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The study is aimed at improving the application effectiveness of the hydraulic
actuator with discrete control, which is widely used in various fields. The goal is to
improve the actuator performance by increasing its working speed while satisfying
the braking characteristics. The study is based on a developed mathematical model
of the hydraulic actuator, which includes the models of the discrete spool valve and
the asymmetric hydraulic cylinder, and takes into account bi-directional movement of
the rod, compressibility of the working fluid and nonlinear friction. Accuracy of the
mathematical model is verified by comparing the simulation and experimental data.
The study makes it possible to determine, for the specified parameters of the hydraulic
actuator and the variation ranges of the working speed and inertial load, the quantitative
relationship between working speed, braking time and maximum pressure. The study
also reveals a new phenomenon of nonlinear influence of the spool response time
on the braking time, which can be used to minimize the braking time. The obtained
results can be used in the design of an actuator with discrete control, parameter setting
of throttle elements, and development of control programs.

1. Introduction

Discrete hydraulic actuators are most widely used in hydraulic equipment and
machines for various purposes. A typical discrete hydraulic actuator consists of a
hydraulic cylinder and a discrete-acting spool valve that are connected by hydraulic
pipelines. After the spool valve receives the control signal, the spool is switched
to one of the fixed positions. At this time, the working fluid is supplied to one
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chamber of the hydraulic cylinder, and from the other chamber the working fluid
flows into the tank. The result is that the hydraulic cylinder rod moves in a direction
corresponding to the position of the spool, or stops in case the spool is set to the
middle position. The movement speed of the rod can be controlled by means of an
additional throttle valve or a flow regulator. In the case of using additional means
for controlling the current position of the rod, such actuators enable positioning in
a wide range of displacements and velocities.

The actuator with the position sensor and pulse width modulation (PWM)
control is one type of discrete hydraulic actuator. It is controlled by adjusting
the pulse frequency, which causes the spool to oscillate at the corresponding fre-
quency. The position sensor feedbacks the signal as the target position is reached,
and the movement speed of the rod is determined by the pulse frequency. Such
actuators are used, for example, in belt coal conveyor systems [1]. Actuators with
such control methods have the frequency limitation. For example, the oscillation
frequency of the spool does not exceed 200 Hz [1], which is due to the mass of
the spool and the magnitude of the electromagnetic drive force. For the valve with
this oscillation frequency, the working fluid pressure at the inlet is 70 bar [1]. The
mass of hydraulic cylinder rod load is 20 000 kg, the positioning distance is 3 mm,
the maximum speed of the spool is 0.24 m/s and the acceleration is 800 m/s2 [1].
It takes about 1 s for the rod to reach the target position. It should be noted that
increasing the working frequency of the valve can improve performance of the
actuator, but it is limited by factors such as the friction between the spool and
the valve sleeve, the preload of the spring and the magnitude of the electromag-
netic drive force. And these factors are closely related to the dimensions of the
spool. For example, the 2/2 ball valve mentioned in the literature [2] have the
on-off frequency of up to 1 kHz, but the valve stroke is limited to 0.05 mm and
the flow rate is only 0.2 l/min, so the actuators with such valves operate at low
speeds.

Discrete actuators with high-speed on/off valves are also used as a pilot stage for
a two-stage proportional valve [3]. It was confirmed by simulation and experiment
that increasing the frequency of the pilot spool can increase the speed of the main
spool. In addition, a higher frequency of the pilot spool not only reduces the
oscillation of the main spool but also improves the positioning accuracy of the
actuator. This is due to the fact that the pilot valve with higher switching frequency
can output smaller portions of liquid, i.e., higher resolution of flow. Therefore, it
is clear from the study [3] that the characteristics of this type of discrete actuator,
such as motion speed and positioning accuracy, are limited by the frequency and
duty cycle of the pilot spool.

Discrete actuators based on frequency control of discrete valves are also em-
ployed in precision tables for micromachining [4]. The displacement resolution of
such tables can be as high as 1.2 μm, thanks to the spool with the response time of
1.6 ms [4]. In the work [4], a method is also proposed to weaken the step oscilla-
tion during the table movement by adjusting the phase difference between the input
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signals of the parallel valves. This ensures the required accuracy at small displace-
ment, but the problem of low speed of the actuator cannot be solved, especially in
certain critical parts of the micromachining process.

There is also the discrete hydraulic actuator with low pressure [5]. The ac-
tuator uses water as the working fluid and is controlled by the combination of a
4/3 directional valve and 2/2 on/off valves mounted in parallel. The experimental
results show that under the load of 100 kg, the positioning speed is up to 0.4 m/s,
and the positioning accuracy is 0.3 mm [5]. However, the study [5] was mainly
limited to the investigating pressure variation in the cylinder chamber under some
specific conditions of spool response. Meanwhile, the influence of the rod motion
speed and its load on the actuator’s operating process were neglected.

