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Abstract: In recent years, a variety of novel actuator concepts for the implements of heavy-duty
mobile machines (HDMMs) has been proposed by industry and academia. Mostly, novel concepts
aim at improving the typically low energy efficiency of state-of-the-art hydraulic valve-controlled
actuators. However, besides energy-efficiency, many aspects that are crucial for a successful concept
integration are often neglected in studies. Furthermore, most of the time, a specific HDMM is focused
as an application while other HDMM types can show very different properties that might make
a novel concept less suitable. In order to take more aspects and HDMM types into account when
evaluating actuator concepts, this paper proposes a novel evaluation algorithm, which calculates
so-called mismatch values for each potential actuator-application match, based on different problem
aspects that can indicate a potential mismatch between a certain actuator concept and an HDMM.
The lower the mismatch value, which depends on actuator characteristics as well as HDMM attributes,
the more potential is the match. At the same time, the modular nature of the algorithm allows
to evaluate a large number of possible matches at once, with low effort. For the performance
demonstration of the algorithm, 36 potential matches formed out of six actuator concepts and six
HDMM types are exemplarily evaluated. The resulting actuator concept ratings for the six different
HDMMs are in line with general reasoning and confirm that the evaluation algorithm is a powerful
tool to get a first, quick overview of a large solution space of actuator-HDMM matches. However,
analyzing the limitations of the algorithm also shows that it cannot replace conventional requirements
engineering and simulation studies if detailed and reliable results are required.

Keywords: hydraulic actuators; heavy-duty mobile machines; electro-hydraulics; design process;
energy efficiency

1. Introduction

Next to driving, the main function of a HDMM is fulfilling a work task with its im-
plements. Those implements comprise mostly linear actuators with requirements such as
robustness, low price, high safety and compactness. So far, centralized, valve-controlled
hydraulic systems have been the standard solution to meet those requirements. Examples
of valve-controlled concepts are load sensing (LS) systems, negative flow control or open-
center systems [1], and they all have one major issue in common which is high metering
losses caused by the control valves. Due to arising and tightening emission regulations
in many countries worldwide, these losses and the related low energy efficiency became
more problematic. In response, numerous new actuator concepts have been proposed
by researchers over the last decades as replacements for conventional valve-controlled
actuators on HDMMs. Major concepts are independent metering [2], multi-pressure rail
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systems [3], displacement control [4], electro-hydraulic actuators (EHAs) [5], hydraulic-
transformer-based systems [6], digital hydraulics [7] and even non-hydraulic electrome-
chanical actuators (EMAs) [8]. Moreover, Ketelsen et al. could define further 8 subclasses
just for EHAs themselves [5].

Figure 1 is depicting the effect of this flood of available concepts nowadays: For each
HDMM, a considerably large number of potentially matching actuator concepts with
different characteristics and capabilities must be considered in the process of designing
a new machine. On the other hand, for the actuator concepts, it is crucial to understand
that each HDMM type, depicted on the right side, shows its own application requirements
and conditions. Between different HDMMs, attributes such as size, power level, the typical
working environment, or the number of actuators can vary a lot. Accordingly, it is unlikely
that one actuator concept can be an one-fits-all solution, and each potential actuator-
HDMM match—of which plenty exist already in Figure 1, represented by red lines—must
be analyzed separately.
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Figure 1. A rough, incomplete classification of linear heavy-duty actuator concepts and of HDMMs
as well as the visualization of the resulting potential actuator-HDMM matches.

This paper presents a method that allows to evaluate such a large set of potential
matches with low effort in order to get general insights such as:

• Which actuator concept is most promising for a certain machine type?
• Which actuator concept is performing strong in general?
• Are there actuator concepts that are generally less promising but can perform very

well for a special machine type?

Design theories and also operations research (OR) are dealing with solving similar
issues. However, traditional design tools such as evaluation matrices can easily fail here
since a separate evaluation matrix had to be created and analysed for each match, which
would be too time consuming. Furthermore, the facts that the evaluation of actuator-
machine matches is multidimensional, that properties of different machines can vary
a lot, and that operation conditions can change or be even unknown, make it hard to use
simulation or experimental approaches in order to formulate general findings—even if only
one specific match is focused. One actuator concept might perform very well on a machine
for a specific work task but only weakly for another task, for example. Similar problems
that are hard to handle due to complexity, uncertainty or dynamic changes—often of social
nature—are known as wicked problems [9] in OR.
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Inspired by the way that wicked problems can be handled, this paper—as an extension
of the work previously published by the authors in [10]—chooses similar approaches for
the technical evaluation of actuator-machine matches. Instead of doing simulations or
calculations of specific matches with limited meaning for other matches, a large solution
space—meaning many matches—is analysed at once. The focus is on comparing differ-
ent matches with each other rather than giving absolute statements on how promising
a single match is. Furthermore, the nature of the problem allows to classify the actuator
concepts and HDMM types giving them attributes that can be quantified and mathe-
matically processed. This makes the evaluation highly modular and allows to adapt
the evaluation to changing conditions or requirements. Moreover, the mathematical char-
acter allows stakeholders to adjust parameters and understand the influence of certain
aspects on the evaluation results. To the authors’ knowledge, this is the first time that such
an adaptable and comprehensive tool for the evaluation of many different HDMM-actuator
combinations is presented.

The article is structured in the following way: Firstly, the numerical concept of
the novel match evaluation algorithm is introduced for the specific example of HDMMs
and related actuator concepts. In a second step, six representative actuator concepts are
prepared to be evaluated by the algorithm. Similarly, the paper also rates different repre-
sentative HDMM types as counterparts for the evaluation. In a next section, 36 potential
matches formed out of the six actuator concepts and six HDMM types are exemplarily
evaluated, and the results as well as the algorithm itself are discussed. Finally, limitations
of the algorithm are listed and addressed, followed by a conclusion of the article.

2. Concept for the Machine-Actuator-Match Evaluation
2.1. Defining the Differences between a Good and a Bad Match

Understanding the fundamental criteria that make up a good match between an actu-
ator concept and its application is the basis for developing an algorithm that can evaluate
whether an arbitrary combination of an actuator concept and an application is a poten-
tial match or not. For this purpose, the following perspective is taken: The quality of
an actuator-application match is low if certain problem aspects appear and comparably
high if some or all of those problem aspects can be avoided or reduced. “Low energy
efficiency” could be one of those problem aspects as it leads to emissions and high en-
ergy costs. An actuator that has the corresponding characteristic “causing high energy
losses”, such as a valve-controlled actuator, tends to be a worse match for an HDMM than
a novel actuator concept with the characteristic “causing low energy losses” that reduces
the problem aspect “low energy efficiency”.

