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Abstract: In the flight control system, using an electro-hydrostatic actuator (EHA) instead of
the currently used relatively mature electro-hydraulic valve-controlled actuator, there are three
prevailing concerns, namely heating, size, and stiffness. This paper proposes a novel principle EHA,
called active load-sensitive EHA (ALS-EHA), which can actively realize the adaptive adjustment
of pump displacement with load pressure. Its principle analysis and mathematical modeling
based on the direct load-sensitive EHA (DLS-EHA) configuration is done to obtain the relationship
between motor current and hydraulic reduction ratio. Then, its stiffness characteristics are analyzed,
especially the influence of hydraulic reduction ratio on impedance at low frequencies combined with
investigating the power matching of ALS-EHA. a comparative experiment between the developed
ALS-EHA and the EHA with fixed pump displacement and variable motor speed (EHA-FPVM) was
carried out. the results reveal that the proposed ALS-EHA can reduce the motor heating and its
displacement tracking error is smaller near zero speed owing to its higher impedance from the lower
hydraulic reduction ratio under heavy load conditions.

Keywords: electro-hydrostatic actuator (EHA); active load-sensitive; stiffness; power matching

1. Introduction

As the “skeleton” and “muscle” of the aircraft structure, the flight control actuation system
plays an irreplaceable role in its structure [1-3]. At present, most civil and military aircraft use
a central hydraulic oil source for centralized fluid supply, adopt engine-driven pumps to provide
high pressure, and employ servo valves to implement servo control of the rudder surface and landing
gear through the throttle principle [2-4]. This method has mature technology and good dynamic
performance, but low efficiency and complex pipeline layout problems have become the main factors
restricting the further improvement of aircraft performance [5]. In modern battlefields, it is increasingly
demanding for fighter jets maneuverability, energy efficiency, fuselage layout, survivability, etc.,
and this raises a higher challenge requirement for flight control actuator system as one of the key
components of airborne electromechanical systems and flight control systems [6]. With the exploded
appearance and swift advancement of more/all-electric-aircraft (MEA/AEA), a power-by-wire actuation
system has become main steam behind aviation progression, which exterminates the desideratum
for the aircraft’s classical hydraulic system and only requires a variety of energy procreation (electric
power) resulting in simplifying secondary energy systems, so it brings about more advanced reliability
and lowers design and maintenance costs [7-9].

EHA is an attractive category of power by wire, and it utilizes a hydraulic pump as a transmission
reducer to transform the motor’s rotational motion into the linear motion of the actuator’s output with
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other components, such as oil supply circuit, bypass valve and safety valve, as shown in Figure 1.
Hydraulic coupling allows greater flexibility in integrated design of EHA components. the installing
position and direction of the motor and pump relative to the actuator can be flexibly adjusted to satisfy
the demand for integrated volume size. This is a superiority of EHA compared to another candidate
power-by-wire electromechanical actuator (EMA). the installing position and direction of motor and
gear of EMA do not allow to be dexterously shifted [10]. EHA can regulate the transmission ratio by
controlling the pump displacement. Adjustable transmission ratio can increase the actuator stiffness,
reduce integration volume, and decrease system heating. In the flight control system, using EHAs
instead of the currently used relatively mature electro-hydraulic valve-controlled actuators, there are
three prevailing concerns, namely heating, size, and stiffness [11]. So far, the average efficiency of
the EHA applied in the aviation field is about 35%, and the bandwidth is generally about 7Hz [12].
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o

Motor

Actuator

Figure 1. EHA structure &principle schematic.

EHA heating is an imperative dilemma. In a central hydraulic pump system, heat loss is
transferred from the actuator to the central heat exchanger via hydraulic fluid, however EHA has
no fluid exchange, so a separate heat exchanger mounted on the EHA or a fluid radiator added to
the aircraft is required for cooling, which will greatly increase the difficulty for the confined space to
package the actuator neighboring the control surface. an important source of heat loss is the nature
of the aerodynamic load. the operating conditions of EHA include forward load and reverse load.
When EHA operates under aiding load condition, the aerodynamic load works on the actuator, reversely
driving the pump to rotate the motor as generator. the aiding-load energy is converted into electric
energy which moves in the form of a current in the system. Another vital reason for EHA heating
is the low efficiency of the system components. the most remarkable one is the motor copper loss.
the motor torque is proportional to its current. the torque required to balance the load is proportional
to the pump displacement which necessarily matches the motor speed and the actuator piston area to
meet the actuator speed. In short, motor is the main heat source of EHA, e.g., an experimental result
shown in Figure 2. Under the condition of 4t with load and continuous working for seven minutes,
the surface temperature of the motor rises from 29.5 °C to 51.6 °C, and the hydraulic-part temperature
remained essentially unchanged. the problem of motor heating is the main reason affecting the EHA
widespread application [13]. the energy loss of the motor is mostly dissipated through heat generation
in the form of copper and iron losses. Meanwhile, the dynamic performance of the system at high
temperatures will be affected to some extent. If the motor heating can be reduced, it is of great
significance for EHA to improve the efficiency, dynamics and reliability, as well as increase continuous
the working time and lifetime [14].
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Figure 2. EHA motor surface temperature before and after loading.