Another application case for discrete actuators is the motion control of the strip
steel in a production line for rolling strip steel [6]. The hydraulic cylinder as the
executing component is controlled by a 4/3 directional valve and two high-speed
on/off valves. The actuator’s feature is the two-stage control: the directional valve,
controlled by pulse signals, is used to correct the direction and rough position
of the strip steel, while the on/off valves, controlled by high frequency, allow for
precise position correction of the strip steel. This feature allows increasing the
achievable movement speed of the rod, but also complicates the structural design
of the actuator.

Analyzing the known studies on discrete actuators with high-frequency pulse
control of the valve spool one can notice that their application conditions are limited
to low speeds and small displacement range. This is due to the fact that the size
and mass of the spool limits the working frequency as well as the output flow rate
of the valve, which leads to low energy efficiency of the method of pulse frequency
control on the spool. In addition, actuators with such control method face a common
problem, which is that the positioning accuracy of the rod during the positioning
process is also decreased by the influence of external mechanical vibrations [7].
An effective way to reduce the vibration was proposed in [7].

Discrete actuators, which are widely applied to industrial, road, construction
and agricultural machines, make use of a variety of positioning methods. Position-
ing of the discrete actuators’ rod can also be achieved manually, by stoppers, or by
limit switches [8, 9]. Due to the small number of stoppers or limit switches set along
the travel of the rod, the actuators have a limited number of working positions. If
the current position of the rod is monitored using a high-resolution position sensor
and the spool displacement is controlled by the constant high-amplitude step signal,
then the frequency of the control signal only needs to be very low, while the move-
ment speed of the rod can be significantly increased. However, the problem is that
in this control solution, when the movement speed of the rod is high and the inertial
load is large, the time for the braking process and the pressure in the pipelines can
sharply increase. This problem should be solved in order to increase the working
speed of discrete actuators, thereby improving efficiency and expanding the range
of applications.
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The problem of improving the dynamic characteristics of actuators is usually
solved by applying mathematical models and simulation of dynamic processes.

1.1. Overview of mathematical models of hydraulic actuators
with discrete control

The key task in the design of hydraulic actuator with discrete control is to pro-
vide the desired dynamic characteristics in the braking process. In order to solve the
problem, a mathematical model with sufficient accuracy and universality is needed
to describe the dynamic process. The analysis of the literature shows that there
is a variety of mathematical models for process modeling of hydraulic actuators
with discrete control. They are suitable for modelling the structural features of the
specific hydraulic actuator and for solving particular problems.

Hydraulic actuators based on high-speed switching valves are the most repre-
sentative type of hydraulic actuator with discrete control. Mathematical models of
such actuators [10–12] are based on linear equations and transfer functions. This
reduces accuracy of the models and complicates evaluation of the influence of the
actuator’s parameters on its characteristics. In addition, these models are created
for symmetrical hydraulic cylinders, which limits their universality.

The mathematical models of discrete actuators [13–15], although based on
asymmetric hydraulic cylinders, do not take into account friction, which signif-
icantly affects the dynamic characteristics of the actuators. Consequently, their
accuracy is not sufficient.

In the discrete hydraulic actuators’ structures proposed in the literature [16–18],
asymmetric hydraulic cylinders, 4/3 directional valves and high-speed switching
valves are used. Mathematical models of these actuators are based on the bulk-
cavity-node method. Using this method, one can take into account the topology
of the working process, however, the influence of nonlinear friction is still not
included in these models.

Mathematical models of discrete actuators that take into account the nonlinear
friction forces have also been proposed [4, 19]. However, these mathematical
models are only applicable to the actuators with unique structures that are adapted
to some specific application purposes, such as braking of aircraft wheels [19]
and precision movement of a table for micro-processing [4]. Consequently, the
application range of these models is limited.

In summary, it can be stated that the known hydraulic actuators with discrete
control have limitations in terms of their application areas and achievable effec-
tiveness. Moreover, mathematical models for the known actuators cannot be used
to study the dynamic processes during braking due to insufficient accuracy or
specificity.

The aim of this work is to improve the application effectiveness of the hy-
draulic actuator with discrete control by studying the factors affecting the braking
process.
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2. Research methods

The tasks of studying the braking process of the hydraulic actuator with discrete
control are solved by establishing a mathematical model, simulating the working
process of the actuator in a given range of parameters and presenting the results
in the form of relationships between the parameters and the characteristics of the
actuator. Depending on the type of task to be solved, different software packages
are used in modeling the process of hydraulic actuators. In order to study the local
phenomena of hydraulic components, it is recommended to use a modeling soft-
ware with distributed parameters, such as Computational Fluid Dynamics (CFD).
Studying the braking process of a hydraulic actuator requires modeling the actuator
as a whole. Therefore, it is necessary to model the process in the form of lumped
parameters. For this purpose, the MATLAB/Simulink software package is the pre-
ferred choice. A variable-step solver is selected in the Simulink setup, which allows
controlling the relative tolerance up to 1e-3 and the absolute tolerance up to 1e-6,
and performing zero-crossing detection.

3. Mathematical model of the hydraulic actuator with discrete control

The hydraulic actuator with discrete control (Fig. 1a) contains a double-acting
single-rod hydraulic cylinder which is controlled by a 4-way 3-position valve. Two
working ports of the 4/3 valve are connected to the hydraulic cylinder and the other
two ports are connected to the hydraulic source and the tank, respectively.