However, there is more than a single problem aspect that must be considered in order
to obtain a holistic statement about the match quality. “High component costs per actuator”
could be a second problem aspect for the match evaluation. Concerning this aspect, the novel
actuator concept might be more problematic than the conventional valve-controlled actuator.
This means that every actuator concept can have characteristics that improve certain problem
aspects while other characteristics worsen other problem aspects. Crucial is the balance
between the overall problem avoidance and the problem worsening. The actuator concept
with the most positive balance among other concepts forms the best match.

Moreover, the significance of each problem aspect and its influence on the balance
depend highly on the attributes of the concerning HDMM application. While the aspect
“low energy efficiency” is more problematic for an HDMM that has a high energy turnover,
it might be of lesser importance for a machine with low energy consumption, but the aspect
“high component costs per actuator”, on the other hand, might be even more problematic
because that machine comprises particularly many actuators.

The best actuator-HDMM match is determined by being least problematic concerning a set of prob-
lem aspects. This can be identified by looking at the problematic actuator characteristics concerning
each problem aspect and the HDMM attributes that define how significant each problem aspect is.
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2.2. Evaluation Algorithm

After setting up this general definition, it is step-by-step numerically applied for
the match evaluation:

(1) For each multi-dimensional actuator-HDMM-match evaluation, n ∈ N problem
aspects are considered in order to account for all essential match dimensions.

(2) For each problem aspect i ∈ [1, n], a problematic actuator characteristic and an HDMM
attribute exist.

(3) Every actuator concept receives numbers ci ∈ [0, 5] where 0 means the problematic
actuator characteristic for problem aspect i is “not applying” and 5 it is “strongly
applying”.

(4) For each HDMM type, the numbers ai ∈ [0, 5] mean that the HDMM attribute for
problem aspect i is 0 “not expressed” to 5 “strongly expressed”.

(5) If ci and ai are multiplied, the problem degree of the match concerning problem aspect i
is obtained.

(6) Summing up the problem degrees for all n aspects, the so-called mismatch value
(mmv) results.

(7) Finally, among multiple possible matches, the match with the highest mismatch value is
the worst, and the match with the lowest mismatch value is the most promising match.

For convenient handling, the evaluation concept is expressed as a vector operation
in Equation (1). The mismatch value (mmv) is calculated by the scalar product of an HDMM-
attribute vector a and an actuator-characteristics vector c. The vector a contains HDMM
attribute expressions for each of the n problem aspect and the vector c the n problematic
actuator characteristics respectively. Due to the nature of the scalar product, the result
equals the sum of all n problem degrees.

mmv = a ⋅ c =
⎛
⎜⎜⎜
⎝

a1
a2
⋮

an

⎞
⎟⎟⎟
⎠
⋅
⎛
⎜⎜⎜
⎝

c1
c2
⋮

cn

⎞
⎟⎟⎟
⎠
= a1 ⋅ c1 + a2 ⋅ c2 + . . . + an ⋅ cn (1)

2.2.1. Considered Match Aspects

The selection of problem aspects for the match evaluation algorithm has a strong impact
on the quality of the evaluation outcome. If significant problems that are likely to occur with
certain actuator concepts are neglected, those concepts would be favored by the algorithm
and rated too good. On the other hand, if many insignificant aspects are included as problem
aspects, they can outweigh more critical problem aspects and shift the evaluation results.
Accordingly, the right set of aspects depends on the types of actuator concepts that are to
be evaluated and should include all the potential problem aspects that are related to those
but no other. Identifying those requires expert knowledge of the actuator concepts but also
of the HDMMs that are supposed to be evaluated since for each aspect a problematic actuator
characteristic and an HDMM attribute need to be given. Ideally, this is done by multiple
experienced engineers. The set of problem aspects for the evaluation in this paper can be seen
in Table 1. The problematic nature of those aspects for certain actuator concepts was identified
through literature review and personal experience of the authors; it will become more apparent
in the following analysis section (Section 3).
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Table 1. Considered problem aspects for the match evaluation.

i Problem Aspect HDMM Attribute (ai)
Problematic Actuator

Characteristic (ci)

1 high component costs for
main actuators

high number of actuators with high
energy turnover high price per actuator

2 high component costs for
auxiliary actuators

high number of actuators with low
energy turnover high price for auxiliary actuators

3 achieving large actuator sizes containing large actuators issues with larger actuators

4 power distribution costs long distances between actuators and main
body of HDMM high costs per supply-line length

5 achieving high actuator power high actuator power requirements power-upscaling issues

6 low energy efficiency
high energy turnover of implements

in general and compared to other machine
functions like driving

low single-actuator
energy efficiency

7 energy losses due to
simultaneous actuation

high amount of simultaneous
actuator operation

low energy efficiency during
simultaneous operation

of actuators

8 making use of energy recuperation high amount of load braking no/low recuperation potential

9 overheating of components potentially medium to high
environment temperatures low cooling capability

10 space requirements at actuator position narrow actuator installation space high actuator volume

11 space requirements at main body
of machine limited space on main body of HDMM high volume of centralized

actuator supply

12 low payload due to actuator weight influence of actuator mass on payload low power density of actuator

2.2.2. Not Scalable Factors

For certain problem aspects, actuator concepts can also show problematic characteris-
tics that do not solely scale with the extend of the HDMM attribute expression. An example
is aspect 1 in Table 1, which refers to the actuator costs. For many concepts, fixed costs that
are independent of the HDMM attribute—number of actuators—exist, such as the costs for
a centralized LS supply. In [11], it was shown how this effect influences whether an LS or
an EHA approach shows lower component costs depending on the number of actuators.
In order to take this phenomenon into account, the algorithm can be extended by fixed
problem terms fi if the related aspect has an attribute-independent component. This can be
seen in Equation (2) for the first problem aspect.

mmv = a ⋅ c + f1 (2)

Because the fixed factors fi are not multiplied by any HDMM attribute value, it makes
sense to define fi ∈ [0, 15] instead of giving it a value from 0 to 5; so it can have a similar
influence on the mismatch value as the scalable factors have.

