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Abstract:

In the context of a more electrical aircraft, Electro-Hydraulic-Actuators (EHA) are electrical actuators based on an
hydraulic jack driven by electro-fluidic components (pumps, valves) using smart materials. The studied EHA
concept is based on a magnetostrictive pump and two piezo active valves.

The pump is based on a very small fluid chamber, a piston moving linearly and two channels for inlet outlet. The
large high force magnetostrictive actuator is a made of a 22mm in diameter stack of Giant Magnetostrictive
Material used in d33 longitudinal mode. It is biased thanks to a serial permanent magnets configuration and
excited by a coil. Both the piezo-valves are connected in symmetric configuration with the pump chamber. A
standard Prestressed Piezo Actuator PPASOL directly drives each valve poppet mounted outside the pump
compression chamber. To solve the problem of the high frequency dynamic sealing, both the PPAs are immersed
in the oil while the PMA remains outside the fluid through a thin elastic metal ring. Due to the complete symmetry

of the pump, it is a bi-directional one.
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Introduction

In the context of a more electrical aircraft, there is the
need for lightweight high force electrical actuators. In
this way, Electro-Hydraulic-Actuators (EHA) are
electrical actuators based on an hydraulic jack and a
local hydraulic circuits driven by electro-fluidic
components (pumps, valves). Usual EHA are based
on bulky and power consuming -electromagnetic
actuators. In order to explore the feasibility of other
solutions, electro-fluidic components based on smart
materials and new EHA concept based on a
magnetostrictive pump and two piezo active valves
has been studied. The pump actuator is a Prestressed
Magnetostrictive Actuator (PMA). It includes two
piezoelectric active valves.

Principle

The high power hydraulic actuator developed is based
on a reciprocating pump using a magnetostrictive
actuator, which could run in quasistatic conditions or
at resonance. The magnetostrictive actuator is sealed
from the hydraulic fluid under pressure with the use
of a thin elastic ring instead of a rubber seal. In order
to obtain a hydraulic linear actuator, the pump takes
place in a closed hydraulic circuit. The developed
EHA has to run in four quadrants operation of the
flow/pressure diagram, so instead of a pair of check
valves connected to the accumulator at the output of
the pump, we choose to use symmetrical active valves
(figure 1).

The quasistatic valve operation cycle is divided in the
4 following idealized stages: 1) Compression (both
the valves closed): pressure increases up to maximum
value related to the maximal force capabilities of the
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actuator. The actuator displacement during this stage
is then reduced, depending on pump chamber
stiffness. As soon as this maximal pressure is reached,
the next stage starts.
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Fig. 1— Schematic structure of the pump.
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2) Exhaustion (only outlet valve open): fluid flows
outside the chamber while the pump actuator keeps
on extending with a proportional decrease of the
pressure in the chamber until the pressure balance.
During this stage, the related fluid volume flows
outside the pump chamber towards the piezo actuator
of the valve. 3) Expansion (both the valves closed):
pressure decreases in the pump chamber due to return
actuator displacement. 4) Intake (only inlet valve
open): new fluid flows inside the chamber.
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Due to the complete symmetry of the pump, it is a bi-
directional one. Just changing the phase between the
2 active valves, fluid direction is changed. The
hydraulic schematic of the EHA circuit is shown on
figure 2.

Fig. 2 - Principle of the studied EHA.

The actuator of the pump is a Prestressed
Magnetostrictive Actuator (PMA). The pump itself is
based on a very small fluid chamber, a piston moving
linearly and two channels for inlet outlet. The piston
diameter is 50 mm. The large high force
magnetostrictive actuator produces the motion. This
actuator is a made of a stack of 22mm in diameter
Giant Magnetostrictive Material used in ds;
longitudinal mode. It is biased thanks to a serial
permanent magnets configuration and excited by a
coil. The free stroke of the pump piston is more than
115 pm. The actuator force capability is about 14kN
(table 1). This direct actuator is driven in a quasistatic
mode through a blocked-free mounting: attached to
the pump frame in one side, and to the moving piston
in the opposite side.

Blocked force F 14 |kN
No load stroke @10 Hz | Sy 115 | um
Resonance frequency f; 1350 |Hz
No load stroke @ f; owr | 200 |um
Stiffness K 122E6 |N/m
Coupling Keft 33 %

Table 1 - Magnetostrictive actuator characteristics.

Dedicated Finite Elements software’s have been used
to optimise the design of this actuator. FLUX® [1]
permitted to optimise sizes and position of permanent
magnets used for the bias of the Terfenol-D and
ATILA® [2] thanks to its fluid-structure coupling was
used to optimise the piston chamber, the sealing
membrane and the actuator itself.

Fig. 3 — Parts of the PMA.

Both the piezo-valves are connected in symmetric
configuration with the pump chamber. A standard
Prestressed Piezo Actuator PPASOL [3] directly
drives each valve poppet mounted outside the pump
compression chamber. To solve the problem of the
high frequency dynamic sealing, both the PPAs are
immersed in the oil while the PMA remains outside
the fluid through a thin elastic metal ring. This
symmetric configuration of the actives valves makes
the pump reversible without performances changes. A
drawback is that the outlet valve acts against the
direction of the fluid flow during the exhaustion
stage.

Fig. 4 — PPASOL based piezo valve.

