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Abstract

Currently, the study of individual parameters’ influence on the energy efficiency of hy-
draulic systems is one of the leading research directions for these types of drives. Deter-
mining the influence of individual components and system architectures on the energy
efficiency parameter for exemplary objects and systems is a new body of knowledge that
allows for the development of a basic and general method for determining the energy
efficiency of hydrostatic systems. The method developed and presented in this article
extends this knowledge, making it possible to determine the influence of liquid parameters
and individual system components on the energy efficiencies achieved by hydrostatic sys-
tems. The method used for determining individual factors’ influence on achieved system
energy efficiencies is utilitarian and allows for the determination of how changes in specific
parameters affect the efficiency of operational systems based on the results of pressure and
motion speed measurements. Experimental tests were conducted to determine total power
variations and the quantitative relationship between volumetric and flow resistance losses
as the oil temperature increased from 25 °C to 75 °C.

Keywords: energy efficiency analysis; hydrostatic power drive; hydraulic fluid temperature;
energy losses; hydrostatic power balance; real-time monitoring

1. Introduction

Although hydrostatic systems remain indispensable in modern industrial drives due to
their exceptional power-to-weight ratios and modular architecture, reducing their operational
energy losses under changing conditions has become a critical vector of current developments
and research. Tightening energy regulations and market demands necessitate a shift from

highly complicated power analysis models toward universal and precision diagnostics models
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energy gain with a change in liquid viscosity is subject to significant error. On the other

hand, newly implemented system condition monitoring systems, which include pressure,
This article is an open access article . . . ,

. temperature, and flow sensors, monitor and record changes over time in the system’s
distributed under the terms and

conditions of the Creative Commons K€y parameters. The data obtained enable the determination of the energy efficiency

Attribution (CC BY) license. parameter for individual components or entire hydrostatic systems. It is therefore justified

Energies 2026, 19, 2939 https:/ /doi.org/10.3390/en19122939


https://crossmark.crossref.org/dialog?doi=10.3390/en19122939&domain=pdf&date_stamp=2026-06-22
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5887-9386
https://doi.org/10.3390/en19122939

Energies 2026, 19, 2939

2 of 22

to develop a method that allows for the determination of the actual energy efficiency of
hydrostatic systems during operation. The proposed research approach was implemented
to determine the actual energy changes in the system, which are a result of the change in
liquid temperature.

2. Background

Current research on the energy-related issues of hydrostatic drive systems is being
carried out in several parallel directions. The first major direction focuses on achieving a
significant increase in the energy efficiency of classical system structures throughout their
entire operating range. This is a result of global efforts to reduce CO, emissions and the
desire to decrease energy demand, which directly translates to machine operating costs
and mitigates operational problems stemming from excessive thermal energy generated by
the systems. This area has also been included in standardization work, which has resulted
in the development of a standard that contains a method for determining energy efficiency
based on the energy balance of hydrostatic systems as a whole [1].

The development process in this area is divided into two parts: analysis and improve-
ment of the energy parameters of hydrostatic system components, and work aimed at the
energy optimization of systems at the level of their architecture and control. In the area of
system components, a number of studies focus on increasing the efficiency of hydraulic
pumps and motors, where the processes of converting mechanical energy into hydraulic
energy and vice versa are associated with a significant magnitude of energy losses. The first
interesting example of this development is the work carried out in the field of agricultural
machinery [2], in which, due to high sales and usage volume, even a slight improvement
in energy efficiency significantly reduces global energy consumption due to the effect
of scaling. A wide research analysis has also been conducted on the swash-plate-type
axial piston pump regarding the influence of operating parameters on the achieved energy
efficiency [3].

The literature also contains research results on the influence of hydraulic fluid quality
on external gear pump performance [4], as well as an analysis of the influence of hydraulic
oil viscosity on the volumetric losses in a variable piston pump [5]. An extension of this
work includes analyses of technical condition identification systems for pumps using
self-supervised learning systems, which enable the quick identification of pump damage
processes and, consequently, their significant reduction in energy efficiency during opera-
tion [6]. Analyses of the energy efficiency and thermal phenomena occurring in hydraulic
pumps are related not only to reliability issues but also to operational safety and analyses
of the possible effects of irregularities in this area [7]. Work is also being conducted to
determine the influence of liquid viscosity on the energy efficiency of centrifugal pumps [8].
Energy analyses of hydraulic cylinders do not appear to be a main direction of research,
although individual publications in this area can be found [9,10].

An analysis of the state-of-the-art indicates that a more pronounced direction of re-
search and development for hydraulic systems is the development of architecture and
control systems for hydrostatic power transmission to achieve greater efficiency and im-
proved operating parameters. In this area, systems are being developed that are dedicated
to specific applications, such as agricultural tractors [11,12], excavators [13], press ma-
chines [14], or wave energy converter systems [15]. Among these, several directions of
development can be distinguished. The first is based on the energy analysis of exemplary
hydrostatic systems, followed by identifying the key components responsible for reduc-
ing the system’s efficiency parameter. Such work has been performed for a number of
applications, e.g., refuse truck hydraulic systems [16], braking systems for heavy-duty
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vehicles [17], mining hydraulic excavator systems [18], injection molding machines [19],
and hydraulic presses [20].

A second direction of development appears to be the introduction of limited changes
in the hydrostatic system’s architecture while introducing significant changes in the control
system. As a result of work in this area, electro-hydraulic systems have been developed in
which the main control elements are valves, but the control process for the entire system
is managed by a central electronic system. A basic, and one could say classic, but still
used change in this area, is the application of PID control algorithms [21]. However,
more and more advanced control algorithms are being used, which additionally account
for the possibility of mechanical energy being returned from the system via a hydraulic
motor [22,23], its accumulation hydraulically [24-26], or both of these possibilities [27]. The
literature also includes a comprehensive study of possible structures for electro-hydraulic
systems with energy recovery or storage [28].

