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Abstract: A pump-driven actuator, which usually called an electro-hydrostatic actuator (EHA),
is widely used in aerospace and industrial applications. It is interesting to optimize both its static
and dynamic performances, such as weight, energy consumption, rise time, and dynamic stiffness,
in the design phase. It is difficult to decide the parameters, due to the high number of objectives to
be taken into consideration simultaneously. This paper proposes a simulation-based multi-objective
optimization (MOO) design method for EHA with AMESim and a python script The model of
an EHA driving a flight control surface is carried out by AMESim. The python script generates
design parameters by using an intelligent search method and transfers them to the AMESim
model. Then, the script can run a simulation of the AMESim model with a pre-set motion and
load scenario of the control surface. The python script can also obtain the results when the simulation
is finished, which can then be used to evaluate performance as the objective of optimization. There are
four objectives considered in the present study, which are weight, energy consumption, rise time,
and dynamic stiffness. The weight is predicted by the scaling law, based on the design parameters.
The performances of dynamic response energy efficiency and dynamic stiffness are obtained by the
simulation model. A multi-objective particle swarm optimization (MOPSO) algorithm is applied
to search for the parameter solutions at the Pareto-front of the desired objectives. The optimization
results of an EHA, based on the proposed methodology, are demonstrated. The results are very
useful for engineers, to help determine the design parameters of the actuator in the design phase.
The proposed method and platform are valuable in system design and optimization.

Keywords: electro-hydrostatic actuator; multi-objective optimization; weight; energy consumption;
rise time; dynamic stiffness

1. Introduction

Using a pump as the driver in an electro-hydrostatic actuator (EHA) has the advantages of
compact integration, high output force, and ease of maintenance [1]. Therefore, it has become part
of a developing trend in fluid power transmission. They have been used in aerospace applications,
to replace traditional hydraulic actuators in more-electric aircraft (MEA) Rongjie et al. [2], such as
the A380 Van Den Bossche [3]. It is also emerging as a preferable solution for industrial applications,
as their design combines the best of both electro-mechanical and electro-hydraulic technologies.

The schematic diagram of a typical EHA is illustrated in Figure 1. The basic function of an EHA
is as a servo motor to drive a bi-directional hydraulic pump to generate a pressured cyclic flow rate,
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to control the cylinder extend /retract. The EHA has the advantage of being electric-powered, which can
eliminate heavy, messy, and fault-liable hydraulic pipes; which makes them preferable in more-electric
aircraft (MEA). Therefore, they can can make the system much more easy to maintain and reduce
the system weight. In Kulshreshtha and Charrier [4], it was demonstrated, in the A380, that using
more electric actuators saved over 450 kg. EHA have become a hot topic, and have been developed
significantly in many aspects. However, they still have some issues which to be solved before they
can be applied with high performance and reliability, such as high speed hydraulic pumping [5],
and over-heating. In order to overcome the over-heating problem, some interesting works have been
reported recently, such as using a load-sense pump in Chao et al. [6], and a novel control method with
energy feedback in Shang et al. [7].
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Figure 1. Schematic diagram of an electro-hydrostatic actuator (EHA).

In the early phases of an EHA design project, only a few design parameters are available,
but a lot design parameters have to be decided and several properties should be considered
simultaneously. It is well-known that early verification and virtual validation of the system
design in the preliminary design phase, based on advanced simulations and computational tools,
can significantly reduce the cost and enhance the quality of the design process. Some researchers have
studied simulation-based preliminary design methods for aircraft actuator design, sizing, analysis,
and optimization in recent years. A simulation-based preliminary design and optimization method
of an electro-mechanical and hydraulic actuation system for an aircraft flight control surface was
proposed by Fraj et al. [8], where the weight was the optimized objective and the weight estimation
models of major components of actuator were presented. An improved integrated methodology for the
preliminary design of electromechanical actuators in a redundant electro-mechanical nose-gear steering
system was published by Liscouét et al. [9]. In order to obtain the properties of an electro-mechanical
actuator (EMA) for multi-objective optimization in preliminary design, the estimation models
for power size, thermal balance, dynamics, and reliability were studied by Budinger et al. [10].
After that, Budinger et al. [11] presented a methodology for the optimal preliminary design of EMAs.
A MATLAB/Simulink-based methodology for the sizing, simulation, analysis, and optimization
of both EHAs and EMAs, for the primary and secondary control surfaces of a more-electric
aircraft (MEA), was proposed by Chakraborty et al. [12]. After that, in Chakraborty et al. [13],
an electric control surface actuator design optimization and allocation for MEA was studied. Recently,
a multi-level virtual prototyping of EMAs, using bond-graph modeling method, was proposed
by Fu et al. [14], FU et al. [15]. However, most of these studies did not take advantage of intelligent
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optimization methods to find optimal design parameters; therefore, they cannot provide strong support
for designers.

