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ABSTRACT

Transitioning to cleaner technologies, such as electrified systems in off-road
vehicles, is crucial for reducing greenhouse gas emissions and promoting
sustainable practices. This shift toward electrification is driving advancements in

dedicated electrified hydraulic actuation systems.

Traditional centralized fluid power architectures remain popular for their cost-
effectiveness, power density, and reliability. However, the increasing demand for
lower emissions is raising interest in electro-hydraulic actuators. By adopting
individualization strategies, the overall efficiency of hydraulic systems, generally
under 30%, can be increased through reduced throttling losses and the ability to
recover energy during assistive loads. This capability not only improves
transmission efficiency but also leads to lower fuel consumption, making EHAs

an appealing alternative for meeting stringent emission regulations.

This study explores two types of EHA architectures: an open-circuit design that
connects directly to the tank, and a closed-circuit design where the differential
volume of the linear actuator is stored and supplied by an accumulator. The sizing
procedure for the electro-hydraulic system is discussed in detail, aiming to
maintain the functionality of the baseline hydraulic system while optimizing
costs. Both EHA configurations utilize a commercial electro-hydraulic unit that
combines a variable-speed electric motor with a fixed-displacement hydraulic
pump. A complete speed range across all four-quadrants is achieved without
requiring the hydraulic pump to operate at low rotational speeds, ensuring high
efficiency throughout the unit's operation. This setup not only provides a cost-
effective solution but also operates quietly, making it an attractive option for

modern applications.
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In developing an effective EHA, careful attention must be paid to the components
that ensure optimal performance and efficiency. A systematic approach to sizing
various system elements, including the electric motor and hydraulic unit, is
essential. The selection of these components follows an established sizing
methodology, with particular emphasis on valve and filter selection influenced by
the accumulator sizing. Additionally, the design of a manifold to house the
cartridge valves and filter is addressed, underscoring its significance within the

overall system architecture.

To validate the EHA design, it is critical to predict the system's behavior before
engaging in costly experiments and demonstrations. An integrated simulation
model is developed using the lumped parameter approach within the Simcenter
Amesim environment. This model incorporates the electric system, hydraulic

system, and the intended mechanism, facilitating a thorough efficiency analysis.

In the final phase, the closed-circuit EHA system is integrated into a reference
vehicle, specifically a Case New Holland TV380 skid steer loader. Implementing
the new electro-hydraulic system requires minor modifications to the baseline
hydraulic circuit, along with instrumentation of the power electronics to operate
the EHU. The conducted experiments focus on the energy-saving potential of the
EHA, which shows efficiency up to 70% supporting the potential for

commercializing these hydraulic systems in mobile applications.
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1.1

1.INTRODUCTION

Fluid power systems - encompassing hydraulic and pneumatic technologies - play
a crucial role in the design and operation of machinery and equipment across
diverse industries. These systems harness the properties of fluids under pressure
to transmit and control energy. Several are the applications in which these
capabilities are employed: from aerospace and automotive engineering to

manufacturing and robotics.

Fluid power systems are celebrated for their ability to deliver high force and
precision, often in compact and efficient forms. Hydraulic architectures
implemented on mechatronic systems are renowned for their robust force
transmission and adaptability in heavy-duty applications, while pneumatic
systems offer advantages in speed and cleanliness, making them ideal for lighter
and faster operations. The evolving landscape in a great variety of engineering
fields - material science, electronics, and control systems - are pushing the
boundaries of fluid power technologies walking toward system with improved

performances in efficiency, reliability and functionality.

WORKING PRINCIPLE

Fluid power can be divided in two main technologies:
Pneumatics: rely on air or gases under pressure to perform light operations or
complex automations.
Hydraulics: an almost incompressible fluid (water and mineral oil in general)

is used to transmit and control energy in heavy fixed and mobile applications.

When designing a fluid power system, it is important to evaluate the required

performances from the system and chose the best technology to transmit the



mechanical power. Hence, it is essential to consider the specific advantages and
limitations of hydraulic and pneumatic technologies. Table 1.1 summarizes the
key benefits and drawbacks of hydraulic and pneumatic systems, providing a

clear comparison to help guide decisions based on application requirements.

Table 1.1: Advantages and disadvantages of hydraulic and pneumatic systems

Advantages Disadvantages

Hydraulics e Flexible arrangement

e High force and power density
e Precise control and smooth
operation

e Potential for oil leak and
environmental concerns
Fluid contamination
Pressure oscillations
Tolerance requirements
Fluid temperature control

e Auto-lubrication
e Force multiplication
e Fast response time

e Limited force capability
compared to hydraulics

e Low energy conversion
efficiency

e Availability of air
e Environmental friendly
e Low initial and maintenance

; costs Less precise control
Pneumatics e Safire due to lower forces pr
. e Corrosion (water and
involved oxygen)
o Cleap and simple, with no risk e No fine positioning/rigid
of oil leakage .
holding

From this first comparison it is evident that hydraulic systems are preferred to

pneumatic systems in off-road vehicles where high forces are implied.

With respect to competing technologies such as mechanical and electrical drives,
hydraulic drives guarantee higher performance in terms of power to weight ratio,
controllability and flexibility. However, some drawbacks arise when hydraulics
are used for power transmission: energy losses, high influence of temperature,

leakages, aging and contamination of working fluid [1].

Being hydraulic fluid power a cornerstone of modern engineering, it provides a

reliable and efficient solution to a multitude of applications:

Aerospace: Hydraulic systems are crucial in aircraft for controlling flight
surfaces, landing gear, and braking systems. For example, hydraulic actuators
manage the movement of flaps and ailerons to ensure stable flight and

maneuverability.



Robotics: Hydraulic systems provide high-force capabilities for tasks requiring
precision and strength, such as in industrial robots used for assembly lines and
heavy-duty robotic arms that handle large components.

Industry: Hydraulic presses and lifts are widely used in manufacturing for tasks
such as metal forming, stamping, and material handling.

Mobile Applications: In construction and agriculture, hydraulic systems
operate excavators, loaders, bulldozers, harvesters, etc. These systems enable
precise control and powerful movements, crucial for earthmoving, digging, and
lifting operations.

Automotive: Fluid power systems are essential for power steering, brakes,
automatic transmissions. Hydraulics enhance not only safety and high

performances in these applications but also improvements in comfort.

Some examples of hydraulic fluid power applications are shown in Figure 1.1 [2-

51.



¢) Case IH Magnum 400 [4] d) Boeing 787 Dreamline [5]

Figure 1.1: Hydraulic systems applications: (a) robotics, (b) construction, (c) agriculture

and (d) aerospace.

A basic hydraulic system is shown in Figure 1.2. Starting from the mechanical
domain, a combustion engine or an electric motor provides the input power to the
hydraulic system. The energy source is the prime mover that that drives the
hydraulic pump. Safety systems - like a pressure relief valve - and fluid
conditioning elements - such as coolers, heaters and filters - can be included in
the generator part. Thanks to the hydraulic pump, flow is delivered in the lines
based on the shaft angular speed and the volumetric displacement. In the control
part one or more valves can deliver the flow to all the actuators in the system
regulating their actuation speed (angular or linear). Based on the type of motion
actuators are divided in linear (e.g., hydraulic cylinders) and rotary (e.g.,
hydraulic motors) actuators. Finally, a load is driven thanks to the actuator. This
last step gives a new energy conversion from the hydraulic domain to the

mechanical domain.
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Figure 1.2: ISO schematic of a basic hydraulic system

A power loss can be associated with each component of the scheme, and it is
related to the intrinsic efficiency of the component. For a common hydraulic
system, the most relevant power loss is related to the prime mover: internal
combustion engines can achieve efficiencies up to 30% when operating in their
sweet spot. Following the workflow, the pump, valves and actuator efficiencies
must be considered before obtaining the net output power from the hydraulic
input power provided by the prime mover. The net output power is then used to
drive the load accomplishing a certain function. An example of power flow of

hydraulic systems is shown in Figure 1.3.

I Net output power
12

Actuator input power I
Valves input power 7
21

Pump input power
30 - Available regenerated power
5

- Throttling losses

. Pump losses
9

Combustion engine input power
10

Engine losses
70

Figure 1.3: Power flow of hydraulic systems [%]



1.2 MOTIVATION

The increasing concentration of greenhouse gases in the Earth's atmosphere is
one of the most pressing challenges of our time. These gases, primarily carbon
dioxide (CO.), methane (CHa4), and nitrous oxide (N20), trap heat from the sun
and create a “greenhouse effect” that leads to warming the planet. This
phenomenon drives significant changes in global climate patterns, resulting in
more frequent and severe weather events, heatwaves, rising sea levels,

precipitations and storms, wildfires and disruptions to ecosystems [6].

In Figure 1.4 the visual representation of annual CO; emissions provides a crucial
insight into the scale and trends of carbon dioxide output over time [7]. Human
emissions of carbon dioxide and other greenhouse gases are the main factors
contributing to the increase in global temperatures. This relationship between
global temperatures and greenhouse gas levels has been consistent throughout
Earth's history. Figure 1.5 illustrates the global average temperature compared to
a baseline, which represents the average temperature from 1961 to 1990. Since

that period, average temperatures have increased by more than 0.8°C [8].

Annual CO, emissions D
Carbon dioxide (CO;) emissions from fossil fuels and Industry'. Land-use change is not included.

World
35 billion t

30 billion t

25 billion t
20 billion t
15 billion t
10 billion t
5 billion t
ot
1850 1880 1900 1920 1940 1960 1980 2000 2022
Data source: Global Carbon Budget (2023) OurworldInData.org/co2-and-greenhouse-gas-emissions | CC BY

1. Fossil emissions: Fossil emissions measure the quantity of carbon dioxide (CO.) emitted from the burning of fossil fuels, and directly from
industrial processes such as cement and steel production, Fossil CO; includes emissians fram coal, oil, gas, flaring, cement, steel, and other
industrial processes. Fossil emissions do not include land use change, deforestation, soils, or vegetation

Figure 1.4: Annual CO: Emissions [7]



Average temperature anomaly, Global
Global average land-sea temperature anomaly relative to the 1961-19%0 average temperature baseline.
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Note: The gray lines represent the upper and lower hounds of the ?5% confidence interval.

Figure 1.5: Average temperature anomaly, Global [8]

According to the United State Environmental Protection Agency (EPA) the
transportation sector represents 1/3 of the total greenhouse emission in US [9].
Fluid power applications are included in the agricultural, industry and
transportation sectors representing a non-negligible role in total emissions (Figure
1.6). In particular, off-road vehicles and equipment emissions represent the 10%

out of the 33% of the transportation sector.

49% Light Duty Vehicles

Industry Trensportatioy 21% Medium & Heavy Vehicles
(including Trucks and Buses)

10% Off Road Vehicles and Equipment

25% & 2% Rail
Electric Po ' 3% Maritime
flcFouet Y 1% vition

4% Other (Pipeline/Military/Lubricants)

Figure 1.6: 2019 U.S Greenhouse Emission [9]

The National Fluid Power Association (NFPA) reviewed the 20 largest customer

markets, which represent the 62% of products sales, in order to identify the main



sectors in which fluid power technologies (hydraulics and pneumatics) are
employed [10]. From Figure 1.7 it can be stated that the two main fields in which
fluid power systems are employed for power transmission are again agricultural

(11,73%) and construction machinery (19.59%).

Fluid Power Product Sales by Customer Market ... oo
2021 Data _vocational trucks) 4.67%
Metalworking and
Machine Tools 2.37%

" - Oil & Gas Machinery
2.31%

Agricultural Machinery
11.73%

Lawn & Garden 2.12%
__Mining Machinery 1.73%
v/ ~Power Generation 0.99%
/' Paper Machinery 0.76%

" _Food Processing 0.67%
Construction Machinery
19.59%

Plastics and Rubber
_Machinery 0.66%

Other 38.65% = B » " . 0.30%
Chemical Processing 0.06% _Printing Machinery 0.09%

Figure 1.7: Fluid Power Product Sales by Customer Market [10]

Construction machinery consumes around 2.68 billion gallons of fuel each year.
Despite this significant consumption, the efficiency of hydraulic systems within
this machinery shows considerable variability, ranging from 13% to 35% (Table
1.2) [11]. This disparity underscores the need for advancements in technology

and practices to increase overall efficiency.



Table 1.2: Construction machinery fuel consumption and hydraulic efficiency [11]

Fuel to
Total fuel Hydraulic Energy
Equipment Hydraulic
(gallons) efficiency (Quads)
(gallons)
Excavators 7.79E+08 6.230E+08 35% 8.641E-02
Rough Terrain
6.64E+07 1.660E+07 16% 2.303E-03
Forklifts
Rubber Tire
8.48E+08 4.238E+08 35% 5.878E-02
Loaders
Loaders/Backhoes 5.13E+08 3.076E+08 22% 4.266E-02
Aerial Lifts 2.09E+07 1.043E+07 13% 1.447E-03
Cranes 9.73E+07 1.945E+07 13% 2.698E-03
Skid Steer Loaders 3.51E+08 2.806E+08 16% 3.891E-02
Total 2.68E+09 1.681E+09 21% 2.332E-01
Average

In mobile applications, parasitic losses are associated to the transmission of

power from the prime mover (engine or electric motor). Moreover, the power that

is transmitted to the load is time varying, hence the required power from the prime

mover can experience drastic changes that have a high impact on its efficiency.

In a fluid power system, there are several components that can cause a reduction

of efficiency:

e In the pump losses are experienced in the form of internal and external

leakages, fluid compressibility and friction. The efficiency of the device can

approach 90% in the optimal operating conditions, but due to the time varying

loads the overall efficiency can decrease to 75% or even more in case of very

low angular speeds [1].

e A non-negligible fraction of losses is due to hoses and pipes. In hydraulic

applications, these losses are mainly due to:

o Major losses (distributed), including friction effects generated in the

pipe/hose section considering a constant sectional area and a fully

developed flow.



o Minor losses (concentrated), including friction losses caused by
singularities - fittings, bends, entrances, couplings - encountered by the
fluid during its flow.

e Control valves can experience losses due to internal leakages and metering
losses related to pressure drops across the valve to control the flow rate.

e Finally, hydraulic actuators such as cylinders can provide a low quantity of
losses mainly due to leakages from piston to rod chambers. Moreover, these
devices have the possibility to regenerate power from the load in case of

overrunning conditions.

Zimmerman et al. [12] presented the simulation study of a load-sensing excavator
hydraulic system to evaluate possible energy savings. Results showed the amount
of energy dissipated at different stages of the hydraulic system as shown in Figure

1.8.

Other
3% Actuator work
32%

Actuator leakage
1%

4

Pump losses
29%

losses
35%

Figure 1.8: Energy consumption for a load-sensing excavator hydraulic system

It is indeed of considerable significance the development of new fluid power
architectures and components to increase system efficiency, reduce losses, reduce
emissions and increase regenerative power. Even if the mobile hydraulics
encompass a diverse range of architectures, depending on the single applications,
hydraulic excavators are one of the most relevant reference machines when novel
solutions are proposed. This is due to reliability, cost and fuel consumption

considerations [13].
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In a common mobile application for agricultural or construction machinery one
prime mover and a limited number of pumps are used to supply power to multiple
actuators, and the desired fluid provided to each actuator is regulated by control
valves. This last architecture falls in the category of the centralized systems. Patel
provided a comprehensive study for the efficiency analysis of hydraulic actuation

architectures for mini-excavators [14].

Table 1.3: Hydraulic architectures energy efficiency increase [14]

Prime Movers Pump-Motor Units Energy Efficiency
Increase

ol o | &
X1

] = | O
X2

DC S x 1 Qj 59%
X3

EHA { %l ‘: C%Q 70%
X3 3

This last study shows how moving towards individualization strategies the overall
efficiency of the hydraulic system increases (Table 1.3). However, the transition
to this architecture requires high costs since the number of prime movers and

hydraulic units must be the same as the number of actuators.

Alongside the advancement of new architectures, vehicle electrification has
experienced significant evolution in recent decades, driven by the fluid power
industry's emphasis on environmental sustainability. Analysing the state of the art
and the trends of electrification in off-highway vehicles, Beltrami et al. [15] stated

that:

e A clear convenience in terms of total cost ownership represents an
effective driver for electrification.
e Power demand and minimum operational runtime represent technical

limits for a widespread electrification. Big machinery with aggressive
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duty cycles and in harsh environments are not suitable nowadays for
battery electrification.

e A most evident trend is represented by retrofitting of existing vehicles,
where the internal combustion engine and the fuel tank are replaced by
electric motors and a battery pack.

e The efficiency of electric vehicles is strongly increased by the new
technologies regarding hydraulics, actuators and energy recovery
systems. However, the introduction of this cutting-edge technologies can

increase the upfront costs exceeding the acceptable cost-benefit ratio.

The electrification trend is once again confirmed by the NFPA, which is
estimating an increase of electrified machines from 2022 to 2030: agricultural
machinery 24%, automotive and track manufacturing 27%, construction

machinery 19%, mining machinery 18% [10].

Transitioning from internal combustion engines (ICE) to electric motors, the
previously masked noise from hydraulic pumps and motors has become
significant in fluid power systems for off-road vehicles. For applications in close
proximity to people, noise is a major barrier to the acceptance and adoption of
fluid power technology. Beyond environmental considerations, reducing noise
from hydraulic components can also improve system control, extend machine
lifespan, and enhance reliability. Frequently, the primary challenge in deploying
hydraulic systems is the noise and vibration produced by positive displacement
machines, which can overshadow the noise generated by valves, loads, and other

hydraulic components.

Finally, the required reduction of fuel and energy consumption of off-road
vehicles and the consequent increase in the overall system efficiency, the
electrification trends in the fluid power field, and the required reduction of noise
emission of hydraulic components such as hydraulic pumps-motors are the

motivations for the current thesis work.
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1.3 STATE OF THE ART

Many research activities aimed at electrifying hydraulic systems can be found in
the literature. At the same time decentralized systems such as EHAs are always
more popular thanks to their high efficiency and compactness. Several examples
of EHAs can be found in the aeronautics, robotics and mobile fields. In this study
it is mainly considered the research carried by the Maha Fluid Power Research

Centre about Electro-Hydraulic Actuators for mobile applications.

Qu et al. [16, 17] proposed a novel open-circuit EHA architecture (Figure 1.9)
where the full speed range of the linear actuator was covered using a two-
quadrants fixed displacement pump thanks to the use of a bypass valve BPV in
parallel to the actuator CYL. This valve was opened in slow and fast working
modes adopting a control logic based on the desired flow supplied by the pump
and the pressure difference between the two chambers of the actuator. It was
shown through experiments that the opening of the bypass valve was causing non-
linearities during slow speed working modes due to the introduced throttling
losses. Moreover, cavitation was observed during high-speed retractions of the
cylinder causing again a non-linear behaviour. Further investigations were
conducted on transient load conditions. During this transient the switch of the
directional control valve DV introduced non negligible throttling losses due to
the high pressure drop and high flow rate. This resulted in cavitating the cylinder
chambers, and introducing spikes in the cylinder speed reducing the

controllability.
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Figure 1.9: Open-circuit EHA architecture [16]

The same research group proposed a closed-circuit EHA architecture (Figure
1.10) replicating the same experiments done for the open circuit [18]. In this case
a four-quadrants pump-motor was adopted and no reservoir connection was
considered. The differential volume of the cylinder CYL was managed by the
accumulator ACC. Two directional control valves DV1 and DV2 were
implementing the load-holding functionality. However, their pressure drops
introduced cavitation issues in the cylinder chambers. A similar control strategy
as in [16] was implemented to regulate BPV, but adapted to the functionality of
the four-quadrant HP. The robustness of the CYL velocity was tested for different
loading conditions. Results showed a non-linear behaviour for slow and high

actuator velocities due to the non-linear characteristic curve (pressure drop vs.

flow rate) of BPV.
%&w

N
EM HP
EH —| RV2 Pcvﬁé

Figure 1.10: Closed-circuit EHA architecture [18]
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Further studies were conducted to evaluate the efficiency and the power analysis
of the hydraulic circuit comparing open- and closed-circuit configurations [19].
Efficiencies up to 80% were obtained in simulation and validated through
experiments for both architectures. These results come from the throttling losses
reduction given by the adoption of an individualized architecture, as well as from
the energy recovery capability in assistive modes. However, high inefficiencies
(10-20%) were observed in slow and fast speed operations where the opening of
the bypass valve introduced additional throttling losses. The open-circuit
performed better in terms of efficiency thanks to the use of a two-quadrants
pump-motor intrinsically more efficient with respect to a four-quadrants design
used in the closed-circuit. Moreover, the energy stored in the accumulator was
not contributing in an incisive way due to the low pressure required in the drain
line. However, the considered model was not including the electric motor and
inverter losses, which are non-negligible when the overall efficiency and power

analysis of the EHA is studied.

