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Abstract

This paper presents a multi-chamber hydraulic actuator controlled by digital
pumps and on/off valves, in order to improve the efficiency of hydraulic
systems applied in aircraft for flight control. Hydraulic positioning systems
are used in many different applications, such as mobile machinery, industry
and aerospace. In aircraft, the hydraulic actuators are used at flight control
surfaces, cargo doors, steering, landing gear and so one. However, the mas-
sive use of resistive control techniques, which throttles the passages of the
hydraulic fluid, associated with internal leakage of the hydraulic components,
make these systems low energy efficient. In order to improve their energy
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efficiency, digital hydraulics emerges as a promising solution mainly for
mobile applications. In this paper a hydraulic positioning system for aircraft
control surfaces using a multi-chamber actuator controlled by on/off valves
and a digital pump is proposed. The use of a digital pump with three fixed
displacement pumps can provide eight different volumetric displacement out-
puts. The multi-chamber actuator with four areas can operate in two different
modes, normal or regenerative, resulting in six different equivalent areas. The
regenerative mode allows the actuator to achieve higher actuation velocity
values with smaller pumps. These equivalent areas combined with the dif-
ferent supplied flow rates can deliver 43 different discrete output velocity
values for the actuator, in steady-state. For the system dynamic analyses, three
mathematical simulation models were developed using MATLAB/Simulink
and Hopsan, one for the digital system, and two for the conventional solutions
applied in aircraft (Servo Hydraulic Actuators (SHA) and Electro Hydrostatic
Actuator (EHA)). The simulation results demonstrate that the digital actuator
can achieve, for position control, a maximum position error, in a steady-state,
of 0.7 mm. From the energy consumption point of view, the digital circuit
consumes 31 times less energy when compared with the SHA and 1.7 when
compared to the EHA, resulting in an energy efficiency of 54%.

Keywords: Digital hydraulics, multi-chamber actuators, digital pumps,
position control.

1 Introduction

Nowadays, one of the main global concerns is to reduce the carbon dioxide
(CO2) content emitted in the atmosphere due to the increasing global warm-
ing in recent decades. The combustion of fossil fuels is the biggest contributor
to emissions of carbon dioxide in the atmosphere [1]. For instance, in [2] it
is quoted that in 2017, the aviation industry produced 859 million tons of
CO,. The main reason for that is the aircraft propulsion technology, which is
dependent on internal combustion engines [3].

In order to improve the energy efficiency of the aircraft, reducing the fuel
consumption, nowadays there are some researches being carrying out in this
context [4, 5].

According to [4], there are four different power sources in a conventional
aircraft, Pneumatic Hydraulic Electric and Mechanical, where the hydraulic
system is responsible for around 240 kW in a Boeing 737 or Airbus A320
type aircraft.
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To improve the aircraft energy efficiency, the concept MEA (More Elec-
tric Aircraft) is being largely discussed in the last decades. This concept aims
to replace the pneumatic, hydraulic and mechanical systems by electrical
systems [4]. According to [6], this technology can bring some advantages
as maintenance and mass reduction. However, modern aircraft still uses
hydraulic systems for the control of primary and secondary flight control
surfaces. The widespread use of hydraulic actuators in commercial aircraft is
due to many advantages such as, the hydraulic fluid is almost incompressible,
mechanical stiffness, fast dynamic response [7].

Despite all the advantages, hydraulic systems present a low energy effi-
ciency, which is caused by the pressure and flow control techniques that
throttle the flow through passages resulting in thermal losses and internal
leakage in the hydraulic components. In order to overcome this low energy
efficiency, other configurations of actuators, based on power-on-demand
were developed through the years, as the Electro Hydrostatic Actuators —
EHA [8, 9] and solutions using variable displacement pumps. As stated
in [10], one of the disadvantages of the EHAs is that the electric motors
keep consuming energy even for constant output, which makes the internal
dissipation of heat difficult. In the systems that use variable displacement
pumps, [11] quote that for cruse flights, the pumps have their volumetric
displacement set in a low value range, mainly for supply the system internal
leakage. Nevertheless, in this condition, the pump operates in a low efficient
range.

To improve the hydraulic systems efficiency, the digital hydraulics
emerges as a new promising solution over the last decades. In this concept,
hydraulic circuit and components are set in order to reduce the throttle losses
and internal leakages. The application of this concept in aircraft is being
studied jointly by LASHIP/UFSC, FLUMES/LiU and Saab AB over the last
few years, as shown in [5] and [12].