The most important properties of EHA includes light-weight, less energy consumption,
quick response, and high stiffness to disturbance. These objectives usually conflict with each other
and are hard to balance. Therefore, using a multi-objective optimization (MOO) method to design
an EHA leads to more preferable solutions. MOO methods usually obtain a set of Pareto-optimal
solutions, instead of a single optimal solution Marler and Arora [16]. The Pareto front is able to indicate
the relations between the design parameters and the desired performance, which is very useful for
the engineer to achieve an optimal design. In order to offer support for preliminary design of MEA,
Wu et al. [17] proposed estimation models for the weight and efficiency of EHA, and a multi-objective
optimization algorithm to get the Pareto front of considered performances. In the following work by Yu
et al. [18], an estimation model of stiffness was considered and a synthesis decision-making method,
based on an analytic hierarchy process (AHP), was used to choose the best solution in the Pareto front.
This method can offer significant support to engineers in system design. However, it didn’t integrate
with a simulation tool and, thus, could not evaluate the dynamic performance.

The present work aims to offer an efficient and powerful simulation-based multi-objective
optimization design method for fast and easy preliminary design of EHA. This methodology can
search the design parameters automatically, which will make the EHA have Pareto-front performances.
This study considered the four important indexes of weight, energy consumption, dynamic response,
and stiffness. The weight of the actuator is predicted, based on a scale law according to the design
parameters. The performances of energy consumption, dynamic response, and stiffness are obtained
by dynamic simulation with AMESim. The intelligent optimization program sent the parameters to
the AMESim model, and then ran the simulation and analyzed the dynamic performances (according
to the simulation results) automatically. The MOO method of the program in present study is the
multi-objective particle swarm optimization (MOPSO) method. The results present the mapping
between parameters to the performance and the relations between these objectives. It also illustrated
that the proposed method has the significant benefits in the design of EHA and other similar systems.

2. MOO Design Method of EHA

For the design of systems with high integration and complex structure, such as EHA actuation
systems, choosing the design parameters to get a satisfactory performances is a difficult task, as there ae
typically many objectives to be considered, such as light weight, high energy efficiency, good dynamic
performance, and stiffness. Furthermore, these objectives usually conflict with each other. This is a
MOO problem which usually needs a method to find the Pareto front of all the objectives intelligently.

Modeling and simulation are important tools in modern design, which can obtain the
performances quickly by using a computer. There are some powerful modeling and simulation tools for
electrical and hydraulic system design, such as AMESim. In AMESim, an EHA system can be modeled
and simulated, with high precision and without too much effort. However, setting and optimizing the
parameters is a daunting task, since there are a number of parameters which should be decided and
the engineer has to go through a lot of simulation curves to judge the performances, which usually
needs expert experience and takes a lot of labor time. If the model calculation does not obtain an
ideal control state, the designer needs to find the improper parameters and simulate again and again,
until the results are satisfactory. However, a “satisfying” result is usually not the optimal solution,
since the designer can not continue to optimize the parameters for a long time. In summary, the manual
simulation-based design methods rely on the experience of the designer and increases the time cost of
system development. Obviously, the traditional approach to designing EHA is outdated, in the current
era of “automation and intelligence”. Therefore, improving design efficiency is a problem for these
highly complex system design methods.
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2.1. Description of the Proposed Method

