Mechanical

Open Access

Hong Zhang, Lan Ding, Wentao Zhang, and Chenchen Li
School of Mechanical Engineering, Dalian University of Technology, Dalian, 116024, China

Lan Ding (dlian@mail.dlut.edu.cn)

Received: 26 September 2020 — Revised: 10 February 2021 — Accepted: 6 April 2021 — Published: 18 May 2021

Electro-hydrostatic actuator (EHA) is an important form of power-by-wire (PBW) technology, which
is widely used in aircraft because of the characteristics of small size, high power and light weight. However, the
current traditional EHA with fixed pump displacement and variable motor speed (FPVM-EHA) has the problems
of high energy consumption and heating of the motor under heavy load. An improved EHA with high-pressure
load sensing (HPLS-EHA) is proposed in this paper, which can reduce the pump displacement under heavy load,
so as to achieve reducing the torque and heating of the motor, solving the problem of high energy consumption of
EHA system and improving the efficiency. The co-simulation model of the FPVM-EHA and the HPLS-EHA was
established using the software programs AMESim and MATLAB, and then the simulation results are analysed.
The simulation results show that the HPLS-EHA can reduce the torque and heat flow rate of the motor by
23.20 % and 41.02 % under the load of 20.2 MPa, and the fluctuation times and amplitude of output position are
also reduced under varying loads at 5 s, but it will slightly reduce the position accuracy of the EHA system. In
order to solve this problem, the fuzzy PID control strategy is adopted for the HPLS-EHA. The simulation results
show that the position accuracy and response speed of the HPLS-EHA based on fuzzy PID are improved, the
output position is improved from 8.93 to 9.25 mm, better than 9.19 mm of the FPVM-EHA, and it also maintains

the advantages of low motor torque, heating and output position fluctuation.

Due to the low efficiency and complex structure of the tra-
ditional aircraft control system with the central hydraulic oil
source, it has become the main constraint to improve the per-
formance of the aircraft control system (Botten et al., 2000).
With the development of multi-electric aircraft (MEA)/all-
electric aircraft (AEA) technology, the application of power-
by-wire (PBW) technology has been more widely used in
aircraft (Mare and Fu, 2017). Electro-hydrostatic actuator
(EHA) is an important form of PBW actuator, which is
widely used in aircraft because of its advantages of large
power, small size and light weight (Fu et al., 2015).

EHA is an independent hydraulic system using electric
signal line, which is composed of a brushless DC motor,
a high-pressure plunger axial pump, an accumulator, a hy-
draulic actuator and a control system. The working princi-
ple of the EHA is that the control system sends the elec-
trical control signal to the servo motor according to the in-

put command. The servo motor controls the rotational di-
rection and speed of the pump after receiving the electrical
signal. Then the pump delivers hydraulic oil to the piston
end, creating a pressure difference on both sides of the pis-
ton so that the piston rod moves and drives the wings and
rudder to work. According to different working conditions
of the motor and pump, there are three control modes (Bot-
ten et al., 2000): constant pump displacement and variable
motor speed, variable pump displacement and constant mo-
tor speed, and variable pump displacement and variable mo-
tor speed. At present, the FPVM-EHA is commonly used in
aircraft, but for this kind of EHA, when the system bears
a heavy load, the motor needs to output a large current to
overcome the load torque, resulting in high heating and low
efficiency of the system (Li et al., 2017).

In response to these problems, the researchers conducted
a number of studies. Gao et al. (2006) studied the integrated
EHA with variable pump displacement and variable motor



speed based on the characteristics of the point of multiplica-
tive dual-variable, which can increase the rigidity, reduce the
size and heating of the system. Huang et al. (2012) proposed
a load-sensing EHA with constant motor speed and variable
pump displacement, and this system can automatically ad-
just the output flow of the pump to adapt to the change of
external loads, thereby improving the efficiency of the sys-
tem. Jiang et al. (2015) designed a fuzzy controller based on
the demand for adjusting the pump displacement. The sys-
tem has two control variables, namely the motor speed and
the pump displacement, and the dynamic characteristics and
energy efficiency of the system have been improved. Huang
et al. (2020) proposed an active load-sensitive EHA, which
can realize adaptive adjustment of pump displacement with
load pressure, improve the dynamic performance and nonlin-
ear adjustment efficiency of the system, and reduce the heat-
ing capacity of the system under heavy load.

