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Abstract

With the recent electrification trend in the fluid power area, more research
has been incentivized to propose cost-effective and energy-efficient solutions
for hydraulic systems. Hence, electro-hydraulic actuator (EHA) architectures
receive increasing attention. The paper proposes a novel open-circuit EHA
architecture, with the goal to obtain a cost-effective solution for mobile
applications while maximizing the overall system efficiency. The proposed
EHA is capable of meeting or exceeding traditional off-road machine per-
formance, therefore enabling further electrification of off-road machines.
Four-quadrant functionality, covering the full speed range, is achieved by
a combination of a variable electro-hydraulic drive and valves with differ-
ent functions. Focusing on the steady-state performance, the functionality
is validated by numerical as well as experimental methods. A simulation
model based on the Amesim environment and a dedicated test setup was
developed to verify the performance. The good match between simulation
and experimental results confirms the potential of the formulation approach
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of the proposed EHA for applications with different duty cycles and power
levels.

Keywords: Electro-hydraulic actuator, open circuit, 4-quadrant
functionality.

1 Introduction

For decades, fluid power systems serve in a wide spread of industries. How-
ever, the low-efficiency of current state-of-the-art hydraulic drives, which can
be low as 22% on average, incentivizes research on hybrid systems with the
trend of electrification [1, 2]. The market’s increasing interest and require-
ments towards a kind of cost-effective, energy-efficient, industrial solution
turn the spotlight on EHAs. Individualization of fluid power systems has a
significant, positive impact on energy efficiency, but brings up the conflict
between costs and flexibility [3]. The capability of avoiding throttling losses
and energy recovery are merits of the EHA in terms of energy efficiency,
including rotary and linear motion control as applications [4]. Moreover,
with the fast urbanization in global areas nowadays, the regulation on exhaust
emissions makes the EHA a popular alternative to diesel-driven machines [5].

With the advantages of compactness, in recent years, efforts have been
made to apply the EHA architectures in some low power-level applications,
such as aerospace, mobile applications, and small size robots. Driving by the
goal of ‘a more electric aircraft’, the EHA has been utilized in the primary
flight control of the F-18 system and the Airbus A340 [6, 7], the active
vibration isolation on rotorcraft [8], and the motion control of seats in the
first-class [9]. The high-power density of the EHAs attracts the attention of
robotics for efficient and compliant actuation [10]. An existing example is
assisting amputees with powered ankle prosthesis [11]. For mobile appli-
cations, the potentially recoverable energy in one duty cycle is high [12].
The EHA can recuperate this recoverable energy and store it in batteries and
hydraulic accumulators [13]. An energy analysis has been conducted on an
electro-hydraulic steering system for buses [14]. Parker Hannifin has pro-
posed a compact EHA product using gear pumps under the size of 0.53 cc/rec,
featuring high power density with lightweight [15, 16]. Another study utilizes
a high-speed electric unit and a gearbox to increase the power density for the
implementation of the EHA on mobile applications [17]. Nevertheless, other
than the range of applications, the power levels of EHAs are rather limited
as shown in the previous examples, and EHAs have failed to penetrate the
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markets of heavy-duty mobile machines. For this reason, the self-locking
capability of EHAs and power levels scalable up to 80kW have been studied
for future applications [18, 19]. The goal to apply EHAs on commercial
hydraulic machines also drives the research on energy-saving performance.
Studies show that energy consumption can be reduced by 75% based on a typ-
ical excavator boom working cycle [20], and the energy recovery efficiency
can reach up to 45% with an accumulator-motor-generator system [21].

The main challenge to implement the current EHA solutions on mobile
applications is the high cost of the electrified system. The cost of the
EHAs is mostly determined by the electro-hydraulic units (EHU). There-
fore, the classification of EHA has been studied in detail with regard to
different types of EHUs [22], comprising a variable-speed electric motor
and a fixed-displacement pump solution (VMFP), or a constant-speed motor
and a variable-displacement pump solution (CMVP). Comparing these two
configurations for the EH drives, a study on the injection molding machine
shows that VMFPs win in terms of cost and energy efficiency [23]. For this
reason, the EHA solution proposed in this paper adopts the VMFP as the
EHU.