The same fluid power centre promoted the development of integrated electro-
hydraulic units. Zappaterra et al. [20] proposed an optimization algorithm that
utilizes the EM model to derive an optimal EHU design. In particular, an external
gear machine (EGM) was integrated with a PMSM. The compact design of the
EHU was able to reach a 69% total efficiency at 4000 rpm and 60 bar.
Moreover, the unit was able to operate in all the four quadrants maintaining
efficiencies always higher than 50% despite the HU was designed for 2-
quadrants. Figure 1.11 shows the 3D model of the EHU where the red
components are part of the HM, while the blue components are part of the EM.

15



Figure 1.11: EGM 3D model [20]

Further studies carried by Zappaterra [21] aimed at designing an optimized
internal gear machine (IGM). The proposed EHU allowed for operations up to
medium-high pressure levels while using a low-cost EM. The HM integrates
seamlessly within an EM in a shaftless embodiment to minimize the number of
components enhancing compactness. A wide speed range up to 6000 rpm was
achieved maintaining an acceptable total efficiency that ranged between 81% and
97%. The morphology of the EHU allowed to cool the EM by using the working
fluid. Figure 1.12 shows the 3D model of the EHU. Moreover, a comparison
between the IGM and the EGM [20] was done, resulting in a 65% improvement

in compactness.

16



Figure 1.12: IGM 3D model [21]

Further improvements in the design of IGM and EGM brought to two final

designs shown in Table 1.4.

Table 1.4: Comparison between EGM and IGM

EGM IGM
Volumetric displacement [cc/rev] 10.7 25
Rated voltage [V] 400 700
EM type PMSM PMSM
Maximum pressure [bar] 210 210
Maximum power [kW] 15.75 32
Cooling system Air cooled | Liquid cooled

The discussed EGM [20] was implemented with the open-circuit architecture [16]
in a further step for the validation of the EHA proposed by Qu et al. [22, 23].
Results showed a lower system efficiency with respect to previous tests claiming
a 70% efficiency [19]. This was due to the low intrinsic efficiency of the EHU
which reached values up to only 60% in both resistive extension and assistive
retraction. The electric losses due to inverter could be considered negligible,
while a maximum of 0.93 kW of power was lost in the hydraulic circuit due to
throttling losses. Due to the limited performances of the prototype, the overall

system efficiency was reaching a maximum of 54% in assistive extension.
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To better validate the proposed EHA, a baseline was established [24]. The
considered reference vehicle was a skid-steer loader CASE TV380. Results from
this last work showed that an improvement from 20% to 50% in efficiency was
achieved in the best-case scenario when the baseline was operated under
excessive metering control. The improvements were mainly given by energy
regeneration during the lowering phase of the boom, the reduction of throttling
losses thanks to the decentralized architecture, and energy savings during idle
periods. In particular, only 1/3 of the total energy of the baseline was consumed
by the EHA. Limitations raised also in this case from a non-optimal design of the
EHU. Higher efficiency improvements could be obtained thanks to well

established technologies present in the market.

The simulation models considered in [16] and [18] were assuming isothermal
conditions. Further efforts from Qu et al. [25] where aiming at defining a thermal-
hydraulic model. The lumped-parameter model was developed on Simcenter
Amesim, and it was introducing three correction factors to simplify the modelling

process and improve the model accuracy:

e The proportion of heat generation from the pump to the fluid, a.
e The equivalent heat exchange coefficient for hoses, fittings, and
connections, hjpe.

e The correction of free convection and radiation, ¢,.

The comparison between simulation and experimental results showed average

error of less than 0.8°C.

1.4 RESEARCH OBJECTIVES

The main technical challenges associated with EHA architectures in mobile

hydraulic applications include:

e Most EHA designs aimed at aviation and robotic control, as well as many
commercial EHA products, lack energy recovery capabilities and

typically operate at lower power levels.
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e The use of expensive variable-displacement pumps in certain EHA
architectures for aerospace and mobile hydraulics significantly raises the
overall cost of these systems.

e EHA systems utilizing fixed-displacement pumps struggle with low-
speed performance. Fixed pumps often experience considerable
volumetric and torque losses, leading to increased wear on the journal
bearings, which results in manufacturers imposing low-speed limitations.

e EHAs are generally sized based on the maximum flow required by each
actuator, resulting in considerable oversizing compared to traditional
centralized systems where a single pump is supplying multiple actuators.

e Implementing EHA technology in mobile hydraulic applications
necessitates alterations to the mechanical structure, which demands more

space and restricts operational conditions.

This study will focus on developing an EHA system for mobile hydraulic
applications. Both numerical and experimental methods will be employed to
validate the efficiency of the studied EHA architectures. The research objectives

include:

e Evaluate the performance of a high-efficient EHA architecture with
energy recovery capabilities.

e Reducing costs by utilizing a VM-FP configuration as an EHU while
ensuring full-speed range operation without requiring the FP to operate at
low speeds.

e Proposing a basic sizing method for a scalable EHA design with a similar
configuration.

e Develop a simulation model able to serve as a design tool for future sizing
and optimization efforts.

e (Generate an efficiency map for all four-quadrants to validate performance
across various working conditions of the EHA.

e Implementing the EHA on a reference machine without altering the main

mechanical structure.
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e Analyzing the power management of the machine powered by the

proposed EHA and assessing its energy-saving potential.

1.5 THESIS STRUCTURE

The thesis is organized into the following chapters to achieve the research

objectives outlined above.

Chapter 2 introduces the Electro-Hydraulic Actuator architecture under study. It
discusses the system sizing and presents the selection and operating principles of
both hydraulic and electric units. The two hydraulic architectures - open-circuit
and closed-circuit - are explained, along with their four-quadrant modes, which
are further divided into slow and fast sub-modes. Lastly, the chapter covers the
control strategies employed to select the actuation mode, regulate the bypass

valve opening, and control the angular speed of the electric unit.

Chapter 3 offers a comprehensive explanation of component sizing and selection.
It covers the components used in implementing both hydraulic architectures,
including the electric motor, hydraulic pump, accumulator, valves, filter, and

manifold.

Chapter 4 discusses the lumped parameter simulation model developed in
Amesim Simcenter, which is used to predict the efficiency of the EHA. This

model will serve as a design tool for future sizing and optimization efforts.

Chapter 5 provides details on the experimental setup, including the
implementation of the EHA system on a reference vehicle, the data acquisition

system, and the power electronics used to drive the EHU.

Chapter 6 presents the results from both simulations and experiments. It explores
the efficiency across all operating modes, using a four-quadrant efficiency map
to compare the two architectures. Additionally, experimental results are discussed
to showcase the performance of the EHU and to validate the simulation model

developed.
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Chapter 7 concludes the thesis by summarizing the key findings, highlighting the
main contributions of the research. It provides a reflection on the effectiveness of
the proposed EHA architectures, the insights gained from both simulations and
experimental results, and their potential applications. Additionally, it offers

suggestions for future research directions.
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2.STUDIED EHA

The purpose of this chapter is to qualitatively introduce the two EHA
architectures under consideration. The system sizing is determined by user
requirements, such as maximum loading force and actuating velocity. To meet
these requirements, the chosen commercial EHU utilizes a variable-speed electric
motor coupled with a fixed-displacement pump (VM-FP). The operating modes
for both open- and closed-circuit architectures will be examined, with a further
categorization into slow speed, normal speed, and high-speed sub-modes. The
electric motor’s speed is adjusted according to the selected sub-mode. Operation

in the slow and fast speed sub-modes is achieved thanks to the bypass valve.

2.1 SIZING OF THE SYSTEM

An optimized sizing of the system is crucial for both costs and functionality.
Regarding the functionality, the two proposed architectures for the EHA should
replace the baseline hydraulic system of the reference vehicle. The basic working
principle for the actuation of a conventional hydraulic cylinder (double acting:
the sliding piston divides the cylinder body into two volumes, each one connected
to a different port) is shown in Figure 2.1. Each port is used to supply flow to the
linked chamber in order to perform the extension (bore, or piston, side supplied)
or the retraction (rod side supplied). In the figure the red colour represents the
fluid under high pressure while the blue one represents the fluid under low

pressure.
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Resistive extension Resistive retraction
A, A, A, A,
F
B
Qai QA‘
Qp Qp
Figure 2.1: Working principle of hydraulic actuators
Typical parameters characterizing a cylinder are [1]:
e Piston stroke s, maximum linear travel of the piston.
e Piston diameter D, which defines the bore influence area:
m D?
A, = 2 (2.1)

¢ Rod diameter d, which defines the rod influence area A,., given by the

difference between the bore area and the rod area:

_n(D*-d?)

r 7 (2.2)

e Area ratio A, defined as the ratio between piston area and rod area. A is

always greater than 1 since A,is always greater than 4,

A, D2

_Ar_—Dz—d2>1 (2.3)

When extending under a resistive load the piston chamber is supplied. Ideally the
supplied flow Q; is equal to the flow commanded by the pump @, and the rod

velocity is determined by the influence area of the piston:

Qu_ %

Cor = 2.4
xex Ap Ap ( )
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On the contrary, when retracting under a resistive load the rod chamber is
supplied. Ideally the supplied flow Q,; is again equal to the flow commanded by

the pump Q,,, and the rod velocity is determined by the influence area of the rod:
Kpg = —— = — (2.5)

Comparing these two equations, it can be noticed that the retraction is faster than

the extension considering the same @,. A relation between retraction and

extension speed can be derived using the area ratio definition:

Xre Ap

Xex AT‘

Q4
====3 2.6
0. (2.6)

As said before, the sizing of the system is accomplished by considering the
maximum output power from the accumulator side. This mechanical power is

obtained as the product of the actuator velocity x and the loading force F:
PCYL == F .').C (2. 7)

Since the extension and retraction velocities can be different, also the output
power is varying passing from one mode to the other. Moreover, the applied force
is dependent from the mechanical structure of the reference application, hence it
is also varying depending on velocity and position. It can be stated that a
relationship for the output power between extension and retraction cannot be

derived.

In Figure 2.2 a basic EHA architecture schematic is shown in order to explain
how the differential flow is managed by the system. The considered EHU is a
VM-FP hence the flow supplied by the pump is controlled by regulating the
angular speed of the electric motor. During the resistive modes the hydraulic

pump-motor is working in in pumping mode.
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Resistive extension Resistive retraction
= Qa; < <
Qp 0 Qp QAL
dif <
>— o
- i Qair 1
Qa ™[+ s
Qp a X Qp ®
- = .

Figure 2.2: Working principle of a basic EHA drive in resistive modes

During both extension and retraction, the EHA supplies flow to the high-pressure

chamber. Due to the differential area of the cylinder, a differential flow Qg;¢

should be provided as low-pressure flow source.

The same considerations can be done for the assistive (or overrunning) modes as
shown in Figure 2.3. In this case the extension and retraction velocities can be
redefined considering the new influence areas, always related to the high-pressure
chambers. During the assistive modes the hydraulic pump-motor is working in

motoring mode.

Xox =—— == (2.8)
_ QAi _ Qp

re = 4, = 4, (2.9)
Assistive retraction Assistive extension
Qp e Qai Q, —> -bL

0 Qa
Lo T = T
2. Qair &
Qp Qa F 3 Qp — [ s
= .
o tF Qaz ‘F

Figure 2.3: Working principle of a basic EHA drive in assistive modes
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Considering the switch from a resistive extension to an assistive retraction
(Equations 2.4 and 2.9), it can be noticed that the area ratio has no impact on the
speed’s relationship. The speed during extension and retraction can be the same
in the studied EHA assuming an ideal system. This is a consistent difference with
respect to conventional hydraulic systems. Due to this behaviour a sizing gap is

obtained when designing the EHA as shown in Figure 2.4.

x — Qmax A x
max A?. Q
max
xnmx =
A
F F
—_ —_
Assistive extension Resistive extension
Resistive retraction Assistive retraction F
Xre J‘f:re
F — F
- —_—
. _ Qmux
- XTI’I.EL’X' - A
B _ Qumax Sizing Gap P
max —
A,

Figure 2.4: Four-quadrants representation of the system sizing

In conclusion, two are the methods for sizing the EHA system:

e Size according the maximum extension velocity (resistive extension): in
this case the sizing gap occurs during the assistive retraction limiting the
performance of the reference application.

e Size according the maximum retraction velocity (resistive retraction): in
this case no sizing gap occurs and an additional operating region is
achieved in assistive extension. However, since higher velocities can be
obtained in extension the system is over dimensioned for this operating

mode.

The choice of the sizing method is crucial for the further steps of sizing and
selecting the components for the architecture, such as wvalves, filters,
accumulators, hydraulic unit and electric unit. The sizing of all these elements

has a direct impact over the costs of the EHA. The final choice adopted is to size
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according to a resistive retraction, since oversizing means having higher costs

with the advantage of a better functionality.

In the following section the sizing for the hydraulic and electric units is discussed.

2.1.1 HyprAuLIC UNIT

When sizing the hydraulic unit, it is important to consider the maximum flow that
the device can supply. This quantity will define the maximum velocity of the

actuator related to the device performances as stated before.

The pump flow @, is determined by the angular speed at the shaft n, the
volumetric displacement V; of the device (fixed when considering FP) and the
volumetric efficiency 1,,,;, which is an expression of the leakages occurring in

the hydraulic unit:

Qp =nVyNyo (2.10)

Hence, the maximum flow that can be supplied by the pump-motor is limited by

the maximum shaft speed:

Qmax = Nmax Va Mvot (2.11)

Once Q,,4 1s obtained, the maximum extension and retraction velocities for the

actuator can be derived according to Figure 2.4.

The maximum speed of the shaft is a limitation that comes from the pump
provider. In order to operate in a sweet spot for the hydraulic unit, a minimum
speed is provided too. At low speeds the volumetric efficiency of the device can
fall drastically providing low performances for the whole system. From this

consideration a minimum flow Q,,;, supplied by the pump-motor can be derived:

Qmin = Nmin Va Mot (2- 12)

Again, the minimum velocity for each mode can be obtained once Q,y,;,, is known.

This condition will provide a limited controllability of the system at low speed,
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but the issue can be solved thanks to the use of a bypass valve as explained in the

subsequent paragraphs.

One more important requirement for the EHA is that the pressure differential
output from the pump Ap should meet the peak pressure required by the system,
this will allow the EHA to control the loads of the original application.

— T Nmech
Va

Ap (2.13)

To motivate the choice of the hydraulic unit, a comparison between different

types of positive displacement machines is proposed in Table 2.1.
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Table 2.1: Positive displacement machines types and characteristics [26]

Speed [rpm]

I\T’I?c)leliﬁi Pros Cons lzrle;:;l]l‘
Min | Max
?.Xltal . SOOd' efﬁ?len;y . : Elgh %rOQuctlon costs | o 30060 | 10010
1ston e | ow Inertia of rotating ong design 50 18000 o

Machines | parts

e High pressure level

Radial . . .

.a dia e High torques ¢ High production costs | 1 to 50 to 120 to
Piston .

. (displacement) 10 12000 400
Machines .
e Good efficiency
o Low efficiencies

Vane o Compactness e Sensitive against 10to | 1000 to 50 to
Machines e Low flow pulsation pressure peaks 400 4000 250

Annular ¢ High power density
Gear e Compactness
Machines | e Robustness

e Very low efficiencies | 10to | 200to | Up to
50 2000 200

External e Low production costs ¢ Low efficiencies 300

. . . .. 2000 to | 80 to
Gear ¢ High power density * Noise emission to 2000 350
Machines | e Robustness 700
Internal o Low production costs 300
Gear e High power density e High production costs to 2000 to | 30 to

5000 300

Machines | ® Robustness 1500

e [.ow noise emission

Thanks to their advantages in terms of production costs, power density and
robustness, external gear machines are selected as hydraulic units in this study.
In particular, a novel architecture for this type of pumps-motors was provided by
the project sponsor, which features reasonably good efficiencies and low noise
and vibration emissions. More details about this device will be discussed in the

subsequent paragraphs.

2.1.2 ELECTRIC UNIT

Combustion engines are the main culprits when talking about greenhouse
emissions in large cities. Electric motors represent a good alternative to ICEs for

their properties.
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An electric motor is a device that converts electrical energy into mechanical
energy. Generally, the conversion happens thanks to the interaction between the
magnetic field and the electric current passing through wire windings. This
generates a torque applied at the motor shaft [27]. In the case of hydraulic
systems, the electric motor shaft is linked to the hydraulic unit to convert the
mechanical energy into hydraulic energy. Electric motors can feature various
architectures and properties. The most important types of electric units used for

mobile applications are shown in Table 2.2.
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Table 2.2: Electric motors types and characteristics [15, 27, 28, 29]

Type of Machine

Pros

Cons

Brushed DC Motor

¢ Wide constant power speed
range

¢ Good controllability

e Linear torque-current curve

¢ Low reliability

o Restricted maximum speed
e Low efficiency

o [ ow power density

Permanent Magnet Brushless DC

e Simple rotor position
estimation

¢ High costs due to rare-earth
magnets
¢ Limited constant power speed

Motor (BLDC) e High efficiency
e Very high power density range
Y o Limited control flexibility
High effici .
: H;gh eoxlx(/::rﬂ:ice};lsi ty e Limited speed range
Permanent Magnet Synchronous 1P . e High cost due to rare-earth
e High torque density

Motor (PMSM)

e Compact designs available
e Good heat dissipation

magnets
¢ Risk of demagnetization

Induction Machines (IM)

e Low costs

¢ Robustness

¢ High reliability

¢ High efficiency under high-
speed cruising conditions

e High speed range

e Easy to control

e Lower power density with respect
to Permanent Magnet Motors

e Lower efficiency with respect to
Permanent Magnet Motors

¢ Narrow speed range

Switched Reluctance Motor (SRM)

e Simple structure

¢ Robustness

® Good efficiency

¢ High speed operation

e Low rotor heat generation
¢ High torque at low speeds
¢ Good torque density

e Wide constant power speed
region

e Fast dynamics due to low
inertia and structure

e Low cost

¢ High torque ripple

¢ Loud noise

e Lower power density with respect
to Permanent Magnets Motors

¢ Hard to control

Synchronous Reluctance Motor
(SynRM)

¢ High efficiency

e Small size

e Low costs

® Robustness

o Fault tolerance

® No need of permanent
magnets

¢ Higher torque density with
respect to IMs

e Smoother low speed torque
with respect to SRM

e Low power factor
¢ Challenging to control
e Hard manufacturing

Permanent Magnet Synchronous
Reluctance Motors (PMSynRM)

e High performance without
rare-earth PMs

e Hard manufacturing and
installment process
¢ High torque ripples

PMSMs are widely used in EHA applications [23] thanks to their high power

density. Moreover, their small size makes them perfect when an optimal design
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for integrated EHUs is needed. However, in the context of this study a
commercial SynRM is considered. The benefits of this type of machines are
stimulating ongoing research into the product in the past decade, making them
become a more suitable solution when a trade-off between performances and

costs is required.