The idea of solving the problem of motor heating- is to popularly use high-speed motor and
high-pressure system for the EHA-FPVM. For example, the EHA system designed by SAFRAN in
France and UTC-Goodrich in the United States uses 20,000 rmp motors and 35MPa hydraulic systems.
the system achieved a level of 16,000 rpm and a peak pressure of 35 MPa. the method of high pressure
and high speed can expand the speed regulation range of the motor and enable the motor to work in
the high efficiency area [15]. This method is currently very popular because of its simple structure
and control, but this fixed displacement architecture cannot achieve the optimal power matching
of motor and pump, where the power of the selected motor is the larger, which is disadvantageous
for high power density requirements. the EHA with variable pump displacement and variable
motor speed (EHA-VPVM) has become a popular concern, because its two control variables can
well achieve the motor-pump power matching and reduce the motor heating, as well as improve
the EHA stiffness [16]. the general variable displacement mechanism requires an open valve-controlled
cylinder with additional oil supply pressure to alter the pump displacement through varying the tilt
angle of the swash plate [17]. the principle structure has fast response but increases the cost and
complexity of the system. Reference [18] proposed a new type of electric variable mechanism
composed of a direct current (DC) servo motor and related transmissions (gearbox + sector gear).
the purpose is to simplify the structure of the variable mechanism, reduce hydraulic faults and improve
maintainability. the meshing between gears inevitably has problems such as tooth-side clearance,
inter-tooth lubrication media, and various transmission errors (including various manufacturing errors,
installation errors, thermal deformation, wear, etc.). These coupling effects have a certain degree of
influence on the performance of the electric variable mechanism. Chao etc. designed a load-sensing
pump based on a variable displacement architecture to reduce EHA heat generation in [19]. Jiao
advanced the principle of direct load-sensitive EHA (DLS-EHA) based on load-sensing pumps [20].
the DLS-EHA automatically adjusts the pump displacement through the load pressure without the need
for an additional power source, which can decrease the motor heating and achieve the motor-pump
power matching to a certain extent. However, the back pressure spring of the variable mechanism
must be selected according to the maximum load pressure to ensure that the variable mechanism is
sufficiently rigid to stabilize the system. a large back pressure spring stiffness results in a low rate of
change in displacement with load pressure. DLS-EHA does not give consideration to the dynamics
and the efficiency of the system, and the variable characteristic is a constant value making it difficult to
achieve optimal matching.
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Stiffness is an index to measure the effect on the system output when the load force changes.
Dynamic stiffness describes the changing law of stiffness in the dynamic process. the stiffness
characteristics of the flight control actuation system can be divided into three parts according to
frequency: (1) Within the bandwidth of the closed control system, the stiffness can be controlled due
to the controller” function that can guarantee the actuator output track the input. (2) At the reversal
point of the frequency, the controller’s adjustment effect is positive feedback to cause the actuator
output to alter greatly, so the system stiffness is the lowest. (3) Since it is too late for the actuator
to respond to the disturbance at high frequencies, its stiffness is related to the passive components
of the system. EHA is developed as a potential substitute for the valve-control actuation system in
the flight control actuation system, its stiffness is also a major consideration [21-23]. the stiffness
characteristics of EHA and the valve-controlled actuator are distinct, especially at direct current and low
frequencies. Regarding the stiffness of the valve-controlled actuator, the valve opening is not affected
by the load pressure perturbance that keeps closed and its two chambers hold blocked. the impedance
of the valve-controlled actuator is governed by the hydraulic stiffness of the two choked chambers of
the actuator, where the enclosed oil has ability to counteract the load. If it is a double-rod actuator
(the pressure goes up on one side of the piston and lowers on the other when the actuator is loaded),
the impedance at the middle of the actuator stroke is 48A,/L (where f is elastic modulus of oil, while
A, and L represent the area and stroke of the cylinder respectively), however, the stiffness of the single
active side actuator is half of the former’s. Thus, stiffness is related to piston displacement. When
the dynamic side has the shortest liquid column length, the stiffness is the largest, and when the high
pressure side has the longest liquid column length, the stiffness is the smallest at the other end of
the cylinder. the minimum stiffness of the single-rod actuator is a quarter of the one of the double-rod
actuators. Compared with the valve-controlled actuator, in fact, the EHA has no real impedance,
since EHA is a combination of electric and hydraulic and its two chambers cannot be obstructed,
considering the increasing load pressure can drive the motor rotation back. Therefore, the stiffness of
EHA depends on the hydraulic stiffness of the actuator and the electrical stiffness of the motor. Load
disturbance will drive the motor to rotate and cause the actuator output displacement to vary, so it
is necessary to improve the electrical stiffness. the displacement of EHA-FPVM cannot be adjusted,
so the disturbance torque of the motor cannot be regulated, so its electrical stiffness is constant. For
the new configuration of ALS-EHA mentioned in this paper, the displacement can be actively shifted,
so the disturbance torque to the motor can also be lowered, and the stiffness of the new configuration
can also be enhanced.

The structure for the whole paper is arranged as follows: Section 2 mainly presents the research
on the principle analysis and mathematical modeling of ALS-EHA based on DLS-EHA configuration.
Section 3 mainly studies the dynamic stiffness of ALS-EHA and the relationship between the stiffness at
low frequencies and the hydraulic transmission ratio. Section 4 mainly compares the power matching
of ALS-EHA with that of EHA-FPVM, and then further analyzes the former matching rule. In Section 5,
the experiments of EHA-FPVM and ALS-EHA are compared to verify the performance of the latter,
and final conclusions are presented.

2. The Principle Analysis and Modeling for ALS-EHA

In order to solve the heating problem of the motor, our research group proposed a novel EHA
configuration based on load-sensing technology. In this part, the principle of load sensitivity is first
analyzed. Based the simple structure of DLS-EHA, the ALS-EHA which is mainly studied in this paper
is derived and the load sensitive characteristics are studied by means of mathematical modeling.