The problems of high heating of motor and low efficiency
of EHA system under heavy load have been the important
factors hindering the further development of EHA. In order
to solve this problem, based on the load-sensing technology,
the FPVM-EHA is improved in this study, which is called the
EHA with high-pressure load sensing (HPLS-EHA). Accord-
ing to the external load of the system, the control mode can
be divided into two modes: constant pump displacement and
variable motor speed under light load and variable pump dis-
placement and variable motor speed under heavy load. The
HPLS-EHA can reduce the displacement of the pump, the
torque and heating of the motor and improve the efficiency
of the system.

The structure of the whole paper is arranged as follows:
Sect. 2 mainly presents the research on the principle of
the high-pressure load-sensing mechanism, the establish-
ment of simulation model and experimental verification of
displacement regulator. Section 3 mainly focuses on the es-
tablishment and simulation of the co-simulation model of
the HPLS-EHA and the FPVM-EHA. The simulation results
show that the HPLS-EHA can reduce the motor torque and
heating under heavy load and reduce the fluctuation under
varying loads at 5s, but it will reduce the position accuracy
of the system. In order to solve the problem of low position
accuracy of the system in Sect. 3, the main content of Sect. 4
is the establishment and simulation of the HPLS-EHA based
on fuzzy PID. The simulation results show that the position
accuracy of the HPLS-EHA based on fuzzy PID is better than
the traditional FPVM-EHA. At the same time, the simulation
results of motor torque, heating and output position fluctua-
tion are consistent with Sect. 3. Section 5 summarizes the
study work of this paper.
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Simulation model of displacement regulator: (1) tank;
(2) hydraulic pump; (3) motor; (4) electromagnetic relief valve; (5)
pulse generator; (6) hydraulic cylinder; (7) displacement sensor; (8)
throttle valve; (9) function generator; (10) signal limiter; (11) fluid
properties.

The displacement regulator with HPLS is mainly composed
of a motor, a hydraulic pump, a hydraulic cylinder, an elec-
tromagnetic relief valve and a displacement sensor, as shown
in Fig. 1. The core component is the hydraulic cylinder with
high-pressure spring in the right chamber, and the electro-
magnetic relief valve is used to simulate the external load.
The working principle is that when the external load pres-
sure is lower than the initial pressure of the right chamber
of the hydraulic cylinder, the displacement regulator does
not work, and the displacement maintains the maximum dis-
placement. When the external load pressure is greater than
the initial pressure of the right chamber, the displacement
regulator works and the piston moves. The displacement sen-
sor transmits the displacement signal of the piston to the
hydraulic pump, so as to adjust the displacement of the hy-
draulic pump. In this study, when the external load pressure
is 10 MPa, the displacement regulator starts to adjust until the
external load reaches 21 MPa. At this time, the displacement
signal received by the hydraulic pump is 0.75, and the mini-
mum displacement of the variable pump is reached, which is
75 % of the maximum displacement.

According to the principle of displacement adjustment,
the simulation software of AMESim is used to establish the
model of displacement regulator. The simulation parameters
are set as shown in Table 1.

The initial force of the spring at the right end is determined
to be 10 MPa according to external load threshold, Py is the
initial pressure of the spring, S is the effective force area of
the left end piston, R is the piston diameter, r is the rod di-
ameter, and Fy is the initial force of the right end.
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Simulation parameters of displacement regulator.

Parameters Value
Piston diameter/mm 20.00
Rod diameter/mm 10.00
Piston weight/kg 0.03
Stiffness coefficient of the left end spring/N mm~ 0
Stiffness coefficient of the right end spring/N mm~! 51836
Spring stroke length/mm 5.00

Substituting the simulation parameters in Table 1 into the
Eq. (1), the Fy is calculated to be 2356.20 N.

K is the stiffness of the spring, which is determined ac-
cording to the maximum value of the adjustment pressure.
When the spring of right end is compressed to the end of the
stroke, Pp is the load pressure at the left end, L is the stroke
length of the spring, and the force F| generated by the spring
of right end at this time is
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Substituting the simulation parameters in Table 1 into the
Eq. (3), when the load pressure is 21 MPa, K is calculated to
be 518.36 Nmm™".

Through the above calculation and analysis, all the sim-
ulation parameters of the displacement regulator can be ob-
tained, which is very important for the correctness of the sim-
ulation model of the displacement regulator.

K 3

To verify the mechanism of high-pressure load sensing, an
EHA pump prototype was developed by the State Key Lab-
oratory of Fluid Power and Mechatronic Systems, Zhejiang
University (Xu et al., 2017; Chao et al., 2018), as shown in
Fig. 2. Chao et al. (2018) verified the relationship between
the load pressure and the pump displacement at different
speeds, as shown in Fig. 3.

