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This work presents a process for the requirement management and conceptual
design phases of hydraulic systems. The aim is to provide a foundation for
developing more energy efficient systems for the working hydraulics of
construction machines. A framework is developed and applied in a case study
of a loader crane. An important part of the framework is to evaluate and compare
different designs based on customer usage of the machine. Emphasis has also
been put on incorporating the knowledge and experience of both industry and
academia. A large number of different designs are evaluated during a concept
exploration phase. The design space is then narrowed down to the system design
analysis phase. Losses from simultaneous operation are significant, systems with
two and four pumps respectively are therefore selected for analysis by
demonstrators. In order to reach equal energy performance, two-pump
systems need to be more complex, i.e., they require a more sophisticated
control and more components, than four-pump systems. When comparing
demonstrator results, the conclusion is that for two-pump systems, it is more
challenging to reach the theoretical performance, both in terms of energy
efficiency and of drivability, than for the less complex systems made possible
with four-pumps.
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1 Introduction

The paper presents a framework of how different designs of the hydraulic system of
a mobile application, can be generated, compared and evaluated based on customer
needs, high-level models and prototype studies. The main driver for investigating new
systems is to reduce the energy consumption, but in order to also include other
properties of importance to the customers and end-users, the target is to be able to
use the framework for selecting the most “suitable” system rather than the most “energy
efficient” system. Suitable here refers to that the system should be well adapted to
customer needs such as drivability, energy performance, cost of investment, physical
dimensions etc.

All systems under consideration in this work have in common that they exploit the
properties of an electric drive system. Electric drives provide new control possibilities,
such as speed control down to 0 rpm, possibilities of regenerating and using several
systems in parallel, but also put a high demand on energy efficiency of the complete
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system, due to the high cost and low energy density of batteries.
The paper is focused on the requirement management and
conceptual design phases of a system level design and is
applied in a case study of a loader crane. As part of that work,
a new system design with a dual pump approach with open flow
control is developed and evaluated on a demonstrator. Systems
with pump controlled cylinders have been developed and tested
by other studies within the same research project and will also be
part of the analysis phase of the framework.

The work presented in this paper has been part of a research
project called Stealth, which is a collaboration between Linköping
University and a number of companies within the Hudiksvall
Hydraulic Cluster according to Figure 1. The project benefits
from that ideas can be found by combining the experience and
knowledge of the different project members, and that
experiments can be carried out on different applications and
at different entities. The overall research question of Stealth is
How can a load handling system for a truck be optimized for an
electric drive in order to minimize energy consumption, noise and
cost of the complete drive cycle? The methodology of this work is
based on the assumption that, in order to find an answer to the
question, it is more efficient to investigate a large number of new
concepts on a rather high level before selecting a few for a more
in-depth analysis that includes building demonstrators, than
selecting a single new concept directly. By doing so, the
expectation is to avoid the design paradox that important
design decisions often have to be made before enough
information about the system is known. Another important
aspect is to make sure that all results are as relevant to the
intended application as possible and that design choices and
optimizations are done based on the actual usage of the machine.

2 Literature review

There are a lot of studies that presents and investigate hydraulic
systems that promise to be more energy efficient than the
conventional system. With speed controlled electric motors, the
system flow rather than the system pressure can be controlled which
can reduce the energy consumption at low and medium speed
operation. This has been studied, for example, in the context of
an excavator (Finzel et al., 2010), and of a wheel loader (Axin et al.,
2009). In the latter, open flow control, where the flow to the heaviest
load is controlled directly from the pump, is successfully
implemented in addition to the basic flow control where the
pump is flow controlled but all actuators are valve controlled.
When used on the wheel loader performing a short loading cycle,
the reduction is found to be 14%. In another study, a variant of open
flow control, denoted electronic flow matching, is applied to an
excavator (Bedotti et al., 2018). The energy savings are in
simulations 18% for a trench digging cycle and 47% for a
levelling cycle. When flow control is compared to load sensing
for a forestry crane application, the energy consumption is reduced
between 8% and 15% for different types of flow control and open
flow control strategies (Scherer et al., 2013).

For a system driven by an electric motor that will be switched on
and off regularly, the dynamics and energy efficiency during start-up
could become relevant. One way of dealing with this is to adjust the
control of the proportional valve of the cylinder that is to be
activated, similarly to what is done for a hydrostatic transmission
in Bury et al. (2022).

A concept that becomes highly interesting when using electric
drives is to use multiple pump-motor units to supply the hydraulic
system. Using one supply unit for each actuator removes the losses

FIGURE 1
Project Stealth composition with academia, industry and different demonstrators.
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otherwise induced by different pressure levels in different actuators.
An electro-hydraulic cylinder on a stiff boom crane is studied in two
connected papers, Hagen et al. (2019a) and Hagen et al. (2019b). The
motion control is found to be better both in terms of position
tracking and response than the valved controlled reference. The
energy reduction for the electro-hydraulic cylinder is found to be
37% on the test cycle where 20% of the consumed energy was
possible to recuperate. For asymmetric cylinders, such as the boom
cylinders of a loader crane, a closed electro-hydraulic circuit needs a
mechanism for handling the asymmetric flow. Different solutions
are compared in a test rig, and with the proposed solution of using
limited throttling valves for controlling the flow to the low pressure
charge system in order to compensate for the asymmetric flow, the
energy consumption of a specified motion is 23% of that of a load
sensing system (Imam et al., 2018).