Another important development is the use of an electro-hydraulic flow control struc-
ture generated by hydraulic pumps, while simultaneously dividing the system archi-
tecture into individual units composed of a pump and a directly connected hydraulic
actuator. Research on electro-hydraulic systems based on this architecture (Electro-
Hydrostatic Actuator—EHA) has been conducted at the level of models [29-32] and on test
benches [33-35], including the use of PID control algorithms [36]. Analyses and studies of
hydrostatic systems based on determining the thermal energy balance and the possibility
of shaping it through changes in the structure of heat dissipation systems are also being
conducted [37,38], including in the field of aeronautics [39].

The issue of thermal balance of hydrostatic power transmission systems is analyzed
both in terms of the working environment and the influence of changes in liquid temper-
ature on the system itself. The conducted studies directly determine the influence of a
change in hydraulic oil temperature on energy losses in the system resulting from flow
resistance [40-46] in a number of applications operating in various working environments.
Work is also being conducted on the exchange of thermal energy between the hydraulic
system and other systems that generate waste heat [47]. It seems that a promising and still
forward-looking direction of research is to determine the influence of liquid temperature
on the dynamic response characteristics of the control elements of hydrostatic systems, and
work in this area has already begun [43].

From an energy perspective, the fundamental parameter of mineral oils that undergoes
significant changes as a function of temperature is viscosity. Studies conducted for the
mining industry focus on determining the influence of a decrease in the viscosity of
extracted crude oil [49-51] on the energy consumption of extraction facilities. The issue
of the method for determining the change in viscosity of mineral hydraulic oils used in
hydrostatic drive systems as a function of temperature has also been described at the
normative level [52,53]. Detailed analyses of the issue of changes in liquid parameters
are described in scientific articles that present methods for determining hydraulic oil
parameters [54-58], including a method using physics-informed neural networks [59].

Research is also being conducted on methods to increase the energy efficiency of
hydrostatic drive systems by using liquids with reduced viscosity [60], including bio-based
hydraulic fluids [61], as well as comparative analyses of water and mineral oil as the liquid
for transferring energy in a system [62]. The author’s experience indicates that beneficial
changes in reducing the systems’ energy consumption, which occur after their temperature
is raised, do not directly correspond to the liquid viscosity change curves. This issue has
already been directly signaled in work carried out for the space industry [63], but there is a
lack of a broader study on this in relation to widely used systems.
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The formulation of energy evaluation models for hydrostatic systems frequently
requires balancing physical fidelity with mathematical and computational complexity.
Advanced thermo-hydraulic modeling paradigms often incorporate simultaneous transient
variations in fluid density, bulk modulus, and thermal expansion coefficients to precisely
map localized volumetric and mechanical losses [64]. However, explicitly accounting for
such multi-variable dependencies can significantly increase the requirements for computing
power and software support for complex numerical models. This challenge has driven
recent efforts toward establishing simplified macro-level thermal baselines, such as utilizing
transient average system temperatures to capture overall useful work without necessitating
localized port-by-port discretization [65]. In alignment with this trend toward simplified
energy evaluation paradigms, developing a generalized, simplified framework based on
temperature as a stabilized parameter is highly recommended.

Consequently, it is essential to develop a universal methodology for quantifying energy
consumption shifts in hydrostatic drives. The existing ISO standard method [1] accounts
exclusively for energy flows, focusing on the total energy delivered to and discharged from
the system, while completely omitting the underlying hydraulic parameters. Therefore, a
methodology that directly correlates time-varying hydraulic parameters with the energy
flow within a system is highly necessary. In contrast to conventional approaches, the
proposed method integrates volumetric losses and their correlation with fluid temperature,
marking a next step in this field of research.

3. Scope of Research

The commonly used correlation between changes in the level of pressure losses in a
hydrostatic system and the system’s energy difference generally provides a certain degree
of consistency. However, for hydraulic systems operated over a wide temperature range, a
change in liquid viscosity and density is also associated with a significant change in the
magnitude of volumetric losses, described by identifying the stream of liquid lost due
to leaks. The author’s own experience, resulting from analyses of hydrostatic systems in
mining machinery operated in high ambient temperatures, and partially confirmed in the
literature [63], indicates that in many applications, neglecting the analysis of volumetric
losses leads to a significant underestimation of the energy consumption of hydrostatic
systems operating with an elevated liquid temperature. The energy analysis of systems
should therefore take into account the influence of liquid temperature, and thus the change
in its viscosity and density parameters, on the level of energy losses resulting from both
flow resistance and leaks in the system. It should be emphasized that changes in liquid
parameters affect the magnitude of both of these losses in opposite ways, which means
that a decrease in liquid viscosity will favorably reduce flow resistance but will lead to
an increase in the level of volumetric losses. Therefore, to conduct a full analysis of a
system’s energy efficiency, it is necessary to determine the magnitude of all occurring
energy losses and include them in the energy balance. It is assumed that these losses can be
described using fluid dynamics theory, but in practical applications, determining the actual
losses in this way is complicated. On the other hand, directly correlating the magnitude of
energy losses in the system with a change in liquid viscosity also does not yield satisfactory
results. The research undertaken on this issue has made it possible to develop a method
for determining the actual losses occurring within the system, whose description and
application for analyzing the change in a hydrostatic system’s energy consumption as a
function of liquid temperature are presented in this publication.