It is clear from Fig. 3 that the displacement starts to drop
with the increasing load pressure with the help of the load-
sensing mechanism. At the same time, with the increase of
the rotational speed, the displacement of the pump will de-
crease faster with the increase of the load pressure, which is
reflected in the variation of the load threshold.

In order to verify the correctness of the simulation, set the
simulation conditions the same as the experiment above: the
motor speed is 3000, 6000 and 9000 rev min~"; the pump dis-
placement is 7.5 mLrev~!; the overflow pressure rises uni-
formly from O to 21 MPa; the simulation time is 10s; and
the step size is 0.01 s. The overflow pressure and output flow
curve with different rotational speed are shown in Fig. 4.

According to the simulation results in Fig. 4, when the
overflow pressure is greater than 10 MPa, the pump displace-
ment starts to decrease until the overflow pressure reaches
21 MPa, and the displacement is reduced to 75 % of the
maximum displacement. It can be seen that the simulation
data are consistent with the experimental data qualitatively
by comparing Figs. 3 and 4, which verifies the correctness
of the simulation model of displacement regulator and sim-
ulation method. However, because the simulation environ-
ment is ideal, different motor speed has no effect on the load
threshold in the simulation.

The structural composition of the HPLS-EHA is shown in
Fig. 5 (the solid line indicates the connection of the compo-
nents, and the dashed line indicates the command and feed-
back signal). It is mainly composed of an EHA controller,
a power drive unit, a brushless DC motor, a high-pressure
plunger axial variable pump, a hydraulic circuit, an actuator
cylinder, sensors, a displacement regulator and other compo-
nents.

The working principle is that the EHA controller receives
input commands and various feedback signals. After corre-
sponding calculations, the control signals of the motor are
given through the motor drive unit. When the load pressure
is less than 10 MPa, the control mode is constant pump dis-
placement and variable motor speed, and the plunger pump
outputs the hydraulic oil according to the motor speed to
drive the cylinder to work. When the load pressure is greater
than 10 MPa, the control mode is variable pump displace-
ment and variable motor speed, and the plunger pump works
according to the motor speed and pump displacement. The
check valve simulates the leakage of the hydraulic pump.
The energy accumulator is used as the system’s pressurized
oil tank, and it uses two check valves to replenish the sys-
tem to maintain the minimum working pressure and prevent
cavitation and air suction in the hydraulic circuit. The pres-
sure relief valve is used to prevent the hydraulic system from
generating excessive pressure, and the damping bypass valve
opens when the system fails.

In order to improve the accuracy of modelling and the effi-
ciency of simulation, this study uses the advantages of co-
simulation with AMESim and MATLAB/Simulink. The hy-
draulic system is established by the AMESim platform, and
the control system is established by the MATLAB platform
(Jietal., 2016).
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Figure 2. Experiments on the pump prototype. (a) Sensors installed in the pump prototype; (b) test rig for the pump prototype.
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Figure 3. Comparison diagram of load pressure and volumetric dis-
placement with different rotational speed.

According to the working principle of the HPLS-EHA sys-
tem, the classical PID control of current loop and speed loop
of motor and position loop of actuator cylinder is adopted.
Firstly, the simulation model of the hydraulic system is es-
tablished in AMESim, as shown in Fig. 6. Use the interface
function to create the SimuCosim module, which is used
to establish the connection relationship between AMESim
and Simulink, and then use MATLAB/Simulink to complete
the establishment of the control system model, as shown in
Fig. 7.

In the modelling process, in order to facilitate the simu-
lation analysis, the factors that have little effect on the sim-
ulation results are neglected, such as the setting of the by-
pass damping valve, the pressure drop between the hydraulic
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Figure 4. Comparison diagram of output flow and overflow pres-
sure.

circuits, the damping and leakage of the cylinder, and lin-
earization considerations of the brushless DC motor model,
etc. The simulation parameters are shown in Table 2.

3.3 Simulation analysis of the HPLS-EHA

For the FPVM-EHA, the simulation model is similar to the
HPLS-EHA: only the part of hydraulic pump is the quantita-
tive pump, and the simulation model is no longer displayed.
For the model of control system, the combination of PID con-
trol and fuzzy control is used in Fig. 7. There are two modes
in the program of S-Functionl: when M = 1, the system uses
PID control, and when M = 2, the system uses fuzzy PID

https://doi.org/10.5194/ms-12-529-2021



Simulation parameters of the HPLS-EHA.