However, using the fixed-displacement pump, one of the most signifi-
cant technical challenges for the EHAs is the speed limit of the hydraulic
unit [24], which prohibits proper low-speed actuation. Moreover, the use of
accumulators in most closed-circuit EHA architectures increases the costs
and makes it harder to achieve the self-sustainability of the system over
the whole lifetime. Addressing such challenges, a novel EHA with open-
circuit architecture is proposed in the paper, introducing the bypass valve
to the circuit for the speed control. Comparing to existing EHA solutions, the
proposed architecture addresses the following challenges:

• The proposed architecture utilized the VMFP as the EHU, making the
system a cost-effective EHA solution.

• The proposed EHA covers the full speed range of the actuation (0-
max) in four quadrants, by using a speed controlled fixed-displacement
hydraulic unit.

• The proposed solution permits us to reach actuation faster than that
allowed by the hydraulic unit itself. Therefore, the sizing of the EHU
in the system has more flexibility. As a result, it avoids oversizing the
EHU and decreases the overall cost.

The paper is structured in the following order: Section 2 describes the
system configuration of the proposed EHA. Section 3 demonstrates the
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development of the simulation model and the results. Section 4 shows the
experimental setup and measurements to verify the functionality of the pro-
posed system. Finally, Section 5 concludes the work in the paper and gives
the outlook for future work.

2 System Configuration

2.1 Hydraulic Circuit

The definition of the open or closed circuit is determined by the way the
pump is used. In a closed circuit, both sides of the actuator directly connect
to the pump, of which the high-pressure port is not pre-defined but switching.
On the other hand, if the pump only operates with high pressure on one
side and is directly connected to a low-pressure reservoir on the other side,
the circuit is open [25]. The proposed open-circuit system configuration is
given in Figure 1. The EH drive consists of a fixed-displacement pump
(HP) and a variable-speed electric motor (EM). Although the HP operates
only in two quadrants in terms of pressure and speed, a 4/3 directional
valve (DV) guarantees the 4-quadrant functionality of the actuator, which
is a single-rod double-acting cylinder (CYL) in this study. Two relief valves
(RV1, RV2) are instrumented on both sides of CYL to avoid damage due to
over-pressurization. The combination of check valves (CV1, CV2) addresses
the cavitation issues, which may appear when high flow is needed from
a reservoir during an assistive operation. A 2/2 proportional valve works
as a bypass (BPV) parallel to the CYL. Slow or fast actuation exceeding
the pump’s speed range is possible with the help of BPV. A filter (FL) in
combination with a check valve (CV3) is present for maintenance.

2.2 Functionality in Four Quadrants

In terms of actuation velocity and applied load from the user interface, all
working modes can be summarized in one 4-quadrant map, as shown in
Figure 2. The x-axis represents the load (F ) applied on CYL, while the y-
axis shows the actuation velocity (ẋ). When the direction of ẋ is opposite
towards the direction of F , which is given in the first and third quadrants, the
system works in resistive modes. Vice versa, modes in the second and fourth
quadrants are assistive, in which case HP and EM work to regenerate energy.
Red/blue lines highlight high/low pressure in the circuit. Arrows along the
circuit lines mark the direction of the flow in every working mode.
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Figure 1 Configuration of the proposed system.

In each quadrant, sub-modes are further defined separately to classify
different working scenarios. Under the first sub-modes (1.1–4.1), the EHA
is a pump-controlled system within the speed range of HP. The actuation
velocity is only dependent on the commanded pump speed (ncom). BPV is
always closed in the first sub-modes. High efficiencies are expected in the
scenario, as throttling losses are avoided as much as possible, and stored
energy can be reused during assistive operation. CV3 blocks the connection
between tank and DV in assistive phases. As the pressure-drop across DV
is still way above 1bar when it is fully open, CV1 and CV2 with better
‘pressure drop-flow rate’ characteristics can lower the possibility of cavitation
in assistive cases (2.1,4.1).

