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Abstract: The next generation of electrified heavy-duty mobile machines (HDMMs) requires more
efficient hydraulic systems—to save energy and to compensate for the limited capacities of available
mobile electric energy sources. This study is experimentally demonstrating the functionality, dynamic
performance, and efficiency of such a more efficient but also cost-effective system. The demonstrator
is a conventional nine-tonne telehandler that has been transformed by replacing the diesel engine
with an electric machine (EM) and changing the boom function from valve to displacement control.
Since the system control and the resulting dynamics are not trivial, key aspects of it are explained
in the paper. With the functional system, achievable consumption reductions could be obtained by
measuring five different representative work cycles repeatedly and comparing the average consump-
tion values to the consumption of a purely valve-controlled but also electrified reference version. In
four of five cycles, an average reduction of 21-31% was achieved, which confirms the simulation
results from previous studies and the effectiveness of the concept. However, one cycle—characterized
by serial movements and longer breaks of the boom movement—showed a reduction of only 3%
and that the effectiveness of the concept can also be lower in certain cases that depend mainly on
the operator.

Keywords: displacement control; electrification; energy efficiency; heavy-duty mobile machines;
hydraulics

1. Introduction

A strong electrification trend is perceptible in the HDMM industry. The motivation is
to fight climate change and meet related regulations, but also to reduce noise emissions.
In this scope, energy efficiency gains significance since increased costs for more efficient
systems and components, on the one hand, can be compensated by reduced battery sizes
or increased operation times on the other hand. Furthermore, power-trains that are more
efficient can enable the electrification of larger HDMMs with high energy demands that
previously would have required batteries that would be simply too large, heavy, and ex-
pensive. Other evident benefits of increased efficiencies are the lower energy cost and
emissions during the lifetime of a machine.

Several concepts that can increase energy efficiency have already been proposed—mainly
by academia. Major approaches are independent metering [1], digital hydraulics [2],
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or pump control [3], which could all be further divided into sub-concepts. While inde-
pendent metering can only reduce the metering losses at the valves to a certain extent but
not entirely, most representatives of the other two concepts do so and can even enable
recuperation. However, these benefits come at high costs for high numbers of often spe-
cialized valves, for multi-chamber cylinders, or for multiple pumps and electric machines.
Consequently, the costs increase for each actuator on a machine that such a concept is
applied on.
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With high actuator numbers, high costs per actuator can lead to significantly increased
overall costs compared to conventional solutions, as shown in [4,5] for specific concepts.
Considering that a high number of actuators, of which some might have only small energy
turnovers, is very common for a majority of HDMMs, it is unlikely that the efficiency
advantage can compensate for those increased costs in most cases. Nevertheless, more
efficient but also more expensive concepts are still of value for the majority of HDMM:s if
they can be combined with conventional low-cost concepts in a modular manner, such as
those shown by the authors in their previous publications [5,6]. The idea is to invest in more
efficient actuation of the main functions of a machine—that have large energy turnovers
and ideally potential for recuperation—but to cut costs by keeping all other functions with
low-energy turnover actuated by conventional low-cost valves.

Pump control [3], especially displacement control, is a concept that is very suitable
for such an approach since it can be easily applied on only a few or a single actuator
of an HDMM without compromises—other than concepts that are based on common
subsystems for multiple actuators, such as common pressure rails. Furthermore, pump
control can be realized with already available standard components. The additional benefit
of displacement control as a subgroup of pump control is that the pump(s) for cylinder
control and the conventional pump for valve control can be driven by the same EM, which
reduces the component costs and installation volume.

The idea of displacement control has first been introduced by Rahmfeld and Ivan-
tysynova [7] but as a solution for all actuators on the machine, which was also driven by a
combustion engine and not an EM. However, later on, the same research group reported
promising consumption reductions of 40% measured on a compact excavator compared to
a conventional load sensing (LS) system [8]. Furthermore, they proposed a pump-switching
approach [9] for reducing the number of pumps but never a combination with actuators
that remain valve-controlled to reduce the component costs further. Overall, the type of
components, the related costs, and thus the economic feasibility has not been focused on in
publications on displacement control so far. Moreover, research on the combination with
electric prime movers for applications on electrified HDMMs has only started recently and
is still very sparse. One example is [10], where a simulation study comprises three excavator
functions that are controlled through digital variable-displacement pumps that are driven
by an EM. However, also in this study, only pure displacement control is considered.

In general, research on HDMMs that apply a combination of more efficient actuators
and conventional valve control is rare, and the combination is rather a side note. One case
that could be found by the authors is [11], where a pump-controlled function is combined
with two valve-controlled functions on a backhoe loader. However, the pump is speed
and not displacement controlled, the losses in the electric components are not considered,
and the process of choosing between the pump or valve control for each function, as well
as the cost implications, are not discussed. Similarly, displacement-controlled wheel-loader
boom and tilt cylinders are combined with a conventional LS pump for steering in [12],
but the combination is not further discussed, and the wheel loader utilizes a combustion
engine. Accordingly, there is a need to investigate such modular approaches—especially
displacement control in combination with valve control—more systematically for electrified
HDMMs with an efficiency, cost, as well as feasibility focus.

To fill this research gap, the authors started by presenting a simulation study of
a partially displacement- partially valve-controlled electrified telehandler with several
different variants in [5]. Considering the three main functions, boom movement, telescope,
and tool tilting, the variant with two extra pumps for the displacement control of boom
and telescope turned out to be the most efficient, followed closely by the variant with only
one extra pump for the boom. Furthermore, a cost analysis in the same paper showed
that—for the variant with only one extra pump—the higher costs for additional hydraulic
components could be compensated for by lower battery and energy costs within a very short
time in different scenarios. In a following simulation study by the authors [13], the same
concept was been applied to a wheel loader and an excavator as well to investigate the
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influence of the HDMM type on the effectiveness of the concept and on the choice of the
best modular configuration.

In the line of this research, the study in this paper, which is based on experiments with
the most cost-effective telehandler setup in [5], fulfills two major roles. First, it is supposed
to validate the simulated consumption reduction of the setup and demonstrate it in real life,
which strengthens the trust in the related simulation models and results in [5,13]. Secondly,
the experimental setup allows the analysis of the dynamic behavior of the system, which
has not been the focus of the simulation models. This allows the judging of the dynamic
performance of the concept and whether it can be accepted by operators. The value of
the obtained results can be regarded as especially high since standard components are
used that have been proven to be cost-effective in the cost analysis of [5], since realistic
and multiple cycles are considered, and since the whole drive train, including inverter
and EM losses, is considered. To the authors” knowledge, no comparable experimental
studies have been published so far. Furthermore, the experimental approach in this study
might involve certain artificial elements, as will be described in Section 2, but at the same
time, it demonstrates a technique of applying and testing a new power-train concept on an
existing HDMM without a major integration effort yet under realistic work conditions for
the implements.