The rotor design of SynRMs distinguish these devices from IMs and PMSMs. In
particular SynRMs feature:

e High reliability and an easier maintenance thanks to the low winding and
bearing temperature, and the lack of a cage or PMs in the rotor structure.

e Low cost due to the lack of PMs.

e Fast dynamic response thanks to their small size and low moment of
inertia.

e High speed range due to the wide constant-power operation.

e High efficiency thanks to the cold rotor operation.

e High power density and high torque per ampere.

Finally, it can be stated that SynRMs can provide high performance as PMSMs,

but with cost and maintenance that is comparable with IMs [29].

In the context of comparisons between SynRM and IM using the same stator,
Boglietti et al. demonstrate that synchronous reluctance motors have 10% to
15% higher rated torque due to lower rotor losses. However, copper losses in the

stator end-windings impose limitations [30].

The SynRM generates reluctance torque due to variations in magnetic reluctance,
also known as magnetic resistance. Magnetic flux naturally travels towards areas
of lowest magnetic resistance. As a result, the flux produced by the stator moves
toward the rotor's lowest magnetic resistance. If the rotor is misaligned with this
flux, the reluctance torque will cause the rotor to turn toward the path of least
magnetic resistance. In this context, the saliency ratio creates magnetomotive
force (MMF), which drives the rotor's rotation through reluctance torque [29].

The internal structure of a synchronous reluctance motor is shown in Figure 2.5.
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Distributed Stator Windings

Rotor Flux Guides

Figure 2.5: SynRM internal structure [31]

Heidari et al. present a comparison between SynRM and PMSynRM. These two
types of machines have same stator structure, however the flux barriers of the
SynRM are filled with PM in the PMSynRM in order to obtain an additional
magnetic torque component. The cross-section comparison of the two machines

is shown in Figure 2.6 [32].

. “Flux paths 3
Flux barriers Ferrite magnets

Figure 2.6: Stator and rotor structure of SynRM (left side) and PMSynRM (right side)
[32]

The flux paths provide a low magnetic reluctance on the d-axis, while the flux
barriers are used to avoid the flux to flow in the direction of the q-axis. Hence a
higher reluctance is obtained in the g-axis, and the inductance L, is bigger than

L,. The ratio between these two quantities is known as saliency ratio ¢, and it

defines the reluctance torque and the power factor of the machine.
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(2.14)

(2.15)

(2.16)

In the case of PMSynRM an additional term ®,,, i, given by the presence of PM,

is included in the torque equation 2.16. The output torque of the electric unit

corresponds to the input torque of the hydraulic unit. The two units have same

applied rotational speeds.

The desired speed of the SynRM w, sets the voltages of the d-q reference frame:

dd,

Vis = Rsig + ar welqly
. dd, .
Vgs = Rsig + a9 weLgly

Where flux equations are defined as follows:
Qg = Laig

Dy = Lgig

(2.17)

(2.18)

(2.19)

(2.20)

Maximum speed and torque of the electric unit should be compliant with the

required parameters of the hydraulic unit.

2.2 HYDRAULIC ARCHITECTURES

In this section the two studied architectures for the EHA are discussed. In

particular each component functionality for both the open and closed hydraulic

circuit will be discussed.
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A formal definition of open and closed hydraulic circuit can be expressed as

follows [33]:

e If the pump does not have a pre-defined high- and low-pressure
compartment, it is said to work in a closed-circuit.
e  When the pump only operates against high pressure on one side, it is

working in an open-circuit.

2.2.1 OPEN CIRCUIT

Figure 2.7 shows the ISO schematic for the open-circuit architecture.

Elg 4/3 DV

1
EM | CV1 | cv2
—d —
HP
RV1 RV2
f——-ﬁ FL

Figure 2.7: Open-circuit EHA system schematic

\/\/\@Xj i

BPV

e il

The EHU 1s composed by a fixed displacement pump and a variable speed electric
motor. In the open circuit architecture, a two-quadrants pump-motor HP is
employed. The low-pressure line is always connected to the inlet of the hydraulic
unit, while the high-pressure line is connected to the outlet. The low-pressure line
is also the suction line from the tank in this configuration. The four-ports, three-
positions directional control valve (4/3 DV) has the role of supplying rod and
bore sides of the cylinder according to the operating condition, hence the full
functionality of the four-quadrants can be achieved. A proportional, two
positions, two ports bidirectional control valve, also called bypass valve (BPV)
for brevity, accounts for operations in the sizing gap mentioned in Section 2.1.
One more purpose of this valve is to control low speed actuations as it will be
discussed in the next sections. The BPV valve is positioned in parallel to the

hydraulic cylinder (CYL). Two check valves (CV1 and CV2) are used to avoid
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cavitation problems in fast operation modes. Two relief valves (RV1 and RV2)
constitute a safety function in case the maximum pressure allowed in the circuit
is exceeded. Finally, a filter (FL) is used for maintaining the oil clean as it can
influence the performance of the whole circuit. Filters act on the solid
contamination which can affect mechanical parts in relative motion. For this
architecture a suction filter is considered since it can be placed between the

reservoir and the pump inlet.

Thanks to the optimized design of the two quadrants pump-motor the efficiency
of the open circuit architecture is expected to be higher with respect to the
efficiency of the closed-circuit architecture discussed in the next section. Two-
quadrants hydraulic units are asymmetric since the inlet port is directly connected
to the suction line in which a lower pressure is expected. However, the open-
circuit shows some issues when dealing with transitions from resistive to assistive
loads [16]. To improve the controllability of the system, as well as the efficiency
in some critical operating regions the closed-circuit architecture will be studied

and implemented on the reference vehicle.

2.2.2 CLOSED CIRCUIT

Figure 2.8 shows the ISO schematic for the closed-circuit architecture.

ACC

?
S A eV cvi
|
W o
EM L= FII Lcv2
HP ! L 4 & ~ L‘ LCYL
— [ -
- I BPV
W O {
RV2 I '
i‘_ _ 2 pova[

Figure 2.8: Closed-circuit EHA system schematic

The EHU is again composed by a fixed displacement pump and a variable speed
electric motor. In the closed-circuit architecture, a four quadrants pump-motor

HP is employed. Hence, the low- and high-pressure lines of the pump are not
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fixed. All the four-quadrant operations are allowed by the hydraulic pump since
it can act as a pump or motor in both directions of flow. The drain of HP is
connected to the so-called drain line employed also to charge or discharge the
accumulator ACC. This last element is used to take care of the differential volume
of the cylinder. The charging and discharging of ACC are regulated by the pilot
operated check valves (PCV1 and PCV2), which guide flow to the accumulator
when high pressure is sensed on the opposite line. In this architecture FL is a in
line filter since a tank connection is not present. The flow through FL is regulated
by CV1 and CV2. In particular the fluid is cleaned during the charging phase of
ACC, and flow is passing through CV1. When discharging ACC flow is passing
through CV2 bypassing FL. The BPV is placed again in parallel to CYL to
account for slow/fast operations. Two relief valves (RV1 and RV2) are used as a
safety function when high pressure arise in the system. Therefore, flow is diverted
from the high-pressure line to the low-pressure line passing through the pilot

operated check valves.

It is important to remark that a lower efficiency of the system is expected due to
the non-optimal design of four-quadrants hydraulic units, which have a
symmetric structure due to the switching of the high- and low-pressure lines at

the ports of the device.

2.3 ACTUATION MODES

In this section the four-quadrant operating conditions for both open- and closed-

circuit will be discussed. A precise numbering is assigned to each mode:

1, resistive extension.

2, assistive extension.

3, resistive retraction.

4, assistive retraction.

This numbering follows a counter-clockwise rotation in the considered force vs.

actuator linear speed chart starting from the top-right quadrant.
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Each mode will be divided in main, slow and fast speed sub-modes. Slow and fast
speed sub-modes can be operated thanks to the bypass valve, of which the

functioning will be discussed.

In particular all quadrants present main and slow speed sub-modes, while in
assistive retraction an additional fast speed mode is considered to account for the
sizing gap discussed in Section 2.1. In order to distinguish the sub-modes, a letter

is assigned to each sub-mode according to the following criteria:

e a, main speed.
e b, slow speed.

e , fast speed.

Hence, a sub-mode is defined by a number followed by a letter. If for example a

slow speed assistive retraction is considered, the equivalent code is 4.b.

2.3.1 FOUR QUADRANT MODES

A graphical representation of the four quadrant modes is given considering on the
x-axis the load force F and on the y-axis the actuator linear velocity x. Positive
velocities are considered for extension motion of the actuator, while negative
velocities are considered for retraction motion. Regarding F, positive load forces
are assumed in the direction of retraction, while negative forces are assumed in
the direction of extension. In the 1% and 3™ quadrants actuation velocity and load
force are in the opposite direction having a resistive mode. Instead, in the 2" and
4™ quadrants actuation velocity and load force are in the same direction having

an assistive mode. Only in assistive modes energy regeneration can be achieved.

During the resistive modes HP is working as a pump converting the mechanical
power from EM in hydraulic power, while EM is working as a motor converting
electric power from the inverter in mechanical power for HP. During the assistive
modes HP is working as a motor converting hydraulic power from the circuit into
mechanical power for EM, while EM is working as a generator converting

mechanical power from HP into electrical power that can be stored in a battery.
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The four-quadrant modes for the closed-circuit are shown in Figure 2.9. The high-
pressure lines are represented in red, while the low-pressure lines are represented

in blue. The arrows give the direction of the flow.

Figure 2.9: Closed-circuit four-quadrant modes

It is important to discuss the function of ACC. It stores fluid during the retractions
and gives back the same amount of fluid during the extensions. Assuming that a
positive flow for the accumulator means exhausting it, the accumulator flow rate

can be obtained as in Eq. 2.21.

Qacc = Qa— Qq (2.21)

The accumulator power can be expressed as:

Pace = Qace Pacc (2.22)

The power that is stored in the accumulator represents a small amount with
respect to the other contributions. This is due to the limitation of the drain line for
which the condition py.. < Parqain Must be respected, as explained in the next

chapter.

In the first quadrant (resistive extension, Figure 2.10) HP is supplying flow to the
bore side of CYL, while the rod flow rate Q, can be derived using the area ratio

2 (Eq. 2.6):

Q4= Qp = Nges Vi Mot (2.23)
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Qu=— (2.24)

x =4 (2.25)

To avoid cavitation in the pump, the accumulator is exhausted supplying flow to

the low-pressure line through CV2 and PCV2.

EM

HP

Figure 2.10: Closed-circuit resistive extension mode

In the second quadrant (assistive extension, Figure 2.11) HP is working as a
motor. The linear velocity of the actuator x dictates the rod flow rate Q,, while

the bore flow rate Q4 can be derived using the area ratio 4 (Eq. 2.6) .
Qo =0Qy =% A, (2.26)
Qa=0Qal (2.27)

To avoid cavitation in the cylinder, the accumulator is exhausted supplying flow

to the low-pressure line through CV2 and PCV1.
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ACC

Figure 2.11: Closed-circuit assistive extension mode

In the third quadrant (resistive retraction, Figure 2.12) HP is supplying flow to
the rod side of CYL, while the bore flow rate Q4 can be derived using the area

ratio A (Eq. 2.6) .
Qq = Qp =nVg Nyor (2.28)
Q4 =0Qq4 (2.29)

The high-pressure chamber regulates the linear velocity of the actuator x.
X=— (2.30)

To avoid cavitation in the pump, the accumulator is charged from the low-

pressure line through PCV1, FL and CV1.
@ ACC

SHEUNIIE

EM

Figure 2.12: Closed-circuit resistive retraction mode

41



In the fourth quadrant (assistive retraction, Figure 2.13) HP is working as a motor.
The linear velocity of the actuator x dictates the bore flow rate @4, while the rod

flow rate Q, can be derived using the area ratio A (Eq. 2.6) .
Qa=0Qp=xA4, (2.31)
Qo= (2.32)

To avoid cavitation in the cylinder, the accumulator is charged from the low-

pressure line through PCV2, FL and CV1.

Figure 2.13: Closed-circuit assistive retraction mode

It can be noticed that the efficiency has to be computed in different ways
according to the mode in which the system is operating. The efficiency is defined

as the power in output P,,,; divided by the power in input P;,:

(2.33)

The powers included in the system efficiency came from CYL (Eq. 2.7), ACC
(Eq.2.22), and HP. In order to define the output power from HP, the efficiency of
the of the hydraulic unit has to be defined. Two different efficiencies can be

considered for pump and motor modes [1]:

Ponya  Qpe (p2 — p1)
PP,mech TP,e np

Nuppump = (2.34)
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PM,mech _ TM nM,e
PM,hyd QM (pl - pz)e

(2.35)

NP mot =

The subscript e denotes the actual values, which differ from the ideal one.

The efficiency of the hydraulic pump can be further divided into volumetric

efficiency and hydro-mechanical efficiency [1]:

Qpe
_ , 2.36
7717,P Np e VD ( )
Ny eV
Mo = Me YD (2.37)
QM,e
Vp (02 — 1)
Mhm,p = T—e (2:38)
Pe
The
__ ‘Me (2.39)
T =y oy — pa)e
Finally, the system efficiency for all the four quadrants can be defined as:
Peyy Fx
" _ _ (2.40)
1,closed Puppump + Pacc  Qp APp + Quce Pacc
PHP mot QM ApM
_ , — (2.41)
N2,closed Peyr + Pyce  F X+ Quec Pace
Peyr, + Pacc Fx+ Qacc Pace
. _ _ (2.42)
3,closed PHP,pump Qp App
Prpmot + Pacc _ Qm APy + Qacc P
Mactosed = HP m;t _ M MF : ace racc (2.43)
cYL x

Where x can be derived according to Section 2.1.

Once the efficiency of the hydraulic circuit is computed, the overall efficiency of

the system can be obtained by multiplying the electric motor efficiency.
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Nsys = Nciosed NEM (2. 4‘4)
The efficiencies of the electric motor in motor and generator modes are:

Pmech _ Te We

NEM,mot = Te TV (2.45)

P, Vi

P, mech Te We

NEM,gen = (2.46)
Where the mechanical power of the electric motor is equal to the shaft power
multiplied by the conversion factor:

2m

Pshaft =Tn E (247)

The efficiency of the inverter can be considered constant being around 97% for

all the operating conditions.

Figure 2.14 gives a graphical representation of the four-quadrant modes for the
open-circuit architecture. In this case the accumulator is no more present and the
inlet port of the hydraulic unit is directly connected to a reservoir. All the previous
equations are still valid with except for Eq. 2.40 - 2.43. Since Pycc = 0, the
hydraulic efficiencies of the open-circuit can be expressed as follows:

Peyr Fx

M, = = (2.48)
Lopen PHP,pump QP ApP

Pyp mot _ Qu Apm

N20pen = : (2.49)
2,0pen PCYL F x
13, = = (2.50)
sopen PHP,pump QP ApP
Pyp, Qum Apy
Na,open = o = (2.51)
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Figure 2.14: Open-circuit four quadrant modes

2.3.2 SLOW/FAST SUB-MODES

A proportional 2/2 bidirectional valve, also defined as bypass valve (BPV), is
implemented in parallel to the actuator in both open- and closed-circuit. This

valve is addressing two main features:

e To enable the sizing gap mentioned in Section 2.1.
e To enable slow actuation speeds avoiding to operate the pump in low
rotational speed ranges where the total efficiency of the unit is drastically

reducing the overall efficiency of the system.

Figure 2.15 shows the full four-quadrants map with slow and fast sub-modes for

the closed-circuit.
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Figure 2.15: Closed-circuit full four-quadrant map

Figure 2.16 shows the slow-speed resistive extension (1.b). The rotational speed
of HP is set to a minimum n,,,;,, and flow is diverted through BPV. The flow

passing through BPV is controlled and it can be computed as follows:

Qppyr = Qp — Qa (2.52)

Where in the ideal case:
Qp = Mmin Va (2.53)
Qu=%x4p (2.54)
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Q. is obtained from Eq. 2.26, while Q.. can be computed as follows:

Qacc = Qp —Qq — prv (2.55)

ACC

Qp Qa
Qgev
CYL
EM BPV K
- =T [ |
Qo Qeev
Y Qa T F

Figure 2.16: Slow speed resistive extension closed-circuit

Figure 2.17 shows the slow-speed assistive extension (2.b). The rotational speed

of HP is set to zero. The flow in output from the rod chamber is diverted through

BPV:

Qu=x4, = prv (2.56)
Q4 can be derived from Eq. 2.29, while Q.. can be computed as follows:

Qacc = Qa — prv (2.57)

ACC

R
RV1 I
EM -4

HP L$} /E\ O . m: i’r\m\ lx

RV2 |

U

Figure 2.17: Slow-speed assistive extension closed-circuit
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Figure 2.18 shows the slow-speed resistive retraction (3.b). The rotational speed
of HP is set again to a minimum n,,;, but in the opposite direction, and flow is
diverted through BPV. The flow passing through BPV is controlled and it can be

computed as follows:
Qbpv = Up — U (2.58)
Where in the ideal case @, is computed as in Eq. 2.53, while the rod side flow is:
Qqu=xA, (2.59)
Q4 can be derived from Eq. 2.29, while Q.. can be computed as follows:

Qacc = prv + Q4 — Qp (2.60)

- M T
Qp —— ~ Qa
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Figure 2.18: Slow-speed resistive retraction closed-circuit

Figure 2.19 shows the slow-speed assistive retraction (4.b). The rotational speed
of HP is set again to zero. The flow in output from the piston chamber is diverted

through BPV:
Qs = J'CAp = prv (2.61)
Q. can be derived from Eq. 2.32, while Q.. can be computed as follows:

Qace = prv —Qa (2.62)

48



EM
HP

FL Cvi

Figure 2.19: Slow-speed assistive retraction closed-circuit

Figure 2.20 shows the fast-speed assistive retraction (4.b). The rotational speed
of HP is set to a negative maximum n,,,,. The flow in output from the piston

chamber is diverted through BPV.
Qp = Nmax Va (2.63)
Qupr = Qa— Qp (2.64)
Where Q4 can be derived from Eq. 2.56, while Q.. can be computed as follows:
Qacc = Qp + Qpy — Ca (2.65)

Where Q, can be obtained from Eq. 2.26.

Figure 2.20: Fast-speed assistive retraction closed-circuit

The full four-quadrant map for the open circuit is shown in Figure 2.21.

49



< sy
> o
a -

it
;Emnv
S [Fin o LI Ei'”
m(\n{j—u(;} F ” o m, F
L8

Figure 2.21: Open-circuit full four-quadrant map

2.4 CONTROL STRATEGIES

This section is aimed at explaining the control strategies for mode selection,
bypass valve and electric motor speed. The selection of the operating mode is of
main importance when the input signals for BPV and EM must be commanded.
In particular the control strategies for both open- and closed-circuit will be
explained. The mode selection and the BPV control are common for both
architectures. However, the different type of HP — two-quadrants for the open-

circuit and four-quadrants for closed-circuit — require slightly different EM
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commands, while an additional 4/3 DV control is necessary to regulate the flow

direction in the open-circuit.

2.4.1 MODE SELECTION

As for the reference vehicle, the EHA is operated by using a joystick. The input
signal commanded by the operator is a velocity command i defined as follows:

§ = Jdes (2.66)

xmax

Where X4, is the desired linear velocity of the actuator, and X, is the
maximum velocity that can be achieved by the cylinder. The sign of i is defined
as positive during extension, while negative during retraction. As shown in Figure
2.4, the maximum speed is dependent on the mode considered.