A good example of a system with more than one pump-motor
but less than the number of actuators is a two-pump system for four
actuators where the two pump circuits can be connected which is
applied to an excavator (Finzel et al., 2010). At moderate flow
demands, each pump is dedicated to two actuators, but when one of
the circuits it demanding more flow than it can deliver, the two
circuits are connected. The system is found, in simulations, to reduce
the energy consumption of an excavator work cycle with 30%
compared to a load sensing system. The authors claim that the
small errors in delivered flow during coupling situations would not
be noticeable to an operator.

In a recent study, two electric motor-pump units are used to
power two high pressure rails to which all hydraulic actuators are
connected to by independent metering valves, along their
connection to a low pressure line (Opgenoorth et al., 2022). The
system is an adapted version of the STEAM system (Vukovic and
Leifeld, 2016).

An alternative to using multiple pump-motor units is to use
hydraulic transformers connected to the main pump shaft. This has
been tested, for example, in a study where the tilt and lift cylinders of
a wheel loader are connected to one transformer each while the rest
of the hydraulic system is kept in a load sensing circuit driven by a
third transformer (Heybroek, 2017). A 9% fuel reduction per loaded
mass during the short loading cycle was recorded during
demonstrator testing. Instead of transformers, multi-chamber
cylinders can be used to equalize pressure levels. A system with
such cylinders connected to a high and a low pressure rail with
accumulators together with rotational hydraulic actuators is
implemented in an excavator demonstrator, and a fuel efficiency
improvement of 34%–50% for the demonstrator systemwith regards
to the baseline system with conventional cylinders and a main
control valve was measured on a digging and dumping cycle
(Heybroek and Sahlman, 2018). Having an accumulator
connected to the pressure rail can take the power peaks of the
system and thus enable downsizing of the drive components, but it is
important to consider that the accumulator can lead to an increase in
transient time (Stosiak and Karpenko, 2024).

Losses due to different pressure levels can also be reduced by
making use of accumulators to create a system with multiple
pressure rails. In the study with the adapted version of the
STEAM system (Opgenoorth et al., 2022), the switching
procedures of an electrically driven system for an excavator with
independent metering controlled cylinders connected to two high

and one low pressure rail are improved, resulting in an improvement
in energy efficiency of 28.3% compared to a conventional single
pump system on a dig and dump cycle.

Another approach to minimize losses from different pressure
levels is to equalize the pressure levels. This can be done by opening
up regenerative circuits on low-pressure cylinders which is enabled
by independent metering systems that are commonly studies in
literature (Eriksson, 2010; Shenouda, 2006). The pressure levels can
also be equalized by increasing the backpressure on low pressure
cylinders and storing the pressurized flow in an accumulator (Siebert
et al., 2017). Independent metering systems can also enable energy
efficient lowering motions and be used together with flow control
(Wydra et al., 2017).

All these ideas seem promising but the prior studies does not say
anything about how well suited they are for the application of this
study. In order to find the most suitable system for the loader crane
case study in question in a systematic way, incorporating prior
knowledge, a framework is developed and followed.

A procedure that starts with application usage and demands and
includes considerations about energy efficiency as well as practical
issues and economics is proposed in a study, but not used for
selecting the system investigated in the paper (Finzel et al., 2010).
Work concerning the design process of hydraulic components can
be found in the literature, see, for example, Pedersen et al. (2023),
Salutagi et al. (2016) and Karpenko et al. (2023) where CFD and FE
analyses are used to optimize and investigate hydraulic machines,
valves and fittings respectively. These methods can be considered at
a later stage when a new system design is being considered for
turning into a product, but for this paper, publications regarding the
design process of a construction machine working hydraulic system
are of greater relevance and these are scarce. Another recent article,
(Opgenoorth and Schmitz, 2023), presents a methodology with an
analysis tool for selecting the complete drive system for the
propulsion and working hydraulic systems of an excavator. The
analysis is focused on selecting suitable sizes of motors and pumps
and only brieflymentions that three different hydraulic architectures
are compared.

The procedure of this study has instead been inspired by work
within the Engineering System Design field in general. A study
applied to mechatronic systems (Malmquist et al., 2014), presents an
approach to shorten the time of the early concept evaluation by
using high-level models similar to what is the aim of this article.
Another study on the design of mechatronic systems, (Mhenni et al.,
2014), proposes to use a SysML-based methodology in two steps
where the first step considers the system as a black-box while setting
the requirements, and the second step is a white-box analysis of the
architecture of the system. The usage of Systems Engineering is also
common in the aerospace engineering field, one example is a study
where a number of different Systems Engineering concepts are
discussed in the context of how they can be used in the product
development of Systems of Systems (SoS) (Staack et al., 2019).
Another examples is a paper where a design methodology for the
flight actuator system of a more electric aircraft is presented that can
solve the large combinatorical problem of selecting the best
configuration for each part of the actuator system (Jiao et al.,
2019). There is also an educational book (Sadraey, 2013),
describing how the principles of systems engineering can be
applied to the design process of aircraft. The design of an aircraft
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has a much higher complexity than that of the hydraulic system of a
crane, but some general concepts, such as the use of analysis
modules at different fidelity levels (Moerland, 2013), are
applicable also in the context of this study.

