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Abstract

To achieve the goal of more electric aircrafts current research investigates the
frontline capabilities of electro-hydrostatic actuators (EHA) as substitution
for conventional hydraulic flight control systems. Due to durability limita-
tions, EHAs are to date only utilized as backup. In this paper the design of
EHAs and the impact of the challenging working condition on the health
status are presented. A longevity test bench, as well as developed test profile
to cover real world operation are explained. Lastly, measurements of load-
holding modes are analyzed in detail and insight about run-ins, temperature
dependencies and wear-related efficiency losses are gained.

Keywords: Electro-hydrostatic Actuator (EHA), load-holding, wear, condi-
tion monitoring.

1 Introduction

Like the evolution in automotive steering from using multiple interconnecting
hardware components towards a steer-by-wire system, in aviation current
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research investigates the development of decentralized actuation options in
flight control systems. The conventional flight control system of the majority
of current aircrafts consists of a centralized hydraulic control system. Mul-
tiple voluminous, noisy and heavy axial piston pumps are installed in the
fuselage of the aircraft to achieve redundancy in case of outage of one pump
(Figure 1). Likewise, the pipes are run in parallel from the pumps to actuators
in ailerons, rudders and elevators, which again are installed redundantly.
While this system architecture meets the safety requirements, it also bears
the disadvantages of high weights and complexity, which internally results in
the necessity of skilled maintenance personal. Furthermore, flame-inhibiting
highly hazardous hydraulic oils increase the risk of physical damage of the
maintenance personal, but are needed to reduce the possibility of safety risks
during operation.

In aviation, valve actuated pressure-constant hydraulic systems are uti-
lized for their highly dynamic and robust properties [1]. The variable delivery
pump is able to supply the required pressure and volume flow for most
operation modes and is supported by accumulators to cover peak operation
conditions. While the system meets all control requirements, pressure-
constant hydraulic systems are known for their inefficiency [2]. This is
further increased by the need to uphold significant power reserves in case
of emergency.

Electro-hydrostatic actuators (EHA) tackle the majority of the disadvan-
tages of conventional flight control systems and are the preferred option for
aircraft application as they are less likely to jam, wear or overload compared
to electro-mechanical actuators.

Demands without considering the data volume. Taking into consideration
this ratio, green IT technologies have important benefits in terms of:

Each actuator is driven individually by a high-power density perma-
nent magnet synchronous motor paired with a small fixed displacement
bi-directional axial piston pump [4]. There are more configuration options
e.g. a variable motor and variable pump configuration, but this design presents
higher complexity, weight, energy consumption and a significantly higher
heat production. An overview of the advantages and disadvantages of the
different designs can be found in [5, 6]. The control unit receives the control
commands via electric signal and converts it to power inputs for the electric
motor. The volume flow and pressure build up is thereby regulated by the
variable rotary speed of the electric motor and hydraulic pump.

A bi-directional pump is used to achieve extracting and retracting move-
ment of the actuator while keeping the design and number of components
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Figure 1 Conventional hydraulic flight control topology [3].

of the EHA minimal by retraining from additional valves to control the fluid
flow direction. Nevertheless, pressure relieve valves are included to protect
the hydraulic circuit against overload. The decentralized and capsulated
design (Figure 2) allows for a placement within the wings and bears specific
advantages.

Its independency from other EHAs increases safety and redundancy
regulation through placing two units in parallel. EHAs require less power
and thereby increase the overall efficiency of the aircraft. Combined with the
reduction of weight due to the omission of the redundant centralized pumps,
pipes, filters, etc. the fuel consumption can be lowered or the load capacity
increased resulting in a more effective use of fossil fuels. Errors regarding the
distribution of the pressurized oil from the central hydraulic pump because of
personal mistakes or components failure in the hydraulic circuit are far lower,
as the controls signals are transferred by wire and a bus failure 100-times
more unlikely than the failure of hydraulic circuit [8]. Furthermore, the small
design decreases the amount of hazardous fluid, reducing cost and risk of fire
and hydraulic bleed.

The reason for current application of EHAs only as backup stems from
the limited life expectancy compared to traditional hydraulic control sys-
tems. Most EHA failures can be traced back to strong wear of hydraulic
components.