2.1. The Load Sensing Principle Description

Load-sensitive EHA includes two types: DLS-EHA and ALS-EHA.
The DLS-EHA schematic is displayed in Figure 3. the load-sensitive servo mechanism uses
a shuttle valve to guide the pressure of the high-pressure chamber of the EHA to the swash plate
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mechanism of the variable pump. Thus, the function of passively regulating the displacement with
the load is realized. Adding a damping hole between the valve port and the variable mechanism can
effectively alleviate the fluctuation of system performance caused by load shock.
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Figure 3. DLS-EHA schematic.

According to the principle of direct load sensitivity, it can be known that, when the external load
is large, the pressure introduced into the pump variable mechanism increases, so the displacement of
the pump decreases.

According to the analysis in Section 2.2, it can be known that the motor current can be effectually
alleviated in the stalled condition; in the non-stalled condition, the motor current can be validly
subsided within a certain adjustment range. Therefore, the DLS-EHA can effectively reduce the copper
loss of the motor within a certain operating range. However, because the pump displacement is
passively adjusted with the load, the system stiffness is reduced, resulting in a significant reduction in
system dynamic performance under heavy load conditions. the existing improvement method is to
appropriately increase the spring stiffness of the variable displacement mechanism of the plunger pump,
thereby which is in favor of increasing the system stiffness and reducing the gradient of displacement
with load pressure, but will increase the loss of the motor at the same time. In addition, the view that
the smaller the pump displacement is regulated, the less the heat is generated by the motor is still
to be further verified: According to the analysis in Section 2.2, it can be known that the conclusion
that the smaller the displacement is, the less heat the motor generates is a one-sided and inaccurate
conclusion. Under medium/high speed and heavy load conditions, it may be happened that within
the displacement adjustment range, the motor heat generation will first fall and then rise as the pump
displacement drops. Under these conditions, the use of DLS-EHA may even outweigh the benefits.

So as to deal with the direct discrepancy between dynamic performance and efficiency in DLS-EHA,
a novel active load sensitive technology is proposed. the ALS-EHA is based on the DLS-EHA, and
a pressure follow valve (PFV) that can actively adjust the pressure enforcing the variable pump swash
plate is added. the schematic of the ALS-EHA is shown in Figure 4.

The principle of the ALS-EHA is that the load pressure is imported to the PFV through the shuttle
valve and then the valve outlet pressure can be controlled at range of 0 to the maximum load pressure
by the external control signals, which is connected to the swashplate variable mechanism of the pump.
It can be known that by controlling the PFV input current, the pump swashplate angle can be adjusted
between the maximum and the value corresponding to the load pressure.

Since the pump displacement can be actively controlled in the ALS-EHA, by designing a desirable
control law, it can effectively avoid the problem that the decrement in displacement leads to the increment
in motor heating and the decrease in dynamic. Meanwhile, the system needs better tracking performance
and the external load is relatively large, the motor efficiency can be sacrificed to ensure the dynamic
performance. Therefore, under the trade-off, the ALS-EHA is relatively superior in performance.
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Figure 4. ALS-EHA schematic.

Compared with the conventional EHA-VPVM, the ALS-EHA need not have a separate power
source, and can realize the active adaptive control on displacement through a PFV, which has
the advantages of small size, light weight, and simple structure.

2.2. Modeling Investigation

2.2.1. Motor Pump Main Loop

For a brushless DC motor, the torque dynamics balance equation is:
Tm = Kiim = Jmwm + Buwm + T (1)

where K; is the motor torque constant; ,;, B is the total inertia moment and damping coefficient
equivalent to the motor shaft, respectively; T} is the motor output torque (pump input torque), which
drives the pump to rotate; iy, Ty, wm represent motor current, electromagnetic torque, and rotational
speed, respectively.

Without considering leakage, the system flow equation is shown as follow:

Ql:Aa'va:Dp'wm )

where Q) is load flow of the system; A;, v, represent the piston area and speed of the cylinder,
respectively; D, is pump displacement. the equation of pump input torque is obtained from load
pressure and displacement:

T; = DyP (©)]

where P; is load pressure of the system.
(1) In the stalling condition, combining formulas (1) and (3), the follow equation can be gotten

Kiim = DyP, ()

At this time, the motor current is proportional to the pump displacement, that is, the larger
the displacement, the more heat the motor generates in the stall condition.

(2) In non-stalling mode, for purpose of simplifying the calculation, it is assumed that the angular
acceleration of the motor is known. Equation (5) can be obtained by combining formulas (1) and (3).

“anP + ]mAaka + BmAajfa

. £ l
DP Dp

+ D,P )
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where x, is actuator displacement. Observing formula (5), the part in parentheses shows a logarithmic
function relationship. It can be seen that, in a certain range under this operating condition, the motor
current and the pump displacement are approximately a logarithmic function relationship, i.e.,
the current gradually decreases to minimum first and then increases as the displacement goes down.

The pump in EHA is equivalent to a reducer without considering pump loss, and the hydraulic
reduction ratio is defined as k;, = v;/wy. Under the law of conservation of power, Tiwy,;, = Fjv,,
combined T; = D,P; with F; = PA,;, we get k;, = v,/wy = T;/F; = DyP;/P)A; = Dy/ A, which is
the ratio of the pump displacement to the actuator area. Formula (5) can be changed as follows:

XaKp, + JinXa + Biux, + kyAdP; ©)
K2 ki

Ktim = _]m

where Fj is the output force (load force) of the actuator. Formula (6) shows that the hydraulic reduction
ratio can be controlled by adjusting pump displacement to minimize motor current.

In addition, if the iron loss of the motor and various efficiency losses of the pump are
comprehensively considered, the relationship between the total heat generation of the motor and
the displacement of the pump is complicated, and further modeling research is needed. For two control
variable ALS-EHA, motor velocity and pump displacement can be actively controlled. Therefore, by
designing a reasonable control law, e.g., the fuzzy neural control method of lifting system dynamics as
proposed in Ref. [24], it is possible to effectively reduce the motor current and lower the motor heating.
This is the basic idea of power matching design.