The rest of the paper is structured as follows: After the experimental setting and the
hardware are explained, the displacement-control approach and its dynamic performance
are elaborated on, followed by a discussion of the implications and possible improvements.
The specific consumption evaluation method that is required for the energy analysis of the
setup is given in the following section before the final results of the consumption evaluation
are analyzed for the different test cycles. All findings—on dynamic performance as well as
energy consumption—are finally summarized in the concluding section.

2. Experimental Design and Hardware

The purpose of the experimental setup is to test the electrified telehandler with
displacement-controlled boom in terms of dynamic behavior as well as energy consumption
compared to a conventional, purely valve-controlled configuration. This section elabo-
rates on the experimental approach alongside the arguments for choosing it. Furthermore,
the utilized hardware and its key properties are presented.

2.1. Experimental Approaches in Literature

Similar to many engineering problems, the design of the experimental setup is sup-
posed to be as detailed as necessary yet as simple as possible. In this case, detailed refers to
being realistic and allowing the measure of conditions similar to those at the normal, aver-
age operation of the telehandler, and simple means that the time and component resources
remain reasonably low to be economically feasible. A look at the related literature provides
several experimental approaches that should be evaluated for this purpose. A very simple
way is to measure only the characteristic cylinder forces and speeds or pressures and flows,
respectively, and to simulate the power-train without installing new hardware, as was
performed in [11,13]. However, this technique does not provide reliable data on the loss
mechanisms and dynamic effects in the power-train and has more of a simulation than an
experimental character. Another group of experimental studies can be identified in which
the implemented hardware is limited to the power-train, including the cylinders, and the
load force is emulated by applying weights or force from load cylinders. Two examples of
this are [14], where static load conditions of a skidder are simulated by lifting and lowering
different weight plates, and in [15], another hydraulic cylinder is used to apply a load to
the tested cylinder, which the authors mention as a way of testing the performance in a
realistic duty cycle. Such an approach might be sufficient to evaluate the static efficiencies
of a single actuator, but realistic cycles with multiple mutually influencing actuators and
realistic inertia for dynamic investigations cannot be tested.
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In studies that focus on dynamic performance, very often a similar setup can be found
with only one cylinder that applies the power-train concept of interest that has a mechanical
load structure installed that involves realistic inertia and kinematic chains as on the real
HDMM. In [16], for example, the original stick mechanism of a backhoe is incorporated
into the test rig, and in [17], the full-size boom structure of a 16-tonne excavator is installed
on a stationary rig for testing the lift cylinder. Still, those test rigs involve only one actuator,
while the interest in this paper is on the interplay of multiple implement actuators.

The most realistic setups in all regards are those that integrate the power-train concept
of interest entirely into a whole, functional HDMM. In [12], for example, displacement
control is applied to a wheel loader that performs a truck loading cycle and is compared to
a second, conventional wheel loader. Similarly, a wheel loader is equipped with a more
efficient power-train in [18], and the same cycle is performed by two operators on the
improved and on a conventional version of the wheel loader to measure the achievable
consumption reduction. In both cases, the use of not one but two machines and even
two experienced operators in the latter case leads to high costs for testing, which would
further increase if more than just one cycle is supposed to be measured. The alternative
of using only one machine and testing the different setups—benchmark and concept of
interest—one after the other was applied in [19]; however, the change-over several months
for switching between the power-train concepts of the tested forwarder show the downside
of this approach in terms of the required time. Furthermore, it demonstrates the integration
effort for fitting a new power-train into an existing machine, which ultimately results in
high costs for the experiments.

2.2. Chosen Experimental Design for Rapid, Yet Realistic Testing

Looking at the last section and the variety of different experimental approaches for
testing novel cylinder drives, it becomes clear that the approach strongly depends on the
objective of the study. In this case, it is evaluating the dynamic behavior, which is why the
test setup should involve realistic inertia and control interfaces. Furthermore, the efficiency
or consumption of the whole implement system with all major actuators is of interest; thus,
boom, tilt, and telescope cylinders should be present in the setup connected by the real
kinematic chains. Accordingly, setting up a test rig for a single actuator as in [14-17], would
not be effective. Instead, an existing conventional nine-tonne telehandler has been chosen
as the test platform, which can be seen in Figure 1, to incorporate the original kinematic
chains, inertia, and control interface.

Figure 1. Views of the telehandler that was used for demonstration—Left: front view with the
electro-hydraulic rig visible in the back—Right: side view with a 2.5 t steel-plate load strapped onto
the forks.

However, full integration of two new power-trains—the displacement-controlled
concept of interest and a valve-controlled but electrified benchmark—into the telehandler
is avoided. Instead, a stationary approach is pursued with an external rig that contains
most of the added power-train components, as can be seen in Figure 2. This omits the
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effort of removing the non-required components—such as the combustion engine—and
integrating new components into the limited space of the conventional machine chassis,
which was not designed for this. Instead, only hydraulic and electric connections must be
rearranged. Furthermore, this cuts down the time for changing between the two tested
versions of the telehandler—electrified but purely valve-controlled benchmark and the
version with a displacement-controlled boom. The effect of the omitted integration on the
dynamic or energetic behavior is expected to be minor anyways.

\

Figure 2. Electro-hydraulic rig and hydraulic connections to the telehandler (1). Further compo-

nents/assemblies: 680 V Battery (2), inverter (3), motor (4), air-liquid cooling unit (5), hydraulic
pumps, and valve block (6), as well as four hydraulic accumulators (7).

The downside of the external-rig approach—compared to fully integrated approaches
asin [12,18,19]—is the loss of mobility and the unrealistically long hydraulic lines. The latter
can be regarded as a minor influence, but the loss of mobility has a major effect on the way
that work cycles can be measured. Work cycles that combine implement movements and
the driving function, such as loading earth with a bucket from a pile, cannot be directly
measured. Therefore, an alternative approach for simulating such cycles with steel-plate
loads and synthesizing loaded measurements and unloaded measurements is used and
will be described in Section 4. The performed cycles might thus be artificial to a certain
extent, but the authors are convinced that the characteristics that are important for the
consumption in such cycles can be captured with this approach as well. Furthermore, this
approach allows the measurement of a variety of different cycles with low effort, which
adds more information for the analysis of the system performance.