In the scope of this paper, chapter 2 presents the operation conditions
responsible for the wear occurrences. Chapter 3 gives a short overview of the
design of EHAs and different forms of tribological wear. Chapter 4 explains
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Figure 2 Aileron EHA (left) and conventional hydraulic actuator (right) [7].

the test bench and test profiles and Chapter 5 presents the insights gained from
analyzing load-holding modes. Finally, a summary and outlook are given.

2 Operation Condition

To understand the difficult operation conditions and the reasons for wear
occurrences, a closer look at the general design of an axial piston pump is
beneficial. Figure 3 displays a schematic of an axial piston pump consisting of
cylinder block, slipper, piston, swash plate and valve plate. During operation
swash plate and the valve plate remain stationary. The pistons are moving
linearly within the bores of the rotating cylinder block. The slippers are
connected to the piston and are pressed against the swash plate. The slippers
allow to increase the load capacity by distributing the load and creating a
partial hydrostatic relieve. On top of the pressure forces in the cylinder cham-
bers a spring is installed between the axis and the cylinder block. It ensures
a constant pressure between cylinder block and valve plate, thus minimizing
internal leakage by ensuring a separation of the suction and high-pressure
port.

Like the conventional control system, EHA are responsible for the move-
ment of the primary flight control surfaces. While high pressures and volume
flows are needed during start, take-off and turning and have to be available for
turbulences, these conditions only make up a small portion of air travel. Dur-
ing quasi-static flight states, the flight control is under load-holding condition
with small position changes. Shi et al. [10] placed 71% of all deflection in the
range of 2% of the maximum deflection in case of an aileron during cruise
state. Further operating cycles are presented in [11].
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Figure 3 Schematic of an axial piston pump [9].

For an EHA, or an axial piston pump in general, load-holding states
are suboptimal, as the rotary speeds are minimal to counter internal leakage
while maintaining actuator loads at the same time. This creates high forces
on the components while only a small load-bearing film is present, leading to
solid friction. Corresponding to small rotary speeds, the fluid flow and thus
the EHAs cooling capacity is minimal as well, since the fluid flow transports
heat away from its point of origin. In addition, the usage of the pump in bi-
directional manner bears the problematic of frequent zero-crossings at which
point the relative rotary speed drops to zero. Consequently, the lubrication
film between swash plate/slippers and cylinder block/valve plate reduces to
the point of contact.

3 Wear

The operation conditions impact various component surfaces and thus reduce
the functionality of the pump. Especially wear is most present in EHA
piston pumps, but overheating, oil contamination and cavitation also play a
significant role in the deterioration of a pump. A detailed overview over all
known influence is given in [9].

3.1 Friction

Generally, all contact pairs are designed to enable a lubrication film to prevent
damaging solid contact. In real applications however, force and load spikes
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increase the probability of mixed and solid friction. While this phenomenon
is aimed for in run-ins of axial piston pumps to remove manufacturing
deviations, it results in degradation of functional surfaces of contact pairs
in normal operation.

Three major friction areas can be identified when looking at Figure 3.
Because of the stationary components swash plate and valve plate and the
rotary components cylinder block and pistons, a relative rotary movement
between valve plate and cylinder block and slipper and swash plate occurs,
resulting in wear. Additionally, the pistons move linearly within the cylinder
block. Previous investigations at Liebherr Aerospace have shown no signifi-
cant wear on the later one and the pairing will therefore not be investigated
in more detail in the scope of this paper, but can be looked up in [10, 12, 13].
While deterioration on the surfaces between cylinder block and valve plate
can be measured, no functionality losses of the EHA can be traced back to
this contact pairing. The most common reason for function loss is due to the
contact pairing of slippers and swash plate, where solid friction wears down
the metallic sealing lands of the slipper (Figure 4).

The sealing lands geometry design is an essential factor for the correct
behavior of the pump. Through a bore in the slipper and piston, a small
amount of fluid flows to the area between slipper and swash plate, allowing

Figure 4 Piston with new (a) and worn down (b) slipper [10, 14].
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for a pressure build-up, which enables a surface separation. This drastically
reduces wear. Outer lands function as control to ensure a homogenous fluid
film to all sides and prevent tilting of the slipper. In case of degradation
(Figure 4(b)) the lands are worn down. A correct pressure field is no longer
possible, resulting in even more wear and inefficiency of the pump.

