
displacement ¢. The angle ¢ defines the (angular) position of point P relative to the
reference frame. The relationship ¢ = s/R between the linear path s and the angular
displacement ¢ results directly from the angle arc measurement of the angle ¢. In rotation,
the analogous value of the instantaneous linear velocity v is the instantaneous angular
velocity w.

_de  1ds

T dt ~ Rdt M)
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The relationship ¢ = s/R between the linear path s and the angular displacement ¢
results directly from the angle arc measurement of the angle ¢.

¢ =R 2)

The encoder resolution is 1000 pulses per revolution. Assume the following;:

27R — 1000 [puls} 3)
rev

On the basis of the above formulas and data, the formula for converting rotational
motion into linear motion was determined (4). The following formula (4) has been im-
plemented in the PLC. The use of the encoder described above allowed us to obtain a
resolution of the linear motion converted from the rotational motion of the hydraulic motor

at the level of 0.095 mm.
B 27R * Xp 1
S = “qoo0 M @

where

¢—angular displacement [rad],
R—drum radius [mm)],
xp—measured number of pulses,
s—linear distance [mm].

3. Investigation

In Figure 3, the control system diagram for a new electrohydraulic drive solution
is presented. The control system was based on a Power Panel 500 PLC. The PLC was
equipped with a touch panel. Written software was used that enables easier integration
with the user through dedicated visualization. The panel displayed graphs on which
current parameters could be read, such as the actuator position, motor position, and object
position. The use of a modular PLC controller allowed for quick and easy connection of
additional measuring elements.

On the test stand, the first actuator of the servo drive is a single acting cylinder with
a piston diameter of 40 mm; the diameter of the piston rod is 22 mm, and the stroke is
400 mm. The second actuator is a hydraulic motor. The maximum rotational speed is
400 rpm. The maximum achievable torque is 58 Nm. The maximum flow for the engine is
Q =20 dm?®/min. The maximum motor output power is 2.1 kW. The actuator is mounted
in a vertical position. A special plate is mounted to the end of the piston rod. The motor is
bolted to the plate, on the shaft of which there is a drum. A steel cable is wound around
this shaft. The drum diameter is 30 mm. The object is attached to the end of the steel
cable. The position of the piston rod of the cylinder is measured using the HG-C1400 laser
displacement sensor from Panasonic Company. The sensor measurement range is £200 mm,
and the measurement center distance is 400 mm from the object. The repeatability in the
range of 200-400 mm is 300 um. A second laser displacement sensor HL-C1200 from
Panasonic Company is used to measure the position of the object. The sensor measurement
range is £80 mm, and the distance of the measurement center is 200 mm from the object.
The repeatability is equal to 200 pm. The position of the hydraulic motor shaft is measured
using an incremental encoder. To avoid free movement of the object, it was decided to
limit the movement of the object to vertical movement only. A linear guide with a linear
carriage from HIWIN Company is used to obtain the vertical movement of the object. The
guide is mounted in a vertical position; the object is attached to the guide carriage. It is
also necessary to limit the movement of the cylinder piston rod. The piston rod moves
only vertically. Blocking the rotation of the actuator piston rod is ensured by screwing the
appropriate adapter onto the piston rod, which is then mounted on the linear carriage. The
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linear guide is vertically mounted on the rail on which the linear carriage is mounted. The
test stand is shown in Figure 4.

l_lj_()v_veihfk_ I hl PLC controller with touch panel Power

e — Panel 500

STAR]

— e e e e e S S —— c— — —

Object

Figure 3. Diagram of the control system.

The hydraulic elements on the test stand are powered by a hydraulic power unit
with the following parameters: maximum flow Q = 100 dm?/min, maximum pressure
po = 40 MPa, engine power = 37 kW, and filtration at the 6-micron level.