The research approach was based on the assumption that the analysis of energy
changes in the system would be conducted based on the hydraulic and mechanical parame-
ters of the actuator. Such an approach allows for the direct determination of the amount
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of energy used by the system’s executive element and can additionally serve as the basis
for a system for monitoring the energy state of systems with a distributed architecture
and multiple executive elements. In the case of hydraulic cylinders, the basic measured
parameters are operating pressure and cylinder extension. These parameters were adopted
as the starting point for conducting the energy analysis. In order to determine the influence
of changes in individual parameters (in this case, liquid temperature) on the system’s en-
ergy consumption, it was also assumed that the measurement results would be compared
during the performance of a work cycle. The work cycle adopted for the analysis should
be characterized by a constant amount of energy consumed to perform the work, but
variations in individual parameters during operation are permissible. For the boom-type
working system used for this research, this was synonymous with performing a lifting
motion within a specific displacement range and under a constant load (Figure 1).

1r(t)/l\ .

| |— Eh_out(t)
—

En_in(t)

Figure 1. Energy flow model for an extending hydraulic cylinder under load (for a detailed description
of the parameters, see Section 4).

The proposed approach will enable a comprehensive energy analysis of the hydrostatic
system, taking into account both changes in energy lost to overcome flow resistance and
energy losses occurring in the liquid stream associated with leaks. Particularly interesting
in this aspect is the analysis of the influence of changes in hydraulic oil temperature
in the system, whose increase directly affects the reduction in liquid viscosity and thus
the reduction in flow resistance while simultaneously increasing the stream of leaks. The
proposed research approach enables an energy analysis of the influence of both these factors
and the determination of the actual magnitudes of energy differences in relation to the
system’s useful power. The development of an expanded energy model stems directly from
the needs of modern industry, as the commonly used analyses are limited to determining
pressure changes in the system, which can lead to overly favorable results regarding the
energy consumption of systems, which can differ significantly from the real parameters.

It was assumed that the tests would be conducted within the recommended operating
temperature range for hydraulic oils, specifically from 25 to 75 °C, using an ISO VG
46 grade oil (FUCHS OIL CORPORATION sp. z o.0., Gliwice, Poland). The viscosity
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characteristics of this oil ensure the proper functioning of the system across the entire
established temperature range.

4. Theoretical Foundations of the Mathematical Model

The development of the mathematical model presented below was based on three
fundamental assumptions.

The first assumption was that, to determine the magnitude of energy changes in the
system as a function of temperature, the external (mechanical) work performed by the
system should be a constant value. To realize this assumption, it was decided that the
system’s actuator element, in the form of a hydraulic cylinder, would perform work by
lifting a mass within a specified displacement range, which would directly correspond to
the constancy of the work performed in a gravitational field.

The second assumption, based on industrial experience, states that the number of
measured system parameters should be limited to a minimum, and the measurement
system itself should be as simplified as possible. Based on this, the measured values
were chosen to be the changes over time of pressure and the displacement of the hydraulic
cylinder’s piston rod, as these parameters are monitored in a significant number of currently
operated hydrostatic drive systems.

The third assumption was to isolate the area for the analysis of energy phenomena
to the system area consisting of the direct supply to the hydraulic cylinder, the hydraulic
cylinder itself, and the liquid return line to the tank. This allowed for the determination of
the nature of energy phenomena in both the return line and in the actuator system working
in conjunction with the return line.

Additionally, the following simplifying assumptions were made:

e  Liquid viscosity and density are assumed to be constant throughout the entire system,
varying only with temperature;

e  Liquid flow between the hydraulic cylinder chambers is negligibly small;

e All flow losses in the actuator’s return line are described as a single, equivalent
flow resistance;

e  Volumetric losses in the return line are negligible due to the relatively low pressure in it;

e  Analyses will be conducted based on a specific and constant parameter of hydraulic
cylinder extension.

The energy balance of an extending hydraulic cylinder performing work under an
external load directly links hydraulic energy to useful mechanical energy and energy losses
that occur during the cylinder’s motion, which are converted into thermal energy. The
balance is based on the assumption that the hydraulic energy converted in the cylinder,
defined as the difference between the hydraulic energy supplied to the cylinder (Ej, ;)
and the hydraulic energy discharged from the system (Ej, ,,;) during operation, is equal
to the useful mechanical energy (E;; ,ut) and the energy losses (Ej,ss), as described by the
following equation:

Eh_in(t> - Eh_out(t) = Em_out(t) + Eloss (1)

Based on the assumptions, the right side of the equation, which defines the useful
energy and energy losses in the hydraulic cylinder, can be considered a constant value.
Therefore, the left side of the equation, which defines the hydraulic energy of the liquid
streams, was subjected to a broader analysis.

It should be noted that the energy balance in Equation (1) is formulated based on the
mechanical-hydraulic power states, treating fluid temperature as a stabilized, parametric
boundary condition rather than a transient thermodynamic variable. When evaluating
such hydrostatic systems under a maintained thermal equilibrium at discrete temperature
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steps, the internal thermal energy accumulation within the fluid during short operational
windows can be considered negligible. Under these conditions, the localized enthalpy
flows reduce to the fluid power states, where the impact of temperature is inherently
represented by the shift in the fluid’s viscosity and density parameters. This approach
justifies evaluating system losses indirectly through the primary variables of input and
output pressures and piston velocity, allowing the mathematical model to represent ther-
modynamic variations without necessitating overly complex enthalpy formulations for
this analysis.

The amount of energy supplied to the hydraulic cylinder from the hydraulic supply
side during operation can be determined using the following relationships:

Ep_in(t) = pin(t)-Viu(t) )

where

®  piy(t) is the pressure at the hydraulic cylinder’s supply port, varying over time.
e Vj,(t) is the volume of liquid supplied to the hydraulic cylinder, varying over time.

The volume of supplied liquid can be determined indirectly by using the measure-
ment of the displacement of the extending piston of the hydraulic cylinder, based on
the relationship:

Vin(t) = Aplo(t) = —L-1(1) 3)
where

e A, is the piston area.
e  [,(t) is the hydraulic cylinder extension varying over time.
e D, is the piston diameter.