The mathematical model of the hydraulic actuator with discrete control was
established based on the modularity principle (Fig. 1b). The general mathemat-
ical model contains models of the hydraulic cylinder and the 4/3 discrete valve,
which interact with each other by means of the corresponding variable parameters.

(a) (b)

Fig. 1. Schematic of the hydraulic actuator (a) and modular diagram of its mathematical model (b)
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Considering the significant influence of friction on the actuator’s working pro-
cess, the LuGre nonlinear friction sub-model [20, 21] is introduced in the general
mathematical model. This structure of the general mathematical model facilitates
the simplification of its configuration as well as the understanding of the working
process. This general mathematical model takes into account the asymmetry of
the hydraulic cylinder, the elastic properties of the working fluid, and the tem-
perature consistent with the stable operating state of the actuator. The following
assumptions are also made. (1) Since modern hydraulic pump stations are usually
equipped with pressure compensation or pressure stabilizers and the outlet pressure
is sufficiently stable, it is assumed that the outlet pressure of the hydraulic source
is constant. (2) It is assumed that there are no leakages and overflows, considering
that leakages and overflows from the 4/3 discrete valve and the hydraulic cylinder
have a relatively small influence on the obtained results. (3) No influence of the
heat exchange between the actuator and the external environment is assumed due
to the fact that the dynamic process occurs very quickly. (4) No internal wave
process is assumed, because in many compact or integrated hydraulic actuators the
connecting pipelines are short, and the propagation time of the pressure wave is
too short to cause significant pressure fluctuations.

Considering the asymmetry of the hydraulic cylinder, a mathematical model
was established for the two operating modes of the actuator.

3.1. The model of the 4/3 discrete valve

The actual 4/3 discrete valve typically has a positive overlap, whereas in this
model an ideal zero overlap is assumed (i.e., 𝑥𝑣 > 0 or 𝑥𝑣 < 0). This is due to
the fact that such an assumption makes it possible to increase the sensitivity and
response speed, which reduces the stability of the actuator and exposes it to the most
demanding operating conditions, especially during the braking process. Therefore,
this study allows us to determine the characteristic changes of the braking process
under the most influential parameters and the assumption of the most demanding
operating conditions.

In addition, the friction and hydrodynamic forces within the 4/3 discrete valve
are simplified. It can be done because such forces in this type of valve are controlled
by an electromechanical converter, and in actual standard valves the electrome-
chanical converter has a sufficient power to move the valve spool and ensure the
expected response time. Besides, the load on the electromechanical converter is
not the subject of study in this model.

Flow equations for the 4/3 discrete valve:
The spool moves to the right (𝑥𝑣 > 0):

𝑞𝑠 = sign(𝑝𝑠 − 𝑝1)𝐶𝑑𝑥𝑣𝜋𝑑

√︄
2|𝑝𝑠 − 𝑝1 |

𝜚
, (1)
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𝑞𝑟 = sign(𝑝2 − 𝑝𝑟 )𝐶𝑑𝑥𝑣𝜋𝑑

√︄
2|𝑝2 − 𝑝𝑟 |

𝜚
. (2)

The spool moves to the left (𝑥𝑣 < 0):

𝑞𝑠 = sign(𝑝𝑠 − 𝑝2)𝐶𝑑𝑥𝑣𝜋𝑑

√︄
2|𝑝𝑠 − 𝑝2 |

𝜚
, (3)

𝑞𝑟 = sign(𝑝1 − 𝑝𝑟 )𝐶𝑑𝑥𝑣𝜋𝑑

√︄
2|𝑝1 − 𝑝𝑟 |

𝜚
, (4)

where 𝑞𝑠 is the flow of working fluid supplied from the pump, (m3/s); 𝑞𝑟 is the
flow of working fluid into the tank, (m3/s); 𝐶𝑑 is the flow coefficient; 𝑝𝑠 represents
the pressure of working fluid at the pump outlet, (Pa); 𝑝𝑟 represents the pressure
of the working fluid in the return pipeline, (Pa); 𝑥𝑣 is the displacement of the
valve spool, (m); 𝑝1, 𝑝2 represent the pressure of the left and right chambers of
the hydraulic cylinder, (Pa); 𝑑 is the spool diameter, (m); 𝜚 is the density of the
working fluid (kg/m3).

3.2. The model of the hydraulic cylinder

Flow continuity equations for the asymmetric hydraulic cylinder.
The spool moves to the right (𝑥𝑣 > 0):

𝑞𝑠 = 𝑆1
d𝑥𝑝
d𝑡

+
(𝑉1 + 𝑆1𝑥𝑝)

𝐸

d𝑝1
d𝑡

, (5)

𝑞𝑟 = 𝑆2
d𝑥𝑝
d𝑡

−
(𝑉2 − 𝑆2𝑥𝑝)

𝐸

d𝑝2
d𝑡

. (6)

The spool moves to the left (𝑥𝑣 < 0):

𝑞𝑠 = 𝑆2
d𝑥𝑝
d𝑡

−
(𝑉2 − 𝑆2𝑥𝑝)

𝐸

d𝑝2
d𝑡

, (7)