In this paper, an actuator topology using digital pump, on/off valves and
a multi-chamber hydraulic cylinder is proposed for position and velocity
control for application in aircraft flight control. The use of the multi-chamber
actuator has been studied by several authors in the last decades. In [13], a
four-chamber actuator with two constant pressure sources for force control is
used. In [5] and [12], a similar configuration using three different pressure
sources for application in flight control is presented. In terms of digital
pumps, [14] used a parallel pump associated with on/off valves and a four-
chamber actuator for velocity control. The authors in [15] use digital pumps
in closed circuit for velocity control in actuators with two chambers.
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This paper is organized as follows. In Section 2, the main hydraulic
actuators used in aircraft are presented. In Section 3, the proposed actuator
using digital pumps, on/off valves and multi-chamber cylinder is described.
Section 4 presents the system model and the SHA (Servo Hydraulic Actuator)
and EHA models used for comparing the systems behavior and efficiencies.
Section 5 presents simulation results. Lastly, Section 6 presents the main
conclusions.

2 Aircraft Hydraulic Control Actuators — EHA and SHA

In aircraft, the hydraulic actuators are responsible for the actuation of the
primary and secondary control surfaces [16], landing gears, cargo doors,
steering [17] and so on. One of the hydraulic actuators used in aircraft is
the SHA — Servo Hydraulic Actuator. According to [18], these actuators
are the most commonly used to control the aircraft control surfaces, where
normally a centralized hydraulic power unit is used. In SHAs, a servo valve
is connected to the chambers of the actuator. Normally, this kind of valve is a
spool type, which due to their internal clearances, has internal leakage.

As mentioned in Section 1, in cruise-flights the variable displacement
pumps, which are currently used in aircraft, are set to a low volumetric
displacement range in order to compensate the internal leakages in valves
and other components and keep the system pressurized. However, in this
condition, the pumps work in a low volumetric efficiency range [19].

Another configuration of actuator that are currently in study and being
applied in aircraft is the Electro Hydrostatic Actuator — EHA. According
to [20], EHA is basically a self-contained hydraulic actuator, which is con-
trolled by a hydraulic pump connected to a variable speed electric motor. [21]
highlight that other configurations can be used in EHAs, as variable displace-
ment pumps with a fixed speed electric motor or a variable displacement
pump with a variable speed electric motor.

The main advantages of using EHAs are the replacement of the central-
ized hydraulic power units by decentralized ones, reduction of the mainte-
nance cost due to the facility to replace an EHA in case of fault, reduction of
the energy losses due to the less use of components that throttle the flow [21].

In conventional hydraulic systems used in aircraft, the pumps have large
volumetric displacements in order to supply hydraulic fluid to all actuators in
a specific hydraulic circuit. For instance, in the Airbus A380, the volumetric
displacement of the hydraulic pumps can achieve 47 cm?/rev [22]. Another
point to be mentioned is, for conventional hydraulic systems, the pumps
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work normally in a constant rotational frequency and output pressure, such
that they can be optimized for these operation conditions [22]. In Electro-
Hydrostatic Actuators, the rotational frequency of the pumps can achieve
values of 10000 to 16000 rpm [22, 23], and the volumetric displacement is
around 0.5 cm?/rev [22]. Furthermore, the pumps need to operate in both
directions of rotation and have to be able to accelerate and decelerate with
very low response time.

3 Digital Hydraulic Actuator Proposed

In digital hydraulics, components like the variable displacement pumps and
proportional and servo valves are replaced by ordinary hydraulic components,
such as on/off valves and fixed displacement pumps. However, these compo-
nents can be assembled/operated in different ways, as in parallel (Parallel
Connection Technology) or time switched (Switched Hydraulics).

The digital hydraulic actuator presented in this paper comprises primary
and secondary conversion units. The primary conversion unit (electric to
hydraulic power) is composed by three fixed displacement pumps with differ-
ent volumetric displacements connect in the same shaft, three on/off valves,
three relief valves and three check valves (Figure 1).

With the use of three fixed displacement pumps, it is possible to obtain
eight different output flow rate values, through the combinations of the
pumps. The on/off valves are in charger for directing the pump flow rates to
the reservoir or to the system. The check valves have the function of isolating
the line of each pump and prevent pressure peaks from one pump to another.
The relief valves were installed just to limit the maximum pressure of the
system, for safety reasons. However, these valves should not open in normal
operation conditions in order to avoid energy losses.