Since it was assumed that for the comparison of energy losses, the analyses are
conducted within a defined and constant total displacement of the hydraulic cylinder
piston (I, ¢), Equation (2) takes the following form:

7T~D%,
Eh_in(t) = Pin(t)T'lr_c (4)

It should be noted that deriving the volume variations in the supplied liquid from the
kinematic parameters of the piston motion serves as a deliberate and basic feature of the
proposed framework. The real-time movement of the cylinder’s piston naturally acts as a
physical integrator of the system’s energy state. Any internal leakage or volumetric loss
occurring within the hydrostatic architecture directly manifests as a corresponding variation
in the piston’s displacement output. Consequently, this indirect method provides a useful
energy-based framework that directly links energy changes with the total volumetric losses
of the system, ensuring a holistic power balance evaluation without the need to isolate
individual components.

Therefore, the variables of the equation that remain are the change in supply pressure
during the motion and the time of performing this motion, which is directly related to the
liquid flow rate at the hydraulic cylinder’s supply port. It can, therefore, be assumed that
the determination of the total amount of hydraulic energy supplied to the hydraulic cylinder
(Ep_in) describes the area under the pressure curve recorded during the operation time.

ts
Eh?in = Qin'/t pin(t)dt (5)

Y10

where
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e Qj, is the averaged value of the flow rate at the supply port.
e  tyisthe start time for the hydraulic cylinder’s motion analysis.
e t;is the end time for the hydraulic cylinder’s motion analysis.

Therefore, the motion time in the proposed analysis is a measured parameter that,
assuming a constant displacement of the hydraulic cylinder under load, allows for the
determination of the amount of hydraulic energy supplied to the hydraulic cylinder (Ej, ;,),
and, based on this, the average hydraulic power consumed by the cylinder during motion
(Np,_in). Using the assumption of a negligibly small level of leaks in the hydraulic cylinder,
the average flow rate of the liquid supplied to the hydraulic cylinder during the analyzed
motion was determined first (Equation (6), followed by the relationship describing the
consumed hydraulic power (Equation (7).

Qi = Vins = Vino _ T['D%J'(lr_s =1l o) ©)
in = ts —to - 4.(ts_t0)

where

eV, 5 is the volume of liquid in the hydraulic cylinder’s supply chamber at the time
the analysis ends (ts).

e V¢ is the volume of liquid in the hydraulic cylinder’s supply chamber at the time
the analysis begins (t).

e [, ;is the extension of the hydraulic cylinder’s piston rod at the time the analysis ends (f;).

e [, g is the extension of the hydraulic cylinder’s piston rod at the time the analysis
begins (t).

Qi fyy Pin(D)dt DRA()- [y pia(t)alt
ts —to ts — to 4~(fsfto)2

(7)

The presented method for determining the energy and hydraulic power of the liquid
stream in the hydraulic cylinder during tests was implemented at two locations in the
system, as specified in the mathematical model. In the first location, the energy parameters
of the liquid stream were identified at the supplied port of the hydraulic cylinder’s piston
chamber. The second was located at the port of the piston rod chamber. In this second
case of analyzing the energy of the stream discharged from the hydraulic cylinder (Ej, o),
the effective area of the hydraulic cylinder on the piston rod side (A;) was taken into
account. The process of extending a loaded hydraulic cylinder was analyzed, where liquid
is supplied to the piston chamber and discharged to the tank from the piston rod chamber
in a standard control system, in which the stream discharged from the hydraulic cylinder
flows through both hydraulic lines and the control valve.

To precisely determine the energy of the stream discharged from the hydraulic cylinder
(En_out), an analogical approach, as in Equation (5), is used:

ts
Eh_out = Qout ; Pout(t)dt (8)
0

where

e Quut is the averaged value of the flow rate at the drain port.
®  pou(t) is the pressure at the hydraulic cylinder’s drain port, varying over time.

It should be noted that a temperature increase from 25 °C to 75 °C induces multi-
variable coupled effects within the hydrostatic system. These variations simultaneously
affect not only the fluid’s dynamic viscosity but also its density, bulk modulus, internal
component clearances, and seal friction characteristics. Consequently, the empirical system
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evaluation represents a multi-criteria thermodynamic process rather than a strictly single-
variable analysis. To address this complexity, the proposed analytical approach focuses on
determining the explicit power and energy levels directly at the designated measurement
points. By capturing these real-time energy profiles, this approach inherently quantifies
the cumulative net effect of all thermally induced phenomena. Since the degradation of
fluid viscosity is the dominant mechanism driving both flow resistance and volumetric
leakage across the investigated thermal spectrum, it serves as the primary interpretative
baseline for the established power balance analysis. Consequently, tracking the cylinder
chamber pressures and piston velocity provides the essential variables required to cap-
ture these cumulative thermodynamic changes without necessitating overly complex or
extensive instrumentation.

5. Experiment Methodology and Results

The experimental investigations were conducted on a research rig replicating a boom
actuation system (Figure 2). The primary actuator was a double-acting hydraulic cylinder
integrated with a valve system that enabled fluid circulation through the cylinder chambers.
During the preparation of each test series, the hydraulic oil was preheated to the target
temperature using a throttle valve as a resistive element to convert hydraulic energy into
thermal energy. Throughout the heating process, a constant flow rate was maintained, and
the fluid temperature was monitored at three distinct measurement points to ensure thermal
equilibrium across the system. Consequently, the oil circulated through the supply pump,
valve blocks, conduits, cylinder chambers, and the reservoir, ensuring a uniform thermal
distribution. This procedure justified the assumption that the temperature measured at the
reference point was representative of the entire system. Pressure transients were recorded
using transducers located on the valve blocks mounted onto the cylinder. During the tests,
the pair of two-way valves on the cylinder blocks that enable fluid supply to the chambers
remained in the open position to facilitate a classic hydraulic configuration, and the cylinder’s
motion was controlled by a standard 4/3 directional control valve (Figure 3, Table 1).