𝑞𝑟 = 𝑆1
d𝑥𝑝
d𝑡

+
(𝑉1 + 𝑆1𝑥𝑝)

𝐸

d𝑝1
d𝑡

. (8)

The force balance equation on the rod of the asymmetric hydraulic cylinder

𝑝1𝑆1 − 𝑝2𝑆2 = 𝑚
d2𝑥𝑝

d𝑡2
+ 𝐹 + 𝐹𝑟 , (9)

where 𝑆1, 𝑆2 represent the left and right effective area of the cylinder piston (m2);
𝑥𝑝 is the displacement of the cylinder rod, (m); 𝑉1, 𝑉2 represent the initial volume
of the working fluid in the left and right chambers of the hydraulic cylinder (m3);
𝐸 is the elastic modulus of the working fluid, (Pa); 𝑚 is the inertial mass of the
moving parts of the hydraulic cylinder, including the piston, the rod, and the load
on the rod (kg); 𝐹 represents the force acting on the rod, (N); 𝐹𝑟 represents the
total friction force (N).
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3.3. The model of friction forces

Friction effect is observed in all mechanical systems [22, 23] and has a sig-
nificant influence on the braking process in hydraulic actuators. The influence of
friction on the operation of hydraulic actuators can lead to control errors, low-speed
creep, etc. [24, 25].

Mathematical description of friction is based on the LuGre nonlinear friction
model [24, 25]. The model can simulate the static properties of friction and almost
all dynamic behavior of friction [26]. The mathematical description of the LuGre
model is as follows:

𝑔(𝑣) = 𝐹𝐶 (𝐹𝑆 − 𝐹𝐶) 𝑒−|𝑣/𝑣𝑠 |
𝑛

, (10)
d𝑧
d𝑡

= 𝑣 − 𝜎0
|𝑣 |
𝑔(𝑣) 𝑧, (11)

𝐹𝑟 = 𝜎0𝑧 + 𝜎1
d𝑧
d𝑡

+ 𝜎2𝑣, (12)

where 𝐹𝐶 is the Columb friction, (N); 𝐹𝑆 is the stiction friction, (N); 𝑔(𝑣) is the
function of the Stribeck friction curve; 𝑣𝑠 refers to Stribeck velocity, (m/s); 𝑣 refers
to relative velocity of the two contacting surfaces (velocity of the rod 𝑣𝑝 relative
to the cylinder), (m/s); 𝑧 is average deflection of the bristle, (m); 𝜎0 is bristle
stiffness, (N/m); 𝜎1 is bristle damping coefficient, (N s/m); 𝜎2 represents viscous
friction coefficient, (N s/m); 𝑛 is a constant.

The above group of equations (1)–(12) represents the mathematical description
of the working process for the hydraulic actuator with discrete control. The general
mathematical model based on this description is created in the Simulink software
environment.

The main parameters and its values used in the simulation experiments are
shown in Table 1.

Table 1. Parameters of the hydraulic actuator

Parameters Symbols
(unit) Value Parameters Symbols

(unit) Value

Pump pressure 𝑃𝑠 (MPa) 6.3 Density of the
working fluid 𝜚 (kg/m3) 880

Tank pressure 𝑃𝑟 (MPa) 0 Columb friction 𝐹𝑐 (N) 60
Spool diameter 𝑑 (mm) 16 Stiction friction 𝐹𝑠 (N) 500
Piston diameter 𝐷𝑟 (mm) 40 Stribeck velocity 𝜈𝑠 (m/s) 0.025
Rod diameter 𝑑𝑟 (mm) 25 Bristle stiffness 𝜎0 (N/m) 1 × 108

The maximum stroke
of the rod 𝐿𝑟 (mm) 800 Bristle damping

coefficient 𝜎1 (N s/m) 1000

Flow coefficient 𝐶𝑑 0.62 Viscous friction
coefficient 𝜎2 (N s/m) 1395

Elastic modulus of
the working fluid 𝐸 (MPa) 1740 Constant 𝑛 1
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The parameters of the pump station, the dimensions of the valve and cylinder,
and the characteristic parameters of the working fluid in Table 1 are taken from
physical experiments [27]. The parameters related to the LuGre friction model
are based on empirical values and confirmed by physical experimental data. The
flow coefficient 𝐶𝑑 is a dimensionless constant with a recommended value of 0.62
according to [28, 29]. The value of𝐶𝑑 corresponds to the working fluid temperature
of 50◦C.

4. Validation of the mathematical model

The adequacy and accuracy of the mathematical model were confirmed by
comparing the results of the simulation experiment with the physical experiment.

A total of 12 data samples were extracted from the physical experimental data.
The sampling time interval between the experimental and model data points is
fixed at 0.02 s (Fig. 3). Due to the small sample size and manual selection, no
time lag and shifts occurred. Comparison results were evaluated using root mean
square error (RMSE) and relative root mean square error (RRMSE) [30]. RMSE
is a non-negative value, with smaller values indicating that the simulated and
experimental results for the same data type are closer [30]. RRMSE is the result
of dividing the RMSE by the average value of the measured data, which indicates
the overall relative accuracy of the model [31]. The model accuracy is considered
“excellent” when RRMSE < 10%, “good” when 10% < RRMSE < 20%, “fair”
when 20% < RRMSE < 30%, and “poor” when 30% ≤ RRMSE [32]. The
mathematical expressions for root mean square error (RMSE) and relative root
mean square error (RRMSE) are given below [31].