First, the influence of the PID controller parameters on the cylinder step response was
checked. The PID controller was used to test the step response of the cylinder. The step
responses for the up- and downward movements of the cylinder were checked. The supply
pressure of the hydraulic system for all tests was py = 8 MPa. Figure 5 shows the change in
the position of the piston rod of the cylinder for various parameters of the PID controller.
Tests were carried out for the up- and downward movements. For the constructed system,
the selection of PID controller parameters was carried out using a closed-loop autotuner
block, which allows tuning the PID controller for the real object. Matlab software was used
for this purpose. The start position for the upward movement was equal to 50 mm, and
the set position was 100 mm. For the downward movement, the start position was equal
to 100 mm, and the set position was 50 mm. In the waveforms (Figure 5), the set signal is
marked in red, and the cylinder response to the step input for various parameters of the PID
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controller is marked in blue and green. The blue waveform shows no overregulation. The
course with overregulation is marked in green. Similarly, on the cylinder, hydraulic motor
motion tests were carried out, with the hydraulic motor moving to the right or to the left.
The rotational motion of the hydraulic motor was converted into linear motion according
to the formulas given above. The movement of the motor to the right corresponds to the
movement of the cylinder upward. The movement of the motor to the left corresponds to
the movement of the cylinder downwards. The cylinder moves up and down at different
speeds. This is due to the difference in the surface area on which the hydraulic oil acts. This
effect does not occur with a hydraulic motor—the speeds of movement in both directions
are the same. From the waveforms obtained, it can be concluded that the linear speed
(calculated from the rotational motion) of the motor is higher than that of the cylinder. The
response of the hydraulic motor to step excitation is shown in Figure 6. Figures 5 and 6
show the symbols k,—gain of the PID controller, ki—gain of the integrating part, and
kg—gain of the derivative part. During the experimental studies, the effects of the hydraulic
oil temperature and its compressibility were omitted.

Hydraulic
motor

Encoder

Cylinder

Laser sensor

Laser sensor

Object

Figure 4. Test stand view.
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Figure 5. Positioning of the cylinder for different parameters of the PID regulator: (a) upward
movement, (b) downward movement.
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Figure 6. Positioning of the hydraulic motor for different set values: (a) upward movement and
(b) downward movement.

The next step was to study the step response of the object using the cylinder and the
hydraulic motor that operate at the same time. In these tests, the position of the object
suspended on a steel cable was measured. Tests were carried out for the up- and downward
movements of the object. The movement of the object was carried out by means of a
hydraulic motor and the cylinder. Various variants of the contribution of each of these
drives to the total motion were investigated. In the first case, the hydraulic motor accounted
for 70% of the movement and the cylinder for 30% of the movement. The waveforms from
these tests are shown in Figure 7. Second, tests were carried out in which the share of the
hydraulic motor in the movement of the object was 30%, while the share of the actuator
was 70%. The waveforms collected are shown in Figure 8. Comparing the graphs in
Figures 7 and 8, it can be stated that the speed of movement in the case of the actuator’s
share of 30% and the motor’s share of 70% is higher than that in the reverse case.
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Figure 7. Positioning of the object using the cylinder (30%) and the hydraulic motor (70%): (a) upward
movement, (b) downward movement.
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Figure 8. Positioning of the object using the cylinder (70%) and the hydraulic motor (30%): (a) upward

movement, (b) downward movement.

4. Discussion

The built linear rotary electrohydraulic servo drive enables the testing of each drive
separately and both drives together. The tests carried out have shown that it is possible to
simultaneously control both drives so as to obtain a higher speed of the object’s movement
than in the case of the movement of each drive separately. The hydraulic motor turned
out to be faster than the cylinder. The limit of each actuator is its stroke. In the case of the
motor, there is no limitation of movement in the form of a stroke. This is a great advantage
when the motor is used as a drive where large displacement is required. The actuator
can then be used as an additional element that improves positioning accuracy. In earlier
works, various sizes of motors and cylinders were tested. Tests were also carried out at
different values of the hydraulic system supply pressure. Basic step response tests were
performed on both drives to verify the maximum speeds. In future work, we plan to carry
out tests with different shares in the movement of each of the drives and to determine the
positioning of the object. We plan to perform positioning tests of the suspended object
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during the operation of both drives simultaneously. In the control system, the position of
the object will be a feedback signal. We plan to use other control algorithms, e.g., model
predictive control.
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