_Xmax,re < Hges < xmax,ex (2.67)
In ideal case, the maximum velocities in extension and retraction can be
computed as follows:

% _ Qmax _ Vd Nmax
max,ex A A

(2.68)

p p

% _ Qmax _ Vd Mmax
max,re Ar AT

(2.69)

If the efficiency map of HP has been derived, volumetric efficiency 1,,; should

be considered to better regulate the actuator velocity.

To estimate the mode in which the EHA is operating the pressure difference Ap
between piston and rod chamber of the cylinder is sensed:

Ap = pa = Da (2.70)
Based on i and Ap the mode can be selected as shown in Table 2.3. The desired
rotational speed can be computed according to the table. n,.¢ is defined as
positive during extension, which means a clockwise spin of the pump shaft.
Therefore, during retraction ng,; will be negative, and the shaft spins in the

opposite direction.
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Table 2.3: Mode selection

Speed command | Pressure difference Desired rotational speed

. Mode

U Ap Nges
Xges A

i>0 Ap >0 1 TdesTp
Va
Xges A

i>0 Ap <0 2 des ~r
Va
Xges A

i<0 Ap >0 3 Zdes 7w
Va
Xdes A

i<0 Ap <0 4 des Tp
Va

Once the ng4.s has been derived, it can be compared with the maximum and

minimum speeds allowed by HP. From this comparison the sub-modes can be

defined and listed in Table 2.4.

Table 2.4: Sub-mode selection

Speed command

Pressure difference

Desired rotational speed

i Ap Mges Vode
i>0 Ap >0 [Mges| > Nmin la
i>0 Ap >0 [Mges| < Nmin 1b
i>0 Ap <0 [Mges| > Nmin 2a
i>0 Ap <0 [Mges| < Nmin 2b
i<o0 Ap >0 [Mges| > Nmin 3a
i<o0 Ap >0 [Mges| < Nmin 3b
i<o0 Ap <0 Nax > Mdes| > Mmin 4a
i<o0 Ap <0 [Mges| < Nmin 4b
i<0 Ap <0 IMdes| > Nmax 4c

The desired flow supplied by HP can be computed once n,, is obtained. HP is

always affected by losses depending on the pressure difference between inlet and

outlet, and the rotational speed of the shaft. Thanks to the control strategy the
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effect of the volumetric efficiency can be balanced multiplying n4.5 by 1,0, Wwhen

HP is working in pump mode, and by 1 /77vo ; When HP is working in motor mode.

2.4.2 BYPASS VALVE CONTROL

BPV is a two-ports, two-positions, proportional, bidirectional control valve. It is
a normally closed monostable valve where the rest position is maintained by a
spring. A voltage signal regulates the position of the spool since the valve is
solenoid operated. Being BPV proportional, infinite orifice areas are allowed

between 0 (valve fully closed) and a maximum (valve fully open).
0 < Qges < Dnax (2.71)

The maximum orifice area is obtained when the maximum fractional pool
position is reached and in turn when the maximum voltage signal is applied to the

solenoid.

In order to obtain the desired amount of flow passing through the valve a control
logic based on the orifice equation is considered, where the orifice equation is

defined as follows:

2 Ap

Q=Cr L) (2.72)

Where Q is the volume flow rate passing through the orifice when the orifice area
£y, the fluid density p, the pressure difference across the valve Ap and the orifice
coefficient Cr are considered [1].

The desired orifice area (24,5 can be derived from Eq. 2.72 as follows:

prv p
Dges = (2.73)
des Cf 2 Apmeas

The input data in the equation are:

® Apimeas = Pa — Pq, computed thanks to the pressure transducers located

at the two ports of the hydraulic cylinder.
®  Qppy, Which is the desired flow rate to compensate the one coming from

the pump:
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prv =Vu (ndes —n) (2. 74)

Where n is the actual speed sensed at the shaft between electric motor and

hydraulic pump.

The command signal of BPV is set as the ratio between the desired orifice area

and the maximum area:

Qdes /
j: -Qdes — 2 Apmeas Qdes Apmax (2 75)
Apmeas

-Qmax Qmax Qmax

Cf 2 Apmax

Where Ap,,qx 1s the pressure drop across BPV when considering Q4. as flow
passing through the valve. Ap,,,, and Q4. are derived from the characteristic
curve of the device. j, that ranges between 0 and 1, is then converted into a voltage

signal according to the solenoid properties.

As explained in Section 2.3.2 BPV is operated only during slow and fast sub-
modes. The opening of BPV introduces throttling losses that represent a non-
negligible quantity with respect to the total losses due to valves, filters, fittings
and hoses in the hydraulic system. In general, the power loss due to these elements

is computed as follows:
Pross = Q Ap (2.76)

2.4.3 PUMP SPEED CONTROL

The speed commanded to EM depends on the mode in which the EHA is
operating. As shown in Table 2.3 the ng,s 1s computed according to the high-
pressure chamber of CYL. Moreover, the rotational speed of EM is set to zero
during slow-speed assistive modes as explained in Section 2.3.2. All the power
in input from the cylinder is dissipated in BPV to control the linear speed of the
device. However, during the fast assistive retraction (4.c) the speed is set to a

maximum. Table 2.5 shows a summary of the EM rotational speed for each mode
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in the closed-circuit architecture. To better understand the direction of rotation

the absolute value of i is considered.

Table 2.5: EM speed in closed-circuit

Mode | EM speed | BPV | Resistive/Assistive
la lil npax | Closed Resistive
1b Nonin Open Resistive
2a lil npax | Closed Assistive
2b 0 Open Assistive
3a | —|i] nypax | Closed Resistive
3b —Nmin Open Resistive
4a | —|i] nppax | Closed Assistive
4b 0 Open Assistive
4c —Nyax Open Assistive

Figure 2.22 shows a conceptual flow chart for the closed-circuit architecture
control. In the flow chart a new parameter k is introduced to define the operating

range of the slow speed modes.

k = (2.77)
nmax
Yes ;TK No - Yes

i Z !
Resistive Assistive
extension (1) retraction (4)
Yes 0 No Yes

Slow-speed Slow-speed
mode (1.b) mode (4.b)
l | Main mode (4.a)

.
40 =0, - Qs 49 =
Mgy = ~iNmax

Slow-speed
mode (3.5

Slow-speed
mode (2.b)

Ngw = —1 Nax New = —Moin
@ =0;-C

Main mode (3.2)

Main mode (2.2)

I

Mgy = I Mpmax

Main mode (La)

Fast-speed mode
(4.

nex =0

Nz = —Mmag

@ =0s-Q

Figure 2.22: Flow chart closed-circuit
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2.4.4 OPEN-CIRCUIT VARIANT

In the open-circuit architecture a two-quadrants HP is used. Therefore, the four-
quadrant operating conditions can be achieved only if an additional 4/3
directional valve is implemented. Since the valve is monostable, the normally
closed position is also the rest position thanks to two springs. Two solenoids are

operated to switch to the two extreme positions. Table 2.6 shows a summary of

the modes working conditions for the open-circuit architecture.

Table 2.6: EM speed and 4/3 DV position in open-circuit

Mode | EM speed | 4/3 DV | BPV | Resistive/Assistive
la li] Nnax Closed Resistive
1b Npin Open Resistive
2a lil Ngx | <l | Closed Assistive
2b 0 ] :: Open Assistive
3a lil e | < | Closed Resistive
3b Npin =< | Open Resistive
4a li] s Closed Assistive
4b 0 Open Assistive
4c —Nmax Open Assistive
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3.COMPONENTS SIZING AND SELECTION

This chapter will provide an in-depth discussion of the various components
selected for the closed-architecture system. These components are essential for
ensuring the functionality, reliability, and performance of the system, and their
selection has been made with careful consideration of the specific requirements
of the closed-circuit EHA design. Moreover, the components for the open-circuit

based on previous research from Maha Lab [16] will be briefly explained.

3.1 CLOSED-CIRCUIT COMPONENTS

The selection of the electric motor and of the hydraulic unit are accomplished
based on the sizing discussed in Section 2.1. In particular, these two components
are cutting-edge technologies provided by the sponsor “Settima Meccanica”, and
their partner “Spin Engineering Solutions”. The valves and the filter choices are
based on the accumulator sizing as it will be discussed. Moreover, a manifold is

designed to accommodate all the cartridge valves and the filter.

3.1.1 ELECTRIC MOTOR

The considered electric motor is a 3-Phase Synchronous Reluctance Motor
(Figure 3.1) designed from “Spin Engineering Solutions” [34]. The main

advantages of the electric unit are:

e High efficiency up to 95%.

e Robustness and high power density.

e Competitive production costs: no brushes, no conductors in the rotor, no
rare earth.

e No overheating in the rotor.

e Low rotor inertia and high dynamic response.
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Figure 3.1: 3D model of synchronous reluctance motor
The most important parameters of the electric motor are shown in Table 3.1.

Table 3.1: Electric motor parameters

Description Symbol | Unit Value
Peak Torque @ 0 rpm | Tpeak Nm 92
Peak Power @ 3.2 krpm | Ppeqk 15474 31
Peak Current Lpeak Arms 75
Max Speed Tnax rpm 5000
Number of poles 2p - 6
Rotor Inertia Jr kg cm? 81
Motor Weight M kg 31.5
Cooling System - - %;géird_cg?;icnﬁ
Motor Rated Power Prot kw 15
Inverter Power Supply U Ve 650

To accurately replicate the behaviour of an electric motor in a simulation,
efficiency and power loss maps are generated from prior testing of the motor.

These maps, which capture the motor's performance across various operating
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conditions, are then used as input data for the simulation model, ensuring a

realistic representation of the motor behaviour.

3.1.2 HYDRAULIC PUMP

A key demand from the industrial sector is to develop a more favourable working
environment, which translates to increased efficiency, reduced production costs,
and improved quality of life for employees. Undoubtedly, minimizing operational

noise contributes significantly to reaching these objectives.

Hydraulic pumps for high-pressure operations produce noise and vibrations that
are often unacceptable for a wide range of scenarios, as for example mobile
applications. Parameters influencing emissions of hydraulic noise are cavitation,

pressure peaks rising from trapped fluid between gear teeth and flow ripples [34].

To reduce the noise emission, hydraulic units from Settima Continuum series
(Figure 3.2) are implemented for the current EHAs. In particular, two different
designs are considered for open- and closed-circuit. A two-quadrants HU
featuring a helical rotor profile for the open-circuit, and a four-quadrant HU
featuring a bihelical rotor profile for the closed-circuit. Unlike traditional gear
pumps, the helical rotor design of the Continuum does not entrap any fluid
volume, allowing for smooth fluid transmission and a significant reduction in
pulsations. The features of the external gear pump/motor can be summarized as

follows:

e Less noise compared to standard gear and vane pumps.

e Extremely Low vibration and pulsation.

e High efficiency for a wide range of speeds.

e Stable performances at variable speeds, also in case of sudden speed

changes.
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Figure 3.2: Continuum external gear pump/motor

According to the sizing of the EHA, an 18 cc/rev HU is implemented. However,
the selection of components and the design of the manifold discussed in the next
sections are accomplished taking in mind the possible implementation of a 22
cc/rev hydraulic machine. Therefore, future experiments with higher volumetric

displacements can be performed with the current hardware.

The efficiency of the Continuum 4Q was tested on the multi-purpose test rig at
Maha Lab to derive main flow rate, drain flow rate and torque maps used to model
the unit in simulation. Tests are performed considering different oil temperatures.
Two different circuit are considered to test the unit in both pumping and motoring

mode as shown in Figure 3.3.
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Figure 3.3: Circuits for testing pumping mode (a) and motoring mode (b)

In order to avoid low volumetric and hydro-mechanical efficiency regions the
device will be operated in a specific rotational speed range. From the obtained
maps a minimum speed can be derived for the HU. The main parameters for the

implemented hydraulic machines are shown in Table 3.2.

61



Table 3.2: Hydraulic pump parameters

Description Symbol | Unit | Value
Volumetric displacement V4 cc/rev | 17.8
Max Speed Nonax rpm 3000
Min Speed Nnin rpm 500
Maximum operating pressure | Ppax bar 300
Maximum drain pressure Pdrain bar 10
Pump shaft inertia Ip kg cm? | 73.4
Pump Weight M kg 4.1

3.1.3 ACCUMULATOR SIZING AND SELECTION

Since the closed-circuit architecture is not provided of a tank connection as the
open-circuit, an accumulator is needed to compensate the differential volume
from the actuator. The sizing of the accumulator is based on the reference vehicle
for which the final implementation is considered. The skid steer loader will be
introduced in the next sections when the experimental setup will be discussed. A

general step by step procedure will be introduced for the sizing:

1. Considering a linear actuator, derive the volumes for the two cases of full
instroke and full outstroke corresponding to rod and bore sides volumes

respectively:
,=5sA (3.1)
P P
V. =5sA, (3.2)

Where A, and A, are piston and rod side areas computed as in Eq. 2.1 and

Eq. 2.2, while s is the cylinder stroke.

2. Compute the volume variation of the accumulator considering that for

lifting/lowering operation two cylinders are employed:
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AV =2V, — ;) (3.3)

3. Compute the minimum gas pressure according to the pressure drops
during the discharging phase of the accumulator (Figure 3.4). The line
pressure of the system cannot go below 0 bar, cavitation problems happen
in this scenario. A reasonable margin pressure for the line can be set at 1
bar. The pressure drops estimated from the datasheets are considered in
this step for each valve or filter the flow encounters. During the discharge

phase pressure drops arise in check valve and pilot operated check valves.

p1 = Apey + Appcv + Diine (3.4)
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I Pline

Figure 3.4: Accumulator discharge

4. Compute the pre-charge pressure of the accumulator:

The pre-charge pressure ensures that a minimum amount of fluid is kept into the

accumulator to compensate leakages from the cylinder.

5. Consider a suitable polytropic index: y = 1.4, where 1.4 is the index used
for an adiabatic reaction with nitrogen as gas. An adiabatic reaction can
be assumed since the full charge/discharge of the accumulator is
completed in few seconds (fast reaction with no exchange of heat).
Moreover, the gas used to pre-charge the accumulator during experiments

is nitrogen.
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6. The maximum gas pressure is constrained by the drain line pressure. Due
to the shaft sealing of hydraulic pump, the pressure at the drain should be
kept lower than 10 bar. p, can be computed taking into account the
pressure drops of the hydraulic components when the accumulator is in
charging phase (Figure 3.5). The pressure drops encountered are the filter

pressure drop and the check valve pressure drop.

P2 = Parain — APev — Apfl (3.6)
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Figure 3.5: Accumulator charge

7. The maximum gas volume (V,) can be derived from the polytropic
relationship (Figure 3.6), while the minimum gas volume (V;) can be

obtained as difference between maximum and differential volumes:

1

Vv, =V, (@)V (3.7)
p1
V, =V, — AV (3.8)

8. By fixing the accumulator gas volume V,, compute the estimated
maximum gas pressure p, o+ according to the polytropic behaviour of the
gas (Figure 3.6). The obtained value must be lower than the one computed
in point 6. Absolute pressures must be used in equations in which the

polytropic behaviour is considered.
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Figure 3.6: Polytropic behaviour of the gas inside the accumulator [1]

9. Once V; is computed, the minimum rest volume in the accumulator can
be obtained. The presence of the rest volume is due to setting conditions

of the pre-charge pressure explained in point 4.
VT@St = VO - V1 (3 10)

The choice of the accumulator can be finalized once valves and filter are selected.
The pressure drops are a very important parameter for the sizing of the
accumulator. Due to the big sizes, high weights and high costs of these
components a big attention should be paid to their sizing. Even slightly bigger
pressure drops can cause to increase the size of the accumulator to the next
possible one according to the market availability.

According to the valves/filter selection presented in the next section, the
accumulator selected for the closed-circuit implementation is an Hydac
accumulator of the series SB330 [35]. Some accumulator information are

reported in Table 3.3.
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Table 3.3: Accumulator properties

Effective | Maximum Maximum
Gas Flow Weight | Length | Diameter

Code Pressure

Volume Rate [bar] [kg] [mm] [mm]

[L] [L/min]
SB330-
10A1/112S1- 9.3 908.5 262 14 533 219

262C

3.1.4 VALVES AND FILTER SELECTION

From the considerations made during the accumulator sizing it is clear that valves
and filter are selected according to the minimum pressure drop criterion. In this
way a wider pressure range can be obtained for the accumulator downsizing the

device.

A selection is accomplished considering the best valves and filters for the closed-
circuit implementation from different producers. For brevity the final choice is

shown in this section, while the whole selection is reported in Appendix A.

In order to obtain lower pressure drops and downsize the accumulator, the
selected valve will withstand higher flows than required. Considering valves with
higher capacity means also an increase in costs. However, costs are still saved

considering smaller accumulators at the cost of bigger valves.

In Table 3.4 are shown the maximum flow rate and the maximum pressure to
which valves and filter are subjected in the closed-circuit (Figure 2.8). The
maximum pressure of the system is set by the relief valves and it must be greater

than the maximum load pressure.

F+p,a

y (3.11)

Pret = Pmax = Pa =
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Table 3.4: Valve/filter maximum operating conditions

Valve/Filter Maximum F'low Rate | Maximum Pressure
[L/min] [bar]
PCV1 38.3 206
PCV2 38.3 206
CVl 38.8 10
Ccv2 224 10
RV1 54 206
RV2 54 206
FL 38.3 10
BPV 38.3 206

The maximum flow rate of PCV1, PCV2, FL and CV1 are expected in resistive
retraction when the maximum rotational speed of HP is considered (n =
3000 rpm). Around 0.5 L/min are added to the flow rate of CV1 because of the
drain flow coming from HP. The maximum flow rate of CV2 is expected in
resistive extension when a negative maximum rotational speed of HP is
considered (n = —3000 rpm). RV1 and RV2 should be able to handle all the
flow coming from HP at the maximum rotational speed (Q = V; nyqy)- The
maximum flow passing through BPV is obtained in fast-speed assistive retraction,

and it can be computed as in Eq. 2.64.

Based on the maximum operating conditions, the valves and filter shown in Table
3.5 represent the final selection. Since the pressure drop depends on the flow rate
passing through the valve, two different pressure drops can be derived from the
characteristic curve of each device when charging (Q,.. = 38.3 L/min) and

discharging (Qgcc = 22.4 L/min) the accumulator.
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Table 3.5: Closed-circuit valves and filter

. Qmax
Valve/Filter | Brand Code (L/min] Pmax |Par]
PCV Sun CKGB-XAN [36] 227.125 344.74
Hydraulics
cv Sun CXFA-XAN [37] 151.416 344.74
Hydraulics
RV Sun RDDA-LAN [38] 94.63 344.74
Hydraulics
Sun
FL . FLHAXDN [39] 151.42 151.42
Hydraulics
BPV Rexroth KKDSRlNB[/E)?G12NOK4V 1 350

3.1.5 MANIFOLD DESIGN

Manifolds simplify the complexity of hydraulic circuits by minimizing the
number of lines and fittings. By reducing the need for fittings, they not only
decrease the potential for leaks but also help to lower the likelihood of assembly
errors and make component replacements easier. Additionally, manifolds shorten
line lengths, which helps to reduce pressure drops, improve response times, and
enhance flow patterns. They feature larger passageways between ports, making
them highly reliable and adaptable. Maintenance and repairs typically involve

less downtime, and operators require a lower skill level to work with them [41].

An “enblocking” type manifold is designed. The name refers to a manifold with
a single block receiving cartridge type valves and providing internal passages for
interconnections and for ports leading to the outside. It is machined from a solid
block of metal and it contains a large number of control elements interconnected

by drilled passages.