Fortunately, the interface of python is provided by AMESim. Python is a powerful, well-scalable
program language in artificial intelligence. It has a lot of libraries for scientific analysis and optimization,
which are easy to use. Therefore, a model-based intelligent optimization method with python is
proposed in the present study. The model of an EHA driving a flight control surface is carried out by
AMESim. The developed python script can generate design parameters by using an intelligent search
method, and transfers them to the AMESim model. Then, the python script can run a simulation of the
AMESIim model with a pre-defined motion and load scenario of the control surface. The python script
also can get the results when the simulation is finished, which can be used to evaluate the performance
as the objective of optimization. Therefore, using the proposed intelligent design method cannot only
greatly save labor costs, but also shorten the system development time.

The flow chart of the developed intelligent optimization method is shown in Figure 2.
The intelligence MOO method will update the parameters, based on the search algorithm, to get
the optimal solutions by iteration until the Pareto front of the design is obtained. The entire intelligent
MOO design process can be described as:

1. Build the AMESim model of EHA and initialize the model parameters randomly in the
defined range.

2. Simulate and analyze the static and dynamic performances of the EHA.

3. Determine whether the design requirements are met. If not, the multi-objective optimization
(MOO) algorithm will search the design parameters by the intelligent search algorithm.

4. The MOO method generates the design parameters, based on the search algorithm, and sends
these parameters to the AMESim model of EHA.

5. Jump to the step 3 and return the performance metrics to the MOO algorithm for comparison.

Cycle through steps 3 to 6, until the Pareto front of the designs is obtained.

7. Validate whether the design requirements are all satisfied; if not, jump to step 2 to re-define the
optimization parameters range and conditions.
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Figure 2. Flowchart of the intelligent optimization design process, based on python.
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2.2. Modeling the EHA System with AMESim

A diagram of the location of an EHA in the aircraft wing profile is shown in Figure 3,
and the AMESim model of a flight control surface actuation system by EHA is shown in Figure 4.
It consists of an EHA, a flight control surface, and a controller. The model in the red-dashed box is
the EHA, which contains all the major parts of an EHA (motor, pump, anti-cavitation device, safety
valves, and selector valve). The model in the green-line box is the controller. Only a simple three-loop
(displacement, velocity, and current) controller is used in the present work, since the controller is
not the purpose. The controller generates the command (as voltage) to drive a direct current motor,
where the shaft of the motor is connected to a hydraulic fixed-displacement pump. The pump drives
the actuator through a hydraulic circuit, which consists of re-feeding valves with a compensating
hydraulic accumulator for anti-cavitation, a mode selector valve to select the mode (damping or active),
and two pressure relieve valves for safety. The piston of the actuator moves the flight control surface of
the aircraft, and the control surface is modeled with a planar mechanical 2D library, which can simulate
the external load more realistically. This model has all the major parameters of the EHA system in the
application scenario and the performance under different parameters can be obtained and evaluated.
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Figure 3. Diagram of the location of the EHA in the aircraft wing profile.

® S— @

aileron rotary IS %
y e [

axis "O" point Control :

Position = . v ‘Uil

Control Loop

i torque on the
o= ) laileron T
i force on the

aileron Fx

Lo} force on the
aileron Fy

e b Velocity

Control Loop

axis "A" point

Actuator
o ‘
o} M e
v i Anticavitation e D‘% m :
Current i x o HH
Control | otoge it Motor Pressure

Loop 9%, ,,,,,,, iiijfg—v-: Pump . relief valves
PR e Selector|

,,,,,,,,, areint | — :%':

— >

motorspeed loop

| Active (1
T Damping (1)

Figure 4. Model of an EHA actuation system in AMESim.

