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ABSTRACT

The asymmetric electro-hydrostatic actuator (EHA) is a promising distributed hydraulic actuation solution for the more-electric aircraft
(MEA). However, the flow asymmetry is a common problem causing the poor position control accuracy and dynamics of EHA. To achieve
good flow control in all quadrants and save energy in the assistive quadrants, a digital control four quadrant electro-hydrostatic actuator with
a separated hydraulic motor using a novel four-quadrant division principle was proposed in this article. The theoretical model of the proposed
EHA has been developed in MATLAB/Simulink and validated in the experiments. The theoretical results indicated that the increased external
force allows the proposed EHA to have a constantly and partly linearly and varied motion velocity of the cylinder piston in the resistive and
assistive quadrants, and the latter is determined by the specific external forces of 0.5 and 2.8 kN, respectively, in the extension and retraction
quadrants. Compared with EHA without SHM, in the second and fourth quadrants, the energy dissipation is reduced by 104% and 36.7%,
respectively, while the motion velocity of the cylinder piston is reduced by 12.9% and 25.6%, respectively. The theoretical and experimental
results indicated that the proposed four quadrants division method effectively corrects the misjudgment of quadrants by using the existing

four quadrants division method under the lower external force.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0214168

I. INTRODUCTION

As a compactness solution to aircraft actuation, the electro-
hydrostatic actuator (EHA) is a pump-controlled drive system typ-
ically, which has the advantage of being energy-saving compared
to a valve-controlled actuator.! EHA is usually integrated by an
electric servo motor, a dual-directional hydraulic pump, functional
hydraulic valves, a hydraulic cylinder, and a supercharged tank
or an accumulator.” In comparison with the conventional lumped
hydraulic actuation system applied in flight control systems, the
distributed EHA is independent of the number of pipelines to trans-
fer power but relies on the power by wire (PBW),” employing the
advantages of high energy-efficiency, high reliability, and low main-
tenance.” Recent research also demonstrates that the efficiency of
the EHA is better than that of the lumped hydraulic actuation sys-
tem, except for dynamics.” Meanwhile, EHA works as a significant

component in the development of more-electric or even all-electric
aircraft.” The characteristics exploration of EHA is essential to the
flight control system performance of the aircraft, especially fighters
that require high maneuverability.”

To adapt the complex requirements of a flight control system,
several EHA architectures were proposed, such as a variable rota-
tion speed control scheme implemented' by a fixed displacement
pump and variable speed electric servo motor (FPVM),® a variable
displacement control scheme executed by a variable displacement
pump and fixed speed electric servo motor (VPEM),” and a simul-
taneous variable displacement and rotation speed control scheme
realized by a variable displacement pump and variable speed electric
servo motor (VPVM).!” The fact that the majority of applications
are based on the FPVM-EHA with an asymmetric cylinder,'' which
is a promising alternative to the conventional electro-hydraulic servo
system due to its compactness, large output force, and efficiency.'”
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However, the flow asymmetry caused by differential cylinder areas
limits its performance and application."”

To address the flow asymmetry, several solutions were
explored, such as utilizing individual pumps connected to each
cylinder port,'* pumps with multiple flow ports,'* hydraulic trans-
formers,'® and directional or flow control valves.” The pump-
compensation solutions cause higher costs and more complex struc-
tures, reducing the EHA’s compactness'® in comparison with flow
allocation strategies modulated by functional valves such as a pilot
operated check valve'” and an internal pilot operated closed cen-
ter shuttle valve.”’ Due to the intrinsic pilot ratio and pressure-
dependent dynamics,”’ these passive dependent hydraulic pilot
operated valves fail to maintain a certain dynamics under varying
load conditions. The digital on-off valve is a promising substi-
tute for these common flow control valves undoubtedly, due to
its advantages of low cost, fast response, and low sensitivity con-
tamination.”” The bypass layout of digital on-off valves can be
realized for flow compensation or recuperation in all conditions
for an EHA.”