Table 1. Main parameters of the tested system.

No. Element Description Parameters
1. Piston diameter 80 mm
2. Piston rod diameter 50 mm
3. Gear pump displacement 14.8 cm?®
4. Gear pump speed of rotation 1450 min~!

To ensure high measurement reliability, the experimental setup utilizes high-precision
instrumentation. The hydraulic pressures were monitored using Keller Series 33X piezore-
sistive (Keller Group AG, Winterthur, Switzerland) transmitters with an intrinsic accuracy
of +0.05% full scale (FS) and a maximum Total Error Band (TEB) of +0.1% FS. This TEB is
maintained across a range of —10 to 80 °C via integrated mathematical thermal compen-
sation, preventing sensor accuracy degradation due to shifting fluid temperatures. The
actuator’s kinematics are captured by a SICK BTF13 (BTF13, SICK AG, Waldkirch, Ger-
many) wire draw encoder with a resolution of 0.04 mm. Given these low instrumentation
errors, the baseline uncertainty is statistically negligible. Additionally, the experimental
procedure involved repetitions of each test sequence under identical conditions, allowing
the data to undergo standard statistical analysis.
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Figure 2. Experimental setup: (a) boom system with loading masses, (b) hydraulic cylinder, (c) hy-
draulic power unit with control directional valve, (d) connection blocks for pressure and temperature
sensors, and 2/2-way valves, (e) draw-wire displacement sensor, (f) throttle valve in the heating line,
(g) 4/3 directional control valve, (h) temperature sensor on the return line to the tank. The lower

panels show enlarged views of details (b) and (c).
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external external

Figure 3. Hydraulic system diagrams illustrating fluid flow paths during different operational phases:
(left) heating process with flow through the throttle valve marked in red, and (right) experimental
testing phase with flow marked in blue. In both cases, the temperature sensors are indicated in green.
Key components: (1) hydraulic cylinder, (2) in the heating line, (3) 4/3 directional control valve,
(4) connection blocks for pressure and temperature sensors, and 2/2-way valves.

The analyzed boom lifting process can be divided into four stages:

1. Before valve engagement and commencement of lifting (t;)—at this stage, the fluid
from the pump flows to the reservoir via the relief valve.

2. Commencement of cylinder extension movement (t;)—this stage begins at the moment
the 4/3 directional control valve is shifted /actuated, directing the fluid to the lower
chamber of the cylinder.

3. Cylinder movement after cessation of disturbances, resulting from the dynamic inter-
actions occurring during the commencement of motion (t;;).

4. Cylinder stops at the upper limit position (¢,).

The lifting process was conducted across the full stroke of the cylinder. A representa-
tive course of pressure changes and the corresponding hydraulic cylinder extension during
the lifting cycle are shown in Figure 4. The observed time delay between the rise in supply
pressure and the onset of movement results from the phenomenon of energy accumulation
within the hydraulic system, as characterized in detail in previous studies [66].

To mitigate the influence of pressure variability during the initial phase of motion,
associated with the acceleration of the system and dynamic phenomena, the range of
cylinder extensions adopted for energetic analysis commenced at 120 mm and ended at an
extension equal to 480 mm. These extension ranges corresponded to stable cylinder opera-
tion across all measurements performed. Tests were conducted for system temperatures
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ranging from 25 to 75 °C. After establishing the desired test temperature, the measurement
was performed five times. By adopting the above conditions for conducting the research, it
was possible to maintain the repeatability of measurements of the test object while ensuring
a sufficient number of repetitions to perform basic statistical analysis. The collected results
are presented in Table 2.
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Figure 4. Sample displacement and pressure changes in the hydraulic cylinder’s piston chamber
during extension.
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Table 2. Statistical analysis of measured parameters (based on five test runs per each temperature
measurement, 1 = 5).

Hydraulic Oil Average . St;;nlc:ard De;lia.tion Confidence ﬁ]ciower .. ﬁgpper .
Temperature [°C] Movement Time of the Population (T-Student, 95%) [ms] Confidence Limit Confidence Limit
120-480 [s] [ms] [s] [s]

25 5.05 0.62 5.54 5.047 5.053

30 5.078 9.80 8.59 5.074 5.082

35 5.096 8.00 7.01 5.092 5.100

40 5.11 0.00 0.00 5.110 5.110

45 512 6.32 5.54 5.117 5.123

50 5.14 6.32 5.54 5.137 5.143

55 5.15 6.32 5.54 5.147 5.153

60 5.168 7.48 6.56 5.165 5171

65 5.182 4.00 3.51 5.180 5.184

70 52 0.00 0.00 5.200 5.200

75 5.206 8.00 7.01 5.202 5.210
Average Average Flow Rate at  Average Flow Rate at Average Average

Hydraulic Oil Movement the Supply the Return Supply Return
Temperature [°C] Speed 120-480 Q;, [mm3/s] Qout [mm3/s] Pressure [MPa] Pressure [MPa]

[mm/s] (dm3/min) (dm3/min) (bar) (bar)

25 71.29 358,328 (21.50) 218,356 (13.10) 4.756 (47.56) 0.691 (6.91)

30 70.89 356,352 (21.36) 217,152 (13.03) 4.701 (47.01) 0.614 (6.14)

35 70.64 355,094 (21.31) 216,385 (12.98) 4.672 (46.72) 0.572 (5.72)

40 70.45 354,121 (21.25) 215,792 (12.95) 4.643 (46.43) 0.525 (5.25)

45 70.31 353,429 (21.21) 215,371 (12.92) 4.611 (46.11) 0.478 (4.78)

50 70.04 352,054 (21.12) 214,533 (12.87) 4.606 (46.06) 0.447 (4.47)