RMSE =

√︄∑︁𝑛

𝑖=1
(𝑌exp,𝑖 − 𝑌model,𝑖)2

𝑛
, (13)

RRMSE = 100

√︄∑︁𝑛

𝑖=1
(𝑌exp,𝑖 − 𝑌model,𝑖)2

𝑛

1
𝑛

∑︁𝑛

𝑖=1
𝑌exp,𝑖

, (14)

where 𝑌exp,𝑖 and 𝑌model,𝑖 represent respectively the experimental and simulated
values for the 𝑖-th data from the total number of 𝑛 data. Due to the small sample
size of the data used to calculate the RRMSE, no data filtering or smoothing was
performed. This is because a conventional filtering tool (such as a low-pass filter)
cannot accurately model frequency components, and excessive smoothing may lead
to the loss of real dynamic characteristics. In this study, in the case of an obvious
outlier point that appeared in the sample of the actuator’s rod velocity, we directly
manually replaced the outlier point with a neighboring one.
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4.1. Comparison of simulation and experimental results and assessment
of model accuracy

In order to ensure the consistency of the conditions of simulation and ex-
perimentation, the structure of the mathematical model built in Simulink must
be adapted to the scheme of the actuator in the experiment [27]. Consequently, a
feedback to the spool displacement was added to the model, i.e., the displacement
signal of the rod with appropriate coefficients was added to the spool displacement
control signal. In addition, the parameters and operating conditions of the actuator
corresponding to the physical experiments were set in the model (Table 1). The
spool displacement value was set to 0.52 mm and the braking start time to 0.31 s.

The simulation results for the braking process are shown in Fig. 2. The com-
parison shows that the change features of the spool displacement, the pressure in
the cylinder chambers, the velocity and displacement of the rod are similar to their
change’s features on the oscillograms of the physics experiment [27]. This confirms
the correctness of the mathematical model. In order to assess the model’s accu-
racy, 12 data samples on the rod displacement and velocity were taken from the
physical experiment results by systematic random sampling and compared with the
simulation results (Fig. 3). Comparisons from the rod displacement graphs showed
RMSE = 0.694 mm and RRMSE = 0.19% (Fig. 3a). These values correspond
to the model’s accuracy level “excellent”. Comparison of the rod velocity graphs
resulted in an RMSE = 0.069 m/s and RRMSE = 17.49% (Fig. 3b). Therefore,
the model’s accuracy reaches a “good” level from the point of view of the rod
velocity comparison. It is worth noting that the relatively large RRMSE value of
the rod velocity is due to the presence of an elastic element in the feedback link in
the physical experiment, which negatively affects the velocity measurements. This
is also confirmed by the relatively smooth shape of the rod displacement curve

Fig. 2. Simulation results of braking process (𝑥𝑣 – the spool displacement;
𝑥𝑝 – the rod displacement; 𝑣𝑝 – the rod velocity; 𝑃1 – the pressure

in the left chamber; 𝑃2 – the pressure in the right chamber)
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obtained from the physical experiments. The obtained comparison results indicate
the adequacy and accuracy of the developed mathematical model, which allows for
its application in the further study.

(a)

(b)

Fig. 3. Comparison of simulation and physical experiment results: (a) the rod displacement
(RMSE = 0.694 mm, RRMSE = 0.19%); (b) the rod velocity (RMSE = 0.069 m/s,

RRMSE = 17.49%)

5. Justification and implementation methods for the study work

In order to improve the application effectiveness of the hydraulic actuator with
discrete control, it is necessary to determine the relationship between the operating
conditions of the actuator and its characteristics. This makes it possible to rationally
choose the characteristics of the actuator in accordance with the specific task and the
existing operating conditions. For example, it is possible to increase effectiveness
by ensuring high performance of the actuator. For this purpose, it is reasonable to
significantly reduce the time of the work process, which includes the acceleration
and braking time of the rod. The dynamic braking process is the most complex and
can prolong the working process. A significant reduction of braking time can lead
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to a significant increase of pressure in the cylinder chambers, which can damage
the actuator. In addition, the values of the inertial load and braking velocity of
the rod also significantly affect the characteristics and duration of the braking
process. Therefore, by considering specific factors when setting up and controlling
the actuator, one can achieve better characteristics of the working process.

Increasing the rod’s maximum speed is also considered to be a factor in
improving the performance of the actuator. To a large extent, the maximum speed
of the rod is governed by the braking process, because the accumulated kinetic
energy of the moving parts needs to be dissipated during braking. Therefore, the
study aimed at increasing speed should also focus on the braking process itself.
The knowledge of the factors that affect the braking process can help finding ways
of controlling actuator’s operation and facilitate the process of design.