In practical terms, an EHA in the flight control systems requires
different motions for a variety of load conditions.”* The required
motions can be typically classified into the four quadrant modes,
including resistive extension, assistive extension, resistive retraction,
and assistive retraction.”” In the resistive extension or retraction,
the electric servo motor acts as a drive and consumes the electric
energy. When the EHA works in the assistive extension or retrac-
tion, the electric servo motor acts as a brake, causing a severe burden
for power supply.”® Besides, the EHA integrated installation results
in a small heat dissipation area, leading to excessive throttling loss
that evolves into temperature rise in the assistive quadrants.”” Mean-
while, the elimination of a centralized oil source in EHAs restricts
the cooling capacity of the system, leading to potential adverse
effects on performance and longevity caused by excessively elevated
temperatures.” To solve these issues, some researchers proposed
the motor-pump assembly”’ and the bypass hydraulic circuits char-
acterized by the flow control valve and accumulator to recycle the
hydraulic energy timely.”” Due to the intrinsic architecture of rota-
tional speed and displacement, the ability of motor-pump assembly
on flow and energy fails to acquire better performance under a wide
range of working conditions.” Besides, the flow capacities of bypass
flow control valves are pre-matched usually; the large load enables
it to experience extra power dissipation, causing the limited motion
velocity in the assistive quadrants; even digital on—off valves are no
exception.”

Recent research achievement indicated that energy savings
exceeding 75% derived from energy regeneration and minimal
throttling loss can be acquired through the designed bypass
hydraulic circuit architecture for an EHA, leading to EHA enabling
efficient and reliable assistive and resistive operation.”’ Hence,
either the differentiated flow allocation or energy exchange above-
mentioned is dependent on the four quadrant division.*> Costa and
Sepehri®® found that the previous quadrant division results in either
geometric quadrants that do not coincide with motoring and pump-
ing operations or misrepresentations of the actual energy exchange
between the load and cylinder. Qu et al.** also thought the cur-
rent definition of four quadrants makes it difficult to describe the
transition of energy exchange and flow demand in the motoring
and pumping mode. A novel definition of quadrants is given, and
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the operation of compensating flow valves can be correctly pre-
sented.” The implementation of the four quadrant mode is based on
an integrated pump/motor,’” which also probably harms the driver
of the electric servo motor.”” The separated hydraulic motor cir-
cuit can avoid the issue and performs as an effective way to flow
allocation efficiently.”® The combination of a digital on-off valve
and a separated hydraulic motor circuit makes the division of EHA
into four quadrant operational modes apparent.””® To address
the flow asymmetry and achieve high energy efficiency, a digital
control four-quadrant electro-hydrostatic actuator with a separated
hydraulic motor and corrected four-quadrant division methodology
were proposed in this article.

This article is organized as follows: Sec. II presents the con-
figuration and operational quadrants of the proposed EHA. The
theoretical models of the proposed EHA are developed in Sec. I11.
Section IV discusses the EHA performance theoretically, and the
experimental validations are presented in Sec. V, followed by the
conclusions in Sec. VL.

Il. CONFIGURATION AND PRINCIPLE OF EHA
A. Configuration of EHA

The proposed EHA (as shown in Fig. 1) mainly consists of an
electric servo motor (MOT), a fixed displacement gear pump (DFP),
a separated hydraulic motor (SHM), an accumulator (ACC), a 2/3
way digital on-off valve (FSV03), two manual relief valves (RV01,
RV02), two 2/2 way digital on-off valves (FSV01, FSV02), two car-
tridge check valves (CV01, CV02), and an asymmetric hydraulic
cylinder (AHC).