2.2.3. Weighing Match Aspects Differently

This extension of the algorithm is introduced in this paper in order to allow giving
certain match aspects more weight or importance than others. Therefore, a weight matrix W
is applied as shown in Equation (3). The matrix elements wi, which are equal to 1 by default,
can be increased for more influence of the aspect i or decreased for less influence. For
example, if the HDMM is to be used in environments with very strict emission regulations,
the elements w5, w6 and w7 can be increased to give energy efficiency a higher weight. On
the other hand, they could be decreased to give efficiency less weight in the case of no
emission restrictions and very low energy prices. Furthermore, if a non-scalable factor
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(see Section 2.2.2) is used, it must be multiplied with the weight factor wi as well as can be
seen in Equation (3), which also represents the final form of the evaluation algorithm that
is going to be applied in Section 5.

mmv = W ⋅ a ⋅ c =
⎛
⎜⎜⎜
⎝

w1 0 . . . 0
0 w2 . . . 0
⋮ ⋮ ⋱ ⋮
0 0 . . . wn

⎞
⎟⎟⎟
⎠
⋅
⎛
⎜⎜⎜
⎝

a1
a2
⋮

an

⎞
⎟⎟⎟
⎠
⋅
⎛
⎜⎜⎜
⎝

c1
c2
⋮

cn

⎞
⎟⎟⎟
⎠
+w1 ⋅ f1 (3)

Furthermore, a weight matrix can be obtained by multiplying m other weight matrices:

W =
m
∏
i=1

W i (4)

This way, weight aspects can be easily combined. For the evaluation in Section 5, a basic
weight matrix is defined, which can be combined with two additional weight matrices:

• The basic weight matrix W0 tunes the influence ratio of different aspects by giving
less important aspects a reduced weight of 0.5. w4 is reduced because the costs for
supply lines will generally be on a lower level than the costs for the actual actuator
components; w10 and w11 are reduced since these aspects concern the mechanical
design of the machine, which can generally be changed in order to allow for larger
components if necessary; and w12 is decreased since a reduced pay load can easily
be compensated by choosing actuators with higher force capability and reinforcing
the mechanical structure.

• With the matrix Wcosts, an additional emphasis can be put on reducing component
costs. For this purpose, the weight factors w1, w2 and w4 are increased to the value 2
since they all relate to aspects that increase the component costs.

• With the matrix Wefficiency, a focus is put on energy-efficiency. The weights w6, w7
and w8 relate to efficiency and are increased to the value 2 for this matrix.

3. Characterization of Heavy-Duty Actuator Concepts

In this section, six representative actuator concepts for HDMMs are analyzed and their
problematic characteristics are rated in the form of a vector c as described in the previous section.
In Section 5, these vectors will be used for the demonstration of the evaluation algorithm.

3.1. Valve-Controlled Load-Sensing Actuators

Valve-controlled actuators are the current state-of-the-art concept to drive HDMM imple-
ments, and the LS concept is among the most common forms of supplies for those actuators.
Therefore, the concept is chosen for this paper to represent a state-of-the-art baseline.

The simplified schematics of an LS system in Figure 2 are used to analyze the character-
istics vector of this concept (Equation (6)). The LS supply can be formed by a constant-speed
motor (e.g., combustion engine) and variable-displacement pump, or a variable-speed
motor (e.g., electric) and a fixed-displacement pump, or a combination of both. Further-
more, each actuator requires its own control valve(s). A main advantage is that one LS
supply can be used for multiple actuators and only needs to be scaled up for more flow
if actuators have to operate simultaneously at high speeds. Moreover, the concept is very
mature as well as standardized, and compact valve assemblies are available at low prices.
Thus, adding more actuators requires minimal financial effort—no matter if it is a main
actuator or an auxiliary actuator—and c1 as well as c2 are rated low (1). On the other hand,
the fixed costs for the LS supply are rather high, which is expressed by

f1,LS = 9. (5)
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Figure 2. Simplified load sensing system with two actuators (but option for more) and the related
pressure-flow diagram for a specific load situation.

Because the size of the actuator only influences the required supply flow, larger
actuators can be easily handled by choosing components with higher nominal flow, and c3
is rated 1. Since the system is centralized, expensive hydraulic high-pressure lines need
to connect each actuator with the supply, which leads to a high c4 (3). For higher power
demands, pump and motor can easily be increased in size, and LS systems can often be
found on large HDMMs with high power demands. Thus, c5 is rated low (1).

In terms of energy efficiency, the pressure-flow diagram in Figure 2 provides more
insights. If actuator 1 was operated alone, only the small shaded loss area would be present
and the system efficiency relatively high, which is why c6 is still rated only medium
high (3). Regardless, the efficiency can be extremely low when another actuator with
lower load pressure is operated simultaneously such as actuator 2 in Figure 2. In this
case, the load pressure difference is compensated by throttling valves, and the power
represented by the red area is dissipated into heat. Accordingly, the aspect 7 and factor c7
were introduced especially for valve-controlled actuator concepts that generally all have
a highly problematic characteristic concerning this aspect. c7 is thus rated 3 (not worse
because the effect is only significant if the load pressures differ a lot).

Furthermore, braking energy can only be dissipated by valves in this system and not
recuperated, which leads to a high c8 value (5). However, cooling is easy because the cen-
tralized design allows to utilize a common cooler for all actuators together. Thus, c9 is
rated 2 but not 1 because the cooler still requires extra costs, space and energy.