3 Framework

A framework for the requirement management and conceptual
design phase of the system design process suitable for the design of

FIGURE 2
Framework for the requirement management and conceptual design phase of the system design process. The process starts with customer
requirements and benchmarking, has a broad exploration phase and is wrapped up by an analysis of what could be the most suitable system.
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energy efficient hydraulic systems of construction machines has
been developed. The framework is presented in Figure 2. During the
requirement management phase, benchmarking of the reference
system is empathized in order to make the rest of the design phase as
relevant as possible to the real life situation. The conceptual design
phase should start by exploring a large design space and then
gradually narrow it down and investigate some concepts more in
detail. The different steps are described in the list below:

• Requirement Management/Requirements Definition: The
requirements of the system are set up starting from
customer needs and continuing with customer desires, and
company needs and capabilities. Some requirements might by
suitable to relate to the currently offered solutions and can be
set up after the reference system has been benchmarked.

• Requirement Management/Benchmark Reference System/
Collect Customer Data: Customer data is collected to
identify the work task requirements. A drive cycle is
produced from the data to enable a relevant target setting
for and comparison of the average system performance both in
terms of energy efficiency and of drivability.

• Requirement Management/Benchmark Reference System/
Reference System Model: A steady state reference model with
a focus of representing energy consumption, is produced that is to
be a baseline for, and a foundation for building, new system
models. It will also be used to investigate system losses.

• Requirement Management/Benchmark Reference System/
Loss Analysis: A loss analysis is performed on the reference
systemmodel in order to gain insights in where improvements
of the system design can be made.

• Conceptual Design/Concept Exploration/Concept
Generation: During the concept exploration phase a large
number of new system designs should be explored.
Concepts are found by evaluating the loss analysis and by
combining the experience and knowledge within the project.

• Conceptual Design/Concept Exploration/System Architecture
Generation: Concepts are put together to form complete system
architectures that are modelled based on the reference model.

• Conceptual Design/Concept Exploration/Energy Analysis:
The energy performance of new systems are investigated
and compared by an energy analysis. The comparison gives
insights into what efforts are required to reach different levels
of energy savings.

• Conceptual Design/System Design Analysis through
Demonstrators/Practical Experience: A deeper analysis of
some of the new systems is done by building demonstrator
systems. Demonstrators can be used to collect practical
experience about the control needs and possibilities, and to
investigate the properties of new components needed.

• Conceptual Design/System Design Analysis through
Demonstrators/Requirement Fulfillment: With demonstrators,
system properties such as drivability, noise and physical
properties can be investigated and their requirement
fulfillment analyzed.

• Comparison and Analysis: As a final step, all the insights and
results from the process are combined to form a general
conclusion about the most suitable system for a
given situation.

4 Methods

The framework presented in the previous section is applied in a
case study of a loader crane. The aim is to be able to find the most
suitable electrified system for the intended application.

4.1 Reference application and system

The reference application used in the case study is a medium sized
loader crane used for brick and block handling. The crane has four
hydraulic cylinders according to Figure 3. The hydraulic system of the
crane, which, together with the drive system, is the system under
consideration here, conventionally consists of a single pump and one of
two valve architectures, open center or load sensing. In an open center
system, a fixed flow is provided at a variable pump pressure. In a load
sensing system, both the flow and the pressure is adapted to the current
working point making it the most energy efficient of the two systems.
Given that the load sensing system also has a higher controllability due
to that the open center system suffers from load interference, it is the
most suitable reference hydraulic system.

Most cranes on the market are still powered by the diesel engine
of the truck but in order to be easily comparable with new systems,
the reference system uses the currently more uncommon alternative
of powering the pump with an electric motor. This system can vary
the flow by using a fixed pump together with a speed controlled
electric motor, as opposed to a diesel engine driven system that
requires a variable displacement pump in order to vary the flow
within the complete range of usage. The reference system together
with the four cylinder of the crane is presented in Figure 4.

4.2 Requirements definition

The customer need in this case study is to be able to move a load
from point A to point B. The load should be moved in a time- and
cost efficient way. Legislation as well as the customer, and other
stakeholders such as the customer’s customer, municipalities and
people in the vicinity, might also have demands, needs and desires in

FIGURE 3
Reference application crane with placement of four
hydraulic cylinders.
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terms of drivability, noise, environmental concern, safety and
physical properties of the solution.

The solution that is considered in the case study is a loader crane
powered by an electrically driven hydraulic system. The crane has a
variable reach and possibility to attach a load. The hydraulic system
allows the crane to lift the load and to move it around. To
accomplish this task, the hydraulic system has three main
functions: it supplies power, controls the system pressure and
flow, and controls the actuator speeds. In addition, there is also a
legal requirement of accounting for load holding and overload
protection to ensure the safety of the operator and people and
equipment in the vicinity of the crane. As no changes to the
hydraulic cylinders will be considered in this study, the overload
protection will not be affected, but the load holding needs to be
handled by a fourth function.

To guarantee that new systems meet the customer needs,
requirements related to the different functions are set up:

• The system shall be able to provide, at least, the maximum
power that a single cylinder in the reference system is designed
for to ensure that the customer can perform the most extreme
points of the working envelope.

• In order for the system to be cost effective, both in terms of
investment cost and of running costs, and to have a small
energy footprint, the pressure and flow losses should
ideally be as small as possible. A project goal of
lowering the energy consumption with 15% with regards
to the reference system on a, by the project defined, drive
cycle, has been set up.