The electric servo motor is capable of adjusting the discharge
flow rate of the hydraulic pump to satisfy the flow demands of EHA
motion. The main purpose of relief valves is to constrain the gener-
ated pressure difference between the piston-side cylinder chamber
and the rod-side cylinder chamber. The 2/2 way digital on-off valve
located in the bypass hydraulic circuit is used to implement the
flow compensation or recuperation at the different occasions. The
check valves incorporated into the external leakage drain of the
hydraulic pump are used to replenish oil. The role of a 2/3 way valve

Accumulator

Electric motor

Pressure sensor
2/2 way digital
on-off valve
2/3 way digital
on-off valve

FIG. 1. Hydraulic circuit and schematic of proposed EHA.
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connects the piston-side or rod-side cylinder chambers to the sepa-
rated hydraulic motor alternatively according to the demands. The
accumulator aims at eliminating the flow differential between the
piston-side and rod-side cylinder chambers.

B. Operational quadrants of EHA

The four operational quadrants (as demonstrated in Fig. 2) are
divided into resistive extension (first quadrant), assistive extension
(second quadrant), resistive retraction (third quadrant), and assis-
tive retraction (fourth quadrant). The motion velocity of the cylinder
piston is represented by the abscissa. The external forces exerted on
the cylinder piston are divided into inward and outward forces, and
the net force is represented by the ordinate.

In the first quadrant, the piston-side cylinder chamber is pres-
surized by pump discharge flow, and the cylinder piston extends
against the inward external force. In the second quadrant, the rod-
side cylinder chamber is passively pressurized by the outward exter-
nal force, and the cylinder piston is forced to extend. In the third
quadrant, the rod-side cylinder chamber is pressurized by reverse
pump discharge flow and the cylinder piston retracts against the
outward external force. In the fourth quadrant, the piston-side is
pressurized by the inward external force passively, and the cylinder
piston is forced to retract. According to the first law of thermody-
namics, the energy equilibrium that occurred at the actuator in the
four operational quadrants can be successively represented by the
equations as

dv

(mpd—tp + F. + Fcf)Vp = (pp — apa)ApVp, (1)
d

(mp% + Fe— Fcf)Vp = (apa = pp)Apvp, o)
dv

(mpd—tp + Fe + Fcf)VP = (apa — Pp)Ap¥p, 3)
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d
(I’I’lpg + Fe - Fcf)VP = (Pp - apa)APVP’ (4)

where m;, is the mass of the cylinder piston, v} is the motion veloc-
ity of the cylinder piston, A, is the area of the piston-side cylinder
chamber, « is the area ratio of the rod-side cylinder chamber and
piston-side cylinder chamber, F. is the external force, and F is the
friction force, which is always opposite to the motion velocity of
the cylinder piston. Here, different from the common force equi-
librium equation, the damping forces that should have appeared in
Egs. (1)-(4) are neglected due to having a little influence on either
the resultant force or the quadrant division.*”

To simplify the four quadrant division, judging the located
quadrant according to the positive and negative of the right term
shown in Egs. (1)-(4) in this article. The specific method is as
follows: (pp-apa)Apvp > 0 represents the resistive quadrants, and
(pp-apa)Ap > 0&vp > 0 represents the first quadrant, as well as
(pp-apa)Ap < 0&vp < 0 represents the third quadrant. (pp-apa)Apvp
< 0 represents the assistive quadrants, and (pp-ap.)Ap, < 0&v, > 0
represents the second quadrant, as well as (pp-apa)A, > 0&v, < 0
represents the fourth quadrant.

Ill. THEROETICAL MODEL OF EHA

The asymmetric electro-hydrostatic actuator is usually consid-
ered to be a complex system, and its performance significantly affects
the characteristics of the main functional modules, including the
main supply flow circuit, bypass digital flow circuit, and actuation
circuit. The main supply flow circuit is implemented by a fixed dis-
placement hydraulic pump driven by an electric servo motor. The
bypass digital flow circuit is dependent on an accumulator, two 2/2
way digital on-off valves, and two check valves. The actuation circuit
is represented by the dynamics of the cylinder piston and separated
hydraulic motor.
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FIG. 2. Four operational quadrants of proposed EHA.
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FIG. 3. (a) Schematic diagram of the pump. (b) Test the hydraulic circuit.