Figure 3.7 shows the closed-circuit manifold schematic. The elements inside the
blue, dashed line are screwed into the manifold block. The ports numbering is

given for each external connection, which represents a hose interface.
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Figure 3.7: Closed-circuit manifold schematic

Flow rate requirements determine the appropriate inside diameter of a hydraulic
hose. Engineers use the continuity equation to specify flow conditions that will
ensure that the fluid velocity is appropriate. Nomograms as the one shown in
Figure 3.8 [42] are helpful when sizing hoses. Recommended fluid velocity for
suction lines can reach a maximum of 1.6 m/s, and for pressure lines the

suggested range is from 3 to 7.6 m/s.
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Figure 3.8: Hydraulic hose sizing nomogram [42]

In the considered design a direct connection to tank is not provided, but the
accumulator maximum pressure is low such that higher internal diameters of the
hose must be considered. For all the remaining hoses the pressure line limitations
can be considered. The discussion about hose sizing is relevant also for the port
size choice in the manifold. In order to avoid an excessive use of fittings, which
introduce discontinuities in the flow, the port diameters must be as close as

possible to the corresponding hose internal diameter.

By knowing the maximum flow rate through the hoses from the circuit sizing,
and by setting a reasonable fluid velocity, the sectional area of hoses and ports

can be computed. The design of the manifold is based on the usage of the 22 cc

pump.

a9

Xfluid

(3.12)
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Table 3.6 shows the maximum operating conditions of the ports in the manifold

and their minimum and maximum diameter based on the recommended fluid

velocity discussed before.

Table 3.6: Operating conditions of the manifold ports

Port [ LQ/nnl:;n] fb";f] Min[;;l(;:] size Max[:')l(;:‘lt] size Connected to
1 66 206 15.16 25.62 Hydraulic Pump
2 2.5 10 2.95 4.99 Hydraulic Pump drain
3 66 206 15.16 25.62 Hydraulic Pump
4 49.3 10 13.10 22.14 Accumulator
5 112.8 206 19.81 33.49 Cylinder Bore side
6 66 206 15.16 25.62 Cylinder Rod side

SAE port threads are considered, and aluminium is the option of the material since

it can fit the pressure requirements (20.6 MPa as maximum system pressure).

The dimensions of the manifold are 190 mm X 190 mm X 150 mm.

Table 3.7 lists the components in the manifold referring to the information given

in Figure 3.7. The maximum flow rates among the operating conditions are

computed according to the use of a 22 cc/rev hydraulic unit.
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Table 3.7: List of components in the manifold

Maximum | Maximum
Component Brand Code Cavity flow rate pressure

[L/min] [bar]

PCV1 Sun Hydraulics CKGB-XAN T-17A 46.8 206
PCV2 Sun Hydraulics CKGB-XAN T-17A 46.8 206
CV1 Sun Hydraulics CXFA-XAN T-5A 49.3 206
Ccv2 Sun Hydraulics CXFA-XAN T-5A 274 206
RV1 Sun Hydraulics RDDA-LAN T-10A 66 206
RV2 Sun Hydraulics RDDA-LAN T-10A 66 206
FL Sun Hydraulics FLHAXDN T-16A 493 206
BPV Rexroth KKDSRINB/HCG12NOK4V | R/T-13A 46.8 206

The maximum pressure of the system is determined by the relief pressure of the
RDDA-LAN valve. The maximum flow rates are calculated based on the most

demanding actuation modes of the EHA, which are resistive retraction and

resistive extension. For the BPV, the most demanding mode is fast retraction.

The final size of ports and channels connecting the valves and filter in the
manifold body are reported in Table 3.8. The computed fluid velocities are always
below the pressure line limit of 7.6 m/s, except for the input channel of the relief
valves. Additionally, the losses in the manifold are minimal due to the very short

flow paths the fluid must travel. Since the requirements for the 22 cc/rev HP

unit have been met, the same will apply to the 18 cc/rev unit.
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Table 3.8: Fluid velocity in the manifold with 22 cc/rev HP

Diameter Max flow rate Fluid speed
[mm] [L/min] [m/s]

1 22 66 2.89

2 19 2.5 0.15

3 22 66 2.89

4 15.25 46.8 4.27

5 22 112.8 4.95

6 22 66 2.89

In RV 13.5 66 7.68
Out RV 15.25 66 6.02
In CV 17.5 46.8 3.24
Out CV 19 46.8 2.75
BPV 11.8 46.8 7.13
In FL 22 46.8 2.05
Out FL 19 46.8 2.75
PCV 22 46.8 2.05

The valves and filter positions on the manifold faces are shown in Table 3.9. The
bottom side serves as the mounting surface on the platform, featuring four
mounting holes. The top and front sides are used for the cartridge valves and
filter. The ports are located on the back and right sides of the manifold.
Specifically, ports 1 and 3 are used for the HP inlet/outlets, while port 2 is for the
pump drain, all of which are positioned on the back side. Ports 5 and 6 are for the
piston and rod connections of the CYL, while port 4 connects the accumulator to

the manifold, and these are all located on the right side.

73



Table 3.9: Manifold drawing

m—| 7 |—n

PIVZ—{

The port positions have been carefully designed to facilitate easy and efficient
piping when connecting the HP, manifold, accumulator, and CYL, as described

in the following sections.

3.2 OPEN-CIRCUIT VALVES AND FILTER

Table 3.10 shows the valves selected by Qu [15] for the experimental setup of the
open-circuit architecture. The simulation model of the open-circuit will be based
on these components to match future experiments aimed at comparing the two

possible architectures of the EHA.
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Table 3.10: Hydraulic components open-circuit

Component Brand Product Number
Check valve Rexroth 0431250027A0000 [43]
Relief valve Rexroth DBDS 6 K1X/315 [44]
2/2 Bypass valve Rexroth KKDSRINB/HCG12NOK4V [40]
4/3 directional valve | Rexroth 4AWE10G5X/EG12N9K4/M [45]
Filter Rexroth | 50LEN0063-H6XLA00-V5,0-M-R3 [46]
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4.SIMULATION MODEL

This chapter will discuss the simulation model, which is created using the
Simcenter Amesim [47] platform, employing the lumped parameter method. Its
purpose is to simulate the systems under investigation and serve as a design tool
for future sizing and optimization efforts. The mechatronic system built in
simulation takes elements from different libraries (thermal-hydraulic,
mechanical, electronic drives) to derive realistic results in terms of power loss

and efficiency.

4.1 CONTROL LOGIC

The Amesim simulation is composed by components from different libraries. It
is indeed important to specify how the different sub-models communicate and

how the control logic of the entire system is set (Figure 4.1).

FLHAXON

Eu

Control ( Electric | Thermal-Hydraulic | 2D mechanical
logic <—| motor | system — model

[N

Figure 4.1: Simulation model in Amesim Simcenter
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The signal/control library is used to generate signals to pilot physical systems.
Signals processed by the control library are then send to the electric drive,

thermal-hydraulic and mechanical libraries.

The electric drives library is used to model the synchronous reluctance motor.
From the characterization made by the sponsor a power loss map is implemented
into this model for both motor and generator modes. While a constant efficiency

for the inverter is assumed based on the datasheet maps.

The thermal hydraulic library is used to model the hydraulic circuit composed by
hydraulic unit, valves, filter, accumulator, actuator and hoses. For further
evaluations related to the cooling system of the architecture the heat transfer
model is indeed fundamental. Input to the hydraulic components are efficiency
maps for the hydraulic unit and characteristic curves for valves and filters. Maps

can be implemented also for different temperatures in this library.

Additionally, the 2D mechanical library can be considered to study the kinematics
of the boom and bucket structure. Since the load in the actual experimental setup
cannot be controlled, the load applied to the structure of the reference vehicle is
given by filling the bucket with weights. This library provides a realistic behavior
of the mechanical structure under the performed experiments. Input to the model

are the 3D models of the boom and bucket from the reference vehicle.

Regarding the control logic, it is divided into different structures. The mode
selection logic tells us in which sub-mode of the four-quadrants we are operating.
Based on the pressure difference between piston and bore chambers and on the
joystick command one of the four quadrants is selected. The desired rotational
speed of the hydraulic pump is computed based on the mode since the linear speed
of the actuator is dependent on the retraction or extension motion (Table 2.3). The
desired speed is then compared with the minimum and maximum rotational
speeds set for the hydraulic pump, and from this comparison an additional sub-
mode selection is obtained (Table 2.4). The electric motor rotational speed is
limited according to the corresponding sub-mode (Table 2.5). The speed

command is then converted into a suitable torque command required by the
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electric motor model. In particular a PI anti-windup controller is used to derive

the torque command.

The electric motor is dictating the hydraulic pump rotational speed, which will
define the flow supplied to the cylinder through the hydraulic circuit. The external
force applied at the cylinder side will define the pressures in bore and rod

chambers.

During slow and fast actuation mode the bypass valve is opening based on the
orifice equation. Inputs to this logic are the sub-mode signal, the desired and the
actual speed of EM, which can be converted in flow rates multiplying by the
volumetric displacement, and the pressures in the cylinder chambers. This logic

provides a signal for the solenoid of the proportional valve.

Figure 4.2 shows the signals exchange between the different control strategies

and the physical system adopted in simulation.
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Bypass command
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. selection limiter ngn| command motor : system
Joystick Nyos Sub-mode Tem EM

Command signal Signal
i

Rotational
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selection

F, ext

2D mechanical

model
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Figure 4.2: Simulation signals exchange

4.2 THERMAL-HYDRAULIC MODEL

The Thermal-Hydraulic Library focuses on designing hydraulic systems where
changes in fluid temperature significantly affect overall performance. This library
employs a transient heat transfer method to model thermal behaviours in liquids,
including energy transfer and convection, and to analyse how these liquids'

temperatures evolve within a hydraulic system.
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HP is modelled considering Eq.2.36 — 2.39. Moreover, a parameter called
“percentage of heat generated by friction transferred to the fluid” Kjpeqe 1S
introduced to evaluate the power loss due to friction. This parameter represents
an additional degree of freedom to improve the accuracy of the temperature
prediction, which can be challenging since the heat interaction can vary among

the types of pumps.

Kheat

Paoss = (1= 2222 Bry (4.1)

Where Py, is computed in pump and motor mode as follows:
PfPrict = Precn — Pffyd =T w— Qi (P2 — p1) (4.2)
Pflicr = Phya — Pmech = Qour (01 —12) —T @ (4.3)

Fundamental input for the pump model of the four-quadrant pump of the closed-
circuit are maps for the main volumetric flow rate, the external drainage
volumetric flow rate and the shaft torque. These maps can be derived from a
previous pump characterization. Instead, the two-quadrants pump employed in
the open-circuit (not provided of drain port) has as input volumetric and hydro-

mechanical efficiency maps provided by the sponsor.

All valve and filters models are based on the orifice equation (Eq. 2.72), from
which the power losses due to throttling can be obtained (Eq. 2.76). In particular,
FL is modelled as a fixed orifice in which flow rate vs. pressure drop

characteristic curves can be included.

RV serves to control the upstream pressure in a hydraulic circuit, safeguarding
hydraulic components from excessive pressure. Typically, the valve remains
closed. However, when the pressure differential across the valve surpasses the
specified cracking pressure (equivalent pressure of the spring preload), the valve
opens, allowing fluid to flow through and maintaining the pressure at the cracking

level.

Ap = p2 — P1 — Perack (4.4)
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CV allows flow only in one direction, due to a sliding element held by a spring

against the seat. This element is modelled again by Eq. 4.4.

PCV functioning is similar to the one of CV. Additionally, a drain port is used to
sense the pressure in the hydraulic system. This pressure, also known as “pilot

pressure”, commands the opening of the valve.

—p, +
ps = (&1 P2 Pcrack + P, (4. 5)

Pratio

The fractional valve opening for PCV is expressed as:

— . — + _ )
X, = P2 — P1 — Perack + (P3 — P2) Pratio (4.6)

Psat — Pcrack

Where pg,, is the saturation pressure, which is the minimal differential pressure

when the valve is fully open.

ACC consists of a liquid phase linked to port 1 and a gas phase that is in pressure
equilibrium. The behaviour of the gas is modelled using a polytropic gas law,
where Cyq1y is the polytropic constant determined by the initial or pre-charge

pressure and the effective gas volume.
Cpoly =Pp ng = Do be (4.7)

Since charging and discharging of the accumulator require few seconds, no heat
exchange is modeled between the liquid and gas phases. The liquid phase is
therefore supposed to be adiabatic. The volume of gas is computed from the
polytropic law, while the temperature of the gas is calculated from the perfect gas

law.

v = (Mf (4.8)
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pV
Tg=cnf (4.9)
g

CYL converts hydraulic energy into translational kinematic energy. Its model is
described by the force balance and the thermal pressure build up equation. In the

force balance the viscous friction is included.

F= (pl - patm) Ap - (Pz - patm) Ar + X kyise (4.10)
ap Br Br oT
(Z Qin — z Qout — E) - 7% E (4‘- 11)

An additional heat flow rate to dead volume coefficient ¢ is considered to
determine the variation of temperature at the two ports of CYL. This parameter

is introduced as Kj,.4; to increase the accuracy of the model.

As a summary, Table 4.1 provides a list of the main hydraulic components

modelled in simulation.
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Table 4.1: Modelling hydraulic components in simulation

Component Symbol Equations
Eq2.36-2.39
HP Eq.4.1-43
BPV Eq.2.72
4/3 DV Eq.2.72
FL Eq.2.72
—_——— 2
|
| W\ Eq. 2.72
RV b Eq. 4.4
L
Ccv 1 : 2 Eq.2.72,4.4
+ 3
[
PCV "—WO"__" Eq.2.72,4.5,4.6
1 2
ACC Eq.4.7-4.9
1
L I
CYL Eq. 4.10,4.11
1 1, a

Hoses are modelled as series of hydraulic resistances and hydraulic capacitances
based on the system configuration. Hence, they are also defined by the orifice
equation (Eq. 2.72) and the thermal pressure build up equation (Eq. 4.11). A
thermal exchange coefficient k;; is considered to derive the heat exchange by

convection with the outside of the hose.

dh == kth VA D L (Text - Tint) (4’. 12)
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Figure 4.3 and Figure 4.4 represent the closed-circuit and the open-circuit

thermal-hydraulic model in Simcenter Amesim environment.
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Figure 4.3: Graphical representation of the thermal-hydraulic closed-circuit system in

Simcenter Amesim
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Figure 4.4: Graphical representation of the thermal-hydraulic open-circuit system in

Simcenter Amesim
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4.3 ELECTRIC MOTOR MODEL

Synchronous reluctance motors do not have a specific model in Simcenter
Amesim. The advantages of these devices are resulting in an increasing interest
for the technology. However, SynRM are not common electric drives in

nowadays systems.

To model the considered electric motor an average model of an electric drive is
considered. The functioning of the model is indeed independent from the
technology of the machine and the inverter. The equations representing the model
are Eq. 2.45 and Eq. 2.46. Inputs to this model are losses maps including both
motor and generator modes of the EU, and additional parameters as shown in

Table 3.1.

An inverter efficiency map can be considered to derive the input electric power
to EM in resistive modes, as well as the output electric power of the whole system
in assistive modes. The map is derived by the datasheets of the considered

inverter.

VI
Pel,in = (4’- 13)

inv
Perout =V I Niny (4.14)
A high and almost constant efficiency can be assumed for the inverter in the
considered operating conditions. It is worth to recall that the electric motor is

working in the rotational speed range 500 - 3000 rpm, while the maximum

expected torque applied to EM is around 60 Nm.

4.4 2D MECHANICAL MODEL

Figure 4.5 presents a graphical representation of the mechanism model created in
the Simcenter Amesim platform. The focus is primarily on the boom and bucket

functions. Key parameters, including position of joints, mass, and moment of
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inertia of bodies, are incorporated into the model, ensuring that its behaviour

closely aligns with the baseline measurements.

Figure 4.5: 2D mechanical model of boom and bucket in Simcenter Amesim

The 2D mechanical library can reproduce a synchronous motion of the reference
vehicle (Figure 4.6) to evaluate the correctness of the simulation model. Mass and
inertia are the main input parameters for the bodies, such as boom, bucket and
arms. Moreover, an item location for each port should be specified. Lift and tilt
cylinder are used to have a graphical representation of the actuators in animation.
These last blocks are connected to the actuators of the thermal-hydraulic library.
The revolute pairs (A, B, C, etc.) are defined by a rotary spring stiffness and a
rotary damping coefficient. All the information about the mechanical model of
boom and bucket are derived by the 3D drawing and the datasheet of the reference

vehicle.
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Figure 4.6: Synchronous 2D mechanical model of the reference vehicle
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5.EXPERIMENTAL SETUP

This section will describe the instrumentation of the reference vehicle with the
closed-circuit EHA. The application of the EHA is represented by a compact skid
steer loader on which an open centre hydraulic system is mounted. In order to
instrument the EHA some minor modifications on the baseline system are needed.
The considered hydraulic configuration, the data acquisition system and the

power electronics used in the experimental setup will be explained.

5.1 REFERENCE VEHICLE

The reference vehicle is a compact skid steer loader CASE TV380 from Case
New Holland. The machine present in Maha laboratory is shown in Figure 5.1.
The baseline hydraulic circuit is provided of different functions such as boom,
bucket, hydraulic couplers and auxiliary functions. The ISO schematic of the
baseline open centre circuit is shown in Figure 5.2. This study will focus on boom

and bucket functions for which the closed-circuit EHA is implemented.

Figure 5.1: Reference vehicle CASE TV380
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Figure 5.2: ISO schematic of the baseline open centre hydraulic circuit

The baseline machine is mounting an internal combustion engine, which drives
two gear pumps in a tandem configuration. Since the two pumps are FP, the
higher is the rotational speed of the ICE, the higher is the supplied flow to the
actuator systems. In Table 5.1 are provided some information about the reference

vehicle [48].

88



Table 5.1: CASE TV380 specifications

ENGINE
T Diesel, Turbo — Direct
ype Injection
Cylinders 4
Engine speed 1150 - 2500 rpm
Maximum power 67 kW
Peak torque 383 Nm
HYDRAULICS
Pump type Gear
. Standard aux.: 36.6 cc/rev
Volumetric displacement High flow aux.: 20.4 cc/rev
Standard flow 91.5 L/min
Optional high flow 142.5 L/min
Relief pressure 210 bar
HYDRAULIC CYLINDERS
Bore diameter 69.85 mm
Rod diameter 45 mm
Lift cylinders
Stroke 886.5 mm
Close length 1205 mm
Bore diameter 76.2 mm
Bucket Rod diameter 38.1 mm
cylinders Stroke 410 mm
Close length 610 mm
PERFORMANCE SPECS
Tipping load 3447 kg
Bucket 39 kN
Breakout force cylinders
Lift cylinders 28 kN
Raise 4.7 sec
Lower 2.7 sec
Cycle times
Dump 2.6 sec
Roll back 2 sec
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The fundamental operation of open center hydraulic systems (Figure 5.3)
involves creating two distinct paths for the pump flow, each characterized by
different throttling areas. One path leads to the actuator, while the other returns
fluid to the tank. The speed of the actuator is influenced by how the pump's output
flow is distributed between these two paths, with this distribution depending on

the throttling areas and the load pressure [1].

0 @—ﬂ

<5 oo

Figure 5.3: Principle of operation of open centre system [1]

Most open center systems work in conjunction with a fixed displacement pump
and utilize two variable orifices: one for the actuator line and another for the
return line. The operator's command signal adjusts the opening of these orifices,
thereby controlling the actuator's speed based on the pump flow, orifice sizes, and

the load on the actuator.