For the secondary conversion unit, on/off valves and a multi-chamber
cylinder were used, respectively. The on/off valves are responsible for con-
necting the flow rate, which comes from the primary conversion unit, to each
actuator chamber or each chamber to the reservoir. For the proposed actuator,
two valves were used for each actuator chamber.

The multi-chamber actuator is a hydraulic linear cylinder with a number
of chambers equals or higher than four. The number of chamber combinations
that can be used determines the resolution for a digital system. In this paper,
a cylinder with four chambers was used. (Figure 1).

The hydraulic multi-chamber actuator combined with the on/off valves
present two operational modes: non-regenerative and regenerative. In the
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Figure 1 Digital electro hydrostatic actuator —- DEHA.

non-regenerative mode, the chambers A and C, for the forward movement,
receive fluid at the same time and the chambers B and D are connected
to the reservoir. In the regenerative mode (Figure 2), the chambers that are
decreasing the volume can be directed to the chambers that are increasing the
volume.
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Figure 2 Multi-chamber actuator in regenerative mode.

When the actuator operates in regenerative mode, the chambers A and C
receive a booster of flow rate, which increases the actuator velocity, but the
load capacity is reduced, due to the regenerative chamber that remains pres-
surized. In non-regenerative mode, the actuator has the higher load capacity,
but the velocity is lower.

The velocity of the actuator (v,), in steady state, can be evaluated

according to
qavs

= 1
e (1)

Vq
where qy-g is the supplied flow rate [m3/s], A, is the resultant area [m?] and
A, is the regenerative area [m?]. The resultant area is the sum of the areas
of the chambers that are increasing the volume (Chambers A and C for the
forward movement and B and D for the backward movement) In Figure 2, the
regenerative area corresponds to the chamber D area.

According to [19], the power and dynamic requirements can vary accord-
ing to the type of aircraft, where the typical range for the actuator stroke is 20
to 700 mm, 20 to 500 mm/s for the actuator speed and 20 to 350 kN for the
force. In this paper, step response (z,,,) of, 50 mm, a setting time (t5) of 1 s
and a maximum force (F}) of 20 kN at 210 bar in regenerative mode, were
considered. Using the methodology present in [24] and [25] the maximum
actuator velocity was obtained [vy,q.], resulting in 0.111 m/s.
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Table 1 Different combinations of pumps

Pumpl Pump2 Pumps3 Flow Rate [I/min]

0 0 0 0

1 0 0 1.2
0 1 0 2.4
1 1 0 3.6
0 0 1 3.76
1 0 1 4.98
0 1 1 6.18
1 1 1 7.38

Table 2 Actuator chambers combinations

Chambers Combinations Equivalent Area [mm?]
Chamber A with Chamber C 2251
Chamber A with Chamber C and regeneration from Chamber B 1149
Chamber A with Chamber C and regeneration from Chamber r D 907
Chamber B with Chamber D 2446
Chamber B with Chamber D and regeneration from Chamber A 902
Chamber B with Chamber D and regeneration from Chamber C 1739

The areas of the linear actuator used in the system are 1544, 1102, 707
and 1344 mm?, for the chambers A, B C and D, respectively.

With this actuator, the resultant area for the forward movement is 2279
mm? and the maximum equivalent area Ac_maz(Aemaz = Ar — Ay maz)
is 907 mm?. The maximum equivalent area is the area that the actuator will
achieve the maximum velocity in regenerative mode using the higher regen-
erative area (Ag maqqe). Therefore, the necessary maximum flow rate qypmaq
[m3/s] for the actuator achieve the maximum velocity is 1.033 x 104 m3/s
(6.2 L/min).

The volumetric displacements of the pumps are determined based on the
maximum flow rate and rotational frequency (1200 rpm — 20 Hz), being
D1, D, and D3 equals to 1 x 1076 m3, 2 x 107 m3 and 3.15 x 1075 m3,
respectively. With the use of a digital pump with three fixed displacement
pumps, eight different supply flow rates can be achieved, as are shown in
Table 1.

With the used of the cylinder with four chambers, six different combi-
nations of chambers can be achieved. All these combinations are shown in
Table 2.
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Figure 3 Distributions of the actuators velocities.

Considering all combinations of pumps and areas, the actuator can
achieve 43 different velocities, including the zero value (Equation (1)).
Figure 3 present the velocities that the actuator can achieve.