A. Main supply flow circuit

The hydraulic pump converts the mechanical energy provided
by the electric servo motor to generate fluid flow and static pres-
sure distribution. A bidirectional fixed displacement hydraulic gear
pump employs four ports, including a discharge port pp, a suc-
tion port pa, a supply port ps, and an external leakage drain g, as
demonstrated in Fig. 3.

The supply port ps provides suction flow rate for the pump
due to the clockwise or anti-clockwise rotation of the electric servo
motor. The external leakage drain is recuperated as an auxiliary
flow source. The discharge port p, and suction port p, are initially
connected to the piston-side and rod-side cylinder chambers of the
asymmetric hydraulic cylinder, respectively. The discharge port and
suction port can be exchanged with the rotational direction of the
hydraulic pump. Theoretically, the delivery flow rate is only depen-
dent on the volumetric displacement and adjusted rotational speed.
The smaller volumetric displacement corresponds to the higher
resolution, and the minimum rotational speed corresponds to the
critical suction flow capacity.

The hydraulic pump is driven by the electric servo motor,
whose rotation speed experiences deviation due to the mechanical
hysteresis. The Prandtl-Ishlinskii (PI) model is applied to model
this mechanical hysteresis, and its inverse is incorporated into the
feedforward module to compensate for the hysteresis. The PI model

1000

T T T T
- - -Measured rotation speed
- - =Predicted rotation speed

/ r/min

W
(=3
S

p
o

Rotation speed n

2 -15 -10 05 0 05 1.0 15 2
Voltage Vp/V

(a)
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is derived from the weighted accumulation of a series of backlash
operators and given by

np(t) = au(t) + b (t) + W H,[u, npo](£), (5)
no(t) = W H 1t o], ©)
H[u,npo] = max { u(t) — ri,min [u(t) + ri, npi(t — T)]} (7)

where u is the input excitation voltage, n, is the rotation speed, and
1po is the rotational speed at the initial time, a, b are constant coeffi-
cients. WY = [w1,wa, . .., wn] is the weight matrix; 0 <r; <13 <...<ry
is the threshold value. Based on the experimental results, relying on
the least squares method, the unknown parameters of the PI hys-
teresis model are identified. Based on the PI model, the comparison
of measured rotation speed and predicted rotation speed under the
different driving voltages is depicted in Fig. 4(a).

As demonstrated in Fig. 4(a), the predicted rotation speed is
within agreement with the measured rotation speed, and the mean
absolute error is less than 5%. To eliminate the mechanical hys-
teresis between the measured rotation speed and driving voltage,
the feedforward compensation based on the inverse PI hystere-
sis model is applied, and the comparison between the measured
rotation speeds with inversed PI feedforward compensation and
those without inversed PI feedforward compensation is depicted in
Fig. 4(b).

As illustrated in Fig. 4(b), an amplitude of 1000 rpm and a fre-
quency of 1 Hz sine curve are selected as the target rotation speed.
With the inversed PI feedforward compensation, the rotation speed
fluctuation is within 10 rpm regardless of the interference signal, and
the time delay between the measured and target rotation speed is
greatly reduced.

Except for the rotation speed, the error between the actual and
given delivery flow rates of the hydraulic pump is also dependent
on the load pressure and leakage, and the leakage can be estimated
by using the measured results. Based on the compensated rotation
speed, the pump volumetric flow rate gy is also determined by the
leakage associated with the pressure differential and represented by
the equation as

dps = 1pDp = Ade = npDp = kpApp, 8)

1000 : : :
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—— Compensated rotation speed
=500 P P
-
o
=
3
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FIG. 4. (a) Validation of the PI hysteresis model. (b) Compensation of rotation speed.
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FIG. 5. (@) Comparison of theoretical and measured pump flow at the different rotation speeds. (b) Comparison of theoretical and measured pump flow at the different

pressure drops.

where D, is the displacement of the pump and #n, is the rota-
tion speed of the electric servo motor. Age is the leakage flow
rate, and k;, is the leakage coefficient caused by the pressure drop
App between the discharge port and suction port. The compari-
son between theoretical volumetric pump flow and measured pump
flow is presented in Fig. 5(a). Besides, the leakage dependent on the
pressure differential is fitted by the linear correlation and plotted in
Fig. 5(b).