3.2 Overheating

The capsulated design bears a substantial disadvantage concerning heat dis-
sipation. Conventional hydraulic control systems use the fluid to transport the
heat away from the point of origin. In case of an EHA the capsulated archi-
tecture combined with the small oil volume narrows the cooling capabilities
of the system. Additional cooling surfaces need to be installed to counter
the heat development. Increasing temperature results in lower viscosity of the
fluid, thus decreasing the load-carrying capacities of the lubrication interfaces
and increasing internal leakage and cavitation [15-17]. Rising component
temperatures cause thermal deformations, which alter gap heights towards
more leakage or friction.

3.3 Oil Contamination

Component wear, unclean installation and maintenance work or unsealed
ports can introduce foreign particles in hydraulic circuits. Especially metallic
wear particles of different sizes travel through the entire system and cause
significant damage. Depending on the particle diameter, filter elements can
prevent damages. However, this statement is only correct for particles actually
passing the filter. Prior, particles can already lead to severe damages. In gen-
eral, smaller particles are less harmful than larger ones, which can result in
deep scratches in functional surfaces or block pressure relieve bores in pistons
and pressure relieve valves.

3.4 Cavitation

Cavitation describes the phenomenon of dynamic formation of gaseous or
vaporous cavities in a liquid due to rapid pressure drops [18]. The magnitude
of the pressure drop determines the type of cavitation. Below the saturation
pressure level of the liquid gaseous cavitation occurs, resulting in the gener-
ation of air bubbles. In case of further sudden decrease in pressure, the fluid
itself starts to vaporize, creating vapor bubbles. Since the difference between
saturation and vaporizing pressure is high, most cavitation appearances are
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linked to the formation of air bubbles [19]. Damage to components occur
when air bubbles travel to areas of high pressure, at which point the air
collapses, producing pressure ripples strong enough to create erosion.

When looking at high dynamic axial piston pumps used in EHAs with
rotary speeds up to 15,000 rpm and quick acceleration phases, four areas
are known to show cavitation. The four areas can be explained in order
of appearance during one rotation beginning with the overlay of the piston
chamber of a completely retracted piston with the inlet. Here, the remaining
oil in the chamber is still at outlet-pressure and thereby higher than inlet-oil.
This results in a short backflow to the inlet and thus a significant pressure
drop [20]. Afterwards the extracting piston sucks oil into the chamber. Due
to the extremely high speeds, high flow speeds are needed to fill the void,
again causing a strong pressure drop at the inlet and enabling cavitation [18].
The third area marks the overlay of outlet and piston chamber. At first, the
pressure of the outlet is higher than in the piston chamber since the piston has
not reached its final retracted position. Hence, oil is flowing from the outlet
into the chamber (jet flow), causing a pressure drop at the outer edge of the
chamber [9]. Lastly, the high rotary speeds result in strong centrifugal forces
within the chambers of the cylinder block, pushing denser fluid to the outside
and leaving lighter fluid in the inside, creating a pressure gradient [9]. This
phenomenon cannot be neglected in EHAs because of the much higher rotary
speeds compared to more common axial piston pumps of mobile or industrial
application.

Next to damages mentioned earlier at valve plate, cylinder block and
piston, cavitation can have a negative impact on the efficiency of the pump.
Especially when rotating at speeds close to maximum, the formation of air
bubbles can block the delivery of oil in the chamber and thus not making
use of all compression volume and reducing the volumetric efficiency [21].
Additionally, the collapsing bubbles introduce noise and vibration to the
system, which subsequently can cause additional damage. To protect against
cavitation, EHAs are equipped with preloaded tanks, ensuring a minimal
pressure on the inlet side. The pressure drop at the inlet cannot be prevented,
but by increasing the initial pressure level the drop does not reach the
threshold of gaseous formation.

4 Test Bench and Cycles

To achieve durability requirements for frontline application in modern avi-
ation, the axial piston pump robustness needs to be improved. Liebherr
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Aerospace developed a test bench to test out different scenarios to identify
harmful operation conditions and wear, as well as adjusted pump designs,
materials and working fluids. Six of the same test benches were built to run
similar test with different fluids, one of which was lend to ifas to conduct
separate tests. The test bench will be presented first followed by test cycles
developed at ifas.