• The speed of the cylinders should be controlled in such a way
that the drivability is on par with the reference system to
ensure time efficient and safe operation. This includes that the
speed of the cylinders should be load independent and without
inference from other cylinders.

• The load holding capabilities shall conform to the legal
regulations for loader cranes according to the European
standard EN 12999:2020

The investment cost of the reference system is high compared to
a diesel driven system. For some customers, the higher cost is
acceptable due to the sustainability label of zero local emissions
and lower noise levels, but in order to stay competitive and attract a
broader customer base, the cost must be lowered. It is difficult to
make a fair estimation of the cost of new systems, the cost of the

FIGURE 4
Reference load sensing system with an electric drive. The directional spools are pressure compensated and load holding valves are connected to
each cylinder.
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battery will depend on the available sizes, the selected technology as
well as number of units ordered. Cost is therefore not set as an
explicit target, only implicitly included in the energy
reduction target.

Requirements on noise, weight and size of the system are not
quantified, or mutually prioritized, since they are closely tied to
the final industrial design. It is, however, considered throughout
the process that they should all be as small as possible while
fulfilling the other requirements. An important part of the
concept exploration phase of the procedure is to gain
experience, that can contribute to the overall system analysis,
of how these properties are influenced by different concepts. Note
that the absolute noise level of the electrified systems considered
here is lower than for diesel driven systems, but without the noise
from the diesel engine, the noise from the hydraulic components
becomes much more distinct. The sounds and noise level will also
vary more, which can be considered annoying for a human and
should be taken into consideration.

Finally, it should be noted that there always are, in practice,
requirements on the development process, manufacturing and
maintenance set by the product owning company. These are also
difficult to quantify, but a simplified view is that the development
process should require little resources, make use of the experience
and knowledge within the company, and result in a product that is
technically possible to manufacture and maintain.

4.3 Benchmarking the reference system and
application

In order to be able to make a fair comparison of different system
solutions and to adapt them to the user demand, the reference
application is benchmarked by customer data from field
measurements. Data of operating points in terms of flow and
pressure demand of the different cylinders is recorded during a

3 month period. The data can be used directly in static calculations
and is also used to develop a drive cycle that can be used during
evaluation of demonstrators. The details on how the drive cycle is
developed can be found in Rankka et al. (2019).

The different components of the hydraulic system of the
reference crane are investigated in a laboratory environment in
order to create pressure drop models that form a model library of
components used to develop a complete model of the reference
system. The components of the drive system are modeled based
on efficiency maps provided by the suppliers. At a later stage, the
component models are easily replaced by models of new
concepts. The reference model can, together with the
operating points data from the field measurements, be used in
a loss analysis of the reference system. The loss analysis is
described in Rankka and Dell’Amico (2021), and provides
information about where energy can be saved by making
changes to the system design or control strategy. The losses
are distributed according to Figure 5 and briefly described in
the list below.

• Ploss,pumpline: Power loss in the pumpline
• Ploss,pumpΔp: Power dissipated at compensator valve due to
fixed pump pressure margin

• Ploss,spoolΔp: Power loss due to constant pressure drop over
directional spools

• Ploss,sim.op.: Power loss due to that all flow must be supplied at
the highest pressure demanded by a single function

• Ploss,LHV,lift: Power dissipated in the load holding valve on the
meter in side during lifting motions

• Ploss,LHV,lower: Power loss due to that the load holding valve on
the meter out side requires a pilot pressure to open during
lowering motions

• Ploss,hoses: Power dissipated in the hoses, tubes and couplings
on the meter in side.

• Ploss,backpressure: Power loss due to cylinder backpressures

FIGURE 5
(A): Distribution of power on drive system losses, hydraulic system losses and output power. (B): Distribution of losses in hydraulic system.
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4.4 Concept exploration

When the baseline for the system design has been set and the
energy performance of the reference system has been visualized by
the loss analysis, the conceptual design phase can be initialized.

In this phase, there is a close collaboration between the different
project members. Concepts are generated during project workshops
inspiring free thinking and creativity, and demonstrators are built
on different applications and by different project members.

The concept exploration part is initialized by setting up a
Function/Means tree, that originates from the requirement and
functions of the hydraulic system of the reference application
crane, and that can be drawn according to Figure 6. A number
of means are displayed for each of the four functions. If the reference
system is considered, one pump is used to supply power, a load
sensing (LS) valve and pump controller controls the system pressure
and flow, coupled metering (CM) spools control the actuator speeds
and traditional hydraulic load holding valves (LHV) ensures load
holding. According to the loss analysis, the solution for each of the
these functions have the potential to be improved from an energy
perspective while still fulfilling the other requirements. New
concepts for all categories are generated within the project and
put together to form new systems.

4.4.1 Concept generation within project
The project group consisted of several experts both from the

industry and the academia with a large experience of hydraulic
systems and construction machines. In order to include all that
knowledge and experience while at the same time encouraging new
ideas when generating concepts, workshops with an innovation
methodology developed by the Hudiksvall Hydraulic Cluster to
facilitate the collaboration between industrial companies of
different size and the academia, were held within the project. The
participation of industry ensured that only concepts that conform to
the company needs and capabilities and have a reasonable possibility
of being commercialized were included. A Quality Function
Deployment matrix was set up to visualize the relationship
between product and research demands and desires and the
priorities of different requirements.