As demonstrated in Fig. 5, beyond the rotation speed of
1000 rpm, the difference between the theoretical pump flow and
measured pump flow is determined by the leakage dependent on the
pressure differential, and the leakage has a linear correlation with the
pressure differential. The fitted curve is in agreement with the mea-
sured leakage, and the mean error is less than 3%. The accuracy of
pump flow is the premise to ensure the accuracy of EHA position
control.

B. Bypass digital flow circuit

The bypass digital flow circuit uses an accumulator to act as a
flow rate source and two 2/2 way digital on-off valves and two check
valves to eliminate flow asymmetry.

1. Modeling of digital on-off valve

The digital on-off valve is comprised of an armature, static
iron, push rod, excitation coil, valve body, ball valve, return spring,
and valve seat, as shown in Fig. 6.

The digital on-off valve couples electromagnetic, mechanic,
and fluidic fields with mechanical energy conversion and dissipa-
tion. The performance of a digital on-off valve controlled by a PWM
(Pulse Width Modulation) signal is subjected to the electromag-
netic force, fluid-dependent force, and spring force. When the drive
voltage is exerted on the electromagnetic coil, the generated mag-
netic field enables the ball valve to separate from the valve seat, and
the supply flow is connected. When the electromagnetic coil is de-
energized, the ball valve returns to the valve seat due to the reduced
electromagnetic force rapidly. Here, neglecting the dynamics of the
digital on-off valve, assuming it can open and close normally at a
controlled duty cycle range.

The delivery flow rates of the 2/2 way digital on-off valves
are modeled by using the conventional turbulent flow equation as
follows:

. /2
gsv1 = 818N (PpA _PAcc)Tsl CdvAjmax ;)(ppA - PAcc): (9)
. [2
gsv2 = s1gn (Ppa - PAcc)TSZ CdvAjmax I;(Ppa _PAcc)) (10)

where 71, 75 are the duty cycles of digital on-off valves located
at the piston-side and rod-side cylinder chambers, respectively; gon1
and g2 are their flow rates of digital on-off valves at the maximum
opening, pacc is the inlet pressure of the accumulator, p is the fluid
density, and ppa, ppa are the upstream pressures of the piston-side
and rod-side digital on-off valves, respectively; Cqy is the discharge

o Armature

~Static iron

Q%K ~Push rod

~Excitation coil

X | Valve body

_~Ball valve
,

d .
" _~Return spring

Valve seat

FIG. 6. Schematic diagram of a 2/2 way solenoid digital on—off valve.
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coefficient, and Ajmax is the maximum opening of the digital on-off
valve, which can be listed as

dy 1
Ajmax = MXsmax Sin 2050(3" + Exsmax sin (xo), (11)

where «y is the contact angle of the valve seat, dy is the diameter of
the ball valve, and xsmax is the stroke of the ball valve, and this is
given in the supplier design handbook. Based on Eq. (11), the max-
imum opening of the digital on-off valve can be acquired. Besides,
the discharge coefficient is subjected to the flow state and pressure
drop and can be expressed by the equation as

2R
Cas = Cdsmax tanh( < ))

Ctr

Re = B\ | 2020~ pw) (13)
vr p

where vy is the kinematic viscosity of hydraulic oil, d}, is the equiva-
lent hydraulic diameter, Re is the Reynolds number, and Rey; is the
critical Reynolds number. The delivery flow rates of digital on-off
valves at the different duty cycles are presented in Fig. 7.