2.2.2. Load-Sensitive Loop

Load-sensitive loop consists of pump variable mechanism and PFV, of which output pressure
and flow act on the variable hydraulic cylinder to move its piston to push the swash plate to adjust
its inclination as shown in Figure 5. the loads acting on the swash plate mainly include the spring
pre-tightening force, the hydraulic load, and the inertia force.

Pressure Following R P :
Servo Valve ! — | Pump Variable K

Mechanism

Figure 5. Schematic diagram of active load sensitive loop.

1. the force balance equation of the variable piston is as follows:
PA'Al:mvtkv‘FBvcxv‘i‘va‘i‘Fg‘i‘Fv (7)

where my; indicates the total mass of the piston and load, By represents viscous damping coefficient, K
is load spring stiffness, F;; is spring preload, F, is variable piston force acting on the swash plate, P is
output pressure of valve, A1, x, denote the velocity and the area of the piston, respectively.

2. Moment balance equation of swash plate:

L¢Fy = Jsy + Bsy + Mr + My 8
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where Lf denotes the arm of the variable piston force acting on swash plate, J; denotes moment of
inertia of swash plate, B; denotes viscous damping coefficient, M, My denote the torque generated by
the hydraulic load and spring preload acting on the swash plate. y denotes swash plate inclination.

Remark 1. The average value of the resultant moment of the force acting on the swash plate at high speed is
basically 0, so it can be assumed Mt + Mo = 0 during analysis.

So, formula (8) can be simplified as:

The relationship between the inclination angle of the variable pump swash plate and
the displacement of the variable piston is as follows:

Xy = Lytany (10)

Since y is generally small in practice, assuming that it can be approximated as

Xo

=1 (11
The following formula can be derived from Equations (8) to (12)
PpAy = Mdjév + dev + Kxp + Fg (12)

where My = m; + LLZ’ By = Bc + L% are the total equivalent inertia and damping of load sensitive
f
loop, respectively.
According to the relationship between the tilt angle of the swash plate and the displacement,

the displacement can be expressed as follows

Y
D, = (1——

Y max

)meax = meax - Kp)/ (13)

where Ymax, Dpmax represent the swash plate inclination maximum and displacement maximum,
respectively; K = Dpmax/Ymax is pump displacement gain. Combining formulas (11) to (13) gives:
o Mde i Bde . KLf<Dp_meax) 2
Psi= - Dy Dp-——f%— +F

MilpAs:  BalpA:  KLyA, KLDpmax o
=-—x fn-—x &kt —x— +F

ky — (14)

1 : KL fDpmax ’7
= MEky, + B4Ek, + KEkj, + —L K: +F;

where E is equal to —#. Formula (14) shows that the load sensitive loop is a spring mass damping
system. Since the inertia of load sensitive loop is very small, it can be simplified as elastic link to
analyze the load sensitive characteristic.

The DLS characteristics derived from formula (14) after simplification are shown in the Figure 6

below [19].
D or 0<P <P
D= { pmax f I 0 (15)

Dpmax—Dpmi
pmax—Lpmin
meax_m(pl_pO) fOi’ Py < P; < Pimax

where Dpmax, Dpmin represent the maximum and minimum displacement of pump, Pjn.x, Po are
the maximum load pressure and the swash plate pre-tightening pressure.
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Dy

Py Proax P,

Figure 6. Relationship between displacement and load pressure for DLS-EHA.

According to the [21], the formula for calculating the stiffness of the back pressure spring of
the variable mechanism is shown below:

K — Pimax — Po AUKP:G Pimax — Po (16)
Dmax = Dmin Lf Dmax — Dmin
where G = Apr . By combining formulas (15) and (16), the following equation can be derived.
D— { meax for 0<P; <Py (17)
meax_%(Pl_P0> fOT’ Py < Pj < Pppax

As shown in Equation (16), the stiffness of the compressed spring of the variable mechanism for
DLS-EHA must be selected according to the maximum load pressure, therefore, K should be selected
large enough to ensure the stability of the system. According to Figure 6 and Equation (17), it can be
concluded that the gradient of displacement to load pressure is a constant and cannot be adjusted
which cannot guarantee that under all load conditions, the system performance such as efficiency and
dynamics are optimal. the load-sensitive circuit has passive attribute.

PFV has the same principle as the proportional pressure reducing valve, of which output pressure
can be linearly controlled by actively controlling valve input current. the PFV characteristics are shown
below Figure 7. So, it can be modeled as follows

Py = P; — Kyiy (18)

where Ky, i, are pressure gain and input current of the valve, respectively.

200
150 P
100

50

outlet pressure/bar

0 0.5 1 15 2
current/A

Figure 7. The PFV characteristics curve.

Load sensitivity is expressed below:
Py

=P (19)

[04

Let k, beequal to 1 —a.
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Equation (14) can be written as:
Py =Pi(1-ky) (20)

Remark 2. When the input pressure Py is constant, the output pressure is a linear function of the input current.
As the input current grows, the output pressure declines. P) affects the gradient value of the output.

Based on the ALS principle combined with the characteristics of the DLS variables, we can draw
the relationship of the characteristics of the ALS variables as shown follows:
D <aP; <P
D:{ pmax G for 0—0( l— 0 (21)
meax - K(aPl - Po) fOT’ Py < aP;N Py < Pipax

As shownin Figure 8, a PFV capable of active control is added to the original DLS loop. the stiffness
of the spring is still selected according to the DLS. It can be concluded that the gradient of displacement
to load pressure varies with the load sensitive, that is, it can be actively adjusted. the greater the load
sensitivity is, the greater the gradient is. We can also see that the EHA-FPVM and the DLS-EHA are
two boundaries of active load sensitivity. the former has a load sensitivity of 0 and the latter is 1.