Parameters Value
Motor winding resistance/<2 0.60
Motor winding inductance/mH 7.20
Back EMF coefficient/V srad~! 0.936
Maximum displacement of variable pump/mL 8.00
Maximum speed of hydraulic pump/rev min~! 11 000.00
Damping coefficient between motor and pump/N m min rev=! 0.0004
Moment of inertia between motor and pump/kg m? 0.001268
Friction torque between motor and pump/Nm 0.10
Damping hole diameter/mm 0.50
Piston diameter of actuating cylinder/mm 50.00
Rod diameter of actuating cylinder/mm 25.00
Stroke length of actuator cylinder/mm 40.00
Load weight of actuator cylinder/kg 30.00
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Schematic diagram of the HPLS-EHA: (1) EHA con-
troller; (2) power drive unit; (3) brushless DC motor; (4) hydraulic
pump; (5) energy accumulator; (6) damping bypass valve; (7) pres-
sure relief valve; (8) actuator cylinder; (9) control surface; (10) dis-
placement regulator.

control. In this section, the simulation adopts PID control for
the FPVM-EHA and HPLS-EHA.

Using the above simulation model, the parameters of Ta-
bles 1 and 2 are substituted into the model to analyse the
performance under variable load. Set the simulation condi-
tions as follows: the time is 10 s and the step is 0.01 s. At Os,
an expected position signal with an amplitude of 10 mm is
applied to the system, and a load of 10kN is applied to the
system. And a load of 30kN is applied after 5s. The com-
parison simulation results of the FPVM-EHA and the HPLS-
EHA are shown in Fig. 8. Figure 8 shows the comparison
of output torque of motor, Fig. 9 shows the comparison of
heat flow rate of motor, and Fig. 10 shows the comparison of
output position of actuator.

According to the load force received by the system, the
system load pressure is 9 MPa for 0-5 s, and the system load
pressure is 20.2 MPa for 5-10s. The system load pressure

is greater than the high-pressure load threshold of 10 MPa
after 5 s; then the displacement of the HPLS-EHA begins to
decrease. The following simulation analysis is based on the
simulation results after 5s.

It can be seen from Fig. 8 that the output motor’s torque
of the FPVM-EHA is 26.03 Nm, while the HPLS-EHA is
19.99 Nm, and the latter’s torque is reduced by 23.20 %. Fig-
ure 9 shows that the motor’s heat flow rate of the FPVM-
EHA is 464.17 W, and the HPLS-EHA is 273.79 W. The lat-
ter has a 41.02 % reduction relative to the former.

From the above analysis, it can be concluded that the de-
sign of variable pump displacement under heavy load can
effectively reduce the output torque and heat flow rate of the
motor and significantly improve the working efficiency of the
EHA.

It can be seen from Fig. 10 that the output position of the
FPVM-EHA is 9.19 mm, while the HPLS-EHA is 8.93 mm.
In the case of heavy load, although the torque and heat flow
rate of the motor is reduced, the HPLS-EHA is poor in the
position accuracy. However, when the load changes at 5,
the position fluctuation of the HPLS-EHA is smaller, and the
fluctuation times and amplitude are greatly reduced in the
process of fluctuation to be stable, which is the advantage of
displacement regulation to the system.

In order to solve the problem of low position accuracy de-
scribed in Sect. 3, the fuzzy PID is used for the HPLS-EHA.
In this section, fuzzy rules are set in MATLAB. Under the
same simulation condition as Sect. 3, the position accuracy
and response speed of the EHA system are simulated and
analysed again.



Simulation model of hydraulic system of the HPLS-EHA: (1) brushless DC motor; (2) moment of inertia module; (3) displacement
regulator; (4) check valve; (5) energy accumulator; (6) pressure relief valve; (7) shuttle valve; (8) actuator cylinder; (9) load; (10) force
generator; (11) SimuCosim module; (12) speed sensor; (13) current and voltage module.
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Simulation model of control system of the HPLS-EHA.

precision control when system parameters change at a larger

. scale through adjusting the control parameters of PID in real

Fuzzy control has advantages of strong adaptability and of time (Zheng, 2008; Ren and Qi, 2018; Ji et al., 2007). It is

being robust, and there is no need to establish mathematical often used in systems with the problem of complex math-

model, etc. It can realize th? control whe?n system parameters  ematical models, nonlinearities and time-varying uncertain-

change ata large scale, but it cannot realize precision cqntrol. ties, which has the characteristics of fast response and good

The traditional PID controller has the advantages of a simple  robustness; it can also meet the variable load (Yu et al., 2011;
algorithm, good stability and high reliability, but its applica- Song et al., 2018).