2.3. Electric Drive System

The purpose of the electric drive system is to power the hydraulic pumps and to
enable variable control of the rotational speed. For this purpose, a permanent-magnet
synchronous machine designed for 700 V heavy-duty applications [20] has been selected.
Its nominal power is 90 kW, which turned out to be slightly oversized for the cycles that
were performed in this study, especially considering its extensive overload capabilities.
The electric machine is powered and controlled by an inverter of the matching power
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class [20]. Its controller area network (CAN) interface allows the reading of current and
voltage values of the direct current (DC) bus with a sample time of 10 ms. These values
are used in this study to measure energy consumption. A comparison of this approach to
using a dedicated power analyzer was previously performed on another test bench and
showed sufficient accuracy of the CAN-based method for the purpose of cycle-consumption
analyses. The approach is further confirmed by [15], where the inverter is used to measure
the power consumption of an electro-hydraulic system as well.

Due to this method, the battery and the cooling system are not considered in the
power consumption, but nevertheless, they are crucial for the functionality of the test setup.
The nominal voltage of the battery is 680 V, and during the tests, it was held between 650
and 750 V. The battery is connected to the inverter via a power distribution unit, which
is also the interface to the onboard charger that is mounted on the rig. Furthermore,
a cooler chills down a water—glycol mixture that is pumped through the motor, inverter,
and onboard charger for cooling. The cooling lines in blue, the 700 V cables in orange,
and all other aforementioned components are shown in Figure 2.

2.4. Hydraulic System

In order to rate the energy consumption of the improved, displacement-controlled
concept, a conventional, purely valve-controlled setup has been built up first for perform-
ing reference consumption measurements. Following this, the telehandler and rig were
transformed into an improved setup, which was facilitated by the open design of the rig.
Both setups differ only in the design of the hydraulic systems, which are explained here.

2.4.1. Purely Valve-Controlled Reference Setup

The reference system is supposed to represent the state-of-the-art approach for electri-
fying HDMMs. The first electrified series machines on the market were launched only in the
last few years, and the number of models is still limited, but so far, all OEMs seem to stick
to the same hydraulic systems that were previously used on diesel-driven machines [21].
In particular, LS systems are most commonly used as they can adjust the pump pressure
and flow, which leads to higher efficiencies compared to open-center systems with constant
volume flow, for example.

Since an LS system was used on the original telehandler as well, all existing valves
were utilized for the reference setup. Counterbalance valves are used to handle overrunning
loads and to handle pipe ruptures safely. They are mounted right onto the cylinders—on the
piston side for the telescope as well as tilt cylinders and on both sides for the boom, which
has two parallel cylinders. The motion of all actuators is controlled by a multi-function
valve block with post-compensated control valves.

The significant difference from the original telehandler is the EM-driven and elec-
tronically controlled Rexroth A10VO [22,23] LS pump as a replacement for the original
diesel-driven pump with a fixed LS-control setting. Due to the longer hydraulic lines, the LS
margin had to be slightly increased compared to the original value in order to achieve
the same maximum actuator speeds and it is 23 bar now. The adjustment of the margin
was facilitated by the electronic control of the pump, which allows parameter changes via
software [22]. The software also realizes a pressure cut-off function at 270 bar and a flow
limitation of 150 L/min—both limits have been adopted from the original hydraulic system
of the telehandler.

Moreover, the electric prime mover enables a more variable speed control than com-
bustion engines, which is used to let the pump rotate with speeds that are as low as possible.
More precisely, the controller estimates the required pump flow from the measured joystick
control pressures and adds a small margin to take uncertainties and pump losses into
account. The flow value is then divided by the maximum pump displacement to obtain
the desired rotational speed for the EM control. Without any detected joystick deflection,
the EM reaches a standstill, and the starting speed at a minimum joystick deflection is
500 rpm, which assures sufficient lubrication of the friction interfaces inside the pump. This
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minimum-speed approach assures that the pump works most of the time close to its maxi-
mum displacement, which especially improves the volumetric efficiency. Previous tests of
this approach with the same test setup showed a reduction of the overall electro-hydraulic
system consumption in the range of 0-14% depending on the work cycle and compared to
a constant-nominal-speed approach. Moreover, the idling losses can be reduced to zero
with the variable speed control. Finally, it should be noted that this approach works espe-
cially well in this system because the control valves are post-compensated. Accordingly,
underestimating the required pump flow does not lead to a full stop of the actuator with
the highest load pressure as it would in a system with pre-compensated valves.

2.4.2. Pump-Controlled Boom for the Improved Setup

To obtain the actual setup of interest, the reference setup is improved by mounting
an additional closed-circuit pump to the drive shaft for the displacement control of the
boom function and, thus, for increased efficiency. The whole pump-motor assembly can be
seen in Figure 3 on the left side. Mounted right onto the EM, in blue, is the Rexroth A10VO
variable-displacement open-circuit pump [23] with 71 cm?® maximum displacement, which
is used for the LS supply and was the only pump mounted to the EM for the reference setup,
which was described in the previous section. Looking at the other added components in line
gives an idea of how much more installation space is needed right next to the implemented
EM of an HDMM that applies such a concept—an important aspect of system-integration
work. Next in line is the black Rexroth A10VG [24] variable-displacement closed-circuit
pump with 63 cm® maximum displacement.

Figure 3. Added hydraulic components—Left: (in the order from left to right) charge pump, closed-
circuit pump for boom control in black with valve block attached, and open-circuit LS pump in
blue—Right: load-holding valves for left boom cylinder, connected to rod and piston side via short
hoses (visible on the right side of the boom cylinder is the compensation cylinder, which is connected
to the tilt cylinder for parallel movement of the tool).

The third and final pump in the line is a small fixed-displacement gear pump with only
8 cm?. It is responsible for feeding back oil into the closed circuit that has been lost through
external leakage of the A10VG pump. It is sized to feedback the full external leakage
flow into the system even at the worst-case operation condition of the A10VG pump. Still,
the pump can be much smaller than charge pumps that are commonly used in close-circuit
drive applications—14.9 cm3® would be the standard size for a 63 cm® A10VG—since it
does not have to supply the control-valve flow for the pump. This is performed by the
low-pressure accumulator, which will be discussed in one of the following paragraphs.

Due to a careful selection and sizing of the pumps, the maximum operatiing conditions
of all three pumps match quite well, and they can each make the most of their power
potential. The maximum torque rating of the through-shaft in the standard A10VO pump,
for example, is just sufficient to operate the two other pumps at their maximum operating
pressures and displacements, which means that no extra power-split gearbox is required.
The maximum operating speed of the whole assembly is 3000 rpm in order to make use of
the maximum flow capability of the A10VG. However, the A10VO with a lower nominal
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operation speed of 2550 rpm can still tolerate this without cavitation since its maximum flow
is limited through the software, as described in Section 2.4.1. Furthermore, the minimum
operating speed limit is 500 rpm in this setup as well since all three pumps require this for
proper lubrication.