Concerning the weight and mass of a typical LS actuator it can be said that the actuator
itself, a hydraulic cylinder, has a very compact diameter, and even though the principle
requires a minimal installation length that is slightly longer than the maximum actuator
stroke, the actuator installation length can be rated as low compared to other actuator con-
cepts. For applications with critical installation length, also hydraulic telescope cylinders
can be used where the minimal installation length is much shorter than the maximum
stroke. Accordingly, the characteristics c10 and c12 are rated low (1). On the other hand,
the centralized LS supply, which also comprises a hydraulic tank and a cooling system next
to the pump and motor, requires a significant amount of space somewhere on the machine,
and c11 is rated 4.

c⊺LS = (1 1 1 3 1 3 3 5 2 1 4 1) (6)

3.2. Load-Sensing System with Electric-Generator-Hydraulic-Motor Units for Higher Efficiency of
Single Actuators

This concept, presented by the authors in [12], was developed with the target to
improve the efficiency of conventional LS systems while keeping up their strengths. It is
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part of the evaluation in this paper in order to show how significant the improvement tends
to be for different HDMM applications. The main idea of the concept is to use a combination
of electric generator and hydraulic motor (EGHM) for the highly efficient control of actuator
functions with high energy turnover and recuperation potential, but conventional LS
control valves for actuator functions with low energy turnover where increased component
costs cannot be justified. Both actuator types are connected to and benefit from the same
LS supply pump as can be seen in the schematics in Figure 3. For a detailed concept
explanation, the authors refer to [12]; here, only the aspects that define the values for
the characteristics vector (Equation (8)) are discussed.

pAi
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EM

pBi

U
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U

EM

pBi

U

EM

EM

p1

U

p2

U

EM

pPmp
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pLi

U

pi

U

pi

U

Figure 3. Simplified schematics of the LS system with EGHM units for specific actuators that was
presented in [12].

The fixed-cost term f1,EGHM is similar to the conventional LS system since only the at-
tached actuator units differ:

f1,EGHM = 9 (7)

Similarly, the costs for adding additional low-consuming actuators is low since con-
ventional LS control valves can be used, and the characteristic c2 is rated low (1). Only
actuators with high energy turnover that utilize an EGHM unit require more-expensive
components , and c1 is rated 3. The difference between costs for main actuators and costs
for auxiliary actuators (aspects 1 and 2) is made in the algorithm due to this concept where
the costs differ between both types.

Large actuator sizes are only slightly more challenging for the EGHM concept than for
a conventional LS actuator since the required hydraulic motors and electric machines can get
very large. However, if this should be a problem, the concerning actuator can be controlled
by a conventional control valve instead; thus, c3 is rated 2. The supply lines are the same as
for a conventional LS system; so c4 is rated 3. Power up scaling can be problematic since high
pressures can get amplified in this system to even higher pressures. This does not compromise
the functionality of the concept, but in order to limit maximum pressures the recuperation
potential can be compromised in this case [12]. Thus, c5 is rated 2.

If the EGHM-unit is used, the efficiency of an actuator in single operation can be
slightly higher than for a conventional LS actuator but is still in a similar range; so c6 is
rated 3 here as well. c7, on the other hand, is reduced to 2 because the EGHM-unit can
recuperate the energy that is conventionally throttled due to load-pressure differences [12].
Furthermore, the EGHM units allow recuperation, and c8 can generally be rated low. How-
ever, as already mentioned, in some operation conditions, pressure limitation measures
can limit the recuperation potential, and c8 is rated 2. The characteristics c9, c10 and c12 are
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rated same as for the conventional LS system due to the similarity. Only c11 is increased to
5 since the EGHM units require more space than a conventional valve block would.

c⊺EGHM = (3 1 2 3 2 3 2 2 2 1 5 1) (8)

3.3. Electro-Hydraulic Actuators

In academia, EHAs are one of the most focused concepts for replacing conventional
actuator concepts on HDMMs and, therefore, considered here as well. The common
principle is using electric variable-speed motors in combination with fixed-displacement
pumps in direct connection to a single actuator. This allows to control the pump flow
and thus the actuator flow and speed. A detailed review of this actuator concept can be
found in [5], where 8 subclasses of EHAs are defined. For this paper, three different types
of EHAs are considered for the match evaluation, which can be seen in Figure 4.

EM
EM EM EMEM

a) b) c)

Figure 4. Simplified schematics of considered EHA types (a) compact single pump (b) compact dual
pump according to [13] and (c) single-pump centralized.

3.3.1. Baseline Electro-Hydraulic Actuator: Compact Single-Pump Type

The single-pump EHA is one of the most common EHA concepts and thus chosen
as a baseline EHA here. For the other two EHA concepts, only the differences to this
baseline EHA are discussed. Figure 4a shows typical schematics of this type. Due to
the unbalanced flow between symmetrical pump and asymmetric cylinder, compensating
valves are required. The accumulator provides the pendulum volume and pressure to
avoid cavitation.

Because each actuator requires its own electric motor, pump and flow compensation
mechanism, the costs for each actuator c1 (in Equation (10)) are high (4). Also for auxiliary
functions, these costs are high (c2 = 4) since the hardware does not change. One the other
hand, there are no components that cause fixed costs except for the energy supply which is
necessary for each actuator concept anyway, and

f1,EHASinglePump = 3. (9)

Very large or long actuators are critical for this concept because the pendulum volume
is large in these cases as well, and the accumulator size must be rapidly increased [14].
Therefore, c3 is rated 4. The only necessary supply line for these actuators is an electric
cable. Because long electric cables are assumed to be significantly less expensive than
hydraulic high-pressure lines, c4 is only rated 1.

Power can be scaled up by using larger pumps and motors, which is less problematic.
A minor issue can be the lack of flow-compensating valves that can handle higher flows,
and two valves in parallel might need to replace a single valve [11]. Thus, c5 is rated 2.
Efficiencies of these actuators are relatively high—at least compared to valve-controlled
actuators. In [15], hydraulic circuit efficiencies of 75% could be achieved for different EHAs
in experiments. Accordingly, c6 is rated 2. Because, the actuators are individual, and each
has its own pump, simultaneous actuation has no influence on the efficiency, and c7 is 0.
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Energy can be electrically recuperated, which is only compromised by the hydraulic circuit
efficiency and the need for additional electric hardware; therefore, c8 is rated 2.

In [16], it was shown that passive cooling of these actuators can be sufficient for low
powers (max 1.5 kW in experiments) and at medium ambient temperature. However,
for higher power levels common for HDMMs, active cooling is expected to be necessary.
Because the actuators have no hydraulic connection, this requires a cooler for each actuator,
which is expensive and results in a high c9 value (4).