The second sub-modes (1.2,2.2,3.2,4.2) represent the low-speed actuation
case. Because of the relatively high low-speed limit of HP, BPV is introduced,
in order to allow the low-speed actuation of CYL. In resistive phases (1.2,3.2),
HP is set to the minimum speed (nmin), and BPV is opened to let some flow
pass parallel to CYL and go back to the reservoir. By controlling the open
area of BPV, the flow rate can be controlled accurately at a certain pressure
difference, and therefore enables control of the actuation velocity. On the
other hand, in low-speed assistive phases (2.2,4.2), the speed of HP is set
to zero and only the opening of BPV determines the velocity of CYL. This
mode cannot achieve energy recuperation.

Due to the differential area of the single-rod CYL, the working modes are
not structured symmetrically. With the same working principle, sub-mode 2.2
needs flow from the reservoir, while in sub-mode 4.2, extra flow is returned
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Figure 2 Functionality in four quadrants of the proposed system.

to the reservoir. Accordingly, a third sub-mode (4.3) is given. This scenario
shows the fast actuation in the assistive phase, which is like the floating func-
tion in some classical hydraulic systems. HP is set to maximum speed (nmax)
to regenerate as much energy as possible, and BPV is opened to recycle
the rest of the flow from CYL, thus enables operation with higher speeds
than HP alone would allow. The speed regulation is summarized in Figure 3.
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Figure 3 Speed regulation in four quadrants of the proposed system.

Because of the differential area of the cylinder, without a speed regulation, the
maximum actuation velocity varies according to different loading conditions
(grey region). This phenomenon may result in problems on the speed control
in mobile applications under complex working conditions. Therefore, the
speed regulation is necessary by giving a suitable speed command in four
quadrants. The target speed region is shown in the highlighted red rectangle in
Figure 3. All working modes given in Figure 2 are shown in the corresponding
speed region. The low-speed modes (green region) and fast retraction mode
(yellow region) involving the bypass valve are highlighted, respectively. As
given in Figure 3, the bypass valve not only allows the system to cover
the low-speed region with a fixed-displacement pump, also allows a faster
actuation than the pump can achieve (sub-mode 4.3).

More details to classify the speed control in all sub-modes are given in
Table 1, where i is the speed command of HP and EM, between −1 and 1.
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Table 1 Working modes classification

Modes HP Speed Position of DV BPV Resistive/Assistive

1.1 i ∗ nmax Close R

1.2 nmin Open R

2.1 i ∗ nmax Close A

2.2 0 Open A

3.1 i ∗ nmax Close R

3.2 nmin Open R

4.1 i ∗ nmax Close A

4.2 0 Open A

4.3 −nmax Open A

2.3 The Logic for Mode Switching

Focusing on switching among different modes, Figure 4 gives an example for
the case of constant load direction (first and fourth quadrants in Figure 2).

To start, a certain speed command i is given and converted to the speed
of HP as well as control current for BPV. The sign of i indicates pumping
modes for resistive loads and motoring modes for assistive loads. A speed
threshold k represents the boundary between sub-modes 1 and 2. A command
iwith an absolute value less than k results in the second sub-modes explained
in Figure 2. In the slow actuation scenario, the flow rate going through
BPV (dQ) is calculated by the difference between the desired flow rates
from CYL and HP. The pressure difference across BPV (dp) is measured
to detect the load direction. The opening of BPV is controlled by command
j and defined by the valve characteristics. The used valve shows a linear
relationship between flow and control command without pressure influence
for the significant application conditions.

3 Simulation Model

3.1 Model Development

Based on the proposed system configuration in Figure 1, a lumped-parameter
model is developed in Simcenter Amesim (Siemens PLM Software) for
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Figure 4 The logic for switching modes.

simulation. With the goal to validate the functionality of the proposed system,
all hydraulic components are modeled with basic theoretical equations as
outlined in Table 2.

The parameters of the simulation are defined based on the datasheet of
the hydraulic components. Figure 5 gives a graphical representation of the
simulation model developed in Amesim environment. The flow curves of the
directional valve and bypass valve are input to the model to reflect the throttle-
less control.

The main parameters of the simulation model are listed in Table 3. The
volumetric efficiency of the hydraulic machine is ideally assumed as 100%
for simplification.