Open center systems are popular in hydraulic applications for two main reasons.
Firstly, their valve layout is straightforward, allowing for effective flow metering
using a single spool. Secondly, the combined operation of the two metering

orifices offers dynamic control of the actuator.

Energy efficiency in a basic open center circuit is generally low when the actuator
requires only a fraction of the available flow. In contrast, efficiency improves
significantly when the required flow aligns closely with the pump's output rate.
Moreover, the common efficiency of this kind of system features values under

30%.
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5.2 HYDRAULIC CONFIGURATION

As discussed, the EHA is going to replace the baseline hydraulic system for the
boom and bucket actuation systems. As a first step, only the boom actuation is
implemented since it represents the most demanding function regarding the
applied loads. Since the linear actuators of the boom function have a bigger area
ratio and stroke with respect to the bucket actuator, all the hydraulic components

are sized and selected according to this function.

The structural configuration of the cylinders in boom and bucket actuation defines
the operating conditions in the four-quadrants of the corresponding EHA. In
particular the boom is operating in resistive extension and assistive retraction,
while the bucket is operating in assistive extension and resistive retraction.
Moreover, each actuation system is composed by two cylinders which are

kinematically joint by the structure.

Modifications in the baseline hydraulic circuit are needed to install the EHA. In
particular, high pressure ball valves (BV1 and BV2) are installed as shown in
Figure 5.4 to decouple the open center system from the EHA for the boom

function.
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Figure 5.4: Boom EHA implementation

Furthermore, the baseline hydraulic circuit is provided of a self-levelling function
for the bucket operation (Figure 5.5). As the loader boom cylinder extends,
hydraulic fluid from the rod port is directed to port 1. The fluid entering port 1

can flow through both an adjustable orifice and a fixed orifice in the flow divider
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spool. The size of the adjustable orifice determines how the flow is divided. The
remaining fluid flows through the fixed orifice, exiting at port 4 to return to the
control valve and then to the tank. The fluid that passes through the adjustable
orifice flows out of port 2, where it is directed to the base end of the bucket
cylinders. The resistance encountered during the movement of the bucket
cylinders generates sufficient pressure to activate the unloading spool in the self-
levelling valve. As the bucket cylinders extend, fluid from their rod port enters
port 3, bypassing the open unloading spool, then flows around the flow divider

spool and out of port 4 back to the control valve and the tank.

To avoid recirculation of fluid between boom and bucket functions, two
additional ball valves (BV3 and BV4) are added on the bucket side. Further
efforts could be directed to include the self-levelling function in a combined

control logic of the EHAs in future works.
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Figure 5.5: Bucket EHA implementation

The ISO schematic of the experimental setup is represented in Figure 5.6. Five
pressure transducers are implemented. P1 and P2 are used to estimate the pressure
difference between piston and rod chambers of the cylinder. This measure is
crucial for the mode selection logic and the control of the bypass valve. P3 is
measuring the pressure at the accumulator port. This transducer is implemented
to evaluate the charging and discharging of the device. Moreover, it is important
to monitor the pressure in the drain line, which must be lower than 10 bar to

guarantee the proper functioning of the shaft sealing of the pump. The relief
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pressure of RV3 is set as the maximum pressure of the accumulator such that the
pressure of the drain line is kept under the limit. RV3 is relieving directly into the
tank of the skid steer, but its switch is never expected in a normal operation of the
hydraulic system. The pressure transducers at the inlet/outlet ports of the
hydraulic unit (P4 and P5) are implemented to estimate the pressure difference
across the device. Even if P1 and P2 are connected to the same hydraulic lines of
P5 and P4 respectively, they are not suitable to estimate the pressure difference
due to pressure drops in hoses, fittings and manifold. P4 and P5 are used to
evaluate the hydromechanical efficiency (Eq. 2.38 —2.39) of HP. A displacement
transducer X1 is applied on CYL. From the time derivative of this last measure
the linear velocity of the actuator can be computed. The volumetric flow rate
supplied by the pump to CYL can be then derived based on the actuating mode
(Eq. 2.4 —2.5 and Eq. 2.8 — 2.9). From Q the volumetric efficiency of HP can be
obtained from Eq. 2.36 and Eq. 2.37. Moreover, torque and rotational speed of

the hydraulic unit are equal to the electric motor one assuming a rigid connection.
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Figure 5.6: Conceptual architecture of the experimental setup

Table 5.2 lists all the main hardware used on the reference vehicle.
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Table 5.2: Hardware list of the EHA implementation on skid-steer

Hardware Manufacturer Product number Number

of parts
External gear pump Settima Continuum 4Q 1
Pilot operated check Sun Hydraulics CKGB-XAN 2

valve
Check valve Sun Hydraulics CXFA-XAN 2
Relief valve Sun Hydraulics RDDA-LAN 2
Filter Sun Hydraulics FLHAXDN 1
Proportional 2/2 Rexroth KKDSRINB/HCG12NOK4V 1
bidirectional valve
Accumulator Hydac SB330-10A1/112S1-262C 1
Cylinder CNH CNH TV380 boom cylinder 2
Electric motor Spin 3-phase synchronous 1
reluctance

Figure 5.7 shows a picture of the CASE TV380 implementing the closed-circuit

architecture. The considered EHAs system (boom and bucket) are mounted on a

platform in the back of the reference vehicle, with this configuration no

modifications are applied on the baseline hydraulic circuit. The accumulators are

mounted on the side panels of the skid steer.

Figure 5.7: CASE TV380 implementing closed-circuit EHA
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Figure 5.8 shows in detail how the experimental setup is implemented on the
reference vehicle. The power source is connected to the inverter box as it will be
explained in the next section. Moreover, the electric motor is driven by the
inverter, and it is connected through the shaft to the hydraulic pump. The
manifold is implementing all the valves and filter of the hydraulic circuit, and it
is providing an easy connection between HP, accumulator and linear actuators

through hoses.

e DT

Electric motor

b

Power source Hydraulic pump

Power
electronics Manifold

Figure 5.8: Experimental setup implemented on the skid steer loader

The data acquisition (DAQ) is implemented by setting up a National Instrument
CompactRIOs and a controller laptop (Figure 5.9). To apply the input command
i ajoystick is used, and it is connected through USB to the laptop. All the pressure
transducers are connected to the Analog Input module of the cRIO controller,
while the displacement transducer is communicating with the High-Speed CAN
module. The opening of the bypass valve is commanded through the Voltage
Output module. The controller is commanding an angular speed to the inverter
through the CANopen module, and at the same time it is acquiring the actual
torque, rotational speed, electrical power at the interface with the electric motor

and other diagnostic signals from the inverter.
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Figure 5.9: Conceptual schematic of the data acquisition system

Table 5.3 lists the electric hardware used in the data acquisition system.

LabVIEW is used for data acquisition and to instrument control, while MATLAB

is used to conduct post-processing of the acquired data.

Table 5.3: Electrical hardware list of the data acquisition system

Hardware Manufacturer Code Number of
parts
Controller NI cRIO-9035 1
Analog Voltage Output NI 9263 1
module
Analog Voltage Input National

ECU module Instruments NI 9205 1
High-Speed CAN module NI 9853 1
CANopen module NI 9881 1
500 bar pressure 2020009 4

transducer P

arker
Sensors | 35 bar pressure transducer 2020008 1
Linear transducer Rota ELC 3209 1
. Prop. 2/2 directional valve
Coil (24V) Rexroth R901022180 1
Joystick Logitech 963290-0403 1
Others 5V converter EKYLIN K240505 1
DC power step-up NE SR-700-24 1
regulator
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5.3 POWER ELECTRONICS

A power electronics setup is developed to drive the electric machine as shown in
Figure 5.10. The input for the power electronics setup is a 3-phase high-voltage
(440VAC) that is used to drive the electric machine. The input filter is used to
remove interferences produced by the inverter. The fused disconnect switch
monitors electrical flow within the device, automatically disconnecting power
when it detects dangerous fluctuations or interruptions. The 3-phase fuse serves
as a safety device, providing overcurrent protection for the electrical circuit, and
an additional fuse is connected to the 24V power supply. The 24V power supply
is connected to inverter and fans through the contactors. The emergency relay is
used to detect failures allowing power to be removed from the contactors. The
breaking resistor is dissipating the electric energy generated by the electric motor
during assistive modes since a battery is not included in this stationary
experimental setup. The thermostat is sensing the temperature within the box, and
it is used to regulate the turning on/off of the fans through the contactors. The
inverter is supplied by the 3-phase high voltage to drive the electric motor, and
by the 24V DC for the control section. The inverter with its control section
regulates the input voltage, so that the synchronous reluctance motor can be
properly controlled. The power from the inverter to EM is again filtered by the

inverter.

Breaking resistor
Thermostat <=

Input filter | Fused disconnect
/ switch
Power supply 24 V
Inverter Fuses

» Emergency relay

Low voltage Contactors

terminal block

Figure 5.10: Power electronics setup
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Table 5.4 lists the components for the power electronics setup.

Table 5.4: Electrical components of the power electronics setup

Hardware Manufacturer Code Number
of parts
Fan Ebm-papst W2D250-HJ02-12 2
Braking resistor 21BR226-6103 1
Inverter KEB 21F6A14-3411 1
Input filter 20E6T60-3000 1
Fused d1.sconnect Wimex CIF3160 1
switch
24V power supply Omron S8VK-T12024 1
3-phase fused CMC103SP 1
Mersen
Fuse CMC101 1
3-phase emergency - RM17TG20 1
relay Schneider
Contactor clectronic LCIDISBD 2
Thermostat STEGO 111019-00 1
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6. RESULTS

This chapter will discuss the results obtained from the studied EHAs (open-circuit
and closed-circuit). In particular the two configurations will be compared in terms
of efficiency through the four-quadrant map in simulation. Furthermore, the
results obtained in terms of power flow and efficiency for the implemented
closed-circuit will be evaluated to validate the simulation model and demonstrate

the high efficiency of the electro-hydraulic circuit.

6.1 SIMULATION RESULTS

In this section are shown simulation results for both open- and closed-circuit. The
power flow within the proposed EHA system is analysed to assess the efficiency
and losses at each component, with particular focus on typical operating
conditions. Moreover, efficiency maps are derived from the power computation

for different operating points.

Since the electro-hydraulic system can be utilized for a vast range of applications
for off-road vehicles, the cylinder configuration of the CASE TV380 and its 2D
mechanical model are not considered in this first phase. In particular the power
flow analysed is not considering the mechanical power to/from the cylinder
(according to resistive/assistive mode), which is affected by the leakages
occurring between piston and rod chambers, and the friction losses typical of each

actuator.

6.1.1 OPEN-CIRCUIT RESULTS

The simulation results shown for the open-circuit EHA are referred to the

simulation model shown in Figure 6.1.
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The power computation at each interface of the EHA system can be defined

according to resistive and assistive modes:

1. Wall electric power:

o Resistive mode:
Poy =V Iy

o Assistive mode
Vi

P, =
°t Ninv

2. Inverter electric power
Piny =V 1

3. Electric motor mechanical power:
Pey=Tw

4. Pump hydraulic power:

o Resistive mode:

Pypp = Qp (P2 — P1)

o Assistive mode:
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(6.16)

(6.17)

(6.18)

(6.19)



Pypy = Qu (P — P2) (6.20)
5. Hydraulic system power, which is equal to the cylinder hydraulic

power generally defined as follows:
Pcyl,hyd = Qin Pin — Qout Pout = F X (6.21)

In an ideal cylinder the hydraulic power can be considered equal to the

mechanical output power from the device.
This last power is dictated by the cylinder motion as follows:
o Extension:
Psys = Qa pa — QaPa (6.22)
o Retraction:

sys Qa Pa — QApA (6- 23)

Figure 6.2 shows the power flow in resistive and assistive modes for the open-

circuit architecture.

a)
Pel = PITl — 1711; PEM PHP : S - ' PSyS = Pout
__Jvdl_ 203 1O » bt
b)
Per = Poyt Piny Py . ) PSyS = Pin
a7 @@ « BT

Figure 6.2: Open-circuit power flow: resistive modes (a), assistive modes (b)

The power maps at each interface of the open circuit are obtained considering
steady-state signals. The commanded actuation velocity and the applied force are
varied to extract the power at several data points. Figure 6.3 shows the four-
quadrant maps for the electric wall power and the hydraulic system power in the

open-circuit EHA.
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Figure 6.3: Power maps of open-circuit from simulation
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It can be observed that the power spans from 21 kW (resistive retraction wall
electric power) to 20 kW (assistive retraction hydraulic system power). A
positive power means that power follows the arrow direction in Figure 6.2 (a).
During resistive modes the input power is represented by the wall electric power
supplied to the inverter, while the output power is represented by the hydraulic
power from the hydraulic system supplied to the cylinder. During assistive modes
the input power is represented by the hydraulic power supplied by the cylinder to
the hydraulic system, while the output power is represented by the electric power

in output from the inverter.

To further explain the performance of the open-circuit system, Figure 6.4 shows
the power flow of the EHA in resistive extension and assistive retraction
considering in both cases 50 kN as force load and 50% actuation velocity

command.
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50% maximum speed

v =0115m/s

10.57 kW

v=—-02m/s

Assistive retraction 0.26 kW

Figure 6.4: Power flow of open-circuit EHA: 50% actuation velocity command, 50 kN

load force

In both the operating conditions the main source of losses is represented by the
two-quadrants hydraulic unit. During resistive extension HP features 75.8%
overall efficiency operating at 1458 rpm and 132 bar of pressure difference.
The same efficiency is maintained during assistive retraction when HP operates
at 2583 rpm and 126 bar. HP shows a quite high efficiency working as a motor
and can regenerate energy with a power of 7.82 kW . Additional losses are given
by EM which maintains a very high efficiency in both conditions, 92.6% in
resistive extension and 94.1% in assistive retraction. As said previously, the
inverter efficiency is set constant at 97%. A negligible contribution is given by
the hydraulic system composed by valves, filter and hoses. In particular, a higher
power loss is observed during assistive retraction (0.26 kW) when the
commanded actuation velocity is higher due to the area ratio of the cylinder, and

as a consequence the volumetric flow rates are higher too.

Finally, the efficiency of the overall system and of each device can be obtained
as the ratio of the input power and the output power considering the correct power
flow direction for assistive and resistive modes. The efficiency maps for all the
four quadrants of electric motor, hydraulic pump and hydraulic system are shown
in Figure 6.5. In this figure the colour pattern used is the same for all the three
images to better visualize the contribution of each element in the total efficiency
of the system. The black reference lines divide the map into the four quadrants.
The white dashed lines divide the four-quadrant modes into the slow, main and

fast sub-modes.
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Figure 6.5: Efficiency maps of the open-circuit EHA electric motor, hydraulic pump and

hydraulic system from simulation

Figure 6.6 shows how the efficiency is mainly driven by the hydraulic pump,

which exhibits generally around 70% in both pumping and motoring modes.

Hydraulic pump efficiency open-circuit
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Figure 6.6: HP efficiency map of the open-circuit EHA from simulation

As shown in Figure 6.7 the electric motor is subjected to higher efficiencies
(90%) for most of the operating conditions. In general, the efficiency of the EHU
is very low in case of low rotational speed required at the shaft. Moreover, the
efficiency of EM is not defined for most of the range 0 to 10 kN of the assistive

retraction mode. In case of low applied loads and high retraction velocities the
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input power from the overrunning load is not sufficient to reach the commanded
actuation velocity of CYL. Hence, in this scenario electric power is required from
the inverter to maintain the electric motor rotational speed as shown in Figure 6.8,

and no power is regenerated.

Electric motor efficiency open-circuit
T

02
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s

'
o
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0 10
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Figure 6.7: EM efficiency map of the open-circuit EHA from simulation

75% maximum speed
F =5kN

0.24 kW 0.54 kW 1.42 KW

v=-03m/s

0.24 kW

0.88 kW

Figure 6.8: Power flow of open-circuit EHA: 75% actuation velocity command, 5 kN load

force

Regarding the hydraulic system efficiency, shown in Figure 6.9, it experiences a
higher efficiency (more than 90%) in the extension modes and variable
efficiencies during the retraction modes (between 90% and 40%). During
retraction the higher throttling losses in valves and hoses are expected due to the
higher flow rates. Moreover, when low forces are applied the throttling losses

experienced in the 4/3 directional control valve represent a non-negligible
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contribution with respect to the overall power level, especially when the

maximum flow rate of 54 L/min is supplied by HP.

Hydraulic system efficiency open-circuit
= =T

0.2

0.1
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Figure 6.9: Hydraulic system efficiency map of the open-circuit EHA from simulation

The efficiency map of the overall system for the open-circuit is shown in Figure
6.10.

Total efficiency open-circuit

Actuation Velocity [m/s]

30 -20 -10 0 10 20 30 40 50
Load Force [kN]

Figure 6.10: Efficiency map of the open-circuit EHA from simulation

As shown in Figure 6.10, the efficiency of the overall system for the open-circuit
EHA can reach up to 68.28% in resistive extension. Moreover, the efficiency of

the architecture ranges between 50% and almost 68% in most of the map regions.
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The maximum efficiency is always expected when high loads are applied to the

cylinder.

Regarding the low efficiency regions, these are expected when the bypass valve
is opening. Hence, the slow-speed sub-modes and the fast assistive retraction sub-
mode are affected by this last behaviour. As discussed in Section 2.4.2 the
opening of BPV introduces throttling losses that are proportional to the
volumetric flow rate passing through the valve. In areas 1b, 2b, 3b, and 4b power
is dissipated through the valve to slower the motion of CYL, while in 4c the high
flow rates due to the required fast retraction are resulting in higher losses as

shown in Eq. 2.76.

In sub-modes 1b and 3b the pump is set to its minimum rotational speed
(500 rpm), and part of pump power is converted into heat in BPV. In sub-modes
2b and 4b the rotational speed of EM and HP is set to zero, and no energy can be
regenerated in this condition because all the power in input from the cylinder side
is dissipated into BPV. However, these low-speed actuation conditions happen
for a limited range of velocity between —0.06 m/s and 0.06 m/s. The required

power consumption in this range is low as shown in Figure 6.3.

6.1.2 CLOSED-CIRCUIT RESULTS

The simulation results shown for the closed-circuit EHA are referred to the

simulation model shown in Figure 6.11.

-

= O
(<

on ;-;ﬂ(:%—{:;)
Acc - R
A A l |
\= e/
71 hose2 ! hose 5 hose 6
e A
| ]
1
PCVL on
RV1,
e Ly e jl } [ 7—| >E
e - I ] e v
hose 3
(E}_«,@ i hose v o MANIFOLD BLOCK
[ [

@

Figure 6.11: Simulation model closed-circuit
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The power computation at each interface of the EHA system follows Eq. 4.1 —
4.6. Additionally, the power stored and delivered by the accumulator can be
computed according Eq. 2.22. As shown in Eq. 2.40 — 2.43, the accumulator
power can represent an input or an output to the EHA system according to the

extension or retraction actuation of CYL.

Figure 6.12 shows the power flow in resistive extension, assistive extension,
resistive retraction and assistive retraction modes for the closed-circuit

architecture.

a)

A o ot

b)
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Figure 6.12: Closed-circuit power flow: resistive extension (a), assistive extension (b),

resistive retraction (c), assistive retraction (d)

Figure 6.13 shows the four-quadrant maps for the electric wall power and the

hydraulic system power in the closed-circuit EHA.
Wall electric power, P, Hydraulic system power, P, _
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Figure 6.13: Power maps of closed-circuit from simulation
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It can be stated that the power levels are the same observed in the open-circuit
architecture. A positive power means that power follows the arrow direction in
Figure 6.13 (a). The accumulator power is considered positive during extension
motions and, according to the flow rate direction, is also positive during the
device's exhaust. The power exchanged by the accumulator in the four-quadrants
is shown in Figure 6.14. The power magnitude of the accumulator is ranging
between —0.3 kW in assistive and resistive retraction and 0.2 kW in assistive and
resistive extension. Therefore, it can be noted that the power level exchanged by

this device is very low with respect to the power managed by the whole system.