DA

ALS(a=0)
Dy} :
i i
L ALS(a=0.5) i
! !
[ 1
1 1
[ 1
[
i i
Pl ALS(a=1) !
0 i
[ 1
[ 1
) '

P27, 2 »

I max

Figure 8. Load-sensitive characteristics for ASL-EHA.

In the ALS loop, we choose the stiffness of the back pressure spring according to the following
formula (22).

K = aplmax_PO AUKP _Gaplmax_PO

= = 22
Dmax — Dmin Lf Dmax — Dmin ( )

It can be known from the formula 22 that the spring stiffness for ALS-EHA can be less than that for
DLS-EHA which is conducive to increasing the adjustment range and is beneficial to the improvement
of system performance and the flexibility of control. After the compressed spring stiffness is corrected,
the characteristic curve for ALS-EHA is shown in Figure 9 below.



Appl. Sci. 2020, 10, 6978 110f 21

ALS(a=0)

ALS(a=0.43)

ALS(a=1)

Py Py P, P ax P,

Figure 9. Load-sensitive characteristics for ASL-EHA.

3. Stiffness Analysis for ALS-EHA

This section mainly describes the concept of the dynamic stiffness of EHA, and on this basis
builds the ALS-EHA stiffness equivalent model, then derives its complex frequency domain transfer
function through its mathematical model, and deeply analyzes its frequency characteristics and
studies the influence of hydraulic gear ratio on stiffness. Finally, simple method is proposed to
increase damping.

3.1. Description and Equivalent Model of Stiffness

The differential pressure of the pump is caused by the motor rotating freely as the load pressure
increases. Although EHA owns no real stiffness, it can produce a resistance to dynamic load.
the impedance results from the inertia and damping of the motor. This impedance can be equivalent
to a spring mass damping series model as shown in Figure 10. the spring is equivalent to a liquid
column, and the mass M and damping C are equivalent to the inertia [, and damping B;;, of the rotating
components for motor-pump set on the output side of the actuator. For ALS-EHA, M and C can be
actively adjusted through a load-sensitive loop.

e
T
I
I
. 1
F M, h M///
load moto%pump

Figure 10. ALS-EHA simplified free-body diagram.

With the mathematical modeling of Figure 10, assuming an elastic load, according to Newton's
second law of motion, dynamic equations can be obtained as Equation (23).

F[ = Kh(xa —x1)
. ) 23
{ Ky, (xg —x1) = Mx1 + Cxq (23)

where M, is the actuator-load total mass M, C are respectively the equivalent mass and damping
which are equal to the motor-pump rotational inertia and damping divided by k squared, x1 is
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the displacement of the equivalent mass, and Kj, is the hydraulic stiffness in the cylinder. the transfer
function of the system can be obtained according to formula (23).

X(s)  Ms*+Cs+K,
FZ(S) N S(MS+C)Kh

(24)

3.2. Frequency Characteristics of Stiffness

For a sinusoidal disturbance load with frequency w, the magnitude of the transfer function is.

Nl—=

[((Mw)2 — MKj, + C2) ' + (CKh)z]

th((Mw)z N CZ) (25)

Equation (25) represents that at low frequencies band, as the frequency w reaches zero (DC input),
the displacement x, tends to infinity. This means that, in the absence of control, the load will be able
to rotate the motor freely until the actuator reaches either end of the hydraulic cylinder. At high
frequencies, the magnitude |x,(jw) /F;(jw)| decreases to 1/K, as frequency w increases. This is because
the equivalent mass of the motor-pump inertia does not respond to high frequencies. Therefore,
the ALS-EHA stiffness at this time is the hydraulic stiffness of the oil in the cylinder. the ALS-EHA
control system can determine its stiffness within its bandwidth range. In fact, it should be paid the most
important attention to the stiffness of the frequencies between the EHA bandwidth and the high
frequencies, where K; denotes the stiffness, which is identical to the one in valve-controlled actuators.
Equation (24) can be reorganized as:

Xa (5) . s2 + 20,&s + (D%
FI(S) (SZ + ZCDnéS)Kh

(26)

where @, = /K;/M is undamped natural frequency, & = C/2 KM is damping ratio.
Equation (26) can be simplified as follows:

Xa(8) 1 )[ @2 }
==+ 5— 27
fo &l e )
When F; a sinusoidal disturbance of unit amplitude, the steady state response of output
displacement of the actuator is:

o = (g |+ ) @)

)1+ =]
1 [(13-&-4152—1)2—&-452]%
= (K_h) (> +4£2)

|x(jw)| =
(29)

where T = - is the normalized frequency.

The inverse of )xa ( ]w)| is the stiffness K; of ALS-EHA to a unit amplitude disturbance load without
the control. Figure 11 shows the relationship graph of the normalized stiffness x = K;/Kj, versus
the normalized frequency 7 for different hydraulic reduction ratios. it shows that, as the frequency
decreases at low frequencies, the stiffness gradually approaches zero, while at high frequencies,
the stiffness for hydraulic reduction ratios is close to K}, for which the most obvious difference is
at the natural frequency point. For high hydraulic reduction ratios, the stiffness tends to be high
at the natural frequency. In this mode, the disturbance causes the motor to rotate a large angular