As can be seen in Figure 3, there is certain linearity of the velocity values
for a range of —0.075 to 0.1 m/s, approximately. The linearity behavior is
interesting for the position control point of view.

The actuator proposed in this paper, due to its similarity with the Elec-
tro Hydrostatic Actuators, where the pump and the cylinder comprises the
actuator, was called Digital Electro Hydrostatic Actuator —- DEHA.

4 Actuator Modelling and Control

4.1 Modelling and Parameters Values

The modeling of the proposed actuator was developed in the numerical
simulation software Hopsan 2.9.0, which is based in the Transmission Line
Method — TLM.

The on/off valves were modeled, according to the orifice flow rate

equation, being
[2A
qvn = Cdﬁdxvmazf 7])7 (2)
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where qy,, is the valve flow rate [m?/s], cg the discharge coefficient [1], Ap
the valve pressure drop [Pa], p the fluid specific mass [kg/m?], d the valve
spool diameter [m], Zymq, the maximum spool displacement [m] and f[1]
the spool diameter fraction.

The valves dynamics have a significant influence in the system behavior.
These dynamics were modelled according [27]. The valve parameters are
listed in Table 3.

The movement of the multi-chamber actuator was modeled using the
Newton’s Second Law, being.

paAa — pBAp +pcAc —ppAp — Fpp — Fr, = mi, 3)

where Ay, Ap, Ac and Ap are the A, B, C and D chambers areas, respec-
tively, p4, pB, pc and pp are the pressures of the A, B, C and D chambers,
respectively, Fy; is the friction force and is the total mass in movement
[47 kg]. The friction force was modeled using the Lugre model described
in [26]. The check valves were modeled through the Equation (4),

Quch = kch V Apcha (4)

where gy, is the check valve flow rate [m®/s], k., is the check valve flow
coefficient, which is 7.5 x 10~7 [m?3/(sPa’%)] and the Ap,j, is the check valve
pressure differential [Pa]. For the opening dynamic behavior for the check
valves, a second order transfer function was implemented, where the natural

Table 3 Digital valves parameters

Name Symbol Value
Time to energize the solenoid ton 0.003 s
Time to de-energize the solenoid tofr 0.03s
Opening valve spool dynamics tde.on 0.041 s
Closing valve spool dynamics tdcoff 0.062 s
Discharge coefficient Cd 0.65
Spool diameter d [0.0046, 0.0042] m
Maximum spool displacement T vmaz 0.001 m
Spool diameter fraction f [0.5, 1]
Pressure drop Ap [20, 6] bar
Fluid specific mass p 850 kg/m®
Opening natural frequency Wnw_on 150 rad/s

Closing natural frequency Wno_off 100 rad/s
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frequency is 314.15 rad/s and the damping factor 0.7. The check valve pre-
load pressure is 2 x 10° Pa.

The leakage in the fixed displacement pumps was modeled as a laminar
orifice in parallel of each pump. The leakage coefficients k,; are 2.02 x 10713,
2.02 x 10713, and 2.68 x 10~'3 m3/(sPa), for the pumps 1, 2, and 3,
respectively.

4.2 System Control

For the system control, the MATLAB/Simulink software was used. The
diagram of the system control is presented in Figure 4.

A PI controller was implemented and its output is sent to a discretiz-
ing function. As the actuator presents a discrete number of velocities (see
Figure 3), the discretization function aims to set the controller output signal
in one of the predefined velocities. Subsequently, the valve selector is respon-
sible for selecting each valve that should be activated or not depending on the
desired velocity as represented by the matrix shown in Figure 5.

In the Matrix presented in Figure 5, the second row represents the velocity
available in the system. The third row represents the switching cost function,
which is based in [28]. This function is calculated with the difference between
the desired velocity required by the PI controller and the velocity presented
in the system.

The rows four to six represent the status of the on/off valves for the pumps
one, two and three, respectively. The rows seven to fourteen are responsible
for the valves of the actuator’s chambers.

Pump 3
Pump 2

Fump |

¥ ¥

Drscretization

Reference [S
Function L Valve Selector

Controller

Y

5
-

(] 1wl

Delay Controller » System T

Figure 4 System control diagram.
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Figure 5 Matrix with the valve combinations.

With the definition of the status of all valves for the desired velocity,
the output signal from the valves selector is sent to the delay controller,
responsible for the synchronization of the valves, and then sent to the system.