Next to the pump as the heart of the circuit, several auxiliary components are required
for the closed-circuit control of the boom cylinders, which can be seen in the schematics
that are depicted in Figure 4. The schematics are mainly characterized by the closed-circuit
design. Closed means that each cylinder port is directly connected to a pump port, and the
return flow is not passing a reservoir before it enters the pump again. This design was
chosen because it allows the handling of tilting loads without the high control effort and
risk of abrupt motion, which would apply to the pump control with open circuits [25,26].

Left Boom Cylinder Right Boom Cylinder

| |
| |
| |

Telescope Cylinder

Tilt Cylinder ::ZI
:::I 1 1 |—_--_---_____v-_---_—”I
I " I'_‘—_l,' I
1 1 ——— | Vai §1V4.2 |
Conventional Control- ; ; l
Valve Block | R tah AR |
[ :
N EES N P | ;2
Telehandler 1P SRR Avaa 1 5
> e e e e e e e | 5
-, ————————— ] r— Vi .
Rig VEB

|
Telehandler Tank

Figure 4. Hydraulic schematics of the improved system with displacement-controlled boom and
valve-controlled tilt, as well as telescope function; broken lines mark the two pump housings and the
valve manifold.

However, the closed circuit has its issues as well—especially when it comes to handling
the differential flow of the single-rod cylinders that are common for HDMMs. During ex-
tension, additional flow needs to enter the closed circuit, and during retraction, it needs
to leave it. In this setup, an accumulator is used as a passive solution for this. The pilot-
operated check valves V3.1 and V3.2 (see Figure 4) realize that it is always connected to the
low-pressure side of the circuit and not compromising the stiffness of the high-pressure side.
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Furthermore, special attention must be paid to the sizing of the accumulator in this
system. Its lowest pressure is reached at full extension and should still meet the 18 bar
minimum requirement of the pump control valve, which is supplied by the accumulator
as well. The highest pressure is reached when the 7 1 pendulum volume is fully charged
into the accumulator at full retraction. The original objective was to not exceed the 40 bar
maximum limit of the control valve, which would have ended up with a reasonably small
accumulator volume of 18 1. However, a total volume of 42 1—three 6 1 and one 24 1
accumulator, visible as number 7 in Figure 2—was used in the end in order to reduce the
maximum pressure to 25 bar. The specific reason will be given in Section 3.3.

The remaining auxiliary valves in Figure 4 fulfill the following functions: V1 limits the
pressure of the accumulator when it is fully charged, and the charge pump flow exceeds
the external leakage. V2 is normally closed to prevent the accumulator discharging the
external pump leakage during standstill; it is actively opened as soon as the EM starts
spinning. V4.1 and V4.2 with vented spring chambers are added since the relief valves in
the A10VG pump casing have low pressure acting in the spring chambers, which means
that the relief setting depends on the accumulator charge state and is not constant in this
setup. Those added valves are located in an extra manifold that is flanged directly onto
the A10VG and also accommodates V3.1 as well as V3.2. The original relief valves have
been deactivated. Finally, V5.1, V5.2, V5.3, and V5.4 are added to lock the cylinders at a
standstill. Otherwise, the pump leakage had to be actively compensated for in order to keep
the cylinders at a constant position under load. For this function, switching valves would
actually be sufficient, but due to better availability, proportional so-called eValves from
Rexroth [27] have been used. Advantages are additional degrees of freedom for smooth
control, and they fulfill the safety function of limiting the maximum lowering speed in the
event of a pipe rupture. For this reason, they are also mounted as close to the cylinder as
possible. As can be seen in Figure 3, short hoses still had to be used since there was no
interface for mounting them right onto the cylinders.

3. Displacement Control and Dynamic Performance

After presenting the hardware of the system in the previous section, this part focuses
on the displacement control of the boom cylinders, especially on the insights that were
obtained from applying it on a real machine and tuning it in order to achieve an operator-
friendly machine behavior.

3.1. General Control Approach

The basic idea of displacement-controlled cylinder movement—as it was first proposed
by Rahmfeld and Ivantysynova for combustion-engine-driven machines [7]—is that the
direct connection between the high-pressure pump and cylinder sides allows the control of
the cylinder speed by changing the pump displacement. As can be seen in the equation,
the cylinder speed v is proportional to the relative pump displacement « if the loss term
Qross, Which the control software estimates from lookup tables, is compensated for:

- Vimax - 7 — QLoss

0= " @

This relationship is used to transform the joystick command value of the operator,
which corresponds to a desired cylinder speed, into a desired relative displacement. For that
purpose, the high-pressure cylinder area A is detected by sensing both cylinder pressures,
as shown in Figure 4, and by reading the actual rotational speed n from the inverter
CAN message. The maximum pump displacement Vinax is constant, and the loss term is
estimated, as mentioned before. Moreover, a pressure cut-off function reduces the desired
displacement value gradually when the pump pressure rises close to the relief-valve setting
in order to reduce energy losses at those valves whenever the cylinder is blocked or at one
of the end stops.
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The pump displacement itself is controlled in a pure feed-forward manner by changing
the electric current of the coils at the pump-control valve, shown in Figure 4, according to
its characteristic curve in the data sheet [24]. The dynamics of the standard A10VG without
any extra damping orifice in the control lines showed to be sufficient in tests. The main
criteria has been to achieve shaking movements with the boom at a frequency as high as it
could be reached with the valve-controlled reference setup, which was possible.

Further, the improved system with a combination of valve- and displacement-controlled
actuators follows a minimum-speed approach for the EM control. This assures that the desired
cylinder speed can be achieved while the pumps are working with a displacement as high as
possible, which is more efficient. Nevertheless, due to the common shaft for the A10VO and
A10VG, one pump can also be forced to work at lower displacements if the other pump requires
a higher speed. Furthermore, it should be noted that the speed rising and falling rates have
been limited to 4000 rpm /s absolute. With higher rates, the joystick reacted too dynamically,
and any machine oscillation was amplified by the operator who is sitting on the machine and
holding the joystick simultaneously. For work cycles that required very precise movements,
the rate has been even lowered down to 2000 rpm/s absolute in order to add damping.

3.2. Actuation of Load Holding Valves

Passive load holding of pump-controlled cylinders has been the subject of several other
publications, such as [28,29], which is why the approach that was successfully used for the
experiments in this study and its performance are explained as well. As shown simplified
in Figure 4, pilot-operated proportional 2/2 directional valves—the eValves [27]—are used.
During standstill, the normally closed valves do not require any actuation, and during
cylinder movements, their coils can simply be fully energized to allow flow in the return
direction. The challenging part is the transition between the two states.