As demonstrated in Fig. 7, the linear correlation between the
duty cycle and delivery flow rate is found during the duty cycle
(0.1-0.9). The flow rate at the maximum opening is 2.5 /min and
is higher than the discharge pump flow with a rotation speed of
1000 rpm.

According to the principle of four quadrants, the discharge
pressure ppa and suction pressure pp, in the first and third quadrants
are described by

(12)

Ke . .
pon =y [ [noDpsign (my) + o = ot — psign ()] dt, (14)
P

K. . .
pra= [ Lassign (49) + e = s = myDysign ()} &t 15)

where Vg, and V, are the discharge and suction volumes, respec-
tively. g is the flow rate entering the piston-side cylinder chamber,
qa is the flow rate getting out of the rod-side cylinder chamber, and
K is the effective bulk modulus of the fluid. Similarly, the discharge

ARTICLE pubs.aip.org/aip/rsi

pressure ppa and suction pressure pp, in the second and fourth
quadrants can be given by the equation

K
Ppa = VTe f[qcvl ~ qsv1 — qpsign (vp) + gm sign (vp)] dt,  (16)
P

K. , .
Pra =7 f[qa sign (vp) + gev2 = gsv2 — gm sign (vp) ] e, (17)
sp

where gnm is the flow rate across the separated hydraulic motor.
2. Modeling of check valve

As a flow compensation component, the check valve is pas-
sively actuated by the pressure difference across it, which is subjected
to the spring pre-compression and hydraulic forces. Its function is
to permit flow in the positive direction and block it in the oppo-
site direction. The delivery flow rate across the check valves can be
modeled by

2 2

qevi = Cchcv - (Pleak _ppA) = Cchcv *Apcvb (18)
Ve Vo
[2 /2

dev2 = CacAcy I;(pleak _ppa) = CacAw I;Apcvb (19)

where Cyc is the discharge coefficient and A.y is the effective open-
ing area of the check valves, and they can be obtained by using the
methodology of solving the maximum opening and discharge coeffi-
cient of the digital on-off valve. pe,x is the generated pressure at the
upstream volume of the check valves and given by the equation

K
lek f(kPApp —evl — qCVZ) dt, (20)

pleak = v

where Vi, is the upstream volume of the check valves. Assuming
the state of the check valve switches instantaneously, the effective
flow area A., increases linearly, ranging from the cracking pressure
Per to the fully open pressure po. This relationship is quantified by
the equation as

0Apey < pers
Ae = %Amx‘vcr < Apey < Per + Pors (21)
AcmaxAPey > Per + Pors
where pc, is the cracking pressure, por is the override pressure, and
Acmax is the maximum effective flow area.

2.5 u T T .
@® Measured results .,,'. y . . .

=20l - - -Theoretical results "’ ] C. Actuation circuit
g ,’. : The actuation circuit includes a hydraulic cylinder and
LS o® hydraulic motor; the characteristics of the hydraulic cylinder are
2 ‘." determined by the pressure differential and state of the hydraulic
£ 10 .,.' motor.
=2 [ 3¢
=05 e® 1. Modeling of hydraulic cylinder

0 g‘ s . A ‘ The asymmetric hydraulic cylinder linearly turns hydraulic

0 0.2 0.4 0.6 0.8 1 power into mechanical power. The volumes of the piston chamber
Duty cycle z Vp and rod chamber V, are defined as
FIG. 7. Delivery flow rates of digital on-off valve. Ve = Voo + Apxp, (22)
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Va = Vao + aAp (Xpmax — Xp), (23)

where x, is the displacement of the piston, Xpmax is the stroke
length of the piston, and V0 and Vo are the initial volume of the
piston-side and rod-side cylinder chamber, respectively. The tran-
sient pressures in the cylinder chambers (piston side and rod side)
are calculated by the flow continuity equation and can be given by
the equations

d K . dx .
B = o sien ) = 4 G2 koo ) sign oy ) |
(29)
dp. K . dx .
(ft = i[—qa sign (vp) + "‘Ap(TtP + ka(pp — pa) sign (pp _Pa)]:
(25)

where kg is the internal leakage coefficient. The dynamic equilib-

ARTICLE pubs.aip.org/aip/rsi

where mj, is the mass of the cylinder piston and b, is the damp-
ing coefficient. The nonlinear friction force F is measured with a
constant velocity and can be represented by