55 69.90 351,370 (21.08) 214,116 (12.85) 4.613 (46.13) 0.441 (4.41)

60 69.66 350,147 (21.01) 213,371 (12.80) 4.595 (45.95) 0.400 (4.00)

65 69.47 349,201 (20.95) 212,794 (12.77) 4.581 (45.81) 0.375 (3.75)

70 69.23 347,992 (20.88) 212,058 (12.72) 4.553 (45.53) 0.325 (3.25)

75 69.15 347,591 (20.86) 211,813 (12.71) 4.529 (45.29) 0.284 (2.84)

The experimentally determined time values, ¢y and t;, combined with the cylinder’s ge-
ometric parameters, enabled the calculation of the average inlet (Q;;,) and outlet (Qyy¢) flow
rates. Additionally, the average piston velocity was derived from the recorded travel time.
Subsequently, using a numerical integration method implemented in MATLAB—2023b,
and specifically, the rectangle rule with a step size of 1 x 1072 s, the areas under the pres-
sure curves (Figure 5) were calculated for the previously defined displacement range. The
results obtained are summarized in Table 3. The obtained data allow for the determination
of parameters at individual measurement points, such as cylinder extension, the area under
the pressure curve, and the average flow rate, which are consistent with the previously
developed mathematical model.

The conducted statistical analysis indicates that the performed measurements were
carried out correctly, resulting in high repeatability of the results and a relatively small
confidence interval for the determined magnitudes of the areas under the pressure curves,
as well as the time taken to execute the motion in the analyzed displacement range.

The SI units are used in Tables 2 and 4 to ensure direct correlation with the presented
mathematical models, while the corresponding technical units are also provided to facilitate
practical interpretation for industry.
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Figure 5. Pressure change profile and corresponding area under the curve during cylinder movement.

Table 3. Statistical analysis of the area under the pressure curve (1 = 5).

Average Area Standard Confidence Upper
Hydraulic Oil Under the Supply  Deviation of the o Lower Confidence _opper
° . . (T-Student, 95%) .. Confidence Limit
Temperature [°C] Side Pressure Population [kPa-s] Limit [MPa-s] [MPa-s]
Curve [MPa-s] [kPa-s]
25 24.02 63.37 55.54 23.99 24.04
30 23.87 44.70 39.18 23.85 23.89
35 23.81 78.62 68.91 23.77 23.84
40 23.73 73.58 64.49 23.70 23.76
45 23.61 52.61 46.11 23.59 23.63
50 23.67 133.41 116.94 23.62 23.73
55 23.76 110.96 97.26 23.71 23.80
60 23.75 82.31 72.14 23.71 23.79
65 23.74 94.85 83.14 23.69 23.78
70 23.67 120.54 105.66 23.62 23.73
75 23.58 38.19 33.47 23.56 23.59
Average Area Standard Confidence Upper
Hydraulic Oil Under the Return Deviation of the o Lower Confidence _opper
° . . (T-Student, 95%) .. Confidence Limit
Temperature [°C] Side Pressure Population [kPa-s] Limit [MPa-s] [MPa-s]
Curve [MPa-s] [kPa-s]
25 3.49 65.91 57.77 3.46 3.52
30 3.12 34.90 30.59 3.10 3.13
35 2.92 81.75 71.66 2.88 2.95
40 2.68 128.15 112.33 2.63 2.74
45 2.45 102.28 89.65 2.40 2.49
50 2.30 218.33 191.37 2.20 2.39
55 2.27 148.04 129.76 2.21 2.34
60 2.07 113.71 99.67 2.02 2.12
65 1.94 187.21 164.10 1.86 2.03
70 1.69 182.69 160.13 1.61 1.77
75 1.48 26.26 23.01 1.47 1.49
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6. Results Analysis and Discussion

The test results obtained enable a comparative analysis of three methods, based on
three different parameters, for identifying the system’s energy changes as a function of tem-
perature variation. The analyzed parameters will be the average pressure values recorded
during the tests, the determined values of hydraulic energy, and the hydraulic power
within the system. The obtained values of individual parameters will be correlated with the
change in hydraulic oil viscosity, determined according to standard D341—Standard Prac-
tice for Viscosity-Temperature Equations and Charts for Liquid Petroleum or Hydrocarbon
Products [52]. Furthermore, the analysis of viscosity will take into account the change in oil
density with temperature.

In the case of analyzing the pressure changes recorded at the supply and drain ports
of the cylinder during its operation, it was assumed that the average magnitude of the
pressure (pgy) recorded during cylinder work would be the indicator. Simultaneously, in
order to account for varying operating times, the analysis relied on the parameter of the
area under the pressure curve:

ts
S pra(t)t
i )
s 0

In the hydraulic system, HLP class oil with the trade name RENOLIN VG 46 was used.
The average pressure values for different oil temperatures, determined based on the test

Pav =

results, are presented in Table 4.

Table 4. Average pressures, liquid kinematic viscosity, and their percentage changes (1 = 5).

Hydraulic Oil  Average Supply Average Return Dynamic Viscosity of

Parameter Parameter .
Temperature Pressure Change Pressure Change Liquid
[°Cl [MPa (Bar) 8 [MPa] (Bar) 8 [N-s/m?] x 103
25 4.756 (47.56) 0.00% 0.691 (6.91) 0.00% 85.796
30 4.701 (47.01) 1.15% 0.614 (6.14) 11.21% 65.088
35 4.672 (46.72) 1.76% 0.572 (5.72) 17.23% 50.352
40 4.643 (46.43) 2.36% 0.525 (5.25) 24.00% 39.648
45 4.611 (46.11) 3.04% 0.478 (4.78) 30.84% 31.727
50 4.606 (46.06) 3.15% 0.447 (4.47) 35.35% 25.764
55 4.613 (46.13) 3.01% 0.441 (4.41) 36.22% 21.202
60 4.595 (45.95) 3.37% 0.400 (4.00) 42.06% 17.663
65 4.581 (45.81) 3.68% 0.375 (3.75) 45.73% 14.879
70 4.553 (45.53) 4.27% 0.325 (3.25) 53.01% 12.662
75 4.529 (45.29) 4.77% 0.284 (2.84) 58.90% 10.877

In the above analysis, percentage pressure changes at the cylinder’s supply port
do not explicitly manifest the influence of fluid viscosity on flow losses, as the pressure
characteristic is dominated by the external load. Nevertheless, this parameter remains
essential for the final energy balance. In contrast, a pronounced dependence of the pressure
drop on hydraulic oil viscosity is observed on the drain side, suggesting that this correlation
is pivotal to the analysis.