Closing the valves when at a standstill is rather simple as well. The valves need to
switch, and the pump needs to swivel back simply fast enough, which was the case in the
tests. Going from a standstill to movement, on the other hand, has the potential for jerks
because the volume in the lines between the pump and cylinder needs to be pressurized
first before the pump can control the movement.

For resistive movements, the check function of the load-holding eValves prevents any
jerks. The high-pressure side is the supply side of the cylinder, and the eValve on this side
is not energized at all. Thus the eValve can keep holding the load until the pump manages
to pressurize the oil volume in front of the valve and the movement starts. No problems
but a smooth and timely start of the movement could be seen with this approach during
the tests.

However, regenerative loads that require the A10VG to operate as a motor are more
challenging. In this case, the cylinder load needs to pressurize the line volume, and only the
valve can control the speed of this process. To prevent this from happening too fast, in the
form of a jerk, a rate limit is implemented in control for the opening signal of the valve.
With a rate limit of 1%/ms in combination with the natural valve dynamics, a jerkless,
yet fast response could be achieved. Furthermore, fine tuning of the Qs lookup table is
required to achieve a smooth starting point of the motion at which the pump must exactly
compensate for its own leakage and work as a pump until the desired cylinder flow exceeds
the leakage.

3.3. Mode Switching Issues

One major issue, which appeared during the first tests of the system and could—without
more extensive adaptations—only be handled by the compromise of drastically increasing
the accumulator volume, is mode switching during the lowering of the boom. An analysis
of this problem is given in this section.

As explained in Section 2.4.2, the accumulator must always be connected to the low-
pressure side of the circuit. Whenever the high-pressure side changes due to a change in
the cylinder force, the pilot-operated check valves also passively switch the side at which



Actuators 2023, 12, 50

11 of 21

the accumulator can exchange flow in both directions. This switch is unproblematic as
long as the amplitude of the force change is large and the force is not close to the switching
point—neither before nor after the change. An example of this is shown in Figure 5, where
the force changes significantly when the operator presses down the boom against a box in
front of the telehandler, and its front axis lifts slightly up into the air. The speed decreases
only slightly for a moment in which the pump flow needs to be adjusted, but the operator
could hardly notice any change in speed.

0.6

0.4

0.2

-0.2

-04fF

-0.6}

-0.8+

_1 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
time[g]

Figure 5. Acceptable speed behavior of displacement-controlled boom cylinders during mode
switching that is forced by changing from resistive lowering to pushing up the front axis of the
telehandler; 600 kN is the reference for the relative combined cylinder force F,o); y,, is the joystick
signal; and 150 mm/s is the reference for the relative cylinder speed v,

The behavior is, however, different if the load force is close to the switching point and
only a small change in load is able to initiate a mode switch. With the experimental setup
of this study, this is, unfortunately, the case when lowering the empty telehandler boom
with a fully retracted telescope. The load on the cylinders is so low in this case that the
switching point at the pilot-operated check valves can be reached simply by increasing the
lowering speed, which increases mechanical as well as fluid friction and lowers the load
force on the cylinders even further.

For a detailed explanation of the relevant effects and to understand how frequent mode
switching can be avoided, the simplified schematics in Figure 6 are presented, including
measured values for pressure and flow during the critical mode switching situation.

The flow directions that are indicated by blue arrows result from the direction of
cylinder movement—retraction in this case. Concerning the pressure, the only value in the
system that does not depend on speed and load is the accumulator pressure—25 bar—which
is defined by the charge state. Assuming that the system is currently in the regenerative
mode, V3.2 will be forced open, and flow is entering the accumulator coming from the
pump, which results in a slightly higher pressure of 28 bar at the right pump port. This
pressure drops down on the way from the right pump port to the rod-side cylinder chamber.
The resulting pressure depends on the amount of flow as well as the restrictions in the
line and at the holding valves—in this case, it is 26 bar. This pressure, together with the
load force and mechanical cylinder friction, defines the required piston-side pressure of the
cylinder, which needs to be only as high as 35 bar under the measured conditions. Finally,
the pressure at the left pump port and in front of V3.1 results from the pressure drop in the
line between the pump and the piston-side chamber of the cylinder. The measured drop
down to 28 bar is quite high. The consequence is that the pressures at both pump ports
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and in front of both V3 valves are close together and make the system unstable. Only small
changes in the cylinder speed, which influences the cylinder friction as well as the amounts
of flow and thus line losses, in the oil temperature, which influences the line losses as well,
or in the load force can lead the system from the regenerative mode with V3.2 open to the
restive mode with V3.1 open or vice versa, respectively.

1/min
<
S~
T
S~
T
—>
32 I/min

28 bar_,ﬂ(}/_T_Q_, 28 bar
V3.2 25 bar

1 S~

N

> —>
22 1/min

Figure 6. Critical load and speed condition while lowering the empty boom at which small changes
in cylinder load or speed result in mode switching (ca. 30% of maximum lowering speed and 28 °C
oil temperature); the two parallel cylinders are simplified as one cylinder, and the values are obtained
from measurements.

The problem is that such small changes can frequently appear during normal opera-
tion of the boom—-specifically during empty lowering—and the result is cylinder speed
oscillations with amplitudes in the range of 7 mm /s, which is hardly manageable by the
operator. As a workaround for the experiments in this study, the maximum accumulator
pressure has been reduced from initially 40 bar—at which the issues would appear at even
lower speeds and also higher loads—to 25 bar by increasing the accumulator volume from
18 to 42 1; furthermore, all measurements without load were performed with preheated oil
at a temperature between 50 and 60 °C, which reduced the line losses and could prevent
the mode switching oscillations.

3.4. Discussion of Control Performance and Possible Improvements

As explained in the previous sections, the final control behavior of the displacement-
controlled test setup was satisfactory; however, there are aspects that should be discussed
with reference to a broader, potentially commercial and economic application of this concept.
Along with this discussion, proposals for further improvement are introduced.

First of all, it should be mentioned that the evaluation of the control performance in
this setup is strongly linked to the fact that the telehandler is operated by a human. On the
one hand, this puts more stress on a smooth, continuous, and predictable transfer behavior
from the input signal to cylinder movement. On the other hand, the dynamic requirements
are lower compared to automated operations with closed-loop controllers. To achieve stable
performance in the latter case, further measures, e.g., for higher stiffness, might be required.
However, at least for human-operated mobile applications, as in this setup, the experiments
confirmed Ivantysynova’s statement in [30] that pump control can achieve comparable
control bandwidths to valve control—even without using a displacement feedback signal.
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Concerning the relatively simple minimum-speed control approach for the EM, more
sophisticated options could be applied that take, for example, efficiency maps of the EM
into account and can lead to extra savings, as shown in [10]. The amount of extra savings
depends on the cycle and can be assumed to be rather small, which is why the authors
stuck to the minimum-speed concept. Still, such improvements should be considered for
potential commercial applications of the concept since they do not necessarily need extra
hardware, only software development effort.