Accumulator power closed-circuit

Actuation Velocity [m/s]

30 -20 -10 0 10 20 30 40 50
Load Force [kN]

Figure 6.14: Accumulator power of closed-circuit from simulation

To further explain the performance of the closed-circuit system, Figure 6.15
shows the power flow of the EHA in resistive extension and assistive retraction
considering in both cases 50 kN as force load and 50% actuation velocity

command.
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50% maximum speed

10.34 kW

0.42 kW v=-02m/s

Assistive retraction

Figure 6.15: Power flow of closed-circuit EHA: 50% actuation velocity command, 50 kN

load force

As in the open-circuit, the main source of losses is represented by the hydraulic
unit, which in this case is constituted by a four-quadrant pump. The HP
demonstrates a solid 78.6% overall efficiency during resistive extension,
operating at 1477 rpm and a pressure difference of 131 bar. This efficiency
holds steady during assistive retraction, when the HP runs at —2569 rpm and a
pressure difference of 123 bar is observed. Notably, the four-quadrant HP shows
about 3% greater efficiency compared to the two-quadrant unit used in the open
circuit. When working in motor mode, HP is able to regenerate energy with a
power of 6.94 kW . Since the EM unit and inverter remain unchanged across both
architectures, their efficiencies remain consistent with those observed in the open-
circuit configuration, maintaining the same operating conditions. The hydraulic
system contribution to power loss is minimal, with the highest observed loss

(0.42 kW) occurring during assistive retraction.

The efficiency maps for all the four-quadrants of electric motor, hydraulic pump

and hydraulic system are shown in Figure 6.16 using a common colour pattern.
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Figure 6.16: Efficiency maps of the closed-circuit EHA electric motor, hydraulic pump

and hydraulic system from simulation

Figure 6.17 shows that even in the closed-circuit the efficiency is mainly driven
by the hydraulic pump, which exhibits around 75% in both pumping and
motoring modes. Lower efficiencies (50%) are observed in low power level

areas, which means low pressure difference across the device.
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Figure 6.17: HP efficiency map of the closed-circuit EHA from simulation

Figure 6.18 presents the efficiency map of the electric motor EM in the closed-
circuit architecture. The same considerations apply as in the open-circuit EHA,

ensuring consistency in performance analysis across both configurations.

111



Electric motor efficiency closed-circuit
T T T T

08

0.7

06

05

g [

0.4

Actuation Velocity [m/s]

03

0.2

01

10
Load Farce [kN]

Figure 6.18: EM efficiency map of the closed-circuit EHA from simulation

As shown in Figure 6.19, the hydraulic system efficiency is notably higher in the
extension modes, consistently exceeding 85%. However, during the retraction
modes, efficiency varies, ranging from 90% down to 40%, reflecting the
dynamic changes in performance depending on the operating conditions. The
simulation model developed for this new architecture offers enhanced accuracy
in modelling the valves and filters, which in turn leads to higher losses compared
to the open-circuit system. Additionally, at low force levels, the throttling losses
in the valves become a significant contributor to the overall power loss. Further
details on the power losses across the entire system will be provided in the

following pages.
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Figure 6.19: Hydraulic system efficiency map of the closed-circuit EHA from simulation

The efficiency map of the overall system for the closed-circuit is shown in Figure

6.20.

Total efficiency closed-circuit
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Figure 6.20: Efficiency map of the closed-circuit EHA from simulation

As depicted in Figure 6.20, the overall efficiency of the closed-circuit EHA
system can peak at 70.15% during assistive retraction. Additionally, the system's
efficiency remains between 50% and nearly 70% across most regions of the
efficiency map, indicating consistent performance throughout a wide range of

operating conditions. In comparison, the average efficiency of mobile hydraulic

113



applications is approximately 21%, highlighting the significant improvement

achieved by implementing the EHA solution.

Efficiency maps are valuable tools for implementing the considered EHA
architecture across different applications. For instance, the duty cycles of a
compact loader boom may occur in the first and fourth quadrants of the efficiency
map, while for the bucket, the cylinder orientations are reversed, placing the duty
cycles in the second and third quadrants. Furthermore, efficiency maps can
indicate whether the EHA solution operates with high efficiency for specific
applications and whether hydraulic components need to be resized to improve

energy performance for particular duty cycles.

The power losses in the system are influenced by the operating conditions. A
more detailed analysis of these losses can be conducted by examining a general
duty cycle, as shown in Figure 6.21. This duty cycle was utilized in previous
studies to validate the thermal model developed by Qu [25]. It features nearly
constant speeds in both extension (1.3 m/s) and retraction (—0.1 m/s), while the
applied forces average 20 kN in extension and 5 kN in retraction. This simulates
a loaded boom during the extension phase and an unloaded boom during

retraction.

=104 Applied force duty cycle

25

Force, [N]
@

05

Figure 6.21: Boom cylinder duty cycle
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By considering the duty cycle outlined above, a scatter plot can be superimposed
on the total efficiency map, as shown in Figure 6.22. This allows for a clearer

visualization of the system performance across general operating conditions.

Total efficiency closed-circuit + Duty cycle scatter
T

Actuation Velocity [més]

5 0 5 10 15 20 25 30 35 40 45 50
Load Force [kN]

Figure 6.22: Duty cycle scatter over total efficiency map for the closed-circuit EHA

The operating point at 20 kN applied force and 0.13 m/s actuation velocity can
be considered to study the power loss in the system. The pie chart in Figure 6.23

shows the contribution to the power losses of each element in the EHA system.

gﬂ/\/\

Figure 6.23: Closed-circuit losses contribution: 20 kN applied force, 0.13 m/s actuation
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The total power loss in the EHA system is 1.32 kW under the given operating
conditions, featuring 65% total efficiency. As expected, the primary source of
these losses is the hydraulic pump. Additionally, the losses in the hydraulic circuit
are mainly attributed to the SAE 8 (12.7 mm) hoses used to connect the cylinder

to the manifold section. This choice of hoses was made to ensure the flexibility
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required for integrating the EHA system into the reference vehicle. Notably, the
valves and the filter in the circuit contribute negligibly to the overall losses.
Therefore, it can be concluded that the component selection for the system has

been successful.

To justify the decision to implement a closed-circuit EHA rather than an open-
circuit EHA, Figure 6.24 is presented to illustrate the efficiency difference

between the two systems, where A7, 1s defined as follows:

ANgor = Ntot,closed — Antot,open (6.24)
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Figure 6.24: Efficiency difference map from simulation

When comparing the results of the open-circuit EHA and the closed-circuit EHA,
it can be concluded that both architectures exhibit nearly the same efficiency
across most regions of the map, including resistive extension, assistive extension,
and assistive retraction. However, in resistive retraction, the closed-circuit EHA
demonstrates a significant increase in efficiency (up to 15%) at high retraction
velocities. This improvement is primarily driven by the hydraulic system
efficiency, as the open-circuit EHA is affected by power losses introduced by the

4/3 directional control valve.
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Although the closed-circuit EHA was expected to perform worse than the open-
circuit version due to the differences in pump design, both units operate

efficiently in their respective architectures.

6.2 EXPERIMENTAL RESULTS

The experimental results presented in this study were obtained using the setup
described in Section 5. In comparison with the simulation results discussed in
Section 6.1.2, the tests were conducted with a two-cylinder implementation. Due
to the skid-steer actuation system, the actuator velocity is halved, while the

maximum permissible load is doubled.

The cylinder configuration for the boom function allows testing in both resistive
extension and assistive retraction modes, while the cylinder orientation for the
bucket function enables testing in assistive extension and resistive retraction
modes. The current tests focus on evaluating the power consumption and
efficiency of the electric motor, hydraulic pump, and hydraulic system in the

resistive extension mode.
The test procedure involves the following steps:

1. Raise the boom to 10% of its total stroke.
Start the test: command the desired speed and begin data acquisition.

End the test at 90% of the boom stroke.

il

Average the values from the middle third of the data.

To generate results such as efficiency maps, it is crucial to extract a summary
point from each test. This data point is calculated by averaging the values over
approximately one-third of the test duration. The data selected for averaging is
based on the boom position, with the time interval for averaging that is varying
according to the actuator speed. The time bounds are defined by the moments
when the boom position is as close as possible to 0.3m and 0.55m.
Consequently, the duration of the data set used for averaging ranges from about

2 to 20 seconds.
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All the signals measured during the tests are summarized in Table 6.1. The

sources for the pressure and position signals are referenced in Figure 5.9.

Rotational speed, torque, and electric power associated with EM are derived from

the inverter readings, with the corresponding signal codes provided in the table.

Table 6.1: Measured signals from tests

Signal name Symbol Source Units Frequency
[Hz]
.. Position
Position x transducer X1 [mm] 10
Bore pressure Da P2
Rod pressure Pa P1
Pressure bar
Pump bore pressure Pppore | transducer P4 [bar]
Pump rod pressure P5
p p Pprrod 100
Accumulator pressure Pace P3
Shaft rotational speed n ru08 | [rpm]
Shaft torque T Inverter | ru8l | [Nm]
Electric power P, ru82 | [kW]

All the signals derived from the measurements are summarized in Table 6.2. Due

to the two different sampling rates, some derived measurements require down

sampling from 100 Hz to 10 Hz.
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Table 6.2: Derived signals from measurements

Signal name Equation Units Fre[(;;lze]ncy
, . Xi T Xj—1
Actuator velocity X=——— [m/s] 10
ti —ti—1
Actuator force F=A,p,— A p a [N] 100
Cylinder power Pey, = F x [kW]
Resistive
i« | extension
Volumetric Q=1x4, (L /min]
flowrate | Agsistive 10
retraction
Pump Ny p = Q
Volumetric mode Py, ]
efficiency Motor nVy
mode Moy = Q
Cylinder pressure
Y differlgnce Apcyl = Pp,pore — Pp,rod
. [bar]
Hydraulic pump A _ _
pressure difference Prp = Pppore ~ PProd
Pump Va Apup
HydrO- mode nhm,P = T
mechanical T [-] 100
efficiency Motor n =
mode MM Vg Apyp
Hydraulic pump power Pyp = Ap,,, Q
loetri [kW]
Electric motor Poyy =0T

mechanical power

The experimental results are compared with simulation results obtained from the
model shown in Figure 6.25. This model consists of two cylinders and includes
sub-models from the 2D mechanical library, designed to replicate the planar

model of the CASE TV380. The simulation data are derived using the same

procedure outlined for the experimental tests.
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Figure 6.25: Simulation model of closed-circuit EHA with 2D mechanism

Tests are conducted under three different load conditions: an empty bucket, a load
of 1500 [b (680.4 kg), and a load of 3260 (b (1478.7 kg). These conditions are
chosen to cover a wide range of applied loads, with the empty bucket representing
a 25 kN load and the maximum mass load corresponding to 75 kN. It is important
to note that the load is equally distributed between the two cylinders of the boom
function. Additionally, five different actuator velocity commands are tested for
each load condition, with each measurement being repeated three times to assess
the accuracy and reliability of the results. As previously discussed, in the two-
cylinder configuration, the actuator velocity is halved compared to the single
actuator arrangement, as the flow supplied by HP is equally shared between the
cylinders. Therefore, the actuator velocity range tested spans from 0.022 m/s to
0.112 m/s, compared to the maximum linear speed of 0.23 m/s achieved by the
actuator in the single-cylinder configuration for resistive extension. Additionally,
the low-speed mode is not evaluated in the tests, as the primary focus is on
assessing the efficiency of the EHU. In low-speed mode, the actuator velocity is
mainly controlled by the opening of the BPV, which is not central to this

efficiency evaluation.

Due to the change in orientation of the cylinders during the extension motion, the
applied force varies throughout the performed tests. While this variation is
expected to be limited to a few kN, it introduces some uncertainty into the
measured data, as an average value is considered. This same behaviour is

replicated in the simulation model, thanks to the use of the 2D mechanical library.
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Moreover, averaging these values is necessary to obtain a summary point, which

is used to assess the system’s performance under steady-state conditions.

The data for both power consumption and efficiencies have been normalized in
relation to reference values. However, the data related to the overall efficiency of

the closed-circuit EHA has not been normalized.

Figure 6.26 shows the normalized power exchange plot for the empty bucket load
condition. Measurements are represented by diamond markers, while simulation
results are indicated by the continuous line. The electric power is measured at the
input of EM (magenta), while the mechanical power transmitted through the shaft
between EM and HP (green), the hydraulic power of the HP (yellow), and the
power output from CYL (blue) are calculated based on the equations provided in
Table 6.2. It can be observed that a good match between experimental and
numerical data is achieved at low actuation velocities, while larger discrepancies
are noted for the electric power (magenta) and the hydraulic power of HP (yellow)
at higher velocities. This behaviour may be attributed to the generic electric
model, which does not accurately replicate the real power consumption of the
synchronous reluctance motor from Spin. Specifically, a power difference of
1.98 kW is observed between the measured and simulated input electric power
of EM at the maximum commanded speed, representing an error of 23.89%.
Moreover, the consistent increasing trend of power with the rise in commanded

velocity is observed in both the measured and simulated data.
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Figure 6.26: Measured and simulated normalized powers for the empty bucked load

condition

Figure 6.27 shows measured and simulated normalized efficiencies for EM
(magenta), HP (yellow), EHU (red) and hydraulic system (blue). The hydraulic
unit efficiency at low velocities exceeds one, indicating potential errors in the
measurements. Specifically, torque measurements from the inverter may be
affected by uncertainty. The normalized efficiency measured for the EM peaks at
80%, which is inconsistent with the efficiency maps provided by the sponsor, and
also lower than the simulated data, which reaches up to 91.6%. In contrast, HP
demonstrates high efficiency (96% at 0.112 m/s), which is notably higher than
the typical overall efficiency of a hydraulic unit. These individual efficiency
values for the EM and HP suggest inaccuracies in the mechanical power
measurements at the shaft. However, the normalized efficiencies measured for
the EHU are reliable, ranging from 69% to 76%, and show a reasonable match
with the simulation results, both in trend and error, with a discrepancy of around
7% across a wide range of velocities. Finally, the hydraulic system normalized
efficiency is evaluated, showing 93% efficiency at low volumetric flow rates
within the system. However, at higher flow rates, the efficiency decreases,
reaching 47% when HP supplies a maximum of 55 L/min. Discrepancies are

observed at high commanded velocities between measurements and simulation,
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which can be attributed to power losses in the hoses that are not accounted for in

the simulation model, as it excludes the effects of hose bending and fittings.
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Figure 6.27: Measured and simulated normalized efficiencies for the empty bucked load

condition

Figure 6.28 shows measured and simulated total efficiency for the closed-circuit
EHA with empty bucket. The overall efficiency of the EHA system in the
measurements, which drops to 37%, is strongly affected by inefficiencies in the
hydraulic system. This problem could be addressed with improved piping. The
decreasing efficiency trend closely follows that of the hydraulic system
efficiency. In contrast, the simulated data consistently remain within a narrow

range of 50% to 55%.
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Figure 6.28: Measured and simulated total efficiency for the empty bucked load condition

Figure 6.29 shows the normalized power exchange plot for the 1500 (b load
condition. It can be observed that a better match between experimental and
numerical data is achieved across all actuation velocities with respect to the empty
bucket load condition. Specifically, a power difference of 0.78 kW is observed
between the measured and simulated input electric power of the EM at the

maximum commanded speed, resulting in an error of 6.57%.

Power exchange - 1500 Ib

08
M PCYL.meas"Pref t‘
0.7 __PCYL:.;Im"PrEf
PHP‘meas/Pref
06 HP‘SImIPIEf

EMmeas/Pref

/P

EM,sim ~ ref

o
wn

P
P
P

+ P

EL.rneasfpref
P /P

EL.sim " ref

Normalized power [-]
o o
w K
I

o
[N

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12
Actuator velocity [m/s]

Figure 6.29: Measured and simulated normalized powers for the 1500 b load condition
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Figure 6.30 shows measured and simulated normalized efficiencies for EM, HP,
EHU and hydraulic system. Even for the 1500 Ib load EM and HP efficiencies
result inconsistent with the simulation data due to the shaft power inaccuracy.
However, the normalized efficiencies measured for the EHU are reliable, ranging
from 68.1% to 76.6%, and exhibit a reasonable match with the simulation results,
both in terms of trend and error. The discrepancy between the measured and

simulated efficiencies is around 4% across a wide range of velocities.
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Figure 6.30: Measured and simulated normalized efficiencies for the 1500 lb load

condition

Figure 6.31 shows measured and simulated total efficiency for the closed-circuit
EHA with 1500 [b as load applied. The overall efficiency of the EHA system in
the measurements, which drops to 48%, is less impacted by inefficiencies in the
hydraulic system at higher loads. This is because the power level increases with
the load, and throttling losses in the pipes and manifold become a less significant
portion of the overall power consumption. The decreasing measured efficiency of
the EHA in this case aligns with the simulations for medium to high actuation
velocities, though a maximum discrepancy of 10% is still observed at

0.069 m/s.
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Figure 6.31: Measured and simulated total efficiency for the 1500 lb load condition

Figure 6.32 shows the normalized power exchange plot for the 3260 (b load
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Figure 6.32: Measured and simulated powers for the 3260 lb load condition

Figure 6.33 shows measured and simulated normalized efficiencies for EM, HP,
EHU and hydraulic system considering an applied load of 3260 [b. The
normalized efficiencies measured for the EHU range from 64.8% to 77% and
show the best match with the simulation results among the three considered

loading conditions. The maximum discrepancy between the measured and
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simulated efficiencies is approximately 3% across the entire velocity range, with
an almost perfect match observed at 0.068 m/s. The efficiency trends for EM
and HP are consistent with those observed in previous measurements.
Additionally, a noticeable increase in hydraulic system efficiency is observed as

the power level of the EHA rises, with a minimum efficiency of 73.4% at high

velocities.
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Figure 6.33: Measured and simulated normalized efficiencies for the 3260 lb load

condition

Figure 6.34 shows measured and simulated total efficiency for the closed-circuit
EHA with 3260 [b as load applied. Better overall efficiencies are observed for
this loading condition, reaching a maximum of 65% at medium actuation
velocities. The EHA efficiency for these operating conditions highlights the

potential benefits of implementing this architecture on the reference vehicle.
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Figure 6.34: Measured and simulated total efficiency for the 3260 lb load condition

Figure 6.35 is considered to further evaluate the dependency on the load of the
EHU normalized efficiency. As the applied load increases, and consequently the
pressure difference across HP, the efficiency of the EHU improves. It is important
to note that, while volumetric efficiency typically decreases with pressure due to
increased leakage losses, it increases with speed. This is because higher pressure
leads to more leakage, while a higher working speed reduces the relative impact
of these leakage losses compared to the overall flow. Additionally, hydro-
mechanical efficiency improves as the outlet pressure rises. This is because the
internal friction of the pump is only slightly influenced by pressure, and becomes
less significant as the working pressure increases. However, if the rotational
speed is below a certain minimum operating speed, hydro-mechanical efficiency
remains very low. As the speed increases, the efficiency reaches a peak, then
gradually decays due to fluid shear or churning losses. Regarding the electric
motor, its efficiency increases as both the rotational speed, which is related to the
commanded velocity, and the applied torque, which is linked to the pressure

difference across the hydraulic pump, increase.
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Figure 6.35: Measured and simulated EHU normalized efficiency under all load conditions

Figure 6.36 is considered to further evaluate the dependency on the load of the
hydraulic system normalized efficiency. Losses in the system due to hoses,
fittings, valves, and filters become less significant at higher power levels, which
occur when higher loads are applied. As a result, lower system efficiencies are
expected in the empty bucket condition, while higher efficiencies are observed
when a load of 3260 (b is applied. Furthermore, throttling losses are more marked
at higher flow rates, which occur when higher actuator velocities are commanded,

leading to greater energy losses under these conditions.
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Figure 6.36: Measured and simulated hydraulic system normalized efficiency under all

load conditions

Figure 6.37 is used to further assess the dependence of the EHA total efficiency
on the applied load. Consistent with the efficiency trend observed in the EHU and
hydraulic system at higher loads, the overall EHA efficiency for the closed-circuit
architecture is also higher when 3260 (b are applied to the bucket.
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Figure 6.37: Measured and simulated EHA total efficiency under all load conditions
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7.CONCLUSION

7.1 SUMMARY

This study presents two architectural designs for an EHA system, both utilizing a
fixed-displacement pump and a variable-speed electric motor. The two
configurations are an open-circuit system and a closed-circuit system. The system
sizing is based on the principle of selecting the prime mover to provide the
required flow rate at operating points that offer high efficiency. In line with the
concept of decentralized hydraulic systems, the primary goal of the EHA is to
minimize throttle losses in the hydraulic circuit. Low- and high-speed operating
conditions can be achieved by using a bypass valve, though this introduces some
throttle losses as the valve opens. While efficiency is reduced during low-speed
operations, such conditions are infrequent in the typical duty cycle of mobile

applications, and thus their impact on overall performance is minimal.