In the case of compact EHAs, the volume and weight of the actuator not only comprise
the hydraulic cylinder but also all other hydraulic components and the electric machine,
which are mounted right next to the cylinder. Even though, integrated designs for improved
compactness are common, this means that the actuators are much heavier and larger—
typically in their width, not length—compared to simple hydraulic cylinders. Accordingly,
c10 is rated 3 and c12 4. On the other hand, no centralized hydraulic components are
necessary, only a supply of electric energy, and the required space on the main body of
the HDMM is small (c11 = 2).

c⊺EHASinglePump = (4 4 4 1 2 2 0 2 4 3 2 4) (10)

3.3.2. Compact Dual-Pump Electro-Hydraulic Actuator

Using two pumps of different size for each actuator allows to compensate the differ-
ential cylinder flow with the pumps themselves. The additional valves in Figure 4b only
manage small flows to avoid cavitation or over-pressurization due to slight mismatches
between pump and cylinder ratios [13]. The additional pump might make the EHA slightly
more expensive than the single-pump EHA; still, the difference is assumed to be small
and c1 as well as c2 remain 4. Moreover, no pressurized reservoir is necessary and a vented
tank instead of an accumulator can be used for this EHA type. This makes larger actuators
less problematic and reduces c3 to 1. At the same time, it might be necessary to install
the tank further away from the cylinder because the tank must remain in a stable orien-
tation in order to avoid leakage. Thus, c4 is increased to 2. Scaling up the power is less
problematic because only the pumps, not the valves, need to be increased in size (c5 = 1).
Even though an additional pump is required, it is not assumed that the actuator will be
much heavier or larger than the baseline EHA since the pumps could be integrated in one
housing and smaller valves as well as a non-pressurized reservoir can be used. Thus, c10
an c12, same as the other, not mentioned values do not change from the characteristics of
the baseline EHA in Section 3.3.1:

c⊺EHADualPump = (4 4 1 2 1 2 0 2 4 3 2 4) (11)

f1,EHADualPump = 3 (12)

3.3.3. Centralized Electro-Hydraulic Actuator

Centralizing multiple EHAs by installing the main circuit components on the main body
of the HDMM with a common low-pressure supply and long hydraulic lines supplying
the actuators, as shown in Figure 4c, has multiple effects on the characteristics compared to
the baseline EHA: First, the common low pressure supply increases the fixed costs, and

f1,EHACentralized = 6, (13)

but the price per actuator decreases. Thus, c1 as well as c2 become smaller (3). Furthermore,
larger actuators are less problematic because a very large accumulator can still be acceptable
when it is mounted on the rear of the vehicle and not next to the cylinder. Thus, c3 is
reduced to 3. Moreover, long hydraulic lines across the HDMM are more expensive than
electric cables and c4 increased to 3.

The maximum efficiency will decrease because more line losses are present [17]
and the charge pump causes losses. This leads to a higher c6 (3). Regardless, a further
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benefit is the cooling capability. Instead of using a separate cooler for each EHA, a single
cooler can be located in the common low-pressure supply, which is more convenient
and reduces c9 to 2.

Moreover, no extra components need to be mounted right next to the cylinder anymore
and the volume and mass at the actuator position are rated similar to the valve-controlled
concept (c10 = 1 and c12 = 1). In return, a lot of volume is required on the main body of
the HDMM since multiple pumps and electric machines plus auxiliary systems need to be
mounted there (c11 = 5). Other, not mentioned characteristics do not change compared to
the baseline EHA:

c⊺EHACentralized = (3 3 3 3 2 3 0 2 2 1 5 1) (14)

3.4. Electro-Mechanical Actuators

At last, an EMA is characterized as a non-hydraulic actuator type. A detailed analysis
of EMAs especially for HDMMs can be found in [18,19] in comparison to EHAs, which
are the basis of the characterization here. Furthermore, only spindle-type EMAs are
considered here.

The price for each single EMA is to be rated even higher than the price for a typical
EHA (c1 = 5 and c2 = 5) because the EMA spindle requires expensive high-precision
manufacturing in order to reduce wear of the mechanical components. The fixed cost,
on the other hand, are similar to those for EHAs and low:

f1,EMA = 3 (15)

Modern, large EMAs can reach maximum dynamic forces of multiple hundred kilo
Newton which can be sufficient for many medium-sized HDMMs but not to replace very
large hydraulic cylinders. Furthermore, long strokes are especially critical for EMAs
because of the buckling risk and bending forces that result from the weight of the extended
spindle in horizontal positions. Accordingly, c3 is rated 3. c4 is rated low (1) since only
electric cables are required.

It was already mentioned that medium high forces can be reached, but typically, those
are only available at low speeds. The reason is the low maximum power limitation of most
EMAs which is related to the maximum power of the electric machine and the cooling
capability of the spindle. Even though, the efficiency of the spindle and the whole EMA is
high (c6 = 1) the remaining losses at high powers can be enough to overheat the spindle,
which typically has no active cooling capability. For HDMM applications, this is even
more critical since environment temperatures can be much higher than the reference
temperatures that are given for the maximum power limit in the data sheets. This limits
the power-upscaling capability of EMAs (c5 = 3) and also shows that cooling is an issue.
Active cooling would require a cooler for each actuator, and the spindle would require
internal cooling channels, which increases the manufacturing effort even more. Thus, the c9
value is rated 5.

Similar to an EHA, EMAs are self-sustained and simultaneous operation of multiple
actuators has no influence on the efficiency (c7 = 0). Despite the fact that certain EMA
types can be self-locking under certain conditions, which would prevent electric energy
recuperation, many EMAs products can be found that are not self-locking—even for
high forces—and recuperation is not problematic, especially considering the high spindle
efficiency (c8 = 1).

Hagen et al. [19] showed for a representative application that EMAs are larger in all
dimensions and heavier compared to EHAs with similar force or power, which leads to
higher values for c10 and c12 (4). c11 is rated 2, similar to the compact EHAs.

c⊺EMA = (5 5 3 1 4 1 0 1 5 5 2 5) (16)
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4. Classification of Heavy-Duty Mobile Machine Types

In this section, the attributes of six typical HDMM types, which are depicted in Figure 5,
are analyzed in order to use them for the match evaluation in Section 5. This requires
the definition of attribute vectors a.

Telehandler

Mid-Size Wheel LoaderCompact Excavator Mid-Size Excavator

Scissor LiftBackhoe Loader

Figure 5. Different types of HDMMs that are evaluated in this paper.