For the valve selector, three-time intervals, d 1%, dT',, d1 4y, Wwere imple-
mented based on those used in [26] and [27]. The dT5 is the time interval,
which the valve selector algorithm should operate according to the simulation
sample time (1 ms). The dT), defines the time that the combination valve
matrix should be recalculated and the dTje,, defines the minimum time
interval for a valve combination change, which should be higher than the
dynamics of the valves.

4.3 SHA and EHA Actuators

In order to compare the results obtained with the digital hydrostatic actuator
(DEHA) proposed in this paper, two actuators, using the traditional topolo-
gies, were analyzed under the same work conditions (maximum velocity and
load), that are, a Servo Hydraulic Actuator — SHA and an Electro-Hydrostatic
Actuator. Figure 6 show the SHA in a tandem configuration with two servo
valves and a variable displacement pump. The tandem configuration was
chosen due to its redundancy, which naturally occurs in the DEHA.

The servo valves present internal leakage that causes energy losses. This
leakage was modeled according to the theorical and experimental results
presented in [29]. The two valves combined present a leakage around 2 L/min
in a pressure differential of 210 bar. Therefore, the variable displacement
pump needs to be operating in a low volumetric displacement range. The
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volumetric efficiency was modeled according to [30] as a function of the
volumetric displacement and the output pressure. Based on that, a pump
leakage coefficient &, was calculated as

wnprvUDv(l - nv) (5)
2 (pgHA — ppHA)

kplv =

where, wy, is the pump rotational frequency [rad/s], D,, is the pump
maximum volumetric displacement [m3/rev], Up, is the pump displacement
control signal [1], 1,, the volumetric efficiency, pf HA is the pump output pres-
sure for the SHA [Pa] and p;? HA {5 the reservoir pressure for the SHA [Pa].
The pump displacement control signal is calculated according to the position
error e [m] (Equation (6)).

{if 0<e<0.05— Up, = 14.58¢ + 0.271 ©

if —0.05<e<0— Upy=—14.58¢ +0.271.

The areas A, B, C and D for the SHA are equal to 453.5 mm?. The
parameters for the SHA model are presented in Table 4.
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Table 4 SHA parameters

Name Symbol Value
Cylinder Stroke l 02m

Bulk modulus B 1.3 x 10° Pa
Pump maximum volumetric Displacement Dy 6.15 x 107% m3/rot
SHA reservoir pressure poH A 10 x 10° Pa
Rotational Frequency wf{f A 125.66 rad/s

Servo Hydraulic Actuator - SHA
SHA SHA

A Ay AY Ay

_d_d__d_f-"'!;’.:. 1 ‘”}:_. 1 ]P_r\_m p:.\,”" |

“‘“——__|A All A|

| L
Servo ’—
e U X AL X
|

Pry

Figure 7 Electro hydrostatic actuator - EHA modelled.

The dynamics of the servo valve and the position of the pump volu-
metric displacement were considered as the second order. Thus, the natural
frequency for the valve and the displacement control were implemented
as 1047.2 and 209.43 rad/s, respectively and the damping factor for both
components is 0.9.

For the Electro Hydrostatic Actuator — EHA, the modeled system is
presented in Figure 7.

The pump was modeled as a fixed displacement pump with a variable
rotational frequency. Therefore, in this system, the output signal from the
controller is converted to rotational signal for the pump, with a second order
dynamics.
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Table 5 EHA parameters

Name Symbol Value
Chamber A area AEHA 0907 x 10~° mm?
Chamber B area AEHA 0,907 x 107° mm?
Cylinder Stroke l 0.2m

Dead volume of chamber A Voa 6.8 x 107° m?
Dead volume of chamber B Vop 6.9 x 107° m?
Bulk modulus B 1.3 x 10° Pa
Pump volumetric displacement Df HA 6,15 x 1079 m®/rot
EHA reservoir pressure pEHA 10 x 10° Pa
Pump natural frequency wff A 62.83 rad/s
Pump Damping factor 13 0.9

The pump leakage is modeled analogously as the DEHA system, with
a laminar orifice in parallel to the pump. The parameters for the EHA are
presented in Table 5.

5 Simulation Results

In this section, the main results obtained with DEHA, SHA and EHA systems
will be presented. The load force applied in both systems was modeled as a
spring load according to Equation (7).

Fr, = 6666.7x + 5000. (7

5.1 Velocity Control

In order to verify the change between two different velocity levels, Figure 8
presents the results obtained for a step input signal and Figure 9 the pressure
in the chambers of the cylinder.