3.2 Simulation Results

Validation for the 4-quadrant functionality of the proposed system was first
conducted in steady-state simulation based on the architecture and parameters
given above. Each time an input command is given and results in the velocity
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Table 2 Modeling of components in the simulation

Component Symbol Description

HP Pumping mode
Q = ηvolnVD

T = ∆pVD = ηhmP/ω

Motoring mode
Q = nVD/ηvol
T = P

ω
= ηhm∆pVD

CYL pAA− paa = F
∂p

∂t
=
K

V

(∑
Q− ∂V

∂t

)
 

BPV Q = cfΩO

√
2∆p

ρ
= cfΩO

√
2 |p1 − p2|

ρ
α

4/3 DV α = sign(p1 − p2)

 

CV Xv =
p2 − p1 − pcrack
psat − pcrack

of actuation and a pump speed as outputs. All sub-modes detailed in Section 2
are covered in the simulation.

For a better understanding, the sign of data is defined as follows: HP speed
is positive in pumping modes and negative in motoring modes. The velocity
of actuation is positive when CYL extends, located in the upper area of the 4-
quadrant map in Figure 2 (quadrants 1&2). Retraction is defined as negative.
For the load applied on CYL, positive force results in a higher pressure in the
piston chamber as given in the right area of Fig. 2 (quadrants 1&4). While the
negative force is covered by quadrants 2&3, and the rod side of CYL sees the
higher pressure. The maximum velocities of CYL extension and retraction,
corresponding to the input commands 1 and −1, are defined by the velocities
that can be reached in resistive phases, when HP works as a pump and reaches
the maximum speed. Because of the differential area of CYL, the maximum
retraction speed is higher than the maximum extension speed.

Simulation results with a constant positive load are shown in Figure 6.
Although the speed performance of HP is nonlinear based on different

sub-modes, the actuation velocity keeps linear. In the slow resistive extension
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Figure 5 Graphical representation of the lumped-parameter simulation model.

Table 3 Main parameters in the simulation

Parameter Value [unit]

Length of stroke L 0.8865[m]

Diameter of piston D 69.9[mm]

Diameter of rod d 44.2[mm]

Area ratio λ 1.68 [−]

Pump displacement Vp 16.5[cm3/rec]

Pump maximum speed nmax 3000[rpm]

Pump minimum speed nmin 500[rpm]

Crack pressure of CV pcrack 0.35[bar]

Tank pressure pt atmospheric pressure

Relief pressure pr 210[bar]
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Figure 6 Simulation results with positive load (quadrant 1&4).

phase, the pump speed remains at the minimum as defined in sub-mode 1.2.
Slow assistive retraction results in a standstill of the pump, according to
sub-mode 4.2. Energy recuperation cannot be achieved. In order to reach
the maximum retraction speed, sub-mode 4.3 is activated when the input
command gets closer to −1. Not much difference is observed with different
loading conditions, at least not in this simplified lump-parameter model.

Similarly, simulation results with negative loads are given in Figure 7. In
this case, CYL extension is assistive and retraction is resistive so that HP
spins in the opposite direction compared to Figure 6. To match the same
maximum velocity of the actuator, HP speed is controlled considering the
area ratio of CYL, thus not reaching nmax when the input command is 1.
Slow actuation modes (sub-modes 2.2–3.2) work as expected.

Focusing on the low-speed modes, a comparison between two typical sce-
narios with ±20 kN load is represented in Figure 8. Both, actuation velocity
and HP speed, are normalized in the plot, and the former follows the input
command closely with a nonlinear HP speed. The CYL’s differential areas
result in a different HP speed under the same actuation velocity compared to
resistive operation, which can be observed clearly in Figure 8. A zoom-in of
the graph represents the sub-modes with input command from −0.3 to 0.3.
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Figure 7 Simulation results with negative load (quadrant 2&3).

Figure 8 Comparison between two cases in the simulation.