A potential for simplification can be found in the design of the load-holding valves.
As explained in Section 3.2, the proportional control of the eValves is only used in one
load quadrant for an opening rate limit. If such a rate limit can be achieved with an on-off
version of the eValve, the component costs could be reduced. Another solution for using
on-off valves would be a pressure control of the pump during the valve transitions, as pro-
posed in [28], which could also improve the response time even further. This should be
considered for further improvements. Nevertheless, according to the experienced operator,
the performance of the experimental setup as it is—even with the large compression volume
caused by the long hydraulic lines—was already fully satisfactory for achieving a smooth
yet dynamic start and stop of the boom motion and for performing the work cycles in
this study.

A final discussion point for the control behavior is the mode switching issue, which
has been fixed in the experimental setup only by drastically increasing the accumulator
volume. If a new machine was designed, the following more fundamental and acceptable
measures—which are derived from the analysis in Section 3.3—could be taken to avoid
mode-switching issues of this kind:

*  Shifting the switching point outside of the normal operation conditions
—  Increase in load pressure

+  Change in kinematics
+  Smaller cylinders

- Reduction in maximum low pressure

+  Larger accumulator (performed in this study but not desirable)

+  Smaller cylinders and thus reduced pendulum volume

+  Pump-control-valve supply from high pressure and thus reduction in mini-
mum low pressure

+  Alternatives to the conventional bladder-type accumulator (see suggestions
in [31], for example)

- Reduction in pressure drops in lines (at maximum speed, the current setup
showed pressure drops of up to 15 bar between the piston sides of the cylinders
and the pump)

+  Larger lines, fittings, ports, and valves
+  Smaller cylinders and thus lower line flows

. Reduction in oscillation risk

—  Actively controlled valves to replace V3.1 and V3.2 (see [32], for example) for
applying switching hysteresis

—  Pressure sensors next to V3.1 and V3.2 to detect switching point instead of cylin-
der pressures

The main take away from this list is that smaller cylinders offer a high potential for
reducing control and sizing issues in pump-control circuits as well as for reducing parasitic
line losses. The resulting higher pressures could also be tolerated to a certain extent by
standard A10VG units, which tolerate up to 300 bar constantly—30 bar more than the
current maximum pressure limit that was adopted from the original telehandler setup.
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4. Method of Comparing Cycle Consumption

As mentioned before, the stationary character of the test setup does not allow the
measure of real work cycles, which usually involve driving and dumping loads. In order
to measure cycles that are still realistic, a method is used that mimics the loading cycles
that are of interest. First, each cycle is separated into two halves—one with a loaded
boom and one without a load, which is feasible for most loading cycles. For measuring
the half with a load, steel plates are strapped onto the telehandler forks, and an operator
performs the movement as if they had, for example, a bucket full of earth. For the second
half, measurements with an empty fork are performed, and the operator performs the
movement as if they had just unloaded or dumped their load and wants to return to the
loading or digging position.

The challenge is to combine the measurements of those two measured halves in order
to obtain a consumption value for the full cycle that can be compared to the consumption
of another setup. Especially challenging is the fact that the control valves are actuated by a
hydraulic joystick and not by solenoids, which would allow the automation of the cycle
movements. Instead, an experienced human operator was performing the tests, who could
not follow the exact same trajectories each time but caused a certain vagueness. For that
reason, each cycle half was measured ten times, and the average consumption values were
formed according to the following equations.

The basis for the consumption analysis is the electric input power of the system.
As explained in Section 2, the inverter is considered the system boundary, and its power
can be measured indirectly through DC current I and voltage U. Furthermore, a difference
is made between positive and negative power. Positive inverter power Py is required to
drive the system and obtained with Equation (2). Negative inverter power Pp,,_, on the
other hand, is available for charging the battery and calculated according to Equation (3).

u-1, ifd-1>0
Pyt = (2)
0, otherwise

iu-1), ifu-1<o
Py = (3)
0, otherwise

Through integration, the amount of energy can be obtained that is required for driving
the inverter (Equation (4)) during a specific measurement interval defined by the start and
end times, ty and #;—in this specific case; one interval is a cycle half, as described above:

ty
Efnv+ = Py dt 4)
t=ty
The same is performed to obtain the amount of energy that can be charged back into
the battery during the measured cycle half:

t1
Epy- = Py dt &)
t=ty
As mentioned above, the trajectories and, thus, the performed work can vary between
the measurements of the same cycle due to the human operator. For that reason, the output
power of the system is also calculated in order to obtain a reference for the performed work
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in each cycle. For each considered actuator i, the mechanical cylinder output power—not
considering cylinder friction—is calculated as follows:

vi - (pai- Ani—PB,i- ABi), fvi- (pai-Ani— pB,i- Ap;) >0
Pactri = (6)
0, otherwise

In this equation, v; is the actuator speed obtained as the derivative of the position
signal from a cable-extension sensor; pa and Ay are the pressure and effective area of the
piston-side cylinder chamber, while pg and Ap correspond to the rod side.

Further, the input power at each actuator, which can potentially be used for recupera-
tion, is quantified in a similar manner:

|0 - (pa,i - Aai — pB,i- ABi)l, if ;- (pai-Aa;i—pB,i-Api) <0
PActf,i = @)
0, otherwise

Taking into account the three actuators for boom, telescope, and tilt, the amounts
of output energy Ejmpl. and negative implement energy Ejyp)-— are calculated for each
cycle half:

f 3

EImpl+ :/ ZPACt+,i dt (8)
t=ty i
tp 3

Eimpl- = [, 3 Pacs d ©)
1=

In the next step, all those energy amounts are used to calculate the relative consump-
tion cpaf of each measured cycle half in the following way:

EInv+ — EInvf

T TE (10)
Elmpl+ + EImpl—

Chalf =

To obtain a more trustful result, an average relative consumption ¢pf is calculated
from the N-time repetition of each cycle-half measurement:

N

Chalf,j
Chalf = ) ;]] (1)
=1

Following is an absolute consumption value for the whole cycle obtained by trans-
forming the different ¢y, values of each cycle into absolute values again by multiplying
each with a reference value Ep,jtaRef OF Enalfret, respectively. These reference values are
the same for both setups and refer to the average value—formed from all repeated mea-
surements of the reference setup—of the term Epppiy + Epmpr—, which was also used to
form the relative consumption out of the absolute consumption in Equation (10). This way,
an absolute average consumption for a full cycle can be obtained:

Ccycle = Chalf,A * EnalfARef 1 Chalf,B * EnalfBRef (12)

Calculating this value from the measurements with the purely valve-controlled ref-
erence setup (Ccycle,valve) and for the measurements with the partially displacement-
controlled setup (Ccycle,Dpic1) allows for the definition of the consumption reduction
for the specific cycle:

CCycle,Valve - CCycle,DplCtrl

Reyae = (13)
yele CCycle,Valve
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This approach can be justified by looking at Figure 7, which depicts the obtained
Eimpi+ and Ejyp)— values for the two halves of an exemplary cycle and for both the purely
valve-controlled reference as well as the improved, partially displacement-controlled setup.
Up to two out of ten repeated measurements are neglected for each setup if the values
differ significantly from the rest, as demonstrated in the plot. Accordingly, the sample size,
N, in Equation (11) is 8, 9, or 10. The compactness of the remaining point clouds shows
the similar, cycle-specific characters of the measurements, which is the basis for comparing

them fairly.
5 loaded half 4 unloaded half
x 10 x 10
3r 6r
X Reference Setup x&
55l X Improved Setup sl Y %
X
2 4t X) |
= = X 7
ELLS — Exs —
m u n m X
1 2t
0.5f Xx Ir
’ &(),(“‘ X Reference Setup
X X Improved Setup
0 . - . . . ! 0 . - - > . !
0 0.5 1 1.5 2 2.5 3 0 1 2 3 4 5 6
5 4
EImpl+ 1 x10 Elmpl+ 1 x10

Figure 7. Plot of implemented energies according to Equations (8) and (9) for an exemplary loading
cycle (for details about the cycle, see “truck loading with simultaneous movement” in Section 5); not
considered outliers are marked in pink.

Moreover, standard deviations are also calculated for each ¢y, value according to:

1 N
Sehalf = 1| — * 3 (Chalf,j — Chalf) (14)
N-1'&

This value visualizes how much the relative consumption can—according to the
measurements and assuming a Gaussian distribution—differ from the average value that
is used for the calculations in this paper. Furthermore, this deviation is propagated in
order to estimate how much the consumption reduction can differ from the average value
Rcyce—for example, if an operator always performs a more efficient trajectory with the
reference setup but a very inefficient trajectory with the improved setup for the same
work cycle or task, respectively. In order to achieve the deviation of the reduction, first,
the deviation of the absolute consumption Ccyje is calculated:

SC,Cycle = SchalfA - EnalfARef + Sc halfB - EhalfBRef (15)

Finally, the deviation of the reduction is

SC,Cycle,DplCtrl + CCycle,DplCtrl . SC,Cycle,Valve

S R.Cycle — (16)

2
CCycle,Valve CCycle,Valve

5. Measured Cycles and Discussion of Their Consumption

Because HDMMs can be used in very versatile ways—even two telehandlers of the
same model can work very differently depending on the environment, task, and operator—it
is important to evaluate the efficiency improvement of a new concept for a range of
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different work cycles that cover most of the common application cases [13]. Therefore,
the table in Figure 8 shows the consumption reductions and their deviations according
to Equations (13) and (16) for five different cycle types that were measured and will be
analyzed in the following before the implications are discussed. For all cycles, it should be
noted that the maximum extension speed of the displacement-controlled boom cylinders
was limited by software to the same value that could be achieved with the valve-controlled
cylinders in order to achieve similar conditions for both setups. From the hardware side,
the displacement-controlled circuit could actually reach the same absolute speed during
extension as for retraction.

> a
R '\ L1 [Ny —J\\
A Zx o) o)

Cycle Pile Work Truck Loading | Truck Loading | Pallet Lifting — | Empty Lifting —

(serial (simultaneous Empty Pallet Lowering
movements) movements) Lowering

c ,
Re%lfclirigﬂn[i?:] 2 1(:{:10) 3(i6) 29@4) 23@4) 3 1(¢5)

(compared to pure valve
control)

Figure 8. Consumption reduction of the partially displacement-controlled setup and its deviation,
compared to the purely valve-controlled but also electrified reference setup and for the five considered
cycle types (see Equations (13) and (16)).

5.1. Pile Work Cycle

In the measurements for this cycle, a full bucket of earth or any other pile material
was simulated by steel plates with a total mass of 2.5 t that was strapped onto the forks, as
shown in Figure 1 on the right. The cylinder movements mimic lifting the bucket out of the
pile, moving the bucket down to a low drive position, and then lifting it up while tilting
the bucket open above another imaginary pile. For the second half, the empty boom was
moved as if the bucket was closed again and moved back down to the driving/loading
position—no telescope movement was performed. This work pattern is common for
telehandlers that work on construction sites or farms.

The relatively high average consumption reduction of 21% is not surprising since the
boom movement makes up a major part of the total cycle time. However, the boom is only
lowered without load, and the recuperation potential is low. This can also be seen by the
fact that the inverter did not show any negative power during the cycle. The low amount
of potential energy or kinematic energy of the rotational components was entirely absorbed
by the accumulator or by losses in the system.

The reduction deviation of £10% is quite high, which is caused by the vagueness in the
cycle repetitions, as described in Section 4. However, it shows how the achievable reduction
does not only depend on the hardware itself but also on how effective or ineffective the
operator is controlling it in order to perform a certain work task.

5.2. Truck Loading Cycle

The load for the truck loading cycles was a 2.5 t mass as well. For the serial version,
the movement is a series of lifting the boom out of the imaginary pile and then moving
it in only tilt and telescope ways in order to unload the bucket at a constant bucket-tip
height above the imaginary truck, which was marked by a rope between two piles in front
of the telehandler. The empty movement was performed in reverse order. After measuring
this version of the cycle, the low consumption reduction of only 3% on average surprised
the authors, and a second version with more parallel movements was measured. In this
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version, the telescope starts moving while the boom is still lifting, and the operator also
keeps lifting the boom slightly while the imaginary bucket is tilted.

The second cycle version led to a much higher average consumption reduction of 29%,
which can be explained by different effects. First, the low consumption in the serial version
is likely to be caused by the relatively long time—approximately 60% of the cycle—at
which the boom is not moving at all. During this time, the efficiency of the system could
not be improved since only the boom function was improved, which did not cause any
losses in the reference setup during its standstill. Instead, the additional two pumps for
the boom add idling losses since they are attached to the moving LS pump. Secondly,
the improvement due to an individual extra pump for the boom is more significant when
the boom and other actuators are moving simultaneously since the reference system has
higher losses at the pressure compensators in this case. In the improved system, those are
entirely eliminated for the boom and reduced for the other two implement functions.