As can be seen in Figure 8 and in Figure 9, the actuator can follow
the velocity reference, with some difference caused by the leakage in the
pumps. The transitions between two different velocity levels present some
oscillations. These oscillations are caused by the fast switching of the on/off
valves between different pressure levels and due to the friction and the load
forces. However, these oscillations do not cause higher alterations in the
actuator movement.
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5.2 Position Control

Considering the operation as positioning systems, the proportional gains for
the DEHA, SHA and EHA were adjusted as 1.2, 1 and 1, the integral gains
as 0.01, 0.01 and 0.1, respectively. A gain of 2.71 was used to convert the
position signal error in velocity for the DEHA, 200 to converter the position
signal for the servo valve volt signal (—10 to 10) V in the SHA and 2513.2
to convert the position error in angular velocity for the EHA. The dT,, is
6 x 109 s, dTlelqy 18 0.104 s and the # ¢4, 1s 0.064 s.
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Figure 10 presents the position responses for all systems and Figures 11
and 12 the velocity control signal and the position error, respectively for the
DEHA.

As can be noticed in Figure 10, the SHA and the EHA have similar
behaviors, however, the DEHA present some oscillations, which are caused
by the valve switching. Also, the DEHA response presents a delay around
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40 ms to start the movement. This delay is caused by the delay controller,
which takes 40 ms to send the opening signal to the valves. In Figure 13,
the signal for the pump valves is presented and in Figure 14 the pressure in
actuator chambers is shown.

For the period of 37 to 45 s, only pump 1 is requested. However, the
velocity requested for the actuator does not match with the ones present by
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Figure 14 DEHA actuator’s chambers pressure.

the combinations of pumps and chambers, which causes the continuously
switching of this pump. For the pressure in the actuator chambers, some
pressure peaks are also observed due to the fast switching of the valves, which
connects the cylinder chamber to the outlet of the pumps in a short period of
time.

In order to compare the energy efficiencies, the supplied and the output
energies were calculated. For the DEHA and the SHA systems, the supplied
energy was calculated by the multiplications of the pumps flow rate and the
pressure differences. The output energy was calculated by the multiplications
of the actuator force and the velocity.

For the EHA actuator, the calculus for the supplied energy and the output
energy were carried out considering that the load can supply hydraulic energy
when the actuator is in backward movement. Figures 15 and 16 present the
supplied energy and the output energy for both systems, respectively.

The energy efficiency was calculated by the ration of the output energy
and the supplied energy. The results for the energy efficiency are present in
Figure 17.

The results show that the SHA system dissipates much more energy than
the DEHA and EHA. This energy dissipation is practically converted in heat
for the hydraulic system. In the DEHA and EHA, the energy dissipation
is considerably smaller. Consequently, the cooling system can be reduced,
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saving weight for the aircraft. For the energy efficiency point of view, the
DEHA is around 31 time more efficient than the SHA, and around 1.7 than
the EHA. With these efficiency values, the DEHA can be a promising solution
for a more efficient actuator alternative, for application in aircraft.
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6 Conclusions

In this paper, an aircraft actuator using digital pump, on/off valves and
multi-chamber actuator comprising a Digital Electro Hydrostatic Actuator —
DEHA, was presented. In addition, a SHA and EHA were modeled in order to
be compared with the proposed actuator. The DEHA actuator using a digital
pump with three pumps and a multi-chamber actuator with four chambers
can provide 43 different velocity values. In the transition of different velocity
levels, oscillations occur due to the valve switching between two different
pressure levels. However, the actuator position has no significant effect.
The leakage at the pumps causes a decrease in the velocity of the actuator
in steady-state. For position control, the DEHA can achieve similar results
when compared with the SHA and EHA. Nevertheless, pressure peaks occur
during switching of the valves. For a ramp input signal, where the velocity
does not match with velocity combinations presented in the DEHA actuator,
the controller chooses the closer velocity values presented in the velocity
matrix. This behavior causes a stair waveform in the position. Due to the
use of a digital pump, which remains with low output pressure, when the
actuator is not moving, it dissipates less energy than the SHA and EHA.
This results in energy efficiency around 54%, being 1.7 times higher than
the EHA and 31 times than the SHA, thus demonstrating that the DEHA can
be an interesting solution for the development of more efficient actuators to
be applied in aircraft.
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