Appl. Sci. 2020, 10, 6978 13 of 21

displacement while the load remains stationary. As the hydraulic reduction ratio falls, the stiffness at
natural frequency decreases and tends to Kj,. What’s more important is that the stiffness of ALS-EHA
with a low hydraulic reduction ratio increases much faster at low frequencies than that of the high
hydraulic reduction ratio one. EHA dynamic stiffness characteristics is commonly adopted to guide
its design. For the purpose of ensuring the stable stiffness of ALS-EHA, one method is to design
the ALS-EHA bandwidth higher than the natural frequency of the hydraulic spring and equivalent
inertia of the rotating components (mass -spring). This method may be problematic that the high
bandwidth of ALS-EHA involves some structural modes leading to it actively responding to these
structural vibrations, maybe inducing system instability. Another technique is to reduce the natural
frequency of the hydraulic spring and the equivalent inertia of the rotating components, which can be
devised to retain lower than the structural modes and in the normal response ranges of flight control
actuators. the hydraulic stiffness of the liquid column Kj must be maintained as high enough for
the high-frequency stiffness. Therefore, according to @, = +/K},/M, the natural frequency can only
be lowered by increasing the equivalent inertia M. From M = |,/ ki, is to be increased by enlarging
the inertia of the rotating components of the motor-pump set or reducing the hydraulic reduction
ratio k. a larger motor is selected to enhance J,;. For the same power, a large motor outputs large
torque but low speed. Under the condition that the active area and speed of the cylinder are the same,
judging by Dywy, = Aqv,, the lower-speed motor needs the larger D), and kj,. So, a larger motor may
not necessarily have a larger equivalent inertia. To enhance power density, the smaller high-speed
motors are trending. the selected motor size will affect the ALS-EHA stiffness, but it is not the primary
aspect for stiffness in selecting a motor. a larger cylinder area will increase Kj, but a larger area requires
a greater Dy, so kj, will not vary, which means that the ALS-EHA will still possess a lower stiffness than
the natural frequency.

h
-

@)}

Normalized Impedance Kd/K

0 1
0 0.5 1 1.5 2 2.5 3 3.5 4
Normalized Frequency w/ w

Figure 11. EHA stiffness without control input.

For ALS-EHA operation, it is an ideal approach to have a low hydraulic reduction ratio to improve
the ALS-EHA stiffness performance below the natural frequency, since the stiffness is relatively constant
among a wide range of high frequencies. It is beneficial to improve the dynamic response of ALS-EHA
and reduce its tracking error. This is another advantage over EHA-FPVM

Remark 3. The above analysis for ALS-EHA design needs to be considered when selecting the actuator area,
pump displacement and motor speed. a combination of high-speed motor and small displacement pump is
advantageous for system stiffness, but more energy is needed for acceleration.
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4. EHA Power Matching

This part first introduces the output power characteristics of the motor, and then takes the pump
as the transmission to connect the motor and the actuator, and on the basis of defining the hydraulic
transmission ratio, respectively studies the power matching relationship between the load and
the motor for EHA-FPVM and ALS-EHA, especially the influence of the hydraulic transmission ratio
on the power matching.

4.1. Characteristics Analysis of Motor Output Power

Another advantage of using the ALS-EHA is that the motor power can be better matched to
the load, thereby shrinking the motor size [25-27].

For a given heat consumption, the motor has a power curve. the power curve is limited by
the current at low speed when the copper loss of the motor constitutes most of the thermal load. As
the speed augments, both viscous and non-viscous damping will generate some heat. Therefore,
the total current must be cut down and the total output torque is lessened, because the damping will
also consume some torque. As the speed continue to increase, this trend reaches a point. After this point,
the output power of the motor becomes a voltage limit, which is sufficient high for the motor speed, so
the power supply voltage is not high enough to overcome the back electromotive force, nor can a large
current be formed to make motor overheat. the power curve of the motor is shown as the blue curve in
Figure 12, which can be approximated to estimate the motor power by two straight lines as shown in
Figure 12. the intersection of the two straight lines is the peak power point of the motor. the motor
speed and torque corresponding to the maximum power point are wy, T, respectively. Therefore,
the approximate power curve equation of the motor is indicated in the following Equation (30).

T — Tmax — [(Tmax - Tp)/(l)p W 0<wy < Wy
- (30)
[Tp + Tpa)p/(a)max —wp ] - [Tp/(a)max - a)p)]a)m Wy < Wy < Wmax

where Trnax and wmax are the maximum output torque and speed of the motor, respectively, generally
called stall torque and no-load speed,Pp; max is the maximum power

M max

»
>

wmax wm

Figure 12. Motor power curve.

Since the load of EHA applied to aviation is aerodynamic load, it can be simplified to elastic
load. the load characteristic curve (a plot of force versus velocity) is an ellipse as shown by the blue
dotted line in Figure 13. Essentially, the load characteristic curve is the power curve required by
the actuator, and can also be approximate representation of two straight lines. Therefore, the required
power equation of the actuator can be expressed as follows

1
Fy = {F2, . [(Fimax/Vamax)va)’} (31)
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where Fp,. is the maximum output force (load force). According to the extremum
condition of the ellipse areas, the peak power output by the actuator is at this point,
(Flp = ﬁ/ZFlmaxr Up = \/E/zvamax)/ resulting in Pamax :Flpvp = 1/2FimaxVamax-

Fu} Fip
-y

Imax

Fro ’Motor

o D

A Pu max

0 i >
- amax Vg
O Vg max "U,, Wax kh
(a) Motor power match to load (b) Matching load with two motors

Figure 13. Actuator power requirement and motor power output curves.

Remark 4. According to different application fields, the load characteristic curve is also different. Here, EHA is
used in aeronautics, so it is an elastic load characteristic.