The braking process of hydraulic actuators is characterized by the braking
time, the number of speed fluctuations, the maximum pressure in the hydraulic
cylinder and the time when the pressure exceeds the permissible value.

The research method consists in setting the actuator’s parameters and con-
ducting simulation experiments based on the validated mathematical model. It is
necessary to set the inertial mass of the moving part of the actuator and the spool
displacement value. In order to study the braking process of the actuator, a discrete
pulse signal of a given duration is applied to the 4/3 valve’s spool. The rising edge
of the pulse signal causes the valve to open and then the rod begins to accelerate.
The duration of the pulse signal should be sufficient for the rod to reach a steady
speed. At the falling edge of the pulse signal, the rod with the steady speed starts
braking, and the braking process is recorded at this point. At the same time, the
spool displacement, the velocity and displacement of the rod, as well as the pressure
in the cylinder chambers are monitored.

6. Results and analysis

Simulation experiments were performed to determine the influence of operat-
ing conditions and the actuator’s parameters on its characteristics. Two simulation
studies were conducted. In the first one, an extreme operating condition of the
actuator was adopted: the spool response time to the control signal was assumed
equal to zero. In the second one, the influence of the spool response time on the
braking process was considered.

6.1. Research results on braking process with zero spool response time

The braking time and the maximum pressure in the cylinder chambers are
determined from the braking process graphs obtained from the simulation experi-
ments. For example, under the conditions of inertial mass𝑚 = 37 kg, spool discrete
displacement value 𝑥𝑣 = 0.32 mm, when the corresponding steady speed of the
rod reaches 𝑣𝑝 = 0.792 m/s, the velocity change of the rod is shown in Fig. 4a, and
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the pressure change in the cylinder chambers is shown in Fig. 4b. The rising edge
of the pulse signal controlling the spool displacement appears at 0.01 seconds and
the falling edge is at 0.21 seconds. It can be seen from Fig. 4a that when the spool
displacement value reaches 0.32 mm, the valve is opened, and the velocity 𝑣𝑝 of
the rod increases and then stabilizes at 0.792 m/s after a slight vibration. Initially, a
certain volume the working fluid suddenly enters the cylinder chamber, therefore,
there is a sudden increase of the pressure in the chamber due to the elasticity of the
fluid (Fig. 4b). The pressure in the chamber drops significantly after the rod starts
moving, and then the forces on the rod reach equilibrium. At the falling edge of the
pulse signal, the spool returns to the neutral position, so the valve is closed, then
the rod immediately starts braking. After a significant fluctuation, the rod stops
within 0.128 s due to the stopping of the working fluid supply and the action of

(a)

(b)

Fig. 4. Changes of parameters with time during braking process: (a) spool displacement 𝑥𝑣 and rod
velocity 𝑣𝑝 ; (b) spool displacement 𝑥𝑣 and pressure 𝑃1, 𝑃2 in the cylinder chambers
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friction resistance (Fig. 4a). Meanwhile, during the braking process, the pressures
in the left and right chambers of the cylinder fluctuate noticeably before reaching
equilibrium (Fig. 4b). The maximum peak pressure of 12.99 MPa is observed in
the right chamber of the hydraulic cylinder (Fig. 4b), which is attributed to the
greater compression in the right chamber due to the inertia of the moving part.

A total of five series of simulation experiments were conducted corresponding
to inertial masses of 17 kg, 27 kg, 37 kg, 47 kg and 57 kg respectively. For each
series of a given inertial mass, five groups of simulation experiments were per-
formed for different displacement values of the spool (0.12, 0.22, 0.32, 0.42 and
0.52 mm). For each simulation experiment, the steady speed of the rod, braking
time and maximum pressure were recorded. A total of 25 groups of simulation ex-
periment data were obtained. These data were processed and the results are shown
in Figs. 5, 6, 7.

(a)

(b)

Fig. 5. Dependence of rod braking time with different inertial mass and rod speed:
(a) variation of braking time with steady speed of the rod under different inertial mass;

(b) variation of braking time with inertial mass under different steady speed
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The dependencies presented in Fig. 5 allow us to determine the braking time
according to the different rod speed under different inertial mass. The simulation
results are also presented in the form of three-dimensional plots (Fig. 6 and Fig. 7),
taking into account the interdependence of braking time, maximum pressure in the
cylinder chambers, steady speed and inertial mass.

Fig. 6. Dependence of the maximum peak pressure on the rod steady speed and inertial mass

The dependencies in Fig. 6 indicate the quantitative relationship between the
steady speed of the rod, the inertial mass of the moving part, and the maximum peak
pressure in the cylinder chambers. The relationship (Fig. 6) allows for determining
the range of working velocity and inertial load of the actuator under the condition
that the set pressure value is kept during the braking process. The dependencies
in Fig. 7 reflect the quantitative relationship between the braking time, the inertial
mass of the moving part and the steady speed of the rod. The relationship (Fig. 7)

Fig. 7. Dependence of the braking time on the rod steady speed and inertial mass
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makes it possible to determine the braking time for a given inertial load and
working velocity. On that basis, the permissible velocity and inertial load can also
be determined while satisfying the braking time requirement.