On a high level, the project decided to focus on five different loss
reducing concepts, according to Table 1, as well as a few
recuperation and regeneration concepts. Note that losses in
hoses, tubes and couplings are not in the scope of this study, but
should be considered in the industrial design given that their loss

contribution is not insignificant and their properties, such as sizes,
bends and type of couplings, have an impact on the pressure losses,
which is analyzed, for example, in Karpenko et al. (2023).

Electric load holding valves (ELHV) is a load holding solution
where only an electric signal is needed to open up the meter-out side
during lowering motions and where the pressure drop over the
restriction on the meter-in side is minimized. With flow control
(FC), the system flow is controlled rather than the pressure (as is the
case for load sensing systems). Open flow control (OFC) is both a
means to control the system pressure and flow (by flow control) and
a means to control the speed of one of the actuators (directly by the
pump flow through a completely open directional spool). As an
addition to the traditional coupledmetering (CP) of the meter in and
meter out spool, independent metering (IM) is considered. If
combined with electric load holding valves (denoted IM1 in
Table 2), independent metering can significantly lower the
backpressure in the cylinders. Regeneration of energy from one
function to another (denoted IM3), and regeneration of oil on an
individual cylinder to equalize pressure levels (denoted IM2), is
investigated as part of some independent metering systems. The
selected concept for recuperation is to run the pump and electric
motor backwards and recharging the battery.

4.4.2 System architecture generation and
energy analysis

A large number of new conceptual systems architectures,
ranging from systems very similar to the reference system to
systems with completely different architectures, were created by
combining different concepts according to the Function/Means tree
in Figure 6.

In order to be able to compare the energy performance of all
these systems within a reasonable time, steady-state models were
used and the energy to perform the operations recorded from the
field crane was calculated. The resulting list is a good overview of
how the energy performance of systems differ and can give a feeling
for how much can be gained with just a minor effort or change and
what is required to reach the upper boundary. Part of the list of new
systems is presented in Table 2 below.

Two different tracks were then identified as interesting for the
project to continue the investigation along. One is pump controlled
actuator systems, which is assumed to be the system with the best
energy performance in practice but might have problems fulfilling
requirements on cost, weight and size. They are also considered to be
furthest from the systems that are designed andmanufactured by the

FIGURE 6
Function/Means tree.
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company today. The other track is to investigate dual pump systems
with various degrees of difference to a load sensing system. The
development is considered to be possible to do in small steps,
starting from the reference system, and keeping up with the
requirements. Both system types have the potential of reaching
up to 50% energy reduction compared to the reference system, in
ideal conditions, according to the static models.

4.5 System design analysis

The two system concepts, dual pump systems and pump-
controlled actuator systems, selected by the project were explored
by theoretical work and by building demonstrators.

4.5.1 Dual pump systems
According to the loss analysis, 29% of the losses in the hydraulic

system originates from the pressure difference between the heaviest
function and other active functions, making systems with more than
one pump highly interesting. Simply adding a pump and splitting up
the reference load sensing system in two parts reduce the energy
consumption by approximately 3%, which is not enough to reach the
project requirement of 15% reduction. However, having only two
functions on each pump opens up for more advanced control which
could reduce the energy consumption further. One such control
strategy is to combine valve and pump control in what is known as
Open Flow Control. With open flow control, the total flow demand
ot the active functions is delivered by the pump by controlling the
speed or the displacement electrically. The flow to the lightest
function is controlled by its directional spool. The flow that is
not required by the lightest function goes to the heaviest function
and since it already should correspond to the demand of that
function, its directional spool can be completely open. By always
keeping the directional spool of the heaviest function completely
open the pressure drop over the main valve is minimized for all
operating points. The difficulty with open flow control is the
dependency between the speed control of the active functions.
An error in the reference following of the lightest function will
directly affect also the reference following of the heaviest function
and the response and uncertainties in the models and measurement
data of different components in the system will create errors during
mode switches. Due to these potential issues, open flow control is
considered too complex to implement on a single pump system but
of interest to try on a system with only two functions on each pump.

According to the calculations in Rankka and Dell’Amico (2021)
the energy consumption can be lowered by 15% for a system with

two pumps and open flow control in relation to the reference system.
As this just about reaches the project target, the system is considered
a good starting point for investigating dual pump systems. If the
results are satisfactory, more advanced, and energy efficient, systems
with, for example, regeneration capabilities can be considered in
future studies.

4.5.2 Dual pump demonstrator with open
flow control

A dual pump system with open flow control is investigated in
depth by building a demonstrator. Such a system has the potential of
lowering the energy consumption at the battery by 15%, according to
Table 2, which just about meet the project target. The first boom and
slew functions are connected to one of the pumps and the second
boom and the extensions to the other, according to Figure 7. As can
be seen in the figure, the slew, first and second boom cylinder all use
individual spools. The energy saving potential of the individual
spools can not be exploited fully due to that the original load holding
valves requiring a hydraulic pilot pressure to open up are kept in the
system. Energy reducing control by opening the spool on the
inactive cylinder side completely is however applied to the first
and second boom when possible.

Another difference to the reference system is that there are no
pressure compensators on the meter-in side. The reason is to
examine if the speed control of the cylinders works with a
simpler valve but with more advanced control and to gain
insights in the flow control of uncompensated spools which are
needed for more complex regenerative circuits.

The load holding valves are kept from the reference system.
Energy neutral operation is not possible because the load holding
valves require a certain pressure on the meter-in side to open up the
meter-out side during lowering motions. Recuperation of energy
back to the battery is not possible due to pressure reducers in the
load holding valves on the meter-out side.