Fi = [Fop+ (Fsp - Fcp)e_|VP/V5|] sign (vp) + 02vp, (27)

where F, is the Coulomb friction, Fs, is the maximum static fric-
tion, 0 is the viscous coefficient, and vs is the characterized Stribeck
velocity.

2. Modeling of hydraulic motor

The separated hydraulic motor is applied to translate the
hydraulic energy to mechanical energy, avoiding the extra throttling
dissipation that occurred at the digital on-off valve in the assistive
quadrants. The dynamic equilibrium of the hydraulic motor in the
second and fourth quadrants can be represented by the equation

rium of a cylinder piston can be given by the equation

Mmp

dxp

+bp?

= (pp — apa)Ap — Fes — F, (26)

TABLE I. Main parameters of the EHA theoretical model.

dwm

(Pm *PAcc)Dm = ImT + Bm®wm + Fp,

No. Symbol Quantity Value

1 Dy Displacement of pump 1.75 x 107 m*/r
2 D Displacement of hydraulic motor 1.75 x 10° m’/r
3 Inm Inertia moment of hydraulic motor 0.01 kg m*

4 Fsp Maximum static friction force 50 N

5 Fep Coulomb friction force 10N

6 Vs Characterized Stribeck velocity 0.5 m/s

7 02 Viscous coefficient 10 N-s/m

8 Fpns Maximum static friction force 20N

9 Finc Coulomb friction force 5N

10 Wmo1> Wmo2 Static friction reference velocities 10, 20 rad/s
11 Bm Damping coefficient 0.8 N-s/rad

12 Per Cracking pressure 0.3 MPa

13 Por Override pressure 0.5 MPa

14 Vap Discharge volume 7.23 x 107 m’
15 Ve Suction volume 7.46 x 1074 m®
16 Vo Initial piston-side volume 588 x 107> m®
17 Vao Initial rod-side volume 7.06 x 107 m®
18 mp Mass of piston 0.46 kg

19 by Damping coefficient 10 N-s/m

20 Cay Discharge coefficient 0.65

21 Ap Piston area 7.46 x 107 m’
22 ka Leakage coefficient 1 x 107"* L/min/Pa
23 K. Bulk modulus 3 x 10° Pa

24 Acmax Maximum flow area 2.5x107° m?
25 kp Proportional coefficient 0.95

26 Ajmax Maximum flow area 1.12 x 107° m?
27 Xpmax Maximum stroke of piston 175 mm

28 A, Piston-side area 7.07 x 10~* m?
29 o Piston-ride and rod-side area ratio 0.64
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FIG. 8. (a) Pump flow, motor flow, and net force. (b) Chamber pressures and cylinder piston displacement.
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m =
Pa (pp — apa)Ap <0,

where I, is the inertia moment of the hydraulic motor, Dy, is the
displacement of the hydraulic motor, wr, is the angular speed of
the hydraulic motor, By, is the damping coefficient, and Fyy is the
nonlinear friction, which can be expressed by

Font = tanh( Om )[Fm + (Fms — ch)e‘(wwmﬁ)], (30)
Wmo1

where Fp is the coulomb friction force, Fis is the maximum static

friction force, and wmo1, wmoz are the static friction reference veloc-

ities. The accumulator inlet pressure pacc is determined by the flow

rate of the digital on—off valves and the hydraulic motor output flow

rate as given by

Ke

I 175 