In order to evaluate the performances of the EHA system, a typical angle command and load
scenario of flight control surface is constructed, which is shown in Figure 5. The aerodynamic load
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include two parts; elastic load (proportional to the angle) and disturbance load. The angle and load
commands include different conditions to evaluate different control performances, which are:

1. A low-frequency sinusoid angle command is set in the first 5 s to evaluate control precision;

2. astep angle change is set from 5-11 s to obtain the rise time, in order to evaluate the dynamic
performance;

3. awind gust is simulated during 11-15 s, while the control surface is held at a constant-angle
position, to evaluate the dynamic stiffness; and

4. some higher frequency sinusoid angle commands are also included, and the total input energy of
electrical motor during the 20 s is used to evaluate the energy consumption performance.
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Figure 5. Dynamic response of a defined angle command and load scenario.

2.3. Sizing Design Parameters

The fourth step of the flow chart in Figure 2 is sizing the design parameters with given
optimization parameters. This is an important process, and its diagram is illustrated in Figure 6.
The inputs of the sizing process are the requirements of a control surface, which includes maximum
hinge moment (1), maximum rotation velocity (w,), and deflection angle (é.). For a flight control
application, the EHA drives the control surface deflection by a level. Therefore, the level length (R) is a
key parameter that affects the parameters of the EHA actuation system significantly. The maximum
force (F), maximum speed (v), and linear stroke (s) can be calculated by (R) and (T;), (w.), and (J;).
When the working pressure (Ps) of the EHA system is determined, the relevant parameters of the
hydraulic cylinder can also be determined, such as the piston area (A,) and the flow rate. The second
key parameter that needs to be determined is the displacement of the hydraulic pump (D;,). As shown
in Wu et al. [17], the maximum speed of the pump (w)) is limited by the displacement of the hydraulic
pump. The torque of the motor (T};) can be obtained by the product D, Ps. Usually, the maximum
current is limited by the servo motor driver, and then the torque constant of the motor (K;) is
known. The weight of the EHA can be estimated, based on the scaling law in Wu et al. [17] with the
sizing parameters. The parameters also will be transferred to the AMESim model and the dynamic
performances can be obtained after running a simulation. In summary, the selected optimization design

variables in this paper are (R) and (D), and the optimization targets are weight, energy consumption,
rise time, and dynamic stiffness.
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Figure 6. Diagram of the design process in the EHA parameter optimization.

3. Multi-Objective Optimization of EHA

In the present study, four objectives are considered for optimization. Therefore, the evaluation
model of these four objectives should be integrated into the optimization program. These four objectives
include both static and dynamic performances, requiring different evaluation methods which will
discussed in the present section.

3.1. Weight Prediction Model of EHA

Weight is an important property which should be minimized for aerospace applications. As shown
in Figure 1, a EHA mainly has five basic parts: Pump, motor, cylinder, manifold, and power electronics.
The total weight of the EHA can be defined as the sum of the gross weights of the five parts. In order
to evaluate the weight of the EHA with the major design parameters in the preliminary design phase,
two weight estimate methods are employed in the present study. The weight prediction, with the
design parameters, usually uses the scaling law. It has the advantage of requiring only one reference
component for a complete estimation of a product range [8,10]. More details of mass prediction of
other components can be found in [8,17].

3.2. Energy Consumption Index of EHA

Energy efficiency is another key characteristic for EHA. Some previous works used the design
parameters to calculate the efficiency of EHA, but could not evaluate energy consumption well since it
is related to the working condition. In the present study, the energy consumption is indexed by the
total energy input of EHA to finish the pre-defined representative simulation task. The integration of
input power of the electrical motor is the energy consumption of the EHA, which can be expressed as:

Ep = /OT U1t (1)

where U(t) and I(t) are the input voltage and current of the motor, which can be obtained from the
dynamic simulation results; and T is the simulation time of the typical scenario.

3.3. Dynamic Response Performance Index of EHA

The dynamic performance is very important for EHA and it usually can be evaluated by rise
time (¢;). The smaller t,, the faster the system responds. The rise time is evaluated by the dynamic
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simulation. The reference angle has a step variation, and the EHA need to control the control surface
to follow the reference signal. The time between 10% to 90% of step usually defined as the rise time.
As can be seen from the Figure 5, the f, can be expressed as:

=1t —h ()

where t; and t; are the time corresponding to the response curve being 10% and 90% of the steady
state value, respectively.