4.5.2.1 Control strategy
The control strategy of the system has two objectives; to keep the

cylinders moving at their reference speeds and to minimize the
energy consumption of the system. The two circuits are completely
decoupled. Both valve and pump control is used to achieve the
objectives. The control structure of the first boom and slew circuit is
displayed in Figure 8. The control strategy which is implemented in
the Controller block is presented in Figure 9.

When the external force is working against the direction of
movement, the speed of the cylinders is controlled by the meter-in
flow, otherwise by the meter-out flow. The meter-out flow is always

TABLE 1 Loss reduction capabilities of basic concepts.

Concept Ploss,sim−op Ploss,pumpΔp Ploss,spoolΔp Ploss,LHV Ploss,backpressure

ELHV x x

FC x

OFC x x

IM x x

Multiple pumps x
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valve controlled when it is controlling the cylinder speed. Since open
flow control is used, the meter-in flow is pump controlled for the
heaviest load and valve controlled for the other cylinder (if active) on
the same circuit.

The valve control is a combination of a feed forward from
the reference speed and a feedback of either the error in cylinder
speed or the error in the pilot pressure needed to keep the load
holding valve open. For the slew and the extension cylinder, the
feedback is always cylinder speed. For the first and second
boom, the cylinder speed is used for the meter-in valve

during lifting motions and for the meter-out valve during
lowering motions. The error in pilot-pressure is used for the
meter-in valve during lowering motions in order to make sure
that just enough flow is sent to the cylinder to keep the load
holding valve open. During lifting motions, the meter-out valve
is completely open.

A mode selector determines which spools that should be
completely open and what type of control should be applied to
the others. A more detailed description of the control strategy can be
found in Rankka (2023).

TABLE 2 Energy consumption reduction for the hydraulic system (energy frompump) and for the complete system (energy frombattery) with regards to the
reference system for different system setups.

Supply power Control system pressure
and flow

Control function
speed

Load
holding

Recup Epump,red Ebat,red

1 pump LS CM LHV — — —

1 pump LS IM2 LHV — 4% 3%

1 pump FC CM LHV — 6% 6%

1 pump OFC CM LHV — 9% 9%

1 pump LS CM ELHV — 8% 10%

1 pump OFC CM ELHV — 17% 18%

1 pump LS IM1 ELHV — 20% 20%

1 pump LS IM1+2 ELHV — 24% 23%

1 pump FC IM1+2 ELHV — 29% 28%

1 pump OFC IM1+2 ELHV — 32% 31%

2 pumps LS CM LHV — 13% 3%

2 pumps LS IM2 LHV — 13% 5%

2 pumps FC CM LHV — 20% 11%

2 pumps OFC CM LHV — 23% 15%

2 pumps LS CM ELHV — 23% 17%

2 pumps LS IM1 ELHV — 27% 28%

2 pumps LS IM1 +3 ELHV — 41% 36%

2 pumps OFC IM1 ELHV — 45% 37%

2 pumps OFC IM1+2 ELHV — 46% 38%

2 pumps OFC IM1+2 ELHV x n/a 42%

2 pumps OFC IM1+2 + 3 ELHV — 49% 43%

2 pumps OFC IM1+3 ELHV x n/a 49%

2 pumps OFC IM1+2 + 3 ELHV x n/a 50%

4 pumps LS CM LHV — 20% 6%

4 pumps FC CM LHV — 27% 15%

4 pumps OFC CM LHV — 31% 19%

4 pumps LS CM ELHV — 33% 27%

4 pumps LS IM1 ELHV — 44% 37%

4 pumps OFC IM1 ELHV — 53% 43%

4 pumps OFC IM1 ELHV x n/a 49%
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4.5.2.2 Results
The demonstrator system was evaluated both during manual

control and during automated operation on the drive cycle
produced in Rankka et al. (2019). The drive cycle is used to
get a representative energy comparison with the reference system
and to evaluate the drivability during automatic control. While
the drivability during manual control is considered to be quite
good, the control system has much more trouble achieving
smooth operation during automatic control. For a human
operator the exact trajectory of an individual cylinder is not
that important as long as the crane does not collide with
anything. In order to follow the drive cycle, the control
system, however, needs to keep every cylinder following its
reference speed at all times. At some parts of the drive cycle
the reference following is acceptable, see Figure 10, but in others
sections there are some issues, see Figure 11. The issues can be
described according to the following:

• 1: When the reference to the slew is activated, the pump flow is
increased but the additional oil is initially going to the first
boom before the spool control for the slew is adjusted.

• 2: The first boom spool is closed before the pump flow is
decreased and the slew cylinder gets the excess flow.

• 3: The first boom is lowered and controlled by the meter-out
flow, which is not necessarily matched by the meter-in flow.
The cylinder might take some flow directly from tank through
the load holding valve that the control model does not foresee,
creating an excess of pump flow that is directed to the slew.
The problem is made worse by the fact that the first boom is
demanding muchmore flow than the slew, and a small error in
the calculation of the demand of the first boom results in a
large relative error in slew speed.

• 4: The electric motor is started from a standstill and there are
delays before pressure has been built up to first open up the
valves and then overcome the resisting cylinder forces.

FIGURE 7
Prototype system with one circuit with second boom and extension, and one with first boom and slew.