In addition, cavitation can be a major challenge of an open-circuit EHA,
especially in quadrant 2 given in Figure 2. Under fast assistive retraction,
a high flow rate is generated from the tank to the piston side of CYL, and
cavitation is most likely to happen after CV1. To further investigate this
issue, the simulation was conducted for working modes in quadrant 2, with
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Figure 9 Cavitation in simulation results.

initial input commands (0.2,0.5,0.8) representing slow, middle and high-
speed extension. After some time of extension, zero commands are given to
stop and then retract with the same command −0.5. The results are given in
Figure 9.

The first plot shows the input command, the second shows the actuation
velocity and the third represents the pressure in the piston-side chamber of
CYL. A zoom-in of the third plot clearly shows that cavitation happens in a
steady-state, where the pressure drops below zero except for the slow exten-
sion. Once a stop command is given, the pressure goes back immediately.
As the simulation model is simplified and may not reflect the impact of



A Cost-Effective EHA Solution with Open Circuit Architecture 247

cavitation accurately, more attention should be paid during experiments. A
higher actuation velocity requires more flow; thus, cavitation is more likely
to happen.

4 Experiments

4.1 Experimental Setup

With the goal to verify the performance of the proposed system in this study,
a test rig is developed at Maha Fluid Power Research Center, Purdue Univer-
sity, Lafayette, USA. The conceptual structure of the test rig is represented in
Figure 10.

The architecture of the test rig is based on two opposed cylinders: one
cylinder is driven by the proposed EHA, the other one is used to apply the
desired load on the EH drive. Two reducing-relieving valves are utilized on
the load drive to adjust the pressure in both cylinder chambers continuously.
The load force is then a result of the pressure forces acting against each other.
Both cylinder drives are coupled with dual-axis joints to prevent damage
due to misalignment. The linear ball rails compensate for potential side
forces. The picture of the experimental setup in the authors’ lab is shown
in Figure 11, and the hardware selected for the test rig is listed in Table 4.

Figure 10 Conceptual schematic of the experimental setup.
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Figure 11 Picture of the test rig built in the lab.

Table 4 Hardware list in the experimental setup
Hardware Product Number
Gear pump/motor Rexroth

AZPF-12-016 RRR 20 ML
HDP servomotor ABB

VM47A00202001B00
Inverter ABB ACS800-U11
4/3 Directional valve Rexroth

WE10-5X-E
Prop. 2/2 direction valve Rexroth

VEP-5A-2Q-09
Check valves Rexroth

VUCN-16A
Relief valves Rexroth

DBD1X
Filter Rexroth RE51447
Pressure sensor Rexroth R917A10105
Position sensor ASM WS42
Controller NI cRio-9024
Analog modules NI9264 NI9205 NI9472
Digital modules NI9403 NI6421
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4.2 Results from Experiments

To validate the functionality of the proposed system, as well as the simulation
model previously described, the measurement results were compared to the
simulations. With the same input command as for the simulation, actuation
velocities were measured as given in Figure 12. Results given below are the
average within a certain acquisition interval. In this way, the influence of
noise on the signals is kept minimal.

It can be observed how the results of actuation velocities do not show
the same behavior under different loading conditions, as the simulation does.
On the other hand, good linearity can be noticed from the plots in Figure 12.
The volumetric efficiency of the actual pump may vary based on different
loading conditions, resulting in a small difference among the velocity plots
for different loads. The performance of the low-speed modes shows some
nonlinearity. This is because of the nonlinear characteristics of BPV in this
region. Taking the pressure influence on the valve behavior into account,
which is feasible as the pressures are measured anyway, the performance
could be improved. This was not done before, because the pressure only has a
significant influence on the valve behavior for very low-pressure drops, which
are uncommon for many applications. Concerning the high-speed range when
input commands are less than −0.8, the difference can be explained by slight
cavitation in CYL.

Figure 12 Measured actuation velocities under different loading condition.
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Figure 13 Comparison between simulation and measurements, F = ±20 kN.

A comparison between simulation and measurements is shown in Fig-
ure 13, including two typical cases with ±20 kN load.

The good match between experimental data and the simulation results
confirms the validity of the simulation model. The results also confirm
the functionality of the proposed open-circuit EHA. The small difference
between simulation and measurements may result from measuring errors and
noise.

