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ABSTRACT

In the last decades, digital hydraulics has emerged as a new alternative for the development of more efficient
hydraulic systems, where the effects of throttling losses and internal leakages are minimized through the use
of conventional hydraulic components associated in parallel or through switching hydraulics. In the aviation
industry, hydraulic systems are commonly applied to control highly relevant systems, such as landing gear
and flight control surfaces. In this context, digital hydraulics can be used as an alternative solution to
improve the energy efficiency of aircraft hydraulic systems. Based on that, this paper aims to present three
new hydraulic actuators for application on aircraft flight control surfaces using digital hydraulics. The
actuators are being studied by the Laboratory of Hydraulic and Pneumatic Systems - LASHIP of the Federal
University of Santa Catarina - UFSC and are called Digital Hydraulic Actuator - DHA, Digital Electro
Hydrostatic Actuator - DEHA and Variable Speed Digital Electro Hydrostatic Actuator - VSDEHA. The
simulation results show that the actuators developed can be 23 times more efficient than conventional servo-
hydraulic actuators, with equivalent dynamic characteristics, demonstrating the potential for application of
these new actuators in aeronautical systems.
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INTRODUCTION

Hydraulic systems are mainly applied when it is necessary to develop a large amount of power
combined with a compact volume. This characteristic makes hydraulic systems be applied in several areas,
such as in construction machinery, hydroelectric plants, and the aeronautical industry. In the aviation
industry, hydraulic systems are used in aircraft flight control surfaces, cargo doors, steering, landing gears. [1].
Additionally, hydraulic systems are known for their high reliability and fast dynamic response, making these
systems suitable for aircraft application. However, one of the disadvantages of using hydraulic systems is the
low energy efficiency, which is caused by the use of valves that throttle the flow and by the internal leakage of
the hydraulic components. In order to develop a more efficient actuator solution, studies using digital
hydraulics began to be carried out aiming at aircraft applications [2 — 6]. In this technology, components such
as the servo or proportional valves are replaced by a set of on/off valves connected in parallel or by a fast
switching on/off valve, which is capable of delivering discrete outputs, avoiding the throttling control and
minimizing the internal leakage. On/off valves can also be applied to control the pump output, in cases of
parallel connection two or more fixed displacement pumps can be connected through the same shaft to provide
different flow levels in place of variable displacement pumps. Therefore, using the digital hydraulics approach,
throttle losses and internal leaks can be reduced and the system is controlled by the interaction of simple on/off
hydraulic components.

In this paper, an overview of researches provided by the Laboratory of Hydraulic and Pneumatic
Systems - LASHIP of the Federal University of Santa Catarina — UFSC in the development of digital hydraulic
actuators for aeronautical applications will be presented.
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STUDIES ON DIGITAL HYDRAULICS TOPOLOGIES

The Laboratory of Hydraulic and Pneumatic Systems at the Federal University of Santa Catarina is one
of the main centers in Latin America in the development of hydraulic and pneumatic systems. Currently, the
laboratory has a research line focused on the study of different topologies for aircraft actuators applying digital
hydraulics to flight control surfaces. In this context, three digital hydraulic topologies are being studied, which
are called Digital Hydraulic Actuator — DHA, Digital Electro Hydrostatic Actuator —- DEHA, and Variable Speed
Digital Hydrostatic Actuator — VSDEHA. These solutions will be presented according to the chronological
development in the laboratory.

Digital Hydraulic Actuator (DHA)

In this topology, a multi-chamber cylinder with different areas is supplied by different pressure lines
(Figure 1). The on/off valves are used to direct the flow rate from the supply lines to the cylinder chamber,
where each cylinder chamber can be connected to each supply line independently [2]. The secondary control
system of this solution is based on the combination of the pressure lines with the areas of the cylinder chambers
to produce the necessary force to move the cylinder, according to the load condition estimated by the system
[4]. In this solution, a centralized hydraulic power unit is used to supply the pressure lines.