For example, with the maximum peak pressure of the hydraulic cylinders
limited to 20.63 MPa, one can determine from Fig. 6 that the speed of the rod
should be less than 1.015 m/s and the inertial mass should not exceed 47 kg.
Similarly, with a given braking time of 0.183 s, it can be determined that the
maximum steady speed of the rod is 1.015 m/s and the maximum inertial mass is
47 kg according to Fig. 7.

Therefore, the study results make it possible to establish the quantitative rela-
tionship between the operating conditions of the hydraulic actuator and its char-
acteristics. The simulation results were obtained with the 4/3 discrete valve in an
extreme operating condition, i.e., with zero response time of the spool. However,
in the practical application of hydraulic actuators, the spool response time is not
zero and may affect the dynamic characteristics of the actuator, so the next study
aims at accurately exploring this effect.

6.2. Research results on braking process considering the spool response time

The spool response time depends on the specific valve parameters and char-
acteristics. In the present research work, the spool response times were assumed
from 0 to 0.05 seconds, which was a time range applicable to discrete valves used
in hydraulic actuators for various purposes [33–37]. In the second study, all the
parameters of the actuator, the velocity of the rod and the inertial mass range are
the same as those in the first one study.

The results in Fig. 8 show the dependence of the braking time on the spool
response time obtained under different inertial masses and two different steady
speeds of the rod: 0.311 m/s (Fig. 8a) and 1.228 m/s (Fig. 8b).

The dependence in Fig. 8 reflects a certain contradiction, which is that slower
movement of the spool leads to the increase of the actuator response speed. In order
to explain this dependence, the simulation results for three characteristic values of
the spool response time (0.005 s, 0.02 s and 0.05 s) were compared in detail. The
simulation experiments were carried out under the same conditions: inertial mass
𝑚 = 57 kg, steady speed of the rod 𝑣𝑝 = 0.311 m/s, spool displacement value
𝑥𝑣 = 0.12 mm, and the rising edge of the impulse signal for the discrete valve
occurs at the moment of 0 s, and the falling edge at the moment of 0.25 s. The
obtained results are presented in Figs. 9, 10, 11.

The working process of the hydraulic actuator in Fig. 9 illustrates that there is
a sufficiently rigid interaction between the mechanical and fluid components. This
is caused by the rapid opening of the 4/3 discrete valve, whereby the fluid rapidly
and impactfully enters the cylinder chamber, resulting in a sharp pressure change
in the cylinder chamber. Consequently, the velocity of the rod fluctuates, which
leads to a fairly long braking time.
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(a)

(b)

Fig. 8. Dependence of rod braking time on spool response time under different inertial mass:
(a) steady speed of the rod 𝑣𝑝 = 0.311 m/s; (b) steady speed of the rod 𝑣𝑝 = 1.228 m/s

The comparison of the simulation results in Fig. 9 and Fig. 10 shows that with
the increase of spool response time, the working process of the hydraulic actuator
becomes smoother. The peak pressure in both cylinder chambers is reduced and the
number of pressure fluctuations is also reduced. Accordingly, the number of rod
velocity fluctuations is reduced and the braking process duration is also reduced.

In the case of a significant increase in the spool response time in Fig. 11, the
working process is further smoothed, and the pressure amplitude in the cylinder
chambers is reduced, but the duration of the pressure fluctuations is prolonged.
Furthermore, as the fluid pressure acting on the piston of the hydraulic cylinder
decreases, the braking efficiency of the rod decreases too, thereby increasing the
braking time.

Therefore, the comparison results from Figs. 9, 10, 11 confirm the dependence
features in Fig. 8, and reveal that the spool response time is one of the key influencing
factors on the braking characteristics of the hydraulic actuator.
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Fig. 9. The working process of the hydraulic actuator with spool response
time 𝑡𝑠𝑝 = 0.005 s

Fig. 10. The working process of the hydraulic actuator with spool response
time 𝑡𝑠𝑝 = 0.02 s

Fig. 11. The working process of the hydraulic actuator with spool response
time 𝑡𝑠𝑝 = 0.05 s
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Considering the fact that the factors affecting the braking process may also
include other actuator parameters and operating conditions, several additional series
of simulation experiments were conducted. The dependence of the braking time on
the spool response time was determined under different spool displacement values
(Fig. 12), pump pressure (Fig. 13) and the ratio of the piston effective area in the
left and right chambers (Fig. 14).

The analysis of the obtained results shows that the dependencies under these
different conditions are similar to the dependence of the braking time on the
spool response time under different inertial masses reflected in Fig. 8. This can be
explained by the reasons given above.

The study results on the braking process of the hydraulic actuator with discrete
control show that: (1) the braking time and the maximum pressure in the hydraulic

Fig. 12. Dependence of the rod braking time on the spool response time under
different values of spool displacement (𝑚 = 17 kg, 𝑃1 = 6.3 MPa, 𝑆1/𝑆2 = 1.64)

Fig. 13. Dependence of the rod braking time on the spool response time under
different pump pressures (𝑥𝑣 = 0.12 mm; 𝑚 = 57 kg, 𝑆1/𝑆2 = 1.64)
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Fig. 14. Dependence of the rod braking time on the spool response time for different ratios of the
piston effective area in left and right chambers (𝑥𝑣 = 0.12 mm, 𝑚 = 57 kg, 𝑃1 = 6.3 MPa)

cylinder chambers strongly depend on the velocity of the rod and the inertial load;
(2) the increase of the spool response time leads to a significant decrease of the
braking time and the maximum pressure and its fluctuation, while with a continuous
increase of the spool response time leads to an increase of the braking time (Fig. 12–
Fig. 14). The spool displacement values, pump pressure, and hydraulic cylinder
parameters do not affect the nature of the above dependence.