To expand the scope of this study, an alternative approach based on hydraulic energy
levels at both measurement points was implemented. Since the energy change is directly
proportional to the area under the pressure curves, the percentage fluctuations align with
the magnitudes observed in the average pressure analysis. However, an energy-based
approach uniquely enables the quantification of both the effective work performed and the
energy dissipated due to internal flow resistance. By applying the previously introduced
mathematical model, the energy values were determined and are summarized in Table 5.
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Table 5. Average energies and their percentage changes (1 = 5).
Hydraulic Oil Average Energy Average Energy Aver.age Energy
Temperature [°C] at the Supply at the Return D1f.ference Parameter Change
[J1 1] Mechanical Work [J]
25 8606 762 7843 0.00%
30 8507 677 7830 0.17%
35 8454 631 7823 0.25%
40 8403 579 7823 0.26%
45 8344 527 7817 0.33%
50 8335 493 7842 0.02%
55 8347 486 7861 —0.22%
60 8316 442 7874 —0.39%
65 8289 414 7875 —0.40%
70 8238 358 7880 —0.47%
75 8195 313 7882 —0.49%

Analyzing the obtained results, it can be indicated that the energy balance confirms that
the performed tests were characterized by a practically constant amount of energy utilized for
work performed by the system. If the energy amount for the system’s work registered at a
fluid temperature of 25 °C is taken as the baseline, the changes do not exceed 0.5%. However,
a slight tendency for the work energy to decrease at temperatures up to 50 °C can be observed,
and after this threshold, a slight increase occurs. This phenomenon, likely related to the
operating conditions of the piston-cylinder pair and the sealing characteristics, seems to be an
issue that could be further investigated in future research.

The third analytical approach investigated for determining the influence of tempera-
ture, and consequently oil viscosity, on the energy consumption of the system’s operation
is the analysis at the level of the achieved power. This analysis has an advantage over the
others because it enables the determination of the influence of flow rate decrease in the
system, which is a result of reduced fluid viscosity and, consequently, increased volumetric
losses. Furthermore, it will enable the correlation of the working motion execution time
with the system’s power changes. The obtained analysis results are presented in Table 6.
Table 6. Average powers and their percentage changes (1 = 5).

Hydraulic Oil I? verage Average Average Power
ower at Parameter Power at Parameter . Parameter
Temperature the Suppl Change the Return Change Difference Change
[°Cl] PPy & 8 Mechanical Power [W] 8
W] W]
25 1704.08 0.00% 150.93 0.00% 1553.15 0.00%
30 1675.21 1.69% 133.28 11.70% 1541.94 0.72%
35 1659.01 2.64% 123.80 17.98% 1535.22 1.16%
40 1644.35 3.51% 113.36 24.89% 1530.99 1.43%
45 1629.74 4.36% 102.95 31.79% 1526.79 1.70%
50 1621.56 4.84% 95.87 36.48% 1525.70 1.77%
55 1620.77 4.89% 94.39 37.46% 1526.38 1.72%
60 1609.06 5.58% 85.45 43.38% 1523.61 1.90%
65 1599.54 6.14% 79.82 47.11% 1519.72 2.15%
70 1584.28 7.03% 68.87 54.37% 1515.41 2.43%
75 1574.11 7.63% 60.18 60.13% 1513.93 2.53%

The presented results indicate that, along with the increase in fluid temperature, the
percentage decrease in power at the cylinder’s supply port is significantly greater than the
decrease in average pressure. It can, therefore, be stated that the change in the average
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pressure value is an indicator of the change in flow resistance, whereas the recorded
power decrease also includes the change in fluid flow rate, which results from changes in
volumetric efficiency in the supply line. By identifying the total change in hydraulic power
at the measurement points and, based on the changes in average pressure, the change in the
level of energy losses due to flow resistance, the magnitude of the power change resulting
from volumetric losses can be directly determined. In the analyzed case, the increase in
fluid temperature influences an energetically favorable change in flow resistance, but also a
detrimental increase in energetic volumetric losses in the supply system.
The total decrease in hydraulic power (ANj) can, therefore, be divided into
two components:
AN}, = ANpjoss + ANpgor (10)

One component of this sum describes the decrease in energy consumption resulting
from the change in flow resistance (ANjy,s;), while the second component describes the
power decrease due to volumetric losses (ANj,;) and the resulting changes in flow rate.
To determine the ratio of these power components, we will rely on the results of earlier
analyses of the percentage decrease in power and energy at individual measurement points
(Table 7), treating the percentage indicators as parameters that define the mutual ratio of
the changes in the indicated types of power relative to the values determined for a fluid
temperature of 25 °C.

Table 7. Power balance.