tion scope is small. Fuzzy PID combines the merit of fuzzy EHA is a complex nonlinear and time-varying uncertainty

algorithm and PID algorithm, with deviation and deviation system. Aiming at the problem of low position accuracy of
change rate as input, to adjust PID parameters; it realizes the
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the HPLS-EHA under a heavy load, fuzzy PID control is
adopted.

x and xt are set to the position deviation and deviation
change rate, and AKp, AK; and AKgy are the output param-
eters of the fuzzy controller. Then, the calculation formula
of the output parameter of the fuzzy PID controller is as fol-
lows:

U =k((Kp+ AKp) + (Ki+ AK) + (Ka+ AKg), (4

where k is the system proportional coefficient and K, Kj,
and K4 are the coefficients of proportional, integral, and dif-
ferential of the PID controller respectively.
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The fuzzy controller can be designed by MATLAB soft-
ware. The design process is mainly divided into three steps:
fuzzification, fuzzy inference and clarification, which is car-
ried out below.

A fuzzy controller of Mamdani type is established in MAT-
LAB. The fuzzy subsets of the input quantities x and x¢ and
the output quantities AKp, AKj, and AKq are all {NB, NM,
NS, ZO, PS, PM, PB}. The input domain is (—3, 3), and the
output domain is (—6, 6).

“And”, “Or”, “Implication”, “Aggregation” and “Defuzzi-
fication” are set to min, max, min, max and centroid. The
curve of the membership function of the input and output is
shown in Figs. 11 and 12 respectively.

According to the characteristics of the relationship be-
tween the input and output, 49 fuzzy rules are formulated
and the fuzzy controller is established. At this time, the value
of M in the program corresponding to S-Functionl in Fig. 5
is changed to 2, and fuzzy PID control is performed on the
HPLS-EHA.
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It can be seen from Figs. 13 and 14 that the output position of
the HPLS-EHA based on fuzzy PID is 9.68 mm at low pres-
sure and 9.25 mm at high pressure, compared with the HPLS-
EHA based on PID control. The output position is improved
by 0.13 and 0.32 mm at low pressure and high pressure re-
spectively, while the output position of the FPVM-EHA is
9.54 mm at low pressure and 9.19 mm at high pressure. Com-
pared with the FPVM-EHA, the output position the HPLS-
EHA based on fuzzy PID is improved by 0.14 and 0.06 mm
at low pressure and high pressure respectively. At the same
time, the response speed is improved; the fluctuation times
and amplitude are also reduced when the load changes at 5 s.

According to the above simulation results under the sim-
ulation conditions in this research, the HPLS-EHA with
fuzzy PID can ensure the position accuracy is better than the
FPVM-EHA under the condition of reducing the motor heat
flow rate by 41.02 %. At the same time, the response speed
and fluctuation are also improved.

In order to solve the problem of high energy consumption
and heating of the motor under heavy load, in this paper, a
HPLS-EHA based on fuzzy PID is studied. The conclusions
are as follows.

1. The high-pressure load sensing means that the displace-
ment of the hydraulic pump is kept at a fixed displace-
ment (maximum displacement) at low pressure, and the
load-sensing function is only turned on under high pres-
sure. Then the displacement of the pump is reduced ac-
cordingly.

2. Based on AMESim and MATLAB software, an EHA
with the function of HPLS is established, which is called
the HPLS-EHA. The system can reduce the torque and
heat flow rate of the motor by reducing the displacement
of the hydraulic pump under heavy load. In this study,
the torque and heat flow rate of motor was reduced by
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23.20 % and 41.02 % under the load of 20.2 MPa. More-
over, the fluctuation times and amplitude of output po-
sition are also reduced under the varying load at 5 s. But
the disadvantage is that it will slightly reduce the posi-
tion accuracy, which is 0.26 mm lower than the output
position of the FPVM-EHA.

3. The HPLS-EHA based on fuzzy PID can improve
the position accuracy of the actuator from 8.93 to
9.25 mm, which is 0.06 mm higher than the output po-
sition 9.19 mm of the FPVM-EHA while reducing the



torque and heat flow rate of motor by 23.20 % and
41.02 %, respectively. At the same time, this improves
the response speed and fluctuation.

In summary, the HPLS-EHA based on the fuzzy PID is su-
perior to the FPVM-EHA in terms of torque and heating of
motor, position accuracy, response speed and fluctuation of
system. This research has made some efforts for the heating
of the motor, energy conservation of the aircraft and the per-
formance upgrade of the flight control system.

All the data used in this paper can be obtained
from the corresponding author upon request.
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