Furthermore, a productivity improvement can be perceived with the improved setup
and parallel movements. The two measured cycle halves were, on average, 25% shorter with
the improved setup. The reason is that the LS-pump flow was frequently saturated in the
reference setup, which does not happen with the additional pump in the improved setup.

All in all, the comparison between the two cycle versions shows very well that the
added value of a system improvement in terms of efficiency and productivity can, for certain
work tasks, strongly depend on the operator.

5.3. Pallet Handling Cycles

The final two cycles in Figure 8 were both measured with a steel-plate load of 1 t on
the forks, which is supposed to simulate a pallet being handled. In the first version, lifting
the pallet to a high position, for example, a high shelf, and dropping it there is mimicked;
the second half includes the empty lowering of the boom back to the position for picking
up a new pallet. This movement involves a complete telescope extension but also a lot of
boom movement. However, the recuperation potential is still rather low due to the empty
forks during lowering. Accordingly, the savings of 23%—very similar to the pile-work
cycle—are not surprising.

The second version, on the other hand, represents a cycle class with more recuperation
potential due to an empty boom lifting and loaded lowering. The imaginary work environ-
ment in this cycle remains the same, but now, approaching the high position without load
and picking up a pallet in order to lower it is simulated. The measurements of this cycle are
also the only ones that show significant energy flows from the inverter back to the battery.
The average consumption reduction of 31%—the highest value among all cycles—is well in
line with this evident recuperation process taking place.

Cycles similar to those two pallet cycles might not be typical for the majority of telehan-
dlers in the field. Nevertheless, the results show the potential of the displacement-control
approach in terms of energy recuperation and what can be achieved if those cycles belong
to the typical work-cycle mix of a telehandler or similar HDMM in a specific environment.

5.4. Discussion in Comparison to Related Studies

Now that the experimental results have been presented, it is of interest to put them
in relation to the results that could be obtained in related studies and to see what new
information could be gained. A special feature of the consumption measurements in
this paper is that multiple different cycles have been tested under the same conditions,
while most other experimental studies focus on one cycle only, as in [8,12,18], for example.
Comparing the different cycles shows that the type of cycle, as well as the trajectory, and
thus the operator behavior can have a significant impact on the consumption reduction that
can be achieved with an improved concept—an effect that has already been stressed by the
authors in their simulation-based studies [5,6,13]. This knowledge should be considered in
future studies since it means that looking at only one cycle for a performance evaluation can
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lead to a very limited, over- or underestimated picture of the actual average performance of
a concept—at least for HDMMs that are likely to perform a variety of different work cycles.

Accordingly, comparing the absolute numbers for the consumption reductions in this
paper to those of other studies that were performed under different conditions, with differ-
ent cycles or even different machine type can be misleading and should be done carefully.
Since there is no other consumption study known to the authors that dealt with a pump-
controlled telehandler, not to say an electrified pump-controlled telehandler, the reduction
values in the range of 21-31% for four out of the five cycles are only roughly compared to
other experimental studies that handled displacement-controlled HDMMs as well. Com-
pared to fuel consumption reductions that could be achieved for loading cycles with
displacement-controlled wheel loaders, specifically, 10% in [12] and 10-15% in [18], the re-
ductions in this study appear high. A trivial reason is that the driving consumption was
considered in the balance of the two other studies as well, but also the effect that electrifica-
tion and pump-speed control reduce the idling losses in displacement-controlled systems
might have an influence. Much higher fuel savings of 40% were achieved in [8] with
displacement control on an excavator. However, all excavator functions were displacement-
controlled, while in this study, only the telehandler boom is, and [13] already showed that
conventional excavators tend to show higher potentials for loss reductions than loaders do.

However, more valuable than the limited comparison to other studies with different
setups is putting the experimental results in relation to the two preceding simulation stud-
ies [5,13] that considered the same telehandler and hydraulic setups. In [5], the concept was
already simulated with the telehandler and artificial work cycles. Of course, the cycles were
not exactly the same cycles that were measured in this study, but the general work tasks
were similar, which allows for the comparison of the simulated reductions with the mea-
sured values of three cycles. For the pallet cycles that are called Bl and B2 in [5], values that
are 5% and 8% higher were simulated. This can be explained by the fact that the artificial
cycles involved more simultaneous movements with higher speeds, which is in favor of the
improved system, as aforementioned. This is confirmed by the simulated value for truck
loading (cycle A in [5]), which is even 1% lower than the measured value for the second
version of this cycle in this paper, which also had a focus on simultaneous movements.

The simulation study [13], on the other hand, was based on measured work cycle
trajectories and loads—only the electro-hydraulic system was simulated. Cycle I in [13]
corresponds to a mixture of the two pallet cycles in this study, and a reduction of 17% was
simulated, which is lower than the measured values for both cycles. Furthermore, Cycle 111
in [13] is a truck loading cycle and probably somewhere in between the two versions that
were measured in this study; its simulated reduction is also in between, with a value of 21%.
The slightly lower simulated reduction values with the realistic, measured cycles show that
it is unlikely that the electro-hydraulic simulation model contains any inaccuracies in favor
of the improved system and more optimal results.

Accordingly, the experimental results show that the simulation studies did not over-
estimate the efficiency improvements of the partially displacement-controlled concept
significantly. This means that also the related findings in [5,13] are plausible. Specifically,
the cost effectiveness of the concept, which was derived from the simulation results in [5],
is of high interest in this regard.

6. Conclusions

This paper presented an experimental study in which displacement control for im-
proved efficiency is combined with valve control for cost reductions to move the implements
of an electrified telehandler. Such an approach can be the key to technologically, as well
as financially, enable the electrification of a wide range of HDMMs, and the experimental
proof of this concept contributes to this goal. The paper demonstrates—visually—how the
concept can be realized with conventional mobile electric as well as hydraulic components
that enable a reasonably short payback time, as shown in a previous cost analysis [5].
Furthermore, the evaluation of the measured consumption reduction validates the simu-
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lation studies that are the basis of the said cost analysis as well as the statements in [13].
Moreover, the consumption analysis points out the efficiency influence of the work cycle
type as well as the operator and the chosen trajectory for fulfilling a cycle—an aspect that
is often neglected in other studies. Next to the consumption, the study focused on the
dynamic performance of the displacement-controlled boom cylinder in combination with a
variable-speed electric prime mover. The dynamics of the conventional pump, as well as
the load-holding valves, were accepted by the operator right from the beginning, but mode
switching turned out to be problematic. A workaround with an increased accumulator
volume allowed the proving of the control behavior of the improved telehandler to be
fully satisfactory for the operator anyways. Still, realizing solutions that enable smaller
accumulator volumes, of which several have already been proposed in this paper, should
be the focus of further studies on this subject.
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