4.1. Compact Excavators

Excavators are one of the most common HDMMs and their attributes are representa-
tive for a number of similar HDMMs. Moreover, the here considered reference machine,
Volvo’s compact excavator EC15E [20] is a typical representative of a low-power HDMM.
Shield, bucket and potential attachments are actuator functions with a rather low energy
turnover because they are rarely actuated or see low loads, while boom and stick actuators
have higher energy demands; thus, a1 is rated 2, and a2 is rated 3. Due to the compact size
of the machine, the actuators are rather small as well, and a3 is rated 1. Furthermore, most
actuators are located close to the main vehicle body, but the bucket actuator is mounted at
the end of the relatively long excavator arm. Accordingly, a4 is chosen to be 2.

On the exemplary excavator, each actuator can be supplied with up to 10 kW of hy-
draulic power [20], which is relatively low; thus, a5 is rated 2. Moreover, typical excavator
tasks, such as truck loading, digging or grading, involve mainly the implement actuators
and less driving. As a result, the attribute a6, representing the relative energy consumption
of the implements, is rated high (5). Furthermore, analyses of work cycles show that simul-
taneous actuation of multiple work functions is common especially for expert operators;
thus, a7 is rated 5.

The amount of load braking, which can be used for recuperation, always depends
on the work task. Grading does not offer a lot of recuperation potential, but most other
tasks are cyclic and involve up and down movement. Down movement can be used for
recuperation, but typically the boom is lifted with load, the load is dumped and then
the boom is lowered empty, which offers less potential energy. Still, the potential a8 is
rated high (4), but could be adjusted if a specific work cycle is supposed to be focused for
the match evaluation. The attribute a9 can also only be specified if a concrete application is
known and is thus rated with a neutral/medium value of 3 here.

Since the actuator arm is not surrounded by other machine parts, there is relatively
much installation space for the actuators; still, the installation lengths are limited by
the kinematic chains and a10 is rated 2. On the main body, space is limited but can be
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made available by replacing counterbalance weights with drive train components; so a11
is rated 2. Moreover, the length of the excavator arm leads to significant influences of
the mass of bucket and stick actuators on the boom actuator and thus the payload. This
was demonstrated in [21], and a12 is rated 4 accordingly. The resulting attribute vector is

acompactExcavator = (2 3 1 2 2 5 5 4 3 2 2 4). (17)

4.2. Mid-Size Excavators

A mid-size excavator is included here in contrast to the compact excavator in order to
point out the differences between similar machines of different sizes. Most attributes can
be adopted from the compact excavator but a few change:

The actuator size increases significantly and maximum forces of several hundred kilo
Newton are not uncommon. Thus, a3 as well as a5 are increased to 4. a4 is increased to 3
since the arm length is increased. The resulting attribute vector is

amidSizeExcavator = (2 3 4 3 4 5 5 4 3 2 2 4). (18)

4.3. Mid-Size Wheel Loader

The actuated implement parts of wheel loaders, such as the here considered Volvo
LH90 [22], typically comprise boom, shovel, steering and sometimes an additional attach-
ment. While boom and shovel can have high energy turnover, the other functions typically
do not. Accordingly, there are a few actuators of each type (low/high energy turnover),
and a1 as well as a2 are rated 2.

Especially the tilt cylinders can be large in diameter (cylinder bore of 180 mm at
a stroke of 430 mm [22]); thus, a3 is rated 3. Because the boom is rather short, all actuators
are relatively close to each other and the main vehicle body, which leads to a low a4 (2)
and also a low influence of the actuator mass on the payload (a12 = 2). On the considered
conventional wheel loader [22], a single actuator can be supplied with up to 88 kW of hy-
draulic power, which is considered high and leads to a high a5 (4). Because common wheel
loader work cycles like truck loading or Y-cycles involve significant amounts of driving, a6
is only rated medium (3). Simultaneous operation of boom and shovel cylinders is common
but not necessarily constantly the case, which leads to a7 being 3. Lowering the boom
involves braking against gravity, which can be used for recuperation, but the boom is
most often lowered empty, and lowering makes up only a short part of common work
cycles, which involve more driving instead. Accordingly, a8 is rated 3. a9 is rated neutral
(3) because the specific application environment is not known.

Similarly to an excavator arm, the wheel loader boom is relatively exposed; so mount-
ing larger actuators should be less problematic (a10 = 2), and also the wheel-loader main
body offers space on the rare, potentially by replacing the counter weight (a11 = 2). The re-
sulting attribute vector is

awheelLoader = (2 2 3 2 4 3 3 3 3 2 2 2). (19)

4.4. Backhoe Loader

Backhoes, such as the Case 580 Super N [23] considered here, combine a lot of different
implement functions. The loader function and excavator function cannot be used at
the same time and are therefore frequently in standby. Furthermore, many auxiliary
functions require cylinder actuators but are only used once in a while: side supports,
boom swing, excavator telescope arm, bucket gripper and others. All in all, this means
a high number of actuators with low energy turnover and only a few with a medium high
turnover (a1 = 2 and a2 = 4).

Because backhoes are rather compact, actuator sizes are medium or small (more than
half of the cylinders have bore diameters smaller than 100 mm [23]) and a3 is rated 2.
Furthermore, actuators are located close to the main body (a4 = 2). Moreover, up to 65 kW
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of hydraulic power is available but can most likely not be used for the small actuators
entirely, and a5 is rated 3. No specific work cycle is considered here because backhoes
are too versatile; however, driving is one of the main functions. Accordingly, a6 is rated
medium (3). Actuation of more than one actuator at the same time is also common for
backhoes, and a6 is rated 3.

The main implement parts, excavator boom and loader boom, move vertically; thus, there
is a potential for energy recuperation, but the masses are commonly rather low. Therefore, a8
is rated 3. a9 is rated neutral (3) because the specific application environment is not known.