In [4], the authors proposed a way to define the areas of the multi-chamber cylinder and the pressure
values of the supply lines, with a focus on the use for aircraft control surface applications. In the experimental
study developed by [2], a four-chamber cylinder connected to three pressure lines through twelve on/off valves
was used. Using the combinations of areas and pressures, it was possible to obtain 81 discrete output forces
values.

The study carried out by [2], the authors presented an evaluation of the energy saving potential of the
solution, where it was possible to reach levels between 80% and 96% of reduction in energy dissipation using
the DHA solution when compared to a Servo Hydraulic Actuator under the same simulation conditions. In [6],
the simulations performed by the author showed a reduction in energy dissipation of 15.7 times.
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Figure 1 — Digital Hydraulic Actuator [10].
Digital Electro Hydrostatic Actuator (DEHA)
In this topology, a digital hydraulic pump (DHP) is used to provide different flow rate levels, which
combined with different areas of the cylinder chamber, produce different cylinder velocities, for the cylinder

control [3] (Figure 2). The on/off valves are used to control the output combination of the digital hydraulic
pump and direct the flow rate to the cylinder chambers. In [3], the author proposed a DEHA using a digital
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hydraulic pump with three pump units and a four-chamber cylinder, using a block valve with 8 valves to
connect the DHP and the cylinder chambers.

With the use of three pump units, seven different flow rates are obtained, which combined with the
four-chamber cylinder areas, it is possible to obtain 28 cylinder velocities. However, as in the DHA solution,
in the DEHA is possible to connect each cylinder chamber to each supply line. In [7], the same configuration
is used and the authors propose the use of the DEHA in regenerative mode, increasing the number of different
cylinder velocities to 43.
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Figure 2 — Digital Electro Hydrostatic Actuator [10].
Variable Speed Digital Electro Hydrostatic Actuator (VSDEHA)

This topology is an evolution of the two topologies presented previously, where a variable-speed digital
hydraulic pump is used to supply a cylinder (Figure 3). Unlike the DEHA topology, the flow rate can be changed
continuously, where it is not mandatory to have a combination of chamber area and flow rate to increase or
decrease the cylinder speed. Speed control is performed by the combination of the angular speed source and
pump unit. According to [8], the use of the variable speed increases the number of different flow rates of the
DHP, which becomes a continuous flow rate source and allows using the power-on-demand concept to adjust
the angular speed for each pump unit combination. This strategy aims to achieve the best operating point for
each work condition.

The use of a variable speed digital hydraulic pump is justified by the possibility of changing the pump
unit combination to supply a certain operation point or flow rate range without sacrificing efficiency [8]. For
example, under low demand conditions, the smaller pump unit can be used more efficiently to supply the low
flow rate demand, and under high demand conditions, the higher pump unit combination can be used to
achieve this point. Whereas, in a variable displacement pump, the volumetric efficiency generally decreases
drastically with the reduction of the volumetric displacement [8; 9].

In this topology, during cylinder movement, there is no cylinder chamber switching to change cylinder
speed. This is an advantage from a valve-commutation number perspective, as valve-commutation is only used
to change the direction of the cylinder, reducing the number of valve cycles per operating time. However, when
the external load is acting in the same direction as the cylinder movement, there is a risk of cylinder overspeed,
which may impair the controllability of the system. To overcome this risk, during this condition a second set
of on/off valves (V}, 4, Vp5, Vo, and V) is used to limit the maximum cylinder velocity by dissipating the extra
energy supplied by the external load.
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Figure 3 — Variable Speed Digital Electro Hydrostatic Actuator [10].

TOPOLOGY COMPARISON
With the development of new solutions, it is natural to perform some comparisons between their
characteristics and research evolutions. Table 1 presents a comparison of the main characteristics of the digital

solutions presented in this paper.

Table 1 — Characteristics of the digital hydraulic actuators studied.