The selection of components for the EHA has been carefully optimized, with
particular attention given to accumulator sizing, which serves as the basis for
selecting valves and filter with precision. The process also places significant
emphasis on the hydraulic unit and electric motor, ensuring the creation of a high-
efficiency EHU built with commercially available components. Additionally, a
custom manifold has been designed to seamlessly integrate the hydraulic
components, enabling an efficient configuration for the entire EHA system on the
reference vehicle. This design not only simplifies the setup but also minimizes

pressure drops, thereby reducing energy losses within the hydraulic circuit.
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A simulation model has been developed in Simcenter Amesim environment based
on the lumped parameter method. Different libraries are integrated to reproduce

in a realistic way the mechatronic systems under study.

This work has thoroughly explored the instrumentation of the reference vehicle
with the closed-circuit architecture, focusing on its application in a compact skid
steer loader featuring an open-centre hydraulic system. The integration of the
EHA required only minimal modifications to the baseline system, ensuring a
seamless adaptation. The chosen hydraulic configuration, alongside the
implementation of the data acquisition system and power electronics, has been
presented as a key aspect of the experimental setup. This approach not only

highlights the practical feasibility of incorporating the EHA into existing systems.

The research objectives outlined in Section 1.4 are addressed and elaborated in

this thesis:

e Evaluate the performance of a high-efficiency EHA architecture with
energy recovery capabilities.

e Reduce the hydraulic system costs by employing a VM-FP configuration
as the EHU, ensuring full-speed range operation without requiring the
fixed-displacement pump to operate at low speeds.

e Proposing a sizing methodology for a scalable EHA design tailored to
mobile applications.

e Developing a simulation model in Simcenter Amesim, which can serve as
a design tool for future sizing and optimization efforts.

e Creating efficiency maps for both open- and closed-circuit systems across
all four quadrants, to validate performance under various operating
conditions of the EHA.

e Implementing the closed-circuit EHA on a reference vehicle without
modifying the main mechanical structure, while preserving both baseline
and EHA operation modes.

e Analyzing the power management of the EHA system, with particular

focus on the commercial EHU that includes a four-quadrant external gear
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pump and a synchronous reluctance motor, assessing its potential for

power regeneration.

In terms of simulation results, a reference 20 kW application was considered,

featuring a differential cylinder with a 0.89 m stroke and a maximum force of

50 kN. The main results are as follows:

The studied EHA system can achieve efficiencies up to 70% for both
open-circuit and closed-circuit architectures. The individualized system
works efficiently by decreasing the throttling losses and enabling energy
regeneration.

The low-speed modes exhibit low efficiencies due to the bypass valve
being open. Same holds for the fast-assistive retraction mode, where the
use of BPV results in high throttling losses, assuming the pump operates
at the same maximum speed under both assistive and resistive loads.

The closed-circuit EHA is 3% to 15% more efficient than the open-circuit
system. The small performance difference is mainly due to the fact that
the standard two-quadrant pump and the new four-quadrant pump design
exhibit similar efficiencies in both pumping and motoring modes.
Additionally, the accumulator in the closed-circuit system provides
limited energy savings because of the constrained operating pressure
required in the drain line.

Power losses are primarily driven by the hydraulic pump in both EHA
architectures. The remaining contributors, in order of importance, are the
electric motor, hydraulic circuit, and inverter. Focusing on the main
contributors within the hydraulic system, it can be observed that the 4/3
directional valve is the primary source of power losses in the open-circuit
system. In the closed-circuit system, however, the power losses are shared

equally between the valves and the filter.

In terms of experimental results, the closed-circuit EHA with the commercial

EHU was implemented on a CASE TV380 skid steer compact loader and tested.
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The boom function was evaluated in resistive extension mode, utilizing two

differential cylinders. The main results are as follows:

The measurement and simulation trends for power exchange in the system
are consistent, with relative errors reaching a maximum of 25% for low
loads applied to the system. However, for higher loads, the discrepancy
between measured and simulated data is reduced to 10%.

The EHU normalized efficiency reaches a maximum of 77% when high
loads are applied, highlighting the high efficiency of the commercial
electro-hydraulic unit provided by the sponsor. Additionally, the
simulated efficiency aligns with the measured trends, showing a
discrepancy ranging between 8% and 4% under high actuation velocities
across all loading conditions.

The hydraulic system efficiency is strongly influenced by the actuation
velocity, primarily due to the high pressure drops in the manifold and
hoses, which result in significant throttling losses. These losses have less
impact as the power level increases with higher loads. At high actuation
speeds, the normalized efficiency can reach a minimum of 47% with an
empty bucket and a maximum of 73.4% when 3260 [b are loaded.

The total efficiency of the closed-circuit EHA is primarily influenced by
hydraulic system losses at high actuation velocities, particularly when low
loads are applied. However, the overall measured efficiency can reach up
to 65%, demonstrating the advantages of implementing this architecture

on the reference vehicle.

The studied system offers a viable solution for integrating EHAs into cost-

sensitive applications, such as off-road vehicles in construction and agriculture.

This is due to its high energy efficiency and significant potential for energy

recuperation during assistive load conditions. Implementing this technology in

the aforementioned fluid power machines could potentially increase the energy

efficiency of the fluid power actuation system from the 21% documented in the

literature to up to 70%, as demonstrated in this study.
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7.2 FUTURE WORK

Here are some potential research directions for the future, based on the findings

presented in this thesis:

e Future tests will focus on investigating the remaining three operational
modes: assistive extension, resistive retraction, and assistive retraction.

e The implementation of the EHA on the reference vehicle could be
improved by reducing the length of hoses and increasing their diameter.
The minor and major losses encountered in the system can cause
significant pressure drops between the cylinder and the hydraulic unit,
reducing system efficiency. To address this, the use of rigid pipes could
be considered as an alternative to the current hoses. However, adopting
rigid pipes would necessitate substantial modifications to the baseline
hydraulic system to ensure the continued proper functioning of both the
open-centre system and the new EHA system.

e A water-cooling system could be implemented to prevent the electric
motor from overheating during more demanding drive -cycles.
Specifically, the inverter controller is designed to shut down the motor
when temperatures exceed a specified threshold to prevent damage to the
electric motor. The need for a cooling system is even more critical, as the
current system relies on maintaining the electric motor at 0 rpm during
idle phases to hold the load.

e A low-cost, high-performance load-holding function could be integrated
into the hydraulic system to reduce power consumption during idle
phases. The goal is to minimize the use of costly solenoid valves while
also eliminating the need for the electric motor EM to maintain the load.
Currently, a passive load-holding strategy based on pilot-operated check
valves is being investigated as a potential solution.

e A control logic for the self-levelling of the bucket during boom actuation
can be implemented to replicate the function of the pre-existing hydraulic
subsystem used in the reference vehicle. In the current case study, two

independent hydraulic systems are employed for the boom and bucket
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functions. A control strategy, utilizing displacement sensors and taking
into account the system kinematics, can be developed to automatically
adjust the bucket position, ensuring it remains balanced during both the
lifting and lowering phases of the boom.

This study primarily emphasizes the steady-state performance, such as
efficiency. In contrast to traditional valve-controlled hydraulic systems,
the EHA controls the actuation velocity by adjusting the speed of the
EHU. As a result, investigating the dynamic performance of the EHA
system becomes crucial, especially in terms of its response and the design
of the controller for mode transitions under varying load conditions.

A battery system could be sized and implemented to store regenerated
energy during assistive modes, optimizing the system for mobile
applications compared to the stationary setup used in this study.
Furthermore, all power electronics will need to be redesigned and
integrated for installation on the CASE TV380 to ensure proper
functionality in the mobile environment.

Comprehensive experiments on the assistive retraction mode of the boom
could be conducted. Furthermore, tests could be extended to the bucket
function to evaluate the efficiency of the reference vehicle equipped with
the implemented closed-circuit EHA in both the assistive extension and

resistive retraction quadrants.
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9.APPENDIX A — VALVES AND FILTER
SELECTION ACCORDING TO
ACCUMULATOR SIZING FOR THE
CLOSED-CIRCUIT EHA

The components selected in this section are the best in terms of pressure drops

measured for maximum flow rates for the closed-circuit EHA.

Considering the different operating conditions, the flow across the components
can vary depending on the charge or discharge of the accumulator. Therefore,
also the pressure drops across the valves and the filter are not fixed. The pressure
drops reported in the following tables between brackets are the one representing

the discharge phase.

The pressure drops are related to the maximum volumetric flow rates passing
through the valve or filter. The maximum flow can be computed according to
equations reported in Section 2. These Ap are derived by the characteristic curves
(pressure drop vs. volumetric flow rate) of each device. The 18 cc/rev 4Q
Continuum pump from Settima Meccanica is considered for the sizing of the

components.

Different brands are considered during the selection of the components. In
particular valves and filters from the catalogues of Sun Hydraulics, Parker

Hannifin, Bosh Rexroth and Hydac are considered.

The components selected from Sun Hydraulics are reported in Table 9.1. All the
components required for the closed-circuit EHA can be found in their catalogue

with a relatively small pressure drop at the maximum flow. The filter selected
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from Sun Hydraulics is of the cartridge type, hence it can be screwed into the

manifold reducing the number of hoses.

Table 9.1: Selected components from Sun Hydraulics

Pressure Maximum
Maximum | Maximum Nominal Cracking Relief
drops at adjustable Cavity
Type Code pressure flow rate flow rate pressure pressure
nominal flow pressure code
[bar] [L/min] [L/min] [bar] [bar]|
[bar] [bar]
Pilot
operated
CKGBXAN 344.74 227.125 37.9 (22) 2.76 (2) 0.28 - T-17A
check
valve
Check
CXFAXAN 344.74 151.416 40 (22) 0.84 (0.42) 0.28 - T-5A
valve
Relief
RDDALAN 344.74 94.63 54 - 210 206.84 T-10A
valve
Maximum
Maximum Nominal Filter Maximum
operating Pressure Cavity
Type Code flow rate flow rate rating Weight [kg] temperatu
pressure drops [bar] code
[L/min] [L/min] [pm] re [°C]
[bar]
Filter FLHAXDN 151.42 344.74 37.9 0.5 40 0.53 T-16A

The components selected from Parker Hannifin are reported in Table 9.2. No filter

is selected for this brand because of the too high pressure drops.

Table 9.2: Selected components from Parker Hannifin

Pressure Maximum
Maximum | Maximum Nominal Cracking Relief
drops at adjustable Cavity
Type Code pressure flow rate flow rate pressure pressure
nominal flow pressure code
[bar]| |L/min] [L/min]| [bar] [bar]|
[bar] [bar]
Pilot
operated
CPHI124P N 350 75 37.9 (22) 2.7(2.1) 1.7 - C12-3
check
valve
Check D04B2-0.2
420 160 40 (22) 2(0.9) 0.2 - C10-2
valve N
Relief PRH102 S
380 56.3 54 - 210 207 C10-3
valve 30

The components selected from Bosh Rexroth are reported in Table 9.3. Even in

this case no filter is selected. Moreover, the 2/2 bidirectional, proportional,

control valve used in the architecture is introduced.
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Table 9.3: Selected components from Bosh Rexroth

Pressure Maximum
Maximum | Maximum | Nominal Cracking Relief
drops at adjustable Cavity
Type Code pressure flow rate flow rate pressure pressure
nominal flow pressure code
[bar] [L/min] [L/min] [bar] [bar]
[bar]| [bar]
Pilot
operated 04.33.08 10 CA-
350 200 37.9 (22) 1.5(2.5) 1.5 -
check 2700 16A-3C
valve
Check 04.31.23.00 CA-
350 80 40 (22) 2.5 (1.25) 0.5 -
valve 8500 10A-2N
Relief 04.15.23 03 CA-
350 120 54 - 210 350
valve 853500 10A-2N
KKDSRIN 38 (34
Bypass R/T-
B/HCG24N 350 opposite 37 - -
valve 13A
0K4V direction)

The components selected from Hydac are reported in Table 9.4. In this case only

the filter is selected to complete the architecture with Parker and Rexroth

components. The filter is of the low-pressure, inline type. It cannot be screwed

into the manifold, but requires hoses connections to this last device.

Table 9.4: Selected components from Hydac

Maximum
Maximum Pressure Filter Maximum

operating ‘Weight
Type Code flow rate drops rating temperature Connection

pressure [kg]

|L/min] [bar]| [pm] [°C]
[bar]
3/4"
Filter | RFON60ODC10A1.X/12 60 25 0.1 0.9 100 Threaded -
ISO 228

The filter from Hydac represents the best option in terms of pressure drops,

0.1 bar with respect to 0.5 bar for the Sun Hydraulics filter. Moreover, Sun

Hydraulics filter FLHAXDN is of the high-pressure type, when the maximum

pressure expected in the drain line of the circuit cannot be greater than 10 bar.

Even if Hydac filter suits better the requirements for the closed-circuit EHA, it is

better to purchase the remaining valves from only one company for logistic

reasons.

The choice of the accumulator can be finalized only after that the remaining

valves and filter are selected. The pressure drops are a very important parameter

for the sizing of the accumulator. Due to the big sizes and high weights of these

components a big focus should be given to their dimensioning. Even slightly
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bigger pressure drops can cause to increase the size of the accumulator to the next

possible one according to the available catalogs.

The parameters used to size the accumulator are computed according to equations
from Section 3.1.3. The most demanding function from the reference vehicle is
represented by the boom due to the bigger stroke of the considered cylinders from

CNH.

Table 9.5 shows the parameters of the accumulator if Sun Hydraulic components
are chosen for the implementation. The smaller accumulator size from Hydac

catalogue [35] to meet the drain requirements is 10 L.

Table 9.5: Accumulator parameters using Sun Hydraulics components

Parameter Symbol | Value | Unit
Effective gas volume Vs 7 L

Minimum pressure D1 3.42 | bar

Maximum pressure D2 8.66 | bar

Estimated maximum pressure | Pz est 8.63 | bar

Pre-charge pressure Do 3.08 | bar
Maximum gas volume Vi 6.60
Minimum gas volume v, 3.79
Minimum rest volume Viyest 0.39

Table 9.6 shows the parameters of the accumulator if Parker Hannifin valves and
Hydac filter are chosen for the implementation. The smaller accumulator size

from Hydac catalogue [35] to meet the drain requirements is 10 L.
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Table 9.6: Accumulator parameters using Parker Hannifin valves and Hydac filter

Parameter Symbol | Value | Unit
Effective gas volume Vo 9 L

Minimum pressure 12 4 bar

Maximum pressure D> 7.9 bar

Estimated maximum pressure | Pz est 7.81 | bar

Pre-charge pressure Po 3.6 | bar
Maximum gas volume Vi 8.48
Minimum gas volume v, 5.66
Minimum rest volume Viyest 0.52

Table 9.7 shows the parameters of the accumulator if Bosh Rexroth valves and
Hydac filter are chosen for the implementation. The smaller accumulator size
from Hydac catalogue [35] to meet the drain requirements is 20 L. Hence, the
Bosh Rexroth components are not suitable for the current EHA since a bigger

accumulator is needed.

Table 9.7: Accumulator parameters using Bosh Rexroth valves and Hydac filter

Parameter Symbol | Value | Unit
Effective gas volume Vs 13 L
Minimum pressure 22 475 | bar
Maximum pressure D2 740 | bar
Estimated maximum pressure | Pz est 7.30 | bar
Pre-charge pressure Do 4.27 | bar
Maximum gas volume Vi 12.22
Minimum gas volume v, 9.40
Minimum rest volume Viyest 0.78

Implementing the Sun Hydraulics components, a bigger margin in terms of
accumulator volume (7 L) is obtained with respect to Parker Hannifin (9 L).
Considering the actual effective gas volume of the accumulator from catalogue,
the accumulator parameters for the Sun Hydraulics implementation can be listed

in Table 9.8.
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Table 9.8: Final accumulator parameters

Parameter Symbol | Value | Unit
Effective gas volume Vo 93 L

Minimum pressure 12 342 | bar

Maximum pressure D> 8.66 | bar

Estimated maximum pressure | Pz est 6.60 | bar

Pre-charge pressure Po 3.08 | bar
Maximum gas volume Vi 8.78
Minimum gas volume v, 5.96
Minimum rest volume Viyest 0.52

This last selection is also able to implement an 22 cc/rev hydraulic unit without
increasing the size of the accumulator. The new pressure drops according to the

increased flow rates for the Sun hydraulic components are shown in Table 9.9.

Table 9.9: Pressure drop in Sun Hydraulic components with 22 cc/rev HP

Type Code Maximum flow rate Nominal flow Pressure drops at
yp [L/min] rate [L/min] nominal flow [bar]
Pilot operated CKGBXAN 227.125 46.8 (27.4) 2.76 (2)
check valve
Check valve CXFAXAN 151.416 49.3 (27.4) 0.84 (0.42)
Relief valve RDDALAN 94.63 66
Filter FLHAXDN 344.74 49.3 1

The accumulator parameters considering the new pump size and maintaining the

10 L accumulator are shown in Table 9.10.

Table 9.10: Final accumulator parameters with 22 cc/rev pump

Parameter Symbol | Value | Unit
Effective gas volume Vs 9.3 L
Minimum pressure 22 4.09 | bar
Maximum pressure D2 797 | bar
Estimated maximum pressure | Pz est 7.77 | bar
Pre-charge pressure Do 3.68 | bar
Maximum gas volume Vi 8.76
Minimum gas volume v, 5.94
Minimum rest volume Vyest 0.54
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Table 9.11 lists the final results of the components selection in terms of

accumulator size for both 18 cc/rev and 22 cc /rev hydraulic units.

Table 9.11: Accumulator size based on components selection and HP volumetric

displacement
HP volumetric Required Accumulator
Brand displacement effective gas volume from
[cc/rev] volume [L] catalogue [L]
Sun Hydraulics 7 10
Parker Hannifin +
Hydac 18 9 10
Bosh Rexroth +
Hydac 13 20
Sun Hydraulics 9 10
Parker Hannifin + ” 15 20
Hydac
Bosh Rexroth +
Hydac 35 42
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