The space on a backhoe is generally limited. Because several actuators are distributed
around the whole machine, there is neither much space next to the actuators (a10 = 4) nor
on the main body of the machine (a11 = 4). However, the actuator-mass influence can be
rated low due to the short distances between actuator locations and main body (a12 = 2).
The resulting attribute vector is

abackhoe = (2 4 2 2 3 3 3 3 3 4 4 2). (20)

4.5. Telehandler

Telehandlers represent another type of HDMMs, which is characterized by long-stroke
actuators. The standard implement actuators of telehandlers such as the MHT 10130 [24],
which is considered for this analysis, are for steering, boom actuation, tool tilting, telescope
extension but also frame leveling, stabilizers or attachments. It can be assumed that boom,
telescope and tilt functions have a relatively high energy turnover, while the other functions
do not; accordingly, a1 as well as a2 are rated 3.

Characteristic is the telescopic actuator, which is large in volume due to the long stroke
of more than 7 m [24]. Accordingly, a3 is rated 5. Furthermore, the tilt actuator, which is
mounted on the extending part, requires a long and flexible connection to the main part of
the vehicle, which results in a high a4 (5). Moreover, the actuators can be supplied with
90 kW of hydraulic power, which is significant and leads to a high a5 (4). Similarly to
wheel loaders, telehandler work cycles typically involve a significant amount of driving,
and a6 is rated medium (3). Simultaneous operation of multiple actuators is common for
telehandlers as well but not necessarily constantly the case (a7 = 3).

The load braking and thus recuperation potential of telehandlers can be considered
high because they are often equipped with forks to handle pallets or other compact objects.
These objects typically cannot be dumped, and the telehandler must lower the heavy
objects again. Compared to the empty lowering typical for HDMMs with bucket or shovel,
the potential energy and recuperation potential are much higher in this case, and a8 is
rated 4. a9 is rated neutral (3) because the specific application environment is not known.

Since many actuators are mounted within mechanical structures, the available space
next to the actuators is limited (a10 = 3) as well as the space on the main body (a11 = 3).
Also, high actuator masses are critical since the tilt actuator mass for example can have
a significant influence on the boom actuator at longer telescope extension lengths (a12 = 4).
The resulting attribute vector is

atelehandler = (3 3 5 5 4 3 3 4 3 3 3 4). (21)

4.6. Scissor Lift

Finally, a scissor lift is included as a typical representative of the class of aerial work
platforms. Many scissor lifts comprise only one linear actuator for lifting (some larger
ones include also two) and additional actuators for steering with relatively low energy
turnover (a1 = 1 and a2 = 2). The size and maximum force of the cylinders is typically low
as the maximum work load of the platform is not more than a few people plus working
equipment; so a3 is rated 2. Furthermore, the actuator speed is typically low, since humans
stand on the moving part. Accordingly the required actuator power is low as well (a5 = 1).
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The actuator is usually mounted right to the carriage so there is no long distance
for actuator supply lines, and a4 = 1. The relative amount of energy that is spend for
the linear actuators compared to driving hardly depends on the work cycle and is thus
rated medium here as default (a6 = 3). Since most scissor lifts have only one lifting
actuator, there is no chance of simultaneous operation, only for the exception of scissor
lifts with two actuators; so a7 is rated 1. The amount of load braking is quit high since
scissor lifts move solely vertically and with the same load down as up, but the load is
relatively low compared to loss terms in the mechanism. Accordingly, a8 is rated 4. Again,
the environment temperatures depend on the specific application, but there is a tendency
that scissor lifts are operated indoors where it is colder. Hot areas such as deserts or tropics
are less likely, and a9 is rated 2. Fully retracted, the lift needs to be very compact and there
is not much space at the actual actuator position nor at the main body, and a10 as well
as a11 are rated 3. Finally, the influence of the actuator mass is assumed to be very low
since the actuator is only mounted to the lifting parts if two actuators are used (a12 = 1).
The resulting attribute vector is

ascissorLi f t = (1 2 2 1 1 3 1 4 2 3 3 1). (22)

5. Evaluation of Exemplary Matches and Discussion

For this section, 36 matches have been formed out of the six actuator types analyzed
in Section 3 and the six HDMM types investigated in Section 4. The actuator-HDMM
matches have been evaluated three times according to Equation (3) with different weight
matrices for different evaluation focuses. The three tables for each evaluation are now
analyzed in order to get insights about the match qualities and to make general statements
about HDMM-actuator matches as well as the algorithm.

Marked in green, the best matches for each HDMM type can be seen in Table 2 for
the default weight matrix W0. In this scenario, the algorithm indicates that the double-
pump EHA is most suitable for most HDMMs due to achieving the lowest mismatch values.
However, for the compact excavator, the centralized EHA is ruling, while a backhoe
might also generally match with the EGHM-LS concept. These outcomes are in line with
the common knowledge that EHAs have the strength of high energy-efficient and that
the dual-pump concept can be scaled up easily in size and power. Also, the suitability of
the LS concept for the backhoe can be explained by the fact that it has a high number of
actuators; so saving costs per actuators by using simple control valves for auxiliary drives
seems to be effective.

Furthermore, several concepts achieve mismatch values for the same machine that are
very close together. In these cases, it cannot be said which concept is indeed more suitable
for the HDMM than another because the evaluation algorithm is rather sensitive towards
imprecise analyses of the characteristics and attribute vectors. Still, better-worse decisions
can be made whenever the mismatch-value differences are large.

Table 2. Mismatch values for all 36 actuator-HDMM matches and weight matrix W =W0. The best values for each HDMM
type have been marked green.

LS with Valve
Control Only

LS with Valve
or EGHM
Control

EHA Single
Pump

EHA Dual
Pump

EHA
Centralized EMA

compact excavator 83 74 75 71 68 76
mid-size excavator 89.5 85.5 91.5 77 82.5 91.5

wheel loader 68 68 73 61 66 76
backhoe 73 72 80 72 73 86

telehandler 85 86.5 99 82.5 88.5 101.5
scissor lift 60.5 54 57 52.5 55 55.5
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For example, the purely valve-controlled LS concept and the EMA achieve mismatch
values that are much higher than the best value for most of the HDMMs. Normal reasoning
could lead to the explanation that the LS concept performs worse due to its low efficiency
despite its low costs per actuator. Furthermore, it could be reasoned that the EMA, vice
versa, performs worse due to the high component costs despite its high energy efficiency.
In order to validate if the evaluation algorithm conforms with these ideas, the other two
evaluation results with cost and with efficiency focus, respectively, are analyzed.