4.1 Test Bench

Figure 5 displays the test bench. The bi-directional piston pump is label as
UUT (unit under testing) and is connected to a high dynamic piston pump
via a magnetic clutch and shaft to best represent the geometry of the EHA.
A proportional pressure control valve is used to simulate the applied load.
The pressurized oil can flow in either direction through mirrored pneumatic
actuated ball valves and check valves to the control valve. Afterwards, the oil
flow passes a 5 um filter before continuing to the current low-pressure side
of the system.

Lastly, Additional components are a second drain filter, a preloaded tank
and cooling channels. An external control unit controls the electric motor.
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Figure 5 Test bench layout.
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Multiple pressure, temperature and volume flow sensors are installed to
monitor every test run.

4.2 Test Cycles

Based on the experience of a LLI test [14], three test cycles (Figure 6)
were defined at ifas that best represent real world application to conduct
information about the pumps robustness (mixed friction, high speed and
acceleration). All test cycles are run sequentially with predefined runtimes
according to occurrence frequency in real world application. The cycles
consist of three speed profiles and three pressure stages. After each test cycle,
the test bench is disassembled and the parts are examined using 3D laser
profilometry [22].

As mentioned before, during the most frequent operation the actuator
barely moves and only corrects small displacements in both positive and
negative direction. The mixed-friction profile represents this behavior by a
sine course around zero with low rotary speeds and load-holding states. For
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Figure 6 Test profiles.
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both sine and load-holding the same effect of an undeveloped hydro-dynamic
relief and thus solid contact is existent.

The high speed profile portrays critical rotary speeds, resulting in wear
due to unstable movement like tipping of cylinder block and slippers. The
effect is attributed to centrifugal forces and can create larger gaps between
contact parings on one side and more solid contact on the opposite side [23].
Additionally, higher speeds result in higher cavitation probability. Similar to
the mixed friction profile, a sine course in high positive and negative rotary
speeds above a minimal threshold is used. To ensure no other factor play any
impact the load during direction changes is lowered to a minimum.

Lastly, the acceleration profile presents all sudden control changes, which
can occur during turbulences. Therefore, the profile consists of short accel-
erations from above mixed friction to high speeds. The load during direction
changes is kept to a minimum again.

5 Measurements and Results

The focus of this paper lays in the identification of wear progression by
analyzing the load-holding states. Here, the pump comes to a complete halt
and, depending on the rotary direction, the first pneumatic piston valve is
closed. The speed of the pump is then increased linearly until the pressure
reaches a predefined level of 200 bar at which point the second pneumatic
ball valve closes to determine the leakage of the first valve.

Figure 7 show the process for six measurements. In the top graph the slow
increase in rotary speed from zero is displayed. The bottom graph depicts the
simultaneous pressure build-up between pump and pneumatic actuated ball
valve 8.1 or 8.2 depending on the rotary direction. Both figures show three
measurements of two distant operation times of the test bench, which will be
elaborated in more detail later this chapter.

The load-holding procedure is run subsequent to around 270 sine cycles.
In total more than 2,700 load-holding measurements were recorded. Four
measurement sections are selected to present the findings. Each section
consists of 60 load-holding recordings to ensure consistency (Figure 8(a)—
8(d)).

In Section 1 the pump is factory new and only run-ins specified by
the manufacturer were conducted. First load-holding measurements show an
incline to a maximum rotary speed of around 95 rpm (Figure 8(a)). Until
the end of the first section, the maximum rotary speed continuously declines
to a value of around 85 rpm. Around this level, the rotary speed stagnated
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(Figure 8(b)). The fluid temperature was consistent at 48°C. From the decline
in rotary speed first insights can be drawn. Seeing that the oil temperature
stayed constant and the leakage over the ball valve remained zero for all
measurements the viscosity can be assumed constant as well. Hence, the
differences can be traced back to material changes of the pump components.
Lower rotary speeds to achieve the same pressure build-up signal a decline
in internal and external leakage and thus an improvement in the volumetric
efficiency, since the volume between pump and ball valve remains the same.
This implies a still ongoing improvement of the functional interfaces due to
the reduction of manufacturing deviations.