FIGURE 8
Control structure of the first boom and slew circuit.
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When heavily loaded, automated operation of the crane was not
considered to be safe due to the above mentioned issues being even
worse. Thus, only the unloaded part of the drive cycle was evaluated

and it is not possible to measure whether the predicted reduction of
15% battery energy on the complete drive cycle is met. The energy
efficiencies of the demonstrator system and the reference system can
however be compared. The efficiency from valve inlet energy to
cylinder energy was 49.4% on the completed part of the cycle for the
demonstrator and the efficiency of the reference system was 37.7%.

The static models developed earlier in the project gives an efficiency
for the demonstrator system of 56.9% on the same operating points,
meaning that the physical system performs 15% worse than predicted.
Also the reference system has a lower efficiency than predicted by its
model. The model calculations give an efficiency of 41.5%, the physical
reference system thus performs 10% worse.

4.5.3 Pump controlled actuator systems
In order to eliminate the losses from simultaneous operation

completely, a separate drive unit for each function is required. With
good flow control from the drive unit, directional valves are not
required and the actuators are completely pump controlled. The
system can, however, not be completely valveless. Load holding

FIGURE 9
Control strategy for the first boom and slew circuit.

FIGURE 10
Example of good reference following of first boom and slew
cylinder velocities during the drive cycle.
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valves and pressure relief valves are required for safety reasons and
for asymmetrical cylinders valves can be needed to control the flow
balance, depending on the solution. A system with pump controlled
cylinders and electrically controlled load holding valves can lower
the energy consumption of the loader crane reference system by 43%
(Rankka and Dell’Amico, 2021). If energy is recuperated to the
battery whenever the first or second boom is performing a lowering
motion, the energy consumption is reduced by 49%.

As part of the Stealth project, pump controlled actuators have
been investigated in several studies. Given that these studies have not
been applied to the same reference crane as used here, it is not
possible to directly compare any numbers, but general results and
learnings still apply. Implementations on different construction
machines also enable a broader practical understanding of the
concept. In this section, results of relevance to the procedure of
finding a suitable system for the loader crane reference
are presented.

In one study (Edén and Lagerstedt, 2018), a single acting, open
circuit, pump controlled cylinder is implemented on the first boom
of a small loader crane. The system is able to recuperate energy back
to the battery and the efficiency of the recuperation is found to be
heavily dependent on the load of the cylinder. One of the learnings
was that when releasing the control lever the driver expects the
cylinder movement to stop directly, both during upwards and
downwards movements. The drive system was too slow to
decelerate and the load holding valves had to be used to stop the
movements. The study also highlights the fact that when the pump is
mounted at some distance from the cylinder, which will most likely
be the case on the boom system of the crane, where the energy cost of

moving drive units mounted on the booms can be higher than the
gain from short hoses, the pressure on both sides of the load holding
valves must be equalized before a lowering motion can start to
prevent an unexpected drop in cylinder position. The pressure
equalizing is done by running the pump in the opposite direction
for a short time to build up the pressure between the pump and the
load holding valve before starting the lowering motion.

For the second boom of the crane, a double acting system is
required to be able to move the cylinder on both sides of the boom’s
vertical center line. In another study within the project (Fernlund,
2020), a closed circuit, double acting pump controlled cylinder is
implemented on the asymmetric boom cylinder of a backhoe loader.
Also this system is able to recuperate energy to the battery and the
total efficiency of a lifting-lowering motion is heavily dependent on
the flow. A closed loop system on an asymmetric cylinder must be
able to compensate for the asymmetric flow so that the pump always
has a flow balance. In this study, the compensation is done by a
dump valve on the piston side of the cylinder and a boost pump that
can be connected to both cylinder sides. The control of the system is
open loop and based on the characteristics of the components but
the system is still able to follow the reference speed well apart from
operating points at high speed and high pressure, where the resulting
speed of the cylinder is lower than the reference. To use dump valves
and a boost pump introduces energy losses compared to an ideal
system with an ideal accumulator controlling the flow balance. The
results from a theoretical study in the project (Kärnell et al., 2021)
however, shows that for two typical backhoe loader use cases, the
energy consumption is only about 10% higher than for the
ideal system.

FIGURE 11
Example of reference following of first boom and slew cylinder velocities during the drive cycle. There are issues with simultaneous operation of first
boom and slew (upper) and with delays at start-up (lower).
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4.6 Comparison and analysis

The last step of the procedure of finding suitable systems for the
reference application is to compare the in-depth investigated
systems; dual pump system with open flow control and a system
with pump-controlled cylinders, in terms of how well they fulfill the
requirements and how far they are from becoming
commercialized products.

4.6.1 General comparison
Achieving cylinder movements that are without interference of

the other cylinder connected to the same circuit has proven to be
difficult with for the dual pump system with open flow control.
Achieving load independent speed through electrical pressure
compensation was likewise difficult and interfering with the open
flow control; if one function does not consume exactly the predicted
flow, this is immediately shown on the speed of the other function on
the same circuit. Consequently, the dual pump system does not, at
the current level of development, meet the requirement of having as
good drivability as the reference system. From an energy perspective,
electrical pressure compensation is not needed for this system layout
given that only the lightest of the two functions on a circuit has a
compensated flow. It is possible that the drivability would improve
by changing to a valve with hydraulic pressure compensation, which
would control the flow to the lighter function faster than with the
current setup. Electrical pressure compensation is however a
requirement for more complex dual pump systems with, for
example, regeneration between cylinders.