3.4. Dynamic Stiffness of EHA

Dynamic stiffness is also an important indicator for evaluating the dynamic performance of EHA.
Low dynamic stiffness can severely degrade the control accuracy of the system. Hydraulic spring
effects are a major part of the EHA stiffness. Therefore, the stiffness of the hydraulic spring is considered
as an objective in this study. The dynamic stiffness is evaluated by the root-mean square (RMS) of the
angle of control surface offset from the given value, during 12-15 s in the simulation. When the EHA
holds the control surface stalled at a constant position under wind gust disturbance, more stiffness
will result in a smaller RMS value.

4. Multi-Objective Optimization Method Description

The design parameters are searched by the MOO method, instead of manually adjusting,
to improve design efficiency. Various objectives usually conflict with each other, which means
improving one objective usually comes at the expense of reducing the character of another. The MOO
method can search for the solution set that can not improve any one objectives without reducing other
objectives, which usually is called the Pareto front.

Various MOO methods have been proposed, including the multi-objective particle swarm
optimization (MOPSO) algorithm Coello et al. [19], the fast non-dominated sorting genetic algorithm
(NSGA-2) method Deb et al. [20], DEB [21], andthe Pareto-frontier differential evolution (PDE)
approach Abbass et al. [22], among others. In the present study, the (MOPSO) method is employed as
it has the advantage of very good global searching capability.

The pseudo-code of the MOPSO method in the present study can be described as:

1. Initialize each particle of the population.

2. Update (initialize in the first loop) the position of each particle with parameter values of (R(7),
D,,(i)), according to the multi-objective particle swarm optimization algorithm.

3. Evaluate each of the particles and get the weight and according dynamic parameters by
parameters. Send the dynamic parameters to the simulation model and run a simulation with the
updated parameters. Calculate the dynamic objectives and assign the fitness value to the particle.

4. Store the positions (parameters) of the particles that represent non-dominant vectors in
the repository.

5. Select the non-dominated particles (according to the Pareto dominance relation) and put them
into the non-dominated set.

6. Compute the speed of each particle using Equation (3) and compute the new position of the
particles adding current parameter with the speed.

vi(t+1) = wo;(t) + crr (pPT () — x(t))

3)
+ cara2 (Rp(t) — x;(t)),

where pPEST is the best position in the whole search history; Ry, is the selected leader from the

repository; w represent the inertia coefficient of velocity; c; and c; are local and social coefficients,
respectively; and rq and r; are two random values in the range [0, 1]. Then, the position is updated
at each iteration based on the velocity.
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STOP(t) = S7OF (1) + wi(h). o)

7. Determine whether the maximum count of iterations has been reached or not. If the maximum
number of iterations has not been reached, go back to the step 2. Otherwise, stop the optimization
process and return the Pareto front stored in the repository.

5. Optimization Results and Discussion

A case of EHA system optimization is presented, in order to validate the feasibility of the
proposed method. The design requirements of a typical control surface are listed in the Table 1.
The maximum voltage is Unax = 270 VDC and maximum current is set to 50 A. The maximum
pressure of EHA is set to 35 MPa. In the optimization process, the optimization method generates
the radius of the lever (R) and the displacement of the pump (D). Then the parameters of the EHA
(i.e., the area of the piston, the stroke of the cylinder, the rotational inertia of the motor and pump,
and the torque constant of the motor) can be calculated. These parameters are transferred to the
AMESim model and the simulation is run. Then, the simulation results are obtained and the dynamic
objectives can be analyzed automatically by the program.

Table 1. Control surface requirements.