Section 3 was selected to show the impact of temperature changes on
the maximal rotary speeds necessary to reach the defined pressure level. Fig-
ure 8(b) presents speeds of around 82 rpm by fluid temperatures of just below
48°C, while the measurements of Figure 8(c) were recorded by a temperature
of 33°C. A comparison of the wear levels of the pumps components prior
to both section via 3D profilometry showed negligible differences, allowing
to rule out any impact on the pressure build-up due to interface changes.
Hence, the differences in maximal rotational speeds are exclusively related to
viscosity changes of the fluid because of temperature differences.

Section 4 (Figure 8(d)) presents additional load-holding measurements,
recorded after high speed and acceleration test runs, which represent 30% of
all expected high speed and acceleration instances of a lifespan. The mean
temperature of the measurements is similar to those of section 3 with 31°C
vs. 33°C.

Figure 7 assists to demonstrate the differences of section 3 and 4. Both
figures present three courses of the rotational speed ramp and the simultane-
ous pressure build-up for Sections 3 and 4. The pressure build-up for section
3 is significantly faster, leading to a shorter speed ramp required to achieve
the desired pressure limit of 200 bar. In direct comparison, the pressure build
up of section 4 is much slower and a higher speed ramp is needed. To exclude
other impact factors than wear, viscosity and leakage over the ball valve
are investigated. Since the temperature of Sections 3 and 4 are similar, the
viscosity can be assumed to be constant. Furthermore, leakage test of the ball
valve and inspections of the external oil flow measurements have shown no
decisive increases in leakage.

Hence, the difference in pressure build-up and the required speed ramp
are only attributed to internal leakage of the axial piston pump. The addi-
tional internal leakage can be traced back to two possible impact factors: an
increase in gap height between cylinder block and valve plate and a shift
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Figure 9 Incline of maximal rpm for load-holding modes.

in the changeover point [24]. Increases in gap heights cause a rise in oil
flow from outlet to inlet and can be a result of wear between to contact
parings. Higher deviations from the mean pressure value imply a shift of
the changeover point between cylinder block and valve plate. By shifting the
changeover point forwards due to increased gaps in the mounting part of the
valve plate, the overlay of chamber and outlet is reached earlier, resulting
in higher backflow. Similar, the overlay of chamber and inlet are reached
sooner as well, leading to additional backflow towards the low-pressure side.
Combined, the maximum potential of the pumps is not utilized since the
final extraction point of the piston is reached after piston chamber and outlet
disjoin.
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The ripples of Figure 7 (2300-2302) represent the short pressure drops
in which oil from the outlet side flows back into the piston chamber and
the overcompensation afterwards, where the piston completes its movement
and the maximal pressure in the chamber is reached. Both impact factors are
likely in the test scenario and lower the volumetric efficiency of the pump.
They show the significant impact of high-speed and acceleration tests on the
pumps wear level.

Finally, by analyzing the last 700 load-holding measurements after the
high-speed and acceleration tests a continuous incline in the rotational speed
is present (Figure 9). This concludes that the high-speed and acceleration test
not only harm the pump interfaces to a certain point of increased internal
leakage, but also enabled subsequent wear during mixed-friction operation,
further accelerating the deterioration of the pump.

6 Summary and Outlook

Within the scope of this paper, the design and the durability challenges
due to demanding operation conditions of electro-hydrostatic actuators in
aviation application are presented. A test bench to investigate the main impact
factors is shown and test profiles to cover real world conditions explained.
By analyzing load-holding states as part of a mixed friction test profile, an
insight into run-in processes, temperature dependencies and wear impacts
was gained. The analyzed measurements showed further run-in processes
after initial predefined run-ins and displayed an increase in internal leakage
attributed to a rise in fluid temperature. Finally, a significant increase in
internal leakage and thereby decline in efficiency was detected after test runs
with high rotational speeds and acceleration states. Load-holding test after the
aforementioned test also presented a continuous incline in internal leakage,
concluding accelerated wear progression after initial wear occurrences. Since
tests are ongoing, future work will continue to investigate the wear pro-
gression via analyzing load-holding modes, but also focus on data from 3D
profilometry. Lastly, an update to the test bench will allow for temperature,
pressure, and vibration measurements of high frequency, which will enable
the development of wear detection methods independent from specific test
profiles.
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