4.2. Power Matching Comparative Analysis

Based on the above analysis, we can draw the power curve of the motor and the power demand
of the actuator in the same chart by dividing the torque of the motor by the hydraulic reduction ratio
and multiplying the speed of the motor by the hydraulic reduction ratio. the EHA power matching
is such that the selected motor power must meet the power requirements of the actuator at every
point, as shown in Figure 13a. First, we can easily choose a motor with the same peak power as
the actuator. Then in order to meet the stalled load requirement, kj, can be set t0 Timax / Fimax- However,
a constant kj, is not easy to ensure that the motor can exceed the power demand of the actuator at every
point, as the M1 curve illustrated in Figure 13b. the rotational speed of the chosen motor cannot meet
the requirement of no-load velocity of the actuator. It is assumed that, due to the design of the motor,
the motor speed is limited to this maximum speed, so in order to achieve power matching, k;, can be
only increased. Simultaneously, for the sake satisfying the stalled requirements, the maximum output
torque of the motor must be increased. In order not to increase the thermal load, more copper needs
to be added to the motor windings to increase the current. the reason for further explanation is that
the motor output torque can be increased by increasing the current. Under the current is increased,
the thermal load will increase if the winding resistance is not reduced. Therefore, it is necessary to
reduce the winding resistance by increasing the winding cross-sectional area. Eventually this will lead
to increase motor power and size as well as volume, as M2 curve shown in Figure 13b. the motor
is one of the massive segments in EHA, so a method that allows a smaller motor to be utilized is
required. a variable displacement pump is a desirable choice, because kj, is variable and the smallest
size motor can be adopted to match the power requirements of the actuator at each point. Assuming
that the EHA system has no losses, the motor power to be selected for the power matching of the fixed
displacement EHA must be greater than the power required by the actuator (load), and leave a certain
margin, as shown in Figure 14. Therefore, it is disadvantageous from the perspective of improving
the power density of the system. For variable displacement EHA power matching, under low speed
and high load conditions, kj, is reduced to meet the demand of large load, that is, decreasing the pump
displacement, so that the power curve of the motor envelopes the high load power requirements of
the actuator as shown in Figure 15a. good power matching can be not only achieved in this operating
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condition, but also reducing the displacement is beneficial to lower the output torque of the motor
leading to reducing the copper loss of the motor; under high-speed and low load working conditions,
ky, is increased to meet the requirements of high-speed load, that is, increasing the displacement of
the pump, so that the power curve of the motor envelopes the power requirements of the actuator
in high-speed conditions as indicated in Figure 15b. Therefore, the variable displacement EHA can
dynamically adjust the power matching. It is only necessarily equal to the power requirements of
the actuator, which is conducive to improving the power density of the system.

Fih

Tlmax/kh , PMmax
Flmax

Vamax  Omaxkn Va

Figure 14. Matching actuator power requirement with motor by constant kj,.

F 4 Fi A
Tlmax/ I(h Fimax
Flmax Tlmax/kh

> Va OmaxKn a
Cl)maxkh Vamax

(a) Low speed and high load (b) High speed and low load

Figure 15. Matching actuator power requirement with motor by variable kj,.

In order to make the motor meet the load requirements, when EHA-FPVM is used, kj, is a fixed
value, which can be taken as Tinax/ Fimax to meet the power requirements of the stalled load, that is,
the theoretically required motor power is at least equal to load power.

The maximum output power of the motor is selected to be the maximum power of the load. In
consideration of ensuring that the motor meets the power requirements of the load at each point,
the motor must have a certain margin so that under fixed k;, conditions, the power curve of the motor
completely includes that of the load. When using ALS-EHA, k;, is a variable. As long as the maximum
output power of the motor meets the requirements of the maximum power of the load, under different
load conditions, kj can be adjusted to make the motor work at a suitable speed and torque to meet
the power requirements of the load at every point. In other words, the motor power curves at different
operating points (different k;, values) are different, but the areas covered by the power curves are
identical. Under low-speed and heavy-load conditions, the load power requirements can be met by
appropriately reducing kj,; otherwise rising k;, for high-speed and light-load conditions.

Considering the copper loss of the motor, the motor power of ALS-EHA as follows:

) 2
P}, = Po + Py = Fiog + (fltkh) R (32)
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where, P}, Py represent the input power and copper loss of the motor, respectively; P, is load power.
the power differential with EHA-FPVM is derived as shown below.

FiV (2
AP, = (E) (20 = )R (33)
where AP} is the power difference. In ALS-EHA, a reasonable match between the motor output
power and the load power demand of the actuator can be achieved maximum reduction of
100(1 — (knmin/ khmax)z) percent over EHA-FPVM. ALS-EHA enables to choose the smaller motor
and possess the greater power density, compared with the traditional EHA-FPVM.

5. Experimental Discussion

5.1. Introduction to System Prototype and Control System

In order to verify the feasibility and superiority of the principle and control law of the ALS-EHA
system, a prototype of the principle of the ALS-EHA system was designed and processed, and
a simulated loading platform was built to complete the loading experiment. the test bench for
an ALS-EHA system is shown and the key components are marked in the Figure 16.

| Loading System I | EHA System I

g wh |
,

Loading Control System H EHA Control System |

Signal
Conditioning
Box

Controller

Figure 16. Test Bench For the EHA.

The key parameters of the ALS-EHA system are shown in Table 1.

Table 1. Parameters of EHA hydraulic components.

Quantity Value

Actuator maximum stroke 80 mm

Actuator maximum output force 200 KN
Piston diameter 104.6 mm

Actuator effective area 7.045 x 103 mm?

Pump and actuator volume 0.376 L

Maximum working pressure 28 MPa
Displacement of hydraulic pump 725 mL/r
Piston rod diameter 444 mm

Actuator equivalent mass 20Kg

Charge accumulator 0.18L
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5.2. Experimental Verification and Analysis

For the purpose of verifying the principle of ALS-EHA, comparative experiment analysis is
now conducted on two FPVM and ALS EHA systems. the experimental conditions are as follows:
the position command is a sinusoidal signal with a frequency of 0.1 Hz and an amplitude of 40 mm,
and the stiffness of the loaded spring is 3.5 x 10® N/m, for which the operating condition is low speed
and heavy load.