Specifications Value [Unit]
Hinge moment 7200 [Nm]
Velocity rate 60°/s
Maximum deflection angle £25°

Consider the application condition, where the range of the two optimization parameters are set
as shown in Table 2. These two parameters decide the major characteristics of the EHA. A longer
lever means the force requirement of the EHA is small but the stroke should be longer, in a slender
form. On the contrary, a shorter lever means a large force requirement and short stroke. A larger
displacement of the pump requires low rotary speeds for a desired flow rate, which will make the
motor and pump more heavy, but can improve the efficiency and may make the EHA response quicker.
These conflicting objectives make it hard to find a solution to trade off all performances. It usually
required of MOO design methods to find the Pareto Front to help the engineer in the design process.

Table 2. Range of optimization parameters.

Parameter Range [Unit]

Level length R €[50, 250] mm
Pump displacement Dy, € [0.6, 4] mL/rev

The parameters of MOPSO, in the present study, include the number of particle population
Np = 100, maximum repository capacity of the Pareto front is 100, w = 09, ¢; = ¢ = 1.1,
and the maximum iteration count is 10. The Pareto fronts of each of the two objectives are shown in
Figure 7. These figures show that the weight and energy consumption trade off against each other.
The results also indicate that the rise time and weight also trade off against each other. The rise time
and energy consumption are positively correlated. The relationships between dynamic stiffness and the
other performances are more complicated, as they are not monotonous functions. These relationships
between objectives are useful for designers to balance different performances. The results also indicate
that the proposed method can search the Pareto front solutions intelligently, which can save huge
effort in adjustment by the engineer.

The relationships between the parameters and the objectives are shown in Figure 8. The weights
of the solutions in the Pareto front, with design parameters, are shown in the upper right of Figure 8.
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The lightest solution is with the lever length about 125 mm, and a displacement of about 0.6 mL/rev.
Compared to the energy consumption and rise time, the lightest solution had the biggest energy
consumption and slowest response. The most efficient solution is locating at D, = 4 mL/rev and
lever length of 103 mm. However, this solution also had a high weight and low dynamic stiffness.
The optimization results indicate that using a smaller displacement pump is beneficial for reducing
weight and increasing dynamic stiffness. Using a bigger displacement pump will improve the efficiency
and make the EHA response quicker, but will make the EHA more heavy. The designer can get all

design parameters and performance indices, as in Figure 8, of the solutions in the Pareto front, then they

can choose one solution which is most satisfactory for the application. Thus, the proposed method can

offer significant support for the engineer.

The time domain performances of four typical solutions in the Pareto front (the lightest solution,
the quickest solution, the most efficient solution, and the best stiffness solution) are simulated.
The simulation results are illustrated in the Figure 9. All of these four solutions obtain an acceptable
control performance, only having a little difference in dynamic response; but the weight and energy
consumption had a large disparity. This means the weight and energy consumption can be reduced,

if appropriate parameters are given. The Pareto front obtained by the proposed method is very helpful
for the engineer to determine the design parameters.
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6. Conclusions

This paper presents a simulation-based intelligent multi-objective optimization method of a
pump-driven electro-hydrostatic actuator with AMESim and a python script. The model of an
EHA driving a flight control surface is carried out by AMESim. The python script generates design
parameters by using an intelligent search method and transfers them to the AMESim model. Then,
the script can run a simulation of the AMESim model with a pre-defined motion and load scenario of a
control surface. The python script also can obtain the results when the simulation is finished, which can
then be used to evaluate the performance as the objective of optimization. The multi-objective particle
swarm optimization (MOPSO) method is applied to obtain the Pareto front of solutions. In the present
study, the design parameters of level length and pump displacement of the pump are optimized.
An application case of optimizing an EHA driving a flight control surface is studied to validate
the proposed method. Both the static objectives of weight and dynamic performances of energy
consumption, rise time, and dynamic stiffness are considered. These four performances are very
important for an EHA and should be optimized simultaneously. The Pareto front of these four objectives
is obtained with the relevant design parameters. The results present the mapping between the design
parameters to the performance and the relations between these objectives. This work indicated the
proposed MOO method and this platform can be used in the design phase to help engineers to
determine the design parameters according to the required performance. It is also envisaged that the
proposed method can be used in similar design problems.
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