Consequently, the study of the actuator with discrete control allowed us to
determine the dependence and quantitative relationship of the braking time and the
maximum pressure in the cylinder chambers for the following parameter ranges:
the steady speed of the rod 𝑣𝑝 from 0.311 m/s to 1.228 m/s; the inertial mass 𝑚

from 17 kg to 57 kg; the spool response time 𝑡𝑠𝑝 from 0 s to 0.05 s, the ratio of
the piston left and right effective areas 𝑆1/𝑆2 from 0.5 to 2.5; pump pressure 𝑃1
from 2.5 MPa to 12.5 MPa. The established relationships between the parameters,
characteristics and operating conditions of the actuator allow for selecting their
ratios rationally to ensure maximum application effectiveness.

7. Discussion

The results obtained in Fig. 7 confirm the conclusion given in the study of
the discrete hydraulic actuator [38] that the braking time increases with the iner-
tial load. Furthermore, the conclusion applies to a wider range of inertial loads
and the relevant quantitative relationship is determined. It is pointed out in the
articles [39, 40] that the instability of rod vibration during braking can be dimin-
ished or eliminated by reducing the inertial mass of the moving part. This is partly
confirmed by the research results presented in Fig. 5. The result in Fig. 4 closely
corresponds to that of the study [41], where it is shown that when the valve is closed,
the pressures 𝑃1 and 𝑃2 jump in the two chambers of the hydraulic cylinder and
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the pressure ratio changes. In addition, it is also pointed out in the article [41] that
the opening size of the valve and the inertial load have analogous influence on the
working process of the hydraulic actuator, that is, the larger their values, the worse
the characteristics of the hydraulic actuator. Similarly, it is observed in the results
of Fig. 6 and Fig. 7 that a larger value of spool displacement (i.e., larger opening
size of the valve) increases the steady speed of the rod, which, accordingly, leads
to an increase in the braking time and peak pressure, thus the characteristics of the
actuator are worsened. Moreover, the specific characteristics of the actuator for the
given steady speed and the inertial mass can be predicted from Fig. 6 and Fig. 7.

In research works [42–44], in order to reduce the peak pressure during the
braking process of the hydraulic actuator, it is respectively proposed to use an
additional mounted safety valve, a combination of electromagnetic valves, and a
variable damping check valve. The results from our study (Fig. 9, Fig. 10) show
that the peak pressure during the braking process can be significantly reduced by
increasing the spool response time. This solution is easier to implement and has
better effects on the improvement of braking characteristics. It reduces not only the
peak pressure and the time of its action, but also reduces the braking time.

Therefore, the results we obtained not only confirm the known studies on
discrete hydraulic actuators, but also complement the quantitative relationship
between the actuator’s parameters, operating conditions and braking characteristics.
Moreover, it is also revealed that the spool response time has a significant effect
on the braking process. This provides an additional opportunity to improve the
application effectiveness of the hydraulic actuator with discrete control.

8. Conclusions

In this paper, we developed a mathematical model of the hydraulic actuator
with discrete control. The model takes into account the bi-directional asymmetry of
the single-rod double-acting hydraulic cylinder, the compressibility of the working
fluid, and the nonlinear friction based on the LuGre model. The accuracy of the
mathematical model was verified by comparing the simulation and experimental
data, and it was shown that the relative root-mean-square error (RRMSE) was
0.19% for rod displacement and 17.49% for rod velocity.

1. The quantitative relationship between the characteristics, parameters and
operating conditions of the actuator was determined.

2. Under the most severe operating conditions of the actuator, which assume
zero response time of the spool, the quantitative relationships between the
braking time and the maximum pressure in the cylinder chamber were de-
termined for rod velocity ranging from 0.311 m/s to 1.228 m/s and inertial
mass ranging from 37 kg to 57 kg.

3. It can be shown that the spool response time has a significant effect on
the braking time of the rod, and there is a clear minimum in the braking
time versus response time function. This form of dependence is common



506 Oleksandr UZUNOV, Qiang LI

to different actuator’s parameters and operating conditions, so the spool
response time must be considered as a key factor in minimizing braking
time for hydraulic actuators.

4. The application effectiveness of the hydraulic actuator with discrete control
can be improved by rationally choosing the rod working velocity, the inertial
mass of the moving part and the spool response time.

5. The obtained results can be applied to the development of hydraulic ac-
tuators for machinery manufacturing equipment, mobile machinery, and
agricultural machinery, where the primary requirements focus on increasing
productivity while maintaining low cost and relatively modest requirements
for the purity of the working fluid.
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