Figure 17a,b present the position response curve and position error curve of the system. Figure 17a
shows that the displacement output of ALS-EHA can accurately track the input command like
EHA-FPVM under the condition of low speed and heavy load. According to Figure 8, it can be found
that ALS-EHA has the highest tracking error at its maximum velocity point (blue circle), up to about 1
mm, which is 33.3% higher than that of EHA-FPVM at 0.75 mm, while the tracking error is smaller
than that of EHA-FPVM near the zero point of velocity (black circle).

50

1.5

—— ALS-EHA

. .
Command

E
g —— ALS-EHA £ [ |——EHA-FPVM
—
g ——EHA-FPVM S sl
= 3
g o = 0
= 3 05
%) 8
A g r
A
-50 , ' , : 15 : : ; :
0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
(a) Position response curve (b) Position error curve

Figure 17. Position response and error curve.

Figure 18 displays the variation in displacement ratio of ALS-EHA and EHA-FVPM.
the displacement ratio of EHA-FVPM is 1. However for ALS-EHA, the maximum displacement
is maintained at the top velocity point, that is, its ratio is 1. With the decrease of velocity, it drops.
When the velocity is 0, the displacement is declined to the value corresponding to the highest load
pressure, and its ratio is 0.4 for the load pressure 14 Mpa as illustrated in Figure 18. It can be seen that
in actual working conditions, active control for the displacement ratio of ALS-EHA can be achieved.

.2
=
&
=
(5]
g
(5]
Q
3
z ALS-EHA
A o2 AL 1
A ——EHA-FPVM

0 ) | . .

0 10 20 30 40 50

Time (s)

Figure 18. Displacement ratio change curve.

Combining Figures 17 and 18, we can further notice that the reason why the tracking error of
proposed ALS-EHA is smaller near the zero velocity is that the displacement is smaller, so the hydraulic
reduction ratio is lower, and the damping in the dynamic stiffness model is more mini. Due to
the poorer damping, the stiffness of ALs-EHA is higher than that of EHA-FPVM, which is consistent
with the analysis results in the third part, so it has a strong ability to resist load disturbance. In addition,
the reason why the tracking error of ALS-EHA at the maximum velocity point is larger is that
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the displacement ratio shown in Figure 8 is not the largest at this time, resulting in a weaker tracking
capability than that of EHA-FPVM. Therefore, our next research work is to solve this problem by
designing an appropriate active load controller, that is, we hope that the regulation law of pump
displacement conforms to the velocity variation of ALS-EHA.

Figure 19a—c present the copper loss heating, iron loss heating, and total heating of the two
structures of EHA. Figure 19a presents the copper loss heating of EHA-FPVM reaches 21.69 k] after
140s and that of ALS-EHA is only 13.46 k] with 37.9 percent less than the former. Figure 19b displays
that the copper loss of EHA-FPVM climbs to 3.197k] after 140 seconds and that of ALs-EHA rises to
3.566 kJ, 11.54 percent higher than the former. It is easy to observe that under low-speed and large-load
conditions, copper loss is the main factor that affects the system’s heating. the total motor loss heating
is obtained based on the two configurations After 140 seconds in Figure 19¢, with EHA-FPVM 24.89 k]
and 17.02 k] for ALS-EHA. It is proved that the calorific capacity of proposed ALS-EHA has weakened
31.6% than that of traditional EHA-FPVM, which is beneficial to solve the heating problem of motor
applied for EHA, and improve the system efficiency, as well as a smaller power motor can be selected
in the EHA design. This shows that the ALS-EHA is correct in principle.
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Figure 19. Motor heating curve.
6. Conclusions

EHA fever is a headache problem, especially as its main heat source is a motor of which heating
is an urgent need to solve. So, we developed a novel configuration of ALS-EHA based on this case,
which inherits the passivity of the DLS-EHA and the advantage of less system heating. the load
sensitive characteristics is analyzed for ALS-EHA to clear up the obstacle of DLS-EHA. In order to
ensure the stability and dynamics of DLS-EHA, the stiffness of the back pressure spring is selected to
be very large (according to the maximum load pressure), and the displacement adjustment range of
pump is smaller with only linear regulation. However, ALS-EHA decreases the need for sufficiently
large stiffness of the variable mechanism back pressure spring, and thereby increases the load-sensitive
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adjustment range, which is beneficial to the improvement of system performance, such as dynamics and
efficiency with nonlinear adjustment. It can be inferred from the experimental results that the tracking
error must also be the largest at the maximum DLS-EHA velocity point. the ALS-EHA mathematical
model is established, and the correlation is obtained between the motor current and the hydraulic
reduction ratio. For low-speed and high-load conditions, the relationship is approximately linear, that
is, the greater the hydraulic reduction ratio is, the larger the displacement, the higher the motor current,
and the greater the motor copper loss and motor heating. the experiment verifies this conclusion.
Since the active load sensitive loop can reduce the pump displacement under large load conditions,
the investigated ALS-EHA generates less calories than EHA-FPVM so that it perfectly achieves motor
power matching for EHA design and operation, and its displacement tracking error is smaller at
the speed of near zero due to its high impedance, but the maximum tracking error is larger on account
of pump displacement variation. According to the above experimental results and the analysis, it is
verified that the ALS-EHA is correct in principle, improving upon the performance of EHA-FPVM
and DLS-EHA.

7. Patents

“Load sensitive electro-hydrostatic actuator” is licensed in Europe (European patent NO. 3273069).
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