One important issue is the chemical compatibility
between the hydraulic oil and the piezoelectric
material. This aspect determines the choice of:

— the valves actuators location with the pending
aspect of the dynamic sealing at the valve level
in case of an actuator outside the oil.

— the actuator, for its size characteristics, if it is
plunged inside the oil.
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The compatibility with Aeroshell 41 oil has been
verified and then the inside oil configuration for the
valve actuators have been chosen. The
characteristics of the PPA offers also :

— the high response time required in quasistatic
mode to reduced the loss and to increase the
pumping frequency.

— the high blocked force necessary to ensure the
valve sealing (through the preload) in this
symmetric configuration.

Fig. 5 — View of the complete pump.
Design

The first key point of the design is the elastic thin ring
sealing the magnetostrictive actuator from the fluid
chamber. The dimensions of this membrane are
critical for the maximal pressure in the chamber (due
to stress limitation), for the loss stroke of the actuator
and for the serial stiffness induced in the pump
chamber. These constraints lead to a compromise
between maximum pressure and loss stroke but the
first objectives are to reduce the loss stroke and
increase the serial stiffness. The stiffness is optimised
(minimised) when its Young modulus is minimum.
The second difficult point is the design of the active
valve seat. The multi-orifices configuration developed
displays interesting advantages compared to a single
orifice one especially when the actuator stroke is very
small (80 um with the PPA8OL, which is a direct one,
not amplified):

e The maximum force withstood by the valve
actuator is divided by the number of orifices for the

same exchange surface (flow) obtained with the same
actuator (same stroke).

e The size of the valve can be reduced (10% or
more depending on the poppet geometry) for the
same valve orifice surface.

e The use of direct actuator is also interesting to
reduce the response time of the valve and to take
benefit of the high force of the actuator.

The last critical parameter is the stiffness of the pump
chamber. The 3 following stiffness should be taken
into account as serial stiffness for the pump chamber:
e  Fluid in the chamber.

e Walls of the chamber.

e  Thin elastic ring.

Compared to the first developed prototype, the
stiffness of the pump chamber has been multiplied
by 10.

Power assessment

Assuming that the "actuator itself" is driven with a
quasistatic excitation (far from its resonance
frequency), the actuator provides on a full cycle at
the frequency £, the maximal mechanical power:
Pys = —Fb O S
4
This power is reached with a load of Fj/2 and
displacement amplitude Jys/2. At the resonance
frequency, the useful mechanical power provided is:

Fyo\m
P Mi 4 f r
However the previous value can be affected by:
e This frequency will be modified by the fluid
stiffness.
e During the exhaustion/intake stages the actuator
do not withstand the load
e The hydraulic losses are strongly increased with
the increase of speed of fluid flow.
In a quasistatic mode, the maximum available
mechanical power at the output of the
magnetostrictive actuator is P, =945W. It could

be multiplied by 3 in a resonant mode.

The maximum additional pressure provided by the
actuator in the pump chamber is 88 bars. The
differential pressure between input and output of the
valve is 5.5 bar. Taking into account losses in fluid
circuit, the maximum hydraulic power is 650 W.

To make the pump working at resonance, the
configuration has to change. In the quasistatic mode
the magnetostrictive pump actuator is in Blocked-
Free mounting and in resonant mode the actuator is
in Free-Free mounting with an additional mass at its
back.

But considering the pump designed with:
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e PPASOL actuated valves,

e A quasistatic mode of operation with a pump
chamber stiffness closed to the theoretical one,

e Optimised (multi-orifices) valves design,

the higher cycling frequency to reach the higher
mechanical power could be around 700 Hz. In this
case, the mechanical power, will be around P, =
300W

Test Bench

The test bench is equipped with 7 sensors in order to
clearly characterize the dynamic behavior of the
complete EHA. A static pressure sensor and a
dynamic one are connected at the base of each piezo
valve. A third dynamic pressure sensor is inserted at
the middle of the pump chamber. Two eddy-current
sensors permit to measure precisely the stroke of the
piston moved by the magnetostrictive actuator.
Mounted on the rods of the pump frame, they can be
placed in different position and relative configuration.

The hydraulic circuit of the test bench includes an

air/hydraulic type accumulator in order to:

e Maintain the nominal pressure in the hydraulic
circuit even in case of fluid leakage.

e Act as a shock absorber in case of load starting,
stopping or reversing.

e Participate potentially to an easier filling of the
circuit with low air inclusions.

A vacuum pump is useful also to remove as far as

possible the air inside the circuit before the filling

with hydraulic fluid. The presence of air bubbles in

the circuit can completely make the pump not

working. So several bleeding orifices are present in

the circuit and closed cavities have been suppressed

in the design. The oil filling procedure is very

precise and is a key point for the success of the
results.

Conclusion

The design of this new Electro Hydraulic Actuator
corrects several problems encountered on the
previous prototype we previously developed. The
volume of the piston chamber of the pump as been
divided by 10 and the dynamic seal has been
replaced by an elastic membrane. The direct piezo
actuator has been used instead of an amplified one
and it has been include in the output oil chamber of
the valve to suppress all seals. The valves have been
directly connected to the pump chamber without
tubes between. Ambitious expected results have now
to be confirmed by tests (presented in the poster
session).
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