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ABSTRACT Electro-hydrostatic actuator (EHA) is an important type of power-by-wire (PBW) which is a
highly integrated closed volume control system with the advantages of high reliability, high efficiency and
easy maintenance. However, under heavy load conditions, a large amount of heat the EHA motor produces
affects the system’s working time and even the system life, which restricts the widespread application of
EHA systems. In order to solve the problem of motor heating and the contradiction between high dynamics
and high efficiency of the EHA system, a novel active load-sensitive principle and structure of EHA system is
proposed based on the load-sensitive principle. The active load-sensitive EHA (ALS-EHA) is a dual control
variable system consisting of a motor pump main loop and a load-sensitive loop. As for the latter, the system
load pressure is introduced into a special designed and optimized pressure fellow valve (PFV). The valve
outlet is connected to the plunger pump swash plate variable mechanism. The EHA pump displacement is
actively adjusted by controlling the current input to PFV. The two-degree-of-freedom cooperative control for
the output flow of the pump can be implemented by adjusting the motor speed and the pump displacement.
An energy optimal robust control law based on fuzzy and disturbance compensation is presented for the
control architecture. The simulation results show that the ALS-EHA system based on the control law
proposed in this paper can effectively reduce the motor heat while ensuring the dynamic performance of
the system.

INDEX TERMS Active load-sensitive, electro-hydrostatic actuator, fuzzy control, optimal efficiency, power

matching.

I. INTRODUCTION

With the emerging development of More/All-Electric-
Aircraft (MEA/AEA), PBW has become the spread trend of
flight control actuation system, which has attracted exten-
sive attention and research [1]-[4]. MEA/AEA refers to the
use of electrical energy to replace mechanical, hydraulic
and other transmission methods to achieve aircraft energy
transmission and signal transmission to various subsystems.
PBW replaces the hydraulic pipelines with power cables to
achieve the power transmission function of the aircraft in
the form of electrical energy transmission. This will elim-
inate the dual secondary energy structure that has both a
power source and a hydraulic source on the aircraft so that
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making the aircraft more flexible. It has absolute advantages
in many aspects such as reliability, volume quality, system
layout design, maintainability and economy [5]-[7]. Electro-
Hydrostatic Actuator (EHA) is an important type of PBW [8].
The EHA system usually consists of a controller, a motor,
a hydraulic pump, an integrated valve block, an actuator, and
hydraulic valve elements. It is a multi-disciplinary system
of mechanical, electrical, hydraulic, thermal control with
complex model and strong nonlinearity. It adjusts the system
flow by controlling either the motor speed or the pump dis-
placement to control the movement of the actuator [8]. From
the perspective of motors and pumps, there are three main
forms of EHA systems [9]: The first is variable displacement-
constant speed EHA (Variable Pump Displacement, Fixed
Motor Speed and VPFM), that is, the motor speed is kept
constant, and the system flow is adjusted by changing the
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displacement of the variable pump to achieve system servo
control. This type has simple structure, but it has low sys-
tem efficiency and low control accuracy [10]. The second
type is fixed displacement-variable speed EHA (Fixed Pump
Displacement, Variable Motor Speed and FPVM), that is,
the displacement of the pump remains unchanged, and the
system flow is adjusted by controlling the speed of the motor
to achieve system servo control. This structure is simple to
control, but there is a dead zone at the zero crossing of the
motor speed, which affects the accuracy and stability of the
system. In addition, the motor generates severe heat under low
speed and heavy load conditions, and cannot achieve power
matching in the full range of operating conditions. The third
is variable displacement-variable speed EHA (Variable Pump
Displacement and Variable Motor Speed, VPVM)), that is, the
speed of the motor and the displacement of the pump are both
variable. The traditional architecture of this type has high
efficiency and good dynamic characteristics. Dual variable
control can realize the power matching of the system, but
the control architecture is complex and requires a variable
mechanism. The hydraulic variable mechanism requires an
additional set of hydraulic energy. Therefore, the variable
mechanism of the ball screw driven by an electric drive has
appeared, but the mechanical transmission is not high in
accuracy and has problems such as backlash etc.