Hydraulic Oil Percentage Percentage Change ¢ g ercentige PoweI: Ch;mgfe Power Change P

Temperature Change in Energy ]; nergy -osses as a Hesu to as a Result ower
° . ue to Volumetric Changes in Flow Balance [W]

[°C] in Power (Average Pressure) L . of Leaks [W]
osses Resistance [W]
supply side
25 0.00% 0.00% 0.00% 0.00 0.00 0.00
30 1.69% 1.15% 0.55% 19.58 9.29 10.29
35 2.64% 1.76% 0.89% 29.96 15.11 14.85
40 3.51% 2.36% 1.15% 40.20 19.54 20.66
45 4.36% 3.04% 1.33% 51.75 22.59 29.16
50 4.84% 3.15% 1.70% 53.62 28.90 24.72
55 4.89% 3.01% 1.88% 51.22 32.09 19.12
60 5.58% 3.37% 2.21% 57.42 37.60 19.82
65 6.14% 3.68% 2.45% 62.74 41.81 20.93
70 7.03% 4.27% 2.76% 72.74 47.06 25.68
75 7.63% 4.77% 2.85% 81.35 48.63 32.72
return side

25 0.00% 0.00% 0.00% 0.00 0.00 0.00
30 11.70% 11.21% 0.49% 16.91 0.74 16.17
35 17.98% 17.23% 0.75% 26.00 1.13 24.88
40 24.89% 24.00% 0.89% 36.22 1.35 34.87
45 31.79% 30.84% 0.95% 46.55 1.43 45.13
50 36.48% 35.35% 1.13% 53.35 1.71 51.65
55 37.46% 36.22% 1.24% 54.67 1.87 52.80
60 43.38% 42.06% 1.32% 63.48 2.00 61.48
65 47.11% 45.73% 1.38% 69.02 2.09 66.93
70 54.37% 53.01% 1.36% 80.01 2.05 77.96
75 60.13% 58.90% 1.23% 88.89 1.86 87.03

In the case of measuring energy flow through the cylinder’s drain port, the percentage
changes in the average power and average pressure parameters are very close to one
another. This results from the fact that virtually no volumetric losses occur in this line, and
the difference in the percentage decrease is due to the change in flow rate in this line, which
results from a slight change in piston speed. Thus, the power balance for the drain line
directly indicates that the dominant energetic change is the reduction in flow resistance in
the line. In the case of the supply port, where the power flow significantly depends on the
magnitude of volumetric losses in the supply line, this ratio is more balanced (Figure 6).
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Figure 6. Power balance components: power variation from flow resistance (blue), power variation
from leakage (orange), and net power balance (gray).

Analyzing the results obtained, it can be concluded that volumetric power losses on
the cylinder’s supply side have a significant impact on energy balance. In the analyzed
example, the increase in hydraulic oil temperature and the resulting decrease in viscosity
are energetically favorable, but on the supply side, at a temperature of 75 °C, the total
power decrease in the system was less than 33 W, which translates to less than 2% of the
hydraulic power recorded at the supply port. The reduction in fluid viscosity is directly
energetically favorable only in the system’s drain line.

In industrial practice, it seems possible for a phenomenon to occur where an increase
in volumetric loss power is greater than a change in flow resistance due to a temperature
rise in the hydraulic system. Furthermore, as shown by the research, directly linking
the change in the fluid viscosity parameter with expected energetic benefits can lead to
erroneous results. The structure of the hydraulic system, the parameters of the supply
and drain lines, and the volumetric efficiencies of pumps and valves are the key aspects.
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Consequently, by using the presented energetic analysis method, parameters critical to any
hydrostatic system can be identified.

7. Conclusions

This article presents an extended energetic analysis method for hydrostatic power
transmission systems, enabling a determination of actual energy fluctuations as a function
of hydraulic oil temperature. The research conducted and the resulting analyses led to the
following key conclusions:

e  Themethod effectively integrates flow resistance variations and volumetric losses, provid-
ing a comprehensive view of energy transitions. By measuring fundamental parameters
such as pressure and cycle duration, the approach allows for a precise identification of
the energy balance without the need for overly complex instrumentation.

e  This study demonstrates that the correlation between energetic changes and fluid
viscosity is not uniform across the system. While a direct correlation is valid for the
drain line, it is insufficient for the supply side. Specifically, for a 50 °C temperature
increase, the actual hydraulic power on the supply side changed by only 2%, whereas
the useful mechanical power simultaneously decreased by 2.53%, highlighting the
critical role of volumetric losses.

o  The proposed method serves as a robust tool for identifying power balances at both
the design and operational stages, offering a foundation for more accurate efficiency
predictions and real-time energetic state monitoring.

Despite the insights gained, this study is subject to certain limitations. The experi-
mental verification was conducted using a specific type of hydraulic oil (RENOLIN VG 46)
under a single load condition; therefore, the generalizability of the findings to other fluid
types or varying load profiles requires further verification. Additionally, this study focuses
on energetic fluctuations and does not account for the long-term impact of oil temperature
variations on component wear, particularly regarding seal durability.

It should be emphasized that while the empirical validation of the developed math-
ematical and physical models was conducted using a specific test rig configuration with
a single circuit, a fixed load, and one hydraulic oil grade, the power balance approach
itself is inherently universal. The fundamental value of this methodology lies in its shift-
ing of focus away from the identification of changes in individual components toward a
broader, systemic perspective. As demonstrated, this energy-based framework enables the
comprehensive evaluation of even complex hydrostatic architectures while operating with
a significantly limited number of measurement parameters. In this research, the specific
experimental setup served as a successful benchmark to map the structural distribution
of energy losses between the supply and drain lines. The scalable nature of the proposed
approach makes it a highly useful diagnostic tool for the energetic optimization of diverse
industrial fluid power systems under varying operating conditions.

Future research can be extended to investigate the performance of bio-based hydraulic
oils and operations under extreme, wide-temperature-range conditions. Furthermore, there
is significant potential to combine the proposed method with Artificial Intelligence (AI)
technology. This would enable the development of advanced control systems for real-
time energy efficiency optimization, dynamically adjusting system parameters based on
instantaneous oil temperature and fluid state.
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