The investment-costs-focused evaluation results in Table 3 show that now the LS con-
cepts, especially the purely valve-controlled one, are performing better or even outperform
the EHA solutions for the backhoe and telehandler, which confirms the ideas in the last
paragraph—also by the fact that the EMA performs even worse now.

Table 3. Mismatch values for all 36 actuator-HDMM matches and weight matrix W =W0 ⋅Wcosts. The best values for each
HDMM type have been marked green.

LS with Valve
Control Only

LS with Valve
or EGHM
Control

EHA Single
Pump

EHA Dual
Pump

EHA
Centralized EMA

compact excavator 100 95 99 96 92 105
mid-size excavator 108 108 116 103 108 121

wheel loader 84 88 93 82 87 100
backhoe 91 94 108 101 100 120

telehandler 107.5 115 128.5 114.5 120 137
scissor lift 74 69.5 66.5 70.5 71.5 74

Furthermore, it is conspicuous that the scissor lift achieves mismatch values that are
very close together for each actuator concept. This indicates that this HDMM is more open
towards applying a novel actuator concept from a cost perspective compared to others.
In order to choose which concept to prefer for the scissor lift, another aspect must be
considered—e.g., the efficiency which is focused in the evaluation presented in Table 4:

Table 4. Mismatch values for all 36 actuator-HDMM matches and weight matrix W =W0 ⋅Wefficiency. The best values for
each HDMM type have been marked green.

LS with Valve
Control Only

LS with Valve
or EGHM
Control

EHA Single
Pump

EHA Dual
Pump

EHA
Centralized EMA

compact excavator 133 107 93 89 91 85
mid-size excavator 139.5 118.5 109.5 95 105.5 100.5

wheel loader 101 89 85 73 81 82
backhoe 106 93 92 84 88 92

telehandler 123 109.5 113 96.5 105.5 108.5
scissor lift 92.5 73 71 64.5 72 62.5

With an efficiency focus, the EMA is winning for the scissor lift and also the compact
excavator. In this point, the evaluation algorithm is also confirmed by the fact that a scissor
lift is, to the authors’ knowledge, the first commercially available, fully electric HDMM
that utilizes EMAs where previously hydraulic cylinders have been used [25]. For the other
HDMMs, the EMA concept performs better as well, but the dual-pump EHA still achieves
the best values. The valve-controlled LS concept achieves the worst values in this evalu-
ation which is again in line with the reasoning in the previous paragraph and confirms
the practicality of the match evaluation algorithm.
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6. Limitations of the Evaluation Concept

For the interpretation of the mismatch values that result from the evaluation algorithm,
it is important to consider that the evaluation concept is based on certain assumptions
and that this leads to a few limitations. Those limitations are explained in this section
alongside ways of how to address them.

An essential idea of the concept is that each HDMM can only be equipped with one
type of actuators. This might be reasonable since scaling effects apply when multiple similar
actuators are used and the costs generally decrease, but applying two different actuator
concepts on the same machine is still feasible. For example, valve-controlled centralized
actuators could be used for the auxiliary functions of an HDMM while the main actuators
utilize EHAs. However, the algorithm is also capable of covering this case by handling
the combination of two actuator concepts as an additional separate “actuator concept”.

Another assumption is the idea that generally all actuator concepts are compatible with
every HDMM. The problem aspects in the algorithm cannot indicate weather a combination
is feasible at all or not. A 400 t mining excavator, for example, can hardly be equipped with
EMAs that are available nowadays—Hagen et al. pointed out that the maximum continuous
power output of modern EMAs is in the range of a few kilo Watts [18]. Accordingly,
the algorithm should only be used for the evaluation of matches that are known to be
generally feasible.

A further step for improving the quality of the results is to include even more problem
aspects, which would increase the number of dimensions considered in the evaluation
process. However, this can only be beneficial if the weight factors for each aspect are chosen
wisely, so that no aspect obtains more influence on the evaluation results than it should.
A lot of potential lays in the fine tuning of the weight factors as well as the attribute
and characteristics vectors. It should be noticed that in this paper all evaluation parameters
have been rated by the authors only, with a few data points and mainly personal knowledge.
In order to increase the objectivity, multiple engineers should do the rating and validate
each other’s results if possible.

7. Conclusions

A novel algorithm that is capable of quickly and systematically evaluating the quali-
ties of a large set of potential matches between linear actuators and HDMM applications
was proposed in this paper. For each actuator-machine combination, a mismatch value
is calculated, which can indicate that an actuator concept is more suitable for a specific
HDMM than another concept that received a higher mismatch value—or vice versa, a spe-
cific HDMM is more compatible with a certain actuator concept than another HDMM
if it achieves a lower mismatch value. For the preparation of the evaluation, each actuator
concept and each HDMM of interest must simply be analysed concerning general problem
aspects that can possibly apply to an actuator-machine combination. This way, the eval-
uation concept is highly modular and allows to include additional actuator concepts or
HDMM types in the evaluation at a later point. This makes the algorithm especially useful
for less-experienced engineers who can apply the algorithm to new HDMMs without
having deep knowledge about the pre-analysed actuator concepts, but also experienced
engineers can utilize the algorithm to quickly analyse the influence of specific evaluation
parameters on different HDMM-actuator combinations for example.

For a demonstration, 36 matches between six different actuator concepts and six
HDMM types have been evaluated with different emphases: a general evaluation, com-
ponent costs, or energy-efficiency. The results of the evaluation algorithm are generally
in line with direct reasoning, which confirms the functionality of the algorithm. Findings
are that EHA concepts, especially with dual-pump design, perform especially well. How-
ever, conventional LS systems can rule for certain HDMM types as well and in general
if low component costs are focused. Furthermore, a potential for EMAs could be identified
if energy efficiency is focused and if the HDMM shows specific attributes, such as low
number of actuators or low power level.
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Moreover, remaining limitations of the concept were analyzed and confirmed the ini-
tial thought that this evaluation algorithm is only capable of pointing out main tendencies
in the compatibility between different actuator concepts and HDMM applications. The al-
gorithm is not intended to replace conventional requirement and condition management
as well as simulation studies for the detailed evaluation of a specific HDMM system con-
figuration. However, the algorithm can be a powerful tool for the first, easy and quick
evaluation of a large solution space of potential actuator-machine matches, and improving
its performance by involving more engineers in the parameter identification process should
be targeted for the future.
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