An additional investigation was performed on transient load conditions.
In this scenario, the input command stays the same, but the forces on the
actuator suddenly change, the variation is such that the load switches from
assistive (or overrunning) to resistive. This condition is realistic for several
off-road applications. For example, the boom of an excavator works in an
assistive case when lowering, but when the operator commands a dig into the
ground, a load transition occurs from assistive to resistive. Measurements for
this case are represented in Figure 14.
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Figure 14 Load transition: from sub-modes 1.1 to 2.1.

A rapid change of actuation velocity can be observed, with acceleration
around 0.1m/s2. This scenario is caused by the response and switching time
of the 4/3 DV.

Before DV switches to the desired position, there is a short period when
the system stays at sub-mode 1.1, but with a negative force, resulting in a
faster extension than expected. However, after about one second, the system
gets back to a steady-state and the actuation velocity returns to the same level.
Depending on the applications, the acceleration within one second might still
be acceptable.

For the opposite case, a load transition from sub-modes 2.1 (assistive
extension) to 1.1 (resistive extension) was tested as shown in Figure 15. Start-
ing from the assistive extension, cavitation may happen with high actuation
velocity, as explained in Section 3, and results in a different performance.
Even the 4/3 DV is fully opened in all working modes, the pressure drop
is still noticeable at about 6 bar with the maximum flow rate of 75 L/min
according to the flow curve given in Figure 5.

According to the measurements, the actuation velocity changes from
positive to negative, in less than one second, and changes back to the desired
speed. Though the extension is expected, during the switching time, a fast
retraction happens. The results can be explained by aeration or cavitation.
During assistive extension, a void is formed in the piston chamber of CYL, so
that CYL tends to retract and compress the air inside when the load direction
changes. After the air bubbles are completely compressed or dissolved, the
system works as expected again. This phenomenon may cause some issues
in applications. A pressurized reservoir can be a good solution to avoid these
phenomena. More experiments need to be done to validate possible solutions.
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Figure 15 Load transition: from sub-modes 2.1 to 1.1.

5 Conclusion and Outlook

A novel open-circuit EHA architecture, with the capability to regenerate
energy in assistive phases and cover the full speed range, is presented in
this paper. Validation of the four-quadrant functionality and performance
verification of the proposed EHA system was conducted by both numerical
and experimental methods. Addressing the challenge to achieve low-speed
actuation of EHA, BPV is utilized under certain working modes with proper
control logic. Based on the system configuration, a test rig was built at the
authors’ research lab. Measurements show robust performance in a steady
state for all defined working modes. The good match between simulation and
experimental results confirms the potential to apply the proposed EHA further
for commercial scenarios.

For future work, challenges of cavitation and dynamic response were
noticed in the study, and more research can be conducted on these topics.
Also, the control of the proposed EHA system involves the electric machine
and the solenoid valves, so it is significant to develop an integrated controller
and study the performance for mobile applications. Moreover, the energy-
saving capability, which attracts much attention for the EHA architecture,
can be studied further with a baseline analysis. Besides, research based on
long-term thermal tests might be necessary to validate the self-sustainability
of the proposed EHA, with the purpose to enable a technical realization and
commercial applications with high-power levels.
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Nomenclature

F Force [N]
ẋ Velocity [m/s]
Q Flow rate [L/min]
P Power [W]
A, a Area [m2]
λ Area ratio [−]
p Pressure [bar]
∆p Pressure difference [bar]
η Efficiency [−]
T Torque [Nm]
n Speed [rpm]
ω Angle speed [rad/s]
cf Flow coefficient [−]
K Effective bulk modulus [Pa]
i Speed command [−]
V Volume [m3]
VD Displacement [cc/rec]
ΩO Open Area [mm2]
ρ Density [kg/m3]
Xv Fractional valve opening [−]

Subscripts
vol Volumetric
hm Hydro-mechanical
1,2 Port 1,2 of components
max Maximum
cyl Cylinder side
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Abbreviation
EHA Electro-hydraulic actuator
EHU Electro-hydraulic unit
VM Variable speed motor
CM Constant speed motor
FP Fixed displacement pump
VP Variable displacement pump
CYL Cylinder
BPV Bypass valve
EM Electric motor
HP Hydraulic pump
DV Directional valve
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