With pump-controlled cylinders the speed of each cylinder is
decoupled from the others. Especially for automated operation there
is a big benefit for pump-controlled cylinder systems where the
actual speed of the cylinders is more predictable. Less development
resources would probably have to be put into making a pump-
controlled cylinder system into a commercial product than a dual
pump system with energy reduction concepts such as open flow
control or regeneration from a drivability point of view.

In order to fulfill the requirement that every single cylinder
should be possible to operate at its maximum power, all cylinders in
a pump-controlled system can be operated at maximum power take
out at the same time, as long as the battery power is sufficient. This is
however a drawback when it comes to component efficiencies, drive
cycle calculations show that the average working point is far from
the peak efficiency and that overall component efficiencies suffer
from this. Systems with several cylinders on the same pump can be
dimensioned for having the average working point closer to the
maximum working point, while still allowing a cylinder to reach its
maximum if operated alone. One possible remedy for pump-
controlled cylinders is to allow for a different design criteria
where the flow is limited at high pressures and using pumps
where the displacement can be controlled to a lower value at
high pressure demands.

A system with pump-controlled cylinders is very modular but
the total weight and required space on the crane or truck are larger
than for the dual pump system.When trying to make the crane more
efficient in order to make a more sustainable product it is important
to bear in mind that if a component reduces the crane consumption
slightly, the weight of the component added to the truck is increasing
the traction consumption of the truck if the battery size can not be

adjusted to match the small efficiency increase. The battery size
cannot be arbitrarily small either, it must be large enough to provide
the peak power demand of the application.

4.6.2 Component selection
It is noted in both practical studies of pump controlled cylinders,

that the drive system components are not optimally sized for the
working points of the designated cylinders. Being part of a research
project, the demonstrators of the studies are more proof of concepts
than commercial solutions, but the problem of finding suitable
components is nevertheless important to highlight and just as
important for dual pump systems. Components of a
commercialized system should:

• Allow for peak power operation during a limited time.
• Have a large region of high efficiency.
• Allow maximum pressure demanded from the crane at
very low flow.

• Be as compact and light-weight as possible, and be possible to
mount on the crane base or chassis of the truck. If cooling
circuits are needed, there must be space for this as well.

• Have low noise (and preferably also a “comfortable”
sound spectra).

• Be cost effective. At some point there might be a break even
between the cost of energy reducing components and the
reduced battery cost.

4.6.3 Energy performance
As can been seen in Figure 11, there are as many as six mode

switches during a lifting movement of about 20 s, all of them causing a
small disturbance in the speed reference following. In order to mitigate
this problem, energy requiring measures, such as delaying open flow
activation, might be necessary. According to the static model
calculations from the concept screening, systems with two or four
pumps can reach up to 50% energy reduction compared to the reference
system. However, the dual pump demonstrator, that had a predicted
energy reduction of 15% according to the model, did not reach really as
good performance during testing as predicted and the problems with
achieving good drivability indicate that a system with the additional
requirements of regeneration and recuperation needed to reach 50%
reduction will be far from ideal. The most energy efficient dual pump
system will thus probably not reach that high a reduction. Depending
on the solution for compensating for the flow unbalance of
asymmetrical cylinders, pump-controlled system will perform a bit
from the ideal value as well but is still considered to be the winning
system in terms of energy efficiency in practice.

Even though the drive cycle could not be completed with the dual
pump demonstrator and an exact answer is not possible to give, the
energy performance difference to the model prediction indicate that the
project target of 15% reduction would probably not have beenmet. One
thing that could further increase the efficiency is automated control with
an energy efficiency objective.When freedom in how tomove the crane
between two waypoints is introduced, losses from simultaneous
operation can be minimized by operating only one function at a
time on each pump as much as possible. This would also improve
the drivability of the system. Finding strategies for energy efficient
automation thatmakes themost out of a given systemwill be the subject
for further research.
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5 Conclusion

This paper presents a new framework of designing an energy
efficient hydraulic system. Applying the proposed framework to the
case study of finding the system that best meet the requirements of a
loader crane application has resulted in valuable insights in the
challenges and opportunities of different systems, and how well they
meet the different requirements.

The results from the concept exploration phase show that two
different types of systems, in their most extreme setups, have the
potential to reach 50% energy reduction compared to the load
sensing reference system. Both system types are investigated
further in the System design analysis through demonstrators
phase. The tested systems are not of the most extreme setups,
but according to the simulations, they would meet the project
goal of 15% energy reduction.

Tests show that the dual pump demonstrator with open flow
control does not reach the same energy performance as the
simulated system, and given that in order to get maximal energy
performance an even more complex system would be required, the
most energy efficient of the systems investigated in this project is
most likely the pump-controlled cylinder system. Less effort is also
required to get acceptable drivability with this system compared to
the most energy efficient system with only two pumps. Even so, the
issue of designing the drive system to be compact, light and cost-
effective, might delay its possible commercialization. Regarding load
holding capabilities, the pump controlled demonstrator on a loader
crane show that load holding with electrical on-off valves is possible
but that further development is needed before the legal requirements
are met in practice.

For future studies, it would be interesting to expand the design
space to include also the design of the cylinders and the hoses and
couplings. It would also be interesting to look at the problem of
reducing the energy consumption from another angle. Instead of
optimizing the system with regards to a human operator, automated
control could be considered and optimized with regards to the
system design.
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