Characteristic DHA DEHA VSDEHA
Controlled
hydraulic variable Pressure Flow rate Flow rate
Controlled . .
mechanical variable Force Velocity Velocity
Hydrallllllll(i:tsupply Not considered Digital Hydraulic Pump Digital Hydraulic Pump
MEA concept Not considered Considered Considered
Electric motor Not considered Fixed angular speed Variable angular speed
control
Cylinder valve To change force and To change velocity and

. . . : . To change direction
commutation direction direction &

Pump valve To change the pump To change the pump

Not considered

commutation unit combination unit combination
Limited by the number  Limited by the number  Limited by the angular
Number of forces or  of pressure lines and of discrete flow rate speed range available
velocities cylinder chamber and cylinder chamber for each pump unit

combinations combinations combination

Dynamic and energy saving potential
In [10], the authors present a comparison between DHA, DEHA, and VSDEHA topologies, which were

designed for the aircraft primary control surfaces. The three topologies were implemented in a generic aircraft
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model called Aero-Data Model in a Research Environment (ADMIRE) [11]. The ADMIRE implemented in
MatLab/Simulink ® was used to perform simulations of the actuators in a virtual aircraft environment to
simulate flight commands, behavior, and load conditions. Different flight maneuver missions were used to
verify the behavior of the digital hydraulic solutions and perform dynamic and energetic analyses of the
systems. The control surfaces analyzed were the left inner elevon (LIE) and left outer elevon (LOE) [10].

Table 2 presents a summary of the dynamic evaluation results highlighted by [10] in relation to the
reference, where the overshoot and response time presented are in the maximum condition for the evaluated
maneuver, which in this case was the roll-turn flight maneuver. Due to the non-linearities of the system, the
dynamic behavior is not the same for different input signals [10].

Table 2 — Dynamic characteristics of digital hydraulic actuators. Adapted from [10].

ADMIRE DHA DEHA VSDEHA
Overshoot (%) - 13.8% 4.8% 10.9%
Time response (s) 0.168 0.241 0.351 0.241

Table 3 presents the energy efficiency of the systems during three different maneuvers, landing, roll-
turn, and longitudinal, for each digital actuator. The servo hydraulic actuator is a conventional hydraulic
system used in aircraft control surfaces, which are known for their low energy efficiency caused by the
throttling control and internal leakage of the system components. In [10], a servo hydraulic actuator model
was used as a baseline and presented an energy efficiency lower than 2% for the maneuvers. This demonstrates
the high energy-saving potential of the digital hydraulic solutions, where energy efficiency values above 30%
have been achieved during some maneuvers.

Table 3 — Energy efficiency of digital hydraulic actuators. Adapted from [10].

DHA DEHA VSDEHA
Control surface LIE LOE LIE LOE LIE LOE
Landing 1.93 % 1.86 % 8.49 % 8.04 % 5.85 % 6.06 %
Roll-turn 6.2% 6.23 % 14.41 % 14.86 % 35.05 % 34.95 %
Longitudinal 11.3 % 6.47 % 34.87 % 41.63 % 39.9 % 27.9 %

CONCLUSIONS

This paper presented an overview of three digital hydraulic topologies developed at the Laboratory of
Hydraulic and Pneumatic Systems of the Federal University of Santa Catarina, designed to be applied to
primary control surfaces of aircraft. The use of digital hydraulic solutions is focused on reducing the use of
dissipative control strategies and improving system efficiency by using simpler components, reducing costs,
and improving reliability.

One of the main features of digital hydraulics is the use of intelligent control to control the output of
the system. In this aspect, it is possible to notice that the three topologies presented have almost the same
physical structure. However, due to the different control strategies adopted for each one, the results obtained
were quite different for each simulated condition.

From an aircraft design point of view, more experimental studies using prototypes should be
developed to validate the dynamics and energy savings presented by the proposed systems. In addition, with
the use of prototypes, other characteristics such as occupied volume and weight can be evaluated.
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