The EHA system has a series of advantages of PBW, but the
contradiction between its dynamic performance and motor
heating has always puzzled researchers in various countries
around the world, and has become the main reason affecting
its wide application [8], [9]. How to implement the EHA
with high power density, high efficiency and high dynamic
performance is the main problem that scholars need to solve
urgently [10]. At present, there are several solutions to the
problem of EHA heating. One is to use a high-pressure and
high-speed method to increase the system pressure to 35 MPa
and the speed to above 15000 rpm to reduce the output
torque of the motor and the heat generation [11]-[15]. This
method has been applied in companies such as LIEBHERR,
UTC-Goodrich, Safran-Messier-Bugatti, but the problems
of friction torque and surface wear caused by high speed
have extremely high requirements for structural design and
processing technology, and have a great impact on sys-
tem life [12], [16]-[19]. The second is to adopt a dual-
variable EHA structure. By designing a reasonable control
law, the system’s power matching is implemented to solve the
contradiction between dynamic performance and efficiency
of the system. The second is the use of a dual-variable
EHA structure. The system’s power matching is achieved by
designing reasonable control laws to solve the contradiction
between dynamic performance and efficiency. However, the
conventional one requires an independent hydraulic system
or an electric drive system to control the pump displacement,
as well the external additional hydraulic energy, motor and
other accessories increase the volume and quality of the
system [20]-[25].
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In response to the above situation, Professor Jiao proposed
the pioneering principle of load-sensitive EHA including
direct load sensitivity and active load sensitivity. The former
directly introduces the load pressure into the variable mecha-
nism of the pump, and the gradient of displacement to load
pressure is constant [26]. Therefore, in order to solve the
system instability caused by the large displacement gradient,
the stiffness of the compressed spring needs to be sufficiently
large, which limits the adjustable range of pump displace-
ment and system dynamic performance [25]. The latter is
that the system load pressure is introduced into a specially
designed FPV, of which outlet is connected to the plunger
pump swash plate variable mechanism. The current input
to valve can actively adjust the EHA pump displacement,
thereby achieving the better power matching of the system.
Its displacement gradient is adjustable, so the stiffness of
the back pressure spring can be chosen very small, which
increases the adjustment range of the displacement and the
system dynamics. This is a novel principle and structure
of dual-variable EHA system, which effectively solves the
contradiction between high dynamics and high efficiency
of the system. Furthermore, ALS-EHA does not require an
independent power source to change the pump displacement,
which completely reduces the burden on volume and quality
caused by independent power supply.

The structure of this paper is as follows: section 2 intro-
duces and further develops the load sensitivity principle and
the FPV principle; section 3 conducts detailed modeling and
analysis of the system; section 4 proposes the control law of
the system; section 5 simulation and experimental verifica-
tion. Finally conclusion.

II. PRINCIPLE

To enhance the dynamic performance of the Direct Load-
Sensitive (DLS), as well as taking the motor heating into
accounts, the concept and principle of ALS are proposed. The
key point of ALS is that a special pressure control valve is
installed between the Load-Sensitive pressure port and the
actuator of the swash plate in the Load Sensitive pump. It is
possible to actively control the Load-Sensitive pressure by
controlling the special valve named the PFV. The structure
schematic diagram of ALS is shown in Fig 1.
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FIGURE 1. The structure schematic diagram of ALS.
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The main components of ALS include servo motor, Load
Sensitive pump, dual symmetrical hydraulic actuator, shuttle
valve, PFV and other hydraulic auxiliary components. The
shuttle valve is used to identify the direction of the load
pressure acting on the servo variable mechanism actuator of
the hydraulic pump. Besides, it will maintain the operating
state of the Load-Sensitive mechanism when the direction of
the load force is changed. The PFV can control the pressure
acting on the Load Sensitive pump through the external con-
trol signal. The single acting hydraulic actuator is the main
component of the Load Sensitive pump, which is used to
change the swash plate angle of the hydraulic pump according
to the output pressure of the valve. The ALS virtual prototype
is shown in Fig 2.

actuator

accumulator

FIGURE 2. The virtual prototype of the ALS.

A. PRINCIPLE OF PFV

The PFV is the main component to achieve the active control
of Load-Sensitive EHA. The structure schematic of the PFV
is shown in Fig. 3. The supply pressure of the PFV is the
load pressure of the EHA system. The outlet pressure of PFV
acts on the variable mechanism of the Load Sensitive pump
to control the displacement of the pump. The return port of
the valve is connected to the charge accumulator of the EHA
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FIGURE 3. The schematic and virtual prototype of PFV.
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system, which is used to reduce the outlet pressure when the
outlet pressure is connected to the return port. The propor-
tional solenoid is adopted to drive the spool directly, and the
return spring can push the spool to its original position, which
can enhance the stiffness and the dynamic characteristic of the
valve. In order to reduce the output force of the proportional
solenoid, there are two hydraulic half bridges set at the inlet
and outlet of the valve respectively to reduce the feedback
pressure. The reliability of the mechanical structure is greater
than that of the electronic device. The working principle of
the PFV is shown in Fig 3.

The outlet pressure of the PFV can be controlled by the pro-
portional solenoid and changes with the inlet pressure. The
use of PFV cancel the demand of additional power source,
which enhance the specific power of the system compared
with the traditional VPVM. According to the system principle
of the PFV, the virtual prototype of the PFV is designed,
as shown in Fig 3.

IIl. EFFICIENCY AND DYNAMIC ANALYSIS

In order to accurately understand the performance character-
istics of the ALS-EHA system, this section conducts an in-
depth mathematical analysis of the system’s efficiency.

A. EFFICIENCY ANALYSIS
To analyze the efficiency of the system, it is necessary to
analyze it from the following parts: motor, plunger pump,
actuator, valve-controlled hydraulic assembly.

The main parameters of the motor and pump for the
designed EHA are shown in Table 1.

TABLE 1. The main parameters for the motor and pump.

Symbol Quantity Value
R total armature resistance 036 Q
K. motor back-EMF constant 0.23 Vs/rad
I equivalent total motor inertia 8.8x10-4 Kgm®
I, equivalent pump total inertia 4.2x10-4 Kgm®
E power voltage 270 V
Im motor rated current 45 A
Ln armature inductance 1.7x10-3 H
K motor torque constant 0.23 Nm/A
B equivalent total damping coefficient 2x10-3 Nm/(rad/s)
Dmax no-load maximum speed 1047 rad/s
Pg power 15 kW
T peak output torque 20Nm

1) MOTOR

Stator current and resistance are the main parameters that
affect the efficiency of brushless DC motors. Almost all the
power loss of the motor is converted into heat [27].

AQmw = i2Ru [1 + 0 (G — Gmo)] + kiw? (1)

where, the first and second terms are winding copper loss and
stator iron loss, respectively. Where i is the average current
in the stator winding, k; is the proportionality factor, G, and
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G, are the initial temperature and the operating temperature
of the motor, respectively, and o is the temperature compen-
sation coefficients of the winding resistance.

The total motor power can be expressed as

P, = Kiizow + AQmy 2
where, K; is the torque constant. The motor efficiency on
copper loss and iron loss can be expressed as

AQmw
-
2R (1 + 0 AGr) + kiw?

m1 = 1

Kiisw + i2Rm (1 + 0 AGp) + kiw
The mechanical efficiency of the motor is shown as
Tp
S 4
Y T + By @
The total efficiency of the motor is obtained as
N = Nml * Nm2 (%)

2) PUMP
The efficiency of the pump is mainly considered from the two
aspects of volumetric efficiency and mechanical efficiency.
Volumetric efficiency is related to the compressibility of
hydraulic oil and pump leakage, and mechanical efficiency is
related to mechanical losses caused by friction and the like.
For plunger pumps, leaks often occur between the cylinder
and the flow plate or the shaft, and between the plunger
and the cylinder bore. From the theory of hydraulic fluid
mechanics, the leakage flow of the plunger pump can be
expressed for:

CvapPL

A Qpl = ZJT/L
c

(6)

where, AQ), is the leakage flow, C,, is the hydraulic oil lam-
inar leakage coefficient, D, is the theoretical displacement
of the pump (m3/rad), and p. is the comprehensive dynamic
viscosity of the hydraulic oil related to the system pressure
and temperature of which expression is

e = [ EXP [Olps - B (Gp - GPO)] 0

where, o and B are coefficients related to pressure and tem-
perature, u is dynamic viscosity of oil, py is system pressure,
G0 and G, are initial temperature and working temperature
of plunger pump, respectively, and the temperature rise of the
pump is G, = G, — Gpo. In addition, the thermal expansion
of the hydraulic oil will also cause a large change in the bulk
elastic modulus of the hydraulic fluid and the system flow
rate. Therefore, the volumetric efficiency of the plunger pump
is

AQp AQp
Npy = 1 - = 1 - i
Qp Dpwm
CoppL
=1—-——"(14+AAG 8
Znﬂcwm ( + P) ( )

where, A is the thermal expansion coefficient of the hydraulic
oil, and Q) is the theoretical output flow of the pump.
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3) HYDRAULIC VALVES

PFV is the main energy loss part of all hydraulic valves in the
system with loss of throttling. the oil will also flow through
the spool valve opening, which is approximately the orifice,
and its flow rate equation is shown as

2AP
— ©))
0

Then the PFV total flow satisfies below:

2AP;  wCd* |2AP, 2AP3
Q= Cx + + Cx (10)
p 4 P p

In the working state, the PFV always has flow loss. In order
to obtain the flow calculation formula, the pressure and flow
relationship of the PFV under different input pressures is
simulated and analyzed, and the result is shown in Fig 4.
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FIGURE 4. Leakage flow Curve of the PFV.
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FIGURE 5. Pressure to flow curve of the PFV.

The leakage flow curve can be used to obtain the leakage
flow of the PFV under different loads and output pressures.
The leakage flow and the output pressure initially show a
linear relationship. When the output pressure is equal to the
input pressure, the leakage flow reaches a stable value.

The pressure to flow curve obtained from the above data is
shown in Fig 5.
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FIGURE 6. power loss curve of PFV.

Furthermore, the actual power loss curve of the PFV can
be calculated as shown in Fig 6.

According to the simulation curves of Fig 5 and Fig 6, the
leakage flow formula of the PFV can be fitted.

AQ, =1.39% 1073 % P+23%107° (11)

Remark: In order to simplify the system model, the power loss
of the pressure follower valve can be included in the loss of
the actuator, and it can be expressed in the form of volumetric
efficiency.

4) ACTUATOR

Actuator efficiency also includes volume efficiency and
mechanical efficiency. As mentioned in the previous section,
in order to simplify the calculation, the PFV loss is approx-
imately considered as the internal leakage of the actuator.
From this, the volumetric efficiency expression of the actu-
ator can be obtained

New = 1 AQc + AQ, — Capr + Cypr + AQ,
cv — - — -

Oc mep
where, AQ. and AQ, are the leakage flow of the actuator
and the total flow into the actuator, respectively, C.; and C)y;
are leakage coefficients. AQ, meets the formula (11).
The mechanical loss of the actuator is also caused by
friction, and its mechanical efficiency is expressed as:
Frxe Fy

AWy
=1- =1-—= (13)
vvf PLACX: Fr

(12)

Nem =1 —

where, Wy is the total work done when the piston moves x.,
and F¥ is the friction between the piston of the actuator and
the inner wall. Therefore, the total efficiency of the actuator
is attained as:

Ce A F
Ne = Nevllem = (1 - M) ( - Fi) (14)

W Dppy

5) TOTAL SYSTEM EFFICIENCY
In summary, the total efficiency expression of the ALS-EHA
is drawn below

N = NmTlpTc =f (Dp’ Ps,v, o, w) (15)
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where, D), is the pump displacement, Pg is the load pressure,
v is the moving speed of the actuator, and @ is the angular
acceleration of the motor.

If the motion speed, load pressure, and angular acceleration
of the motor are taken as constant values and combined with
the flow rate formula, the total efficiency of the system can
be expressed as a single variable with displacement.

Given the actuator speed of 0.01m/s, the scatter plots of
the total efficiency of the EHA system under load pressures
of TMpa, 14Mpa, 21Mpa, and 28Mpa are drawn, as shown in
Fig 7.

0.8 T T

=
N

—TMpa
— | 4Mpa

21Mpa
— 28Mpa

=
o

Total System Efficiency
=
s

1 L

0 0.2 0.4 0.6 0.8 1
Displacement Ratio Dp/Dpmax

FIGURE 7. The curve of EHA efficiency to displacement ratio at v = 0.01.

It can be known from the observation curve that under this
condition, the total system efficiency increases first and then
decreases as the pump displacement ratio increases. This is
because when the pump displacement is large, the system
main loss is the copper loss of the motor, which can be
effectively reduced through appropriately lowering the pump
displacement ratio. When the pump displacement ratio is very
small, further reducing the displacement ratio will decrease
the overall system efficiency. This is because at this stage,
the iron loss of the motor and the mechanical loss of the
motor-pump set are the main loss, which especially the inertia
moment loss accounts for the main proportion. Therefore,
under certain working conditions, an optimal displacement
value can make the system optimal efficiency. When the load
pressure is 7MPa and the speed of the actuator is 0.01m/s,
by designing a reasonable control law, the efficiency can
be improved by up to 200%. The greater the system load
pressure, the more obvious the system efficiency improves.

Increasing the motor-pump set speed, given the actuator
speed of 0.05m/s, the scatter diagram of the total efficiency
of the EHA system is drawn under load pressures of 7Mpa,
14Mpa, 21Mpa, and 28Mpa, as shown in Fig 8.

Observing the above figure, it can be found that the system
efficiency with the change of the displacement ratio still
mainly presents a trend of first increase and then decrease.
However, comparing and analyzing Fig 7 and Fig 8, it can
be observed that the system efficiency curve shifts obviously
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FIGURE 8. The curve of EHA efficiency to displacement ratio at v = 0.05.

to the right when the speed is increased compared with the
operating speed of 0.0lm/s. When the load is 7MPa, the
system decline trend is not obvious. This is because the speed
of the motor-pump set is significantly higher than that at the
previous condition under this condition, and the proportion
of motor iron loss and pump efficiency loss is significantly
larger than that at low speed. Therefore, under this condition,
the optimal efficiency point corresponds to an increase in the
optimal displacement value.

However, it should be noted that the total system efficiency
and the motor heating are not exactly the same concept.
In other words, when the total system efficiency is the highest,
the motor heat output is not necessarily the minimum point.
This is because the volume and mechanical loss of the pump
also cause power loss. Therefore, when designing the control
law, it is necessary to determine whether it is necessary to
maximize system efficiency or minimize motor heating. Of
course, the gap between the two may not be obvious. This
paper mainly considers the situation with the highest system
efficiency.

B. IV. DYNAMIC ANALYSIS OF ALS

To simplify the system model, it is now assumed that the
external load force is an elastic load, that is F;, = Kx,
assuming the system is initially in a zero state. Then com-
bining the flow equations of the pump and actuator, with the
dynamic equation of the actuator, we can get the following
relationship.

(Dp — Cp)w = a1x + azX + azx + asx (16)
where
Vm, VB, + (Cy + Cp)Bmy
a) = ——,ad2 =
BAa BA4
s = A(% + VK + (C, + Cp)BB, Cau— (Ca+ CrK
BAq Aq
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The Laplace transform of the above formula can get the
hydraulic part transfer function of the system.

x(s) B (Dp —Cy)
wls)  a1s3 + ars® + azs + asK

7)

According to the above formula, in the hydraulic part transfer
function, the displacement of the pump is located in the
numerator of the transfer function. If the denominator of
the system is unchanged, the larger the displacement value,
the larger the numerator. So the following conclusion can
be obtained: under the premise of stable system, for the
hydraulic part of the EHA system, the larger the displace-
ment of the variable pump, the faster the system’s dynamic
response.

In the same way, combined with the motor mathematical
model, the below equation can be obtained

LJ].. JR+LB. BR+K.K; LD,m,
U=—ow+ w +
K; K; K; KA,
B,LD, + m“DI’R)-C- LKD, + BaDpch KDpr
KA, KA, KA,
(18)

Laplacian transform to the above formula, it can be obtained

U(s) =G () @ (s) + Gz (s)x(s) (19)
where
LJs*> + (JR + LB)s + BR + KK,
G () =
K;
Lmgs® + (B,L + maR)s* + (LK + B4R)s + KR
G2 (s) =Dy

KA,

Bringing the hydraulic part transfer function of the sys-
tem into the above formula, the following equation can be
obtained

f @)

U(s) =G (S)m

x()+G2()x(s)  (20)

where
f)= 01S3 + azs2 + azs + a4 K

We observe the above formula (20) in combination with
actual system parameters, the order of magnitude for the Oth
order coefficient of the second term on the right reaches 10°
and that for the first term is 1-10. Therefore, the first term
on the right has a greater impact on the dynamic speed
adjustment of the system. Ignoring the second item on the
right, the below equation can be gotten

x(s) (D= Cw)

U@) )G
Then in the expression of the system output x to system
input U, the system displacement is only in the numerator
part. Given the system denominator is unchanged, the larger
the displacement is, the larger the numerator is. Therefore,

under the current assumptions, we can draw the following
conclusions: For ALS-EHA system, because the variation in

1)
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pump displacement does not change the moment of inertia,
under the premise of constant input. The larger the system
displacement is, the faster the speed adjustment is, and the
better the dynamic performance of the system is.

IV. CONTROL ALGORITHM

In order to solve the contradiction between high dynamics
and high efficiency of the EHA system, we need to make
the motor and the entire EHA system work as high effi-
ciently as possible, but still increase the displacement ratio
as much large as possible to improve the system Dynamic
performance.

However, considering the characteristics of the ALS-EHA
system, that is, the displacement adjustment range of the
pump is actually closely related to the operating conditions
(hydraulic system load pressure), which results in the system
output being a non-linear function of displacement; Mean-
while, the definition range of displacement also varies with
the working conditions; combining with the multiplied non-
linearity between the motor speed and the pump displace-
ment, the overall nonlinearity of the system is extremely
strong. Therefore, combined with the previous analysis, this
paper proposes an energy optimal control law based on fuzzy
and disturbance compensation.

A. EFFICIENCY OPTIMIZING

Different from the conventional EHA system with variable-
speed variable-displacement, since the ALS-EHA system
introduces the system high-pressure cavity pressure into a
PFV and relies on the control of the PFV opening to actively
control the pump displacement, therefore, the active load is
sensitive. The pump displacement adjustment range for the
ALS-EHA system is closely related to the load pressure,
as shown in Fig 9.

D, A
D pmax[—T A
1
i Adjustment range
i
! \ 4
D, !
i
1
i
mein ___E ____________________________
. >
Iz 2 5P
FIGURE 9. Load-sensitive pump displacement adjustment curve.
It can be expressed as:
D, = g (Pa)
- :D,,max [1= s Pa=PD] P <Pa<P)
Dp max (Py < Py)
(22)
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In the formula: D) iax is the maximum displacement of the
load-sensitive pump, and is also the initial displacement; A,
is the effective area of the variable mechanism; Ky is the stiff-
ness of the back pressure spring (N/mm); x,q is the displace-
ment of the variable mechanism at load pressure 0, and is
also the initial displacement (mm); P is the pre-compression
pressure of the back pressure spring.

Since the input pressure of the variable pump comes from
the output pressure of the PFV, by controlling the PFV open-
ing, the input pressure of the swash plate variable mechanism
can be controlled from O to Ps. According to the displacement
adjustment characteristics, the displacement ratio 8 can range
from O to 1.

First, the real-time position signal of the system and the
pressure signal of the shuttle valve outlet (that is, the pressure
of the high-pressure chamber of the EHA system) are sam-
pled. Therefore, the current real-time speed of the ALS-EHA
system can be obtained. Ignoring the leak, the relationship is
derived from the flow conservation equation:

Agx

w=—7 (23)

That is, in actual working conditions, the motor speed can
be expressed by the speed of the actuator and the displace-
ment of the pump. Where the moving speed of the actuator is
a measurable variable (derived from the position derivative).
The above equation is brought into the efficiency equation
of the ALS-EHA system, the efficiency function n = f(D)
for displacement D is obtained. In each cycle, by solving
the maximum value of the efficiency function within the
constraint range, the pump displacement corresponding to the
highest point of system efficiency can be obtained, defining
the displacement D; at this time. The ALS-EHA system’s
decisions between high efficiency and high dynamics can
be attained by adjusting the pump displacement ratio at
(D;, Dy max ).

Since the pump’s displacement adjustment range is related
to the system’s real-time working load pressure. As men-
tioned earlier, when the input pressure of the variable pump
swashplate is Pg, the corresponding displacement is Dpp.
The calculation method can be obtained from the previous
paragraph. The maximum displacement adjustment range of
the pump is (Dpo, Dp_max)- Because the relative size rela-
tionship between D, and D;," varies with the system power,
the concept of effective displacement adjustment range is
defined here, which represents the range of displacement that
can be effectively adjusted in the actual operating condi-
tions to effectively adjust the system efficiency. The actual
corresponding effective displacement adjustment range is
(max (D;, D, 2‘, Dp_max), as shown in Fig 10.

In actual working conditions, generally within the effective
adjustment range, the system efficiency shows a decreasing
relationship. When the optimal displacement ratio of the
current working condition is determined, the corresponding
PFV output pressure can be obtained. According to the PFV
model, the actual control current of the PFV can be obtained.
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FIGURE 10. Schematic diagram of adjustment range of displacement.

The variable pump displacement matching the system’s opti-
mal efficiency point is solved below.

According to formula (15) n = npupne =
f (D ,Pg, v, d)), in the actual system, the load pressure Pg,
the speed of the actuator v and the angular acceleration of the
motor w can be measured, then the overall efficiency n and
the pump displacement D), satisfy

TABLE 2. Fuzzy rule.

E

NB NM NS 0 PS PM PB
Ec
NB PVB PVB PVB PB PRS 0 0
NM PVB PB PRB PM PRS 0 0
NS PRB PM PRS PS 0 0 0
0 PM PRS 0 0 0 PRS PM
PS 0 0 0 PS PRS PM PRB
PM 0 0 PRS PM PRB PB PVB
PB 0 0 PRS PB PVB PVB PVB

Let Dy be the displacement corresponding to the highest
point of system efficiency, then

Di=f"(n* 25
p=170r) n*=max(i) )

According to formula (24), we can get
Pt = -1 DY) = =1 p—1 (% 26
=8¢ Dp=g (" () om0

where, P} is the PFV output pressure needed to meet dis-
placement corresponding to the optimal efficiency of the
system.

Due to the characteristics of the ALS-EHA system, the
maximum adjustment range of the pump’s displacement will
varies with the change of the system load pressure. Now
Dy is defined as the corresponding value when the output
pressure of the PFV is equal to the system load pressure
Pg. Then the actual maximum displacement range of the
system is [Dpo, Dpmax |. Combined with the optimal point
of ideal efficiency, the displacement adjustment range is

sk
n=1(Dp)lpsve @4  [max(D}. Dyo). Dpmax |
Aerodynamic
Motor Speed Feedback Pump f;cruator Load Moment
A!
Rudder
EHA Motor | Angle
Command ZA Position ; Speed Power s, S .
Controller Controller | | Electronics [ 7 a d
Load Force
e
s e\_»
»  ALS-Controller
> U,
pL’va’xa l va xa

FIGURE 11. The schematic for ALS-EHA control system.
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We Modify equation (28), the optimal efficiency control
law can be obtained

P = g~ (max(D}, Dpo))

=g '(max(f ™" (1)

.D 27
oy Do) @D

n*=m
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FIGURE 13. Low-speed large-load simulation curve.
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B. DYNAMIC CONSTRAINT BASED ON FUZZY RULES

In order to ensure the dynamic performance of the system,
itis necessary to determine the real-time operating conditions
of the system to ensure that the system can meet the needs
of servo tracking. Because the dynamic performance of the
system is directly related to the displacement of the pump,
amulti-loop PID is used to control the motor pump main loop,
and a fuzzy controller is used to control the displacement of
the pump. The control schematic is shown in the Fig 11.

In order to accurately represent the dynamic performance
of the system, while considering the current state and pre-
dicting the state of the future moment, the position error and
the position error differential of the system are required as
fuzzy inputs for judgment. When the dynamic performance
of the system is poor, the displacement of the variable pump
needs to be appropriately increased; when the system tracking
performance is good, the displacement of the variable pump
can be maintained or appropriately reduced. According to the
above rules, the fuzzy rules of the system are shown in the
table 2.

Its input is the system’s position error and position error
derivative (that is, speed error), the fuzzy subset is {NB, NM,

0.6
0.4

ALS-Fuzzy
ALS-Eff & Fuzzy

0.2

-0.2
-0.4
-0.6

0.8 : : ' ' '
0 5 10 15 20 25 30
Time (s)

b) Position error curve

x 104

ALS-Fuzzy
ALS-Eff & Fuzzy

Total Heating (J)

0 5 10 15 20 25 30
Time (s)

d) Motor heating curve
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FIGURE 14. High-speed large-load simulation curve.

NS, 0, PS, PM, PB}, and the output is the dynamic adjustment
coefficient, which is defined here as k. The fuzzy subset is
{0, PS, PRS, PM, PRB, PB, PVB}, and the variation range
is between 0-1. The larger the value, the higher the output
pressure of the PFV, that is, the larger the displacement ratio
of the variable pump.

The fuzzy rules described in table 2 will give a more
reasonable description of the tracking performance of the sys-
tem, that is, the worse the dynamic performance of the sys-
tem, the larger the displacement ratio obtained by the fuzzy
rules, thereby improving the dynamic performance of the
system; The dynamic performance of the system is better,
the displacement ratio of the variable pump is maintained
or appropriately reduced. This is consistent with previous
principles of judgment.

The output pressure of the PFV is corrected according to
the fuzzy rule. The corrected output pressure is drawn below

Pa = Pi(1 — ky) = P51 — ko) (28)

C. LOAD DISTURBANCE COMPENSATION

The output pressure of the PFV is not only related to its
control current, but also to the load pressure of the system.
When the external load force is disturbed, the PFV output will
also fluctuate accordingly, which will cause the displacement

51130

ALS-Fuzzy
ALS-Eff & Fuzzy

Error (mm)
ST

1
wn

—
=]

[
[
wn

10 15 20 25 30
Time (s)

b) Position error curve

<
n

x 10*

ALS-Fuzzy
ALS-Eff & Fuzzy

) w I~

Total Heating (J)

[um—

5 10 15 20 25 30
Time (s)

d) Motor heatina curve

of the variable pump to fluctuate, affecting the stability of the
system.

In order to improve the disturbance rejection ability of the
system, an additional load disturbance compensation APy
is defined here to satisfy APy = k - APs. Where APg
is the system pressure disturbance. When APy is positive,
the pressure disturbance forces the displacement to decrease.
At this time, P4 needs to be reduced to compensate for the
effect of the disturbance on the pump displacement ratio.
When APg is negative, the pressure disturbance increases
the displacement, then it need to increase P4 to compen-
sate the effect of disturbance on the pump displacement
ratio.

Combining the above points, it can conclude that the actual
output pressure of the PFV is:

Py = Pi(1 —ky) — APy = P4(1 — ko) — k - APs (29)
where, P} is the output pressure value of the PFV corre-
sponding to max (D;, Dpo). P, is the output pressure after
comprehensively considering the optimal efficiency, dynamic

constraints and load disturbance, and & is the load Perturba-
tion compensation coefficient.

D. CONTROL LAW DESIGN
Combining the above sections, it can obtain the optimal
energy control law based on fuzzy and disturbance compensa-
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tion. According to the formulas (27), (28) and (29), the actual
input current of the PFV can be obtained. That is, for the
load-sensitive loop, the control input is

~ Ps—(1—ke)-g™ (max(F '),
U= Ka

Dpo)—kAPg

*=max(n) ’

(30)

According to the designed control law, the control block
diagram of the system is shown in Figure 38.

V. SIMULATION AND EXPERIMENTAL ANALYSIS

A. COMPARATIVE ANALYSIS

In order to verify the performance of the ALS-EHA system
with the based fuzzy and disturbance compensation energy
optimal control law, the control law is compared with the tra-
ditional fuzzy control law. The control law described in [28]
is: the motor loop adopts multi-loop PID control, the load
sensitive loop only uses fuzzy control, the fuzzy input is
position error and system load pressure, and the fuzzy output
is the ratio of the outlet pressure of the PFV to the inlet
pressure.

In the following simulation curves, ALS-Fuzzy is used
to represent the control law using only fuzzy control, and
ALS-Eff & Fuzzy is used to represent the energy optimal
control law proposed based on fuzzy and disturbance com-
pensation in this paper.

1) LOW SPEED AND HEAVY LOAD

The position command signal is a sinusoidal signal with a
frequency of 0.1 Hz and an amplitude of 40 mm, and the load
is a spring load with a stiffness 3.5%10° N/m and a damping
1000 N/(m/s) The simulation results are shown in Fig 13.

It can be seen from the simulation results that under
low-speed and large-load conditions, the tracking perfor-
mance of the two is similar. In terms of motor heating,
ALS-Eff & Fuzzy generates less heat.

2) HIGH-SPEED AND HEAVY-LOAD
The given position command signal is a sinusoidal signal
with a frequency of 0.5 Hz and an amplitude of 40 mm, and
the load is a spring with stiffness 3.5%10°N/m and damping
1000 N/(m/s). The simulation curve is shown in Fig 14.
Observing the curve, we can find that under high-speed and
heavy-load operating conditions, the ALS-Eff & Fuzzy has
good tracking performance, while the ALS-Fuzzy has poor
tracking performance, of which tracking error exceeds 10mm.
In terms of motor heating, the ALS-Eff & Fuzzy generates
less heat, and the pump displacement ratio is higher, indicat-
ing that the control law has successfully found the optimal
point of efficiency with disturbance compensation. Under
high-speed and heavy-load conditions, the performance of the
ALS-Eff & Fuzzy is better.

3) DYNAMIC PERFORMANCE TEST
To verify the tracking performance of the system under heavy
load conditions, given the external load force of the system
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FIGURE 15. Step response test.

to 180000N (close to full load), the initial position is 0, and a
Smm step signal is given at 1s.

It can be known from the position response curve and the
position error curve that under this condition, the rise time
of ALS-Fuzzy is about 200ms, and the rise time of ALS-Eff
& Fuzzy is about 100ms, which is much shorter than the
time required by ALS-Fuzzy. The settleing time of the former
is much faster than that of the latter, its overshoot a little
higher.but It can be seen that the dynamic performance of the
ALS-Eff & Fuzzy is better.

Combining all the simulation results in this section, the fol-
lowing conclusions can be drawn: The ALS-Eff & Fuzzy has
better both dynamic performance and efficiency performance
under the heavy load condition.

4) TYPICAL LOAD SPECTRUM
In order to verify the performance of the system and the
control law in actual flight, a simulated flight curve is given
for comparative simulation analysis. The load is a spring load
with a stiffness and a damping of 1000. The obtained system
simulation curves are shown in Fig 16.

Fig 16 shows the position response and position error
curves of the system. It can be found that under typical load
spectrum conditions, the tracking error tracking accuracy of
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the ALS-Eff & Fuzzy is higher. When the position command
fluctuates greatly, the position output error through the con-
trol law designed in this paper is smaller and the disturbance
rejection ability is stronger.

Fig 17 shows the heating curve of the motor under this
condition. It can be found that the motor of the ALS-Eff
& Fuzzy generates less heat. Combining the above two
points, it can be known that the ALS-Eff & Fuzzy has better
performance.
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VI. CONCLUSION

Based on the above results, several advantages of ALS-EHA
with the energy optimal control law based on fuzzy and
disturbance compensation designed in this paper can be
summarized:

1) The system efficiency is optimized in real time to ensure
that the system operates in the high efficiency range;

2) Combined with fuzzy control, real-time adjustment of
displacement according to working conditions, the system
dynamic performance is better;

3) Introduce load disturbance compensation to avoid dis-
placement instability caused by load disturbance, and the
system has strong disturbance rejection ability;

4) For Low-speed operation, small displacement is usually
used to increase the speed of the motor-pump set, avoiding
the low-speed unstable region of the motor-pump set, so the
system has better control performance and more stable low-
speed operation.

In addition, the idea of efficiency matching is also applica-
ble to the design of the parameters of the FPVM-EHA system.
As long as the common load spectrum of the aircraft is given
and the long-term operating point of the system is determined,
a relatively optimal displacement value can be reasonably
designed based on the idea of efficiency matching.

Of course, this result requires repeated iterative design,
because for a pump, its displacement will affect its rotational
inertia. When designing the motor, the rotational inertia of
the pump is a influence factor that cannot be ignored, which
has a great influence on the power curve of the motor; and the
power curve of the motor will in turn affect the rotational iner-
tia of the motor and the relevant parameters of the pump. The
entire design process is coupled. Repeated iterative design is
required to determine the parameter index of each part of the
system. Although the process is complicated, according to
the previous analysis, it can be considered that the efficiency
matching design is able to increase the overall efficiency
performance of the system, which is of great significance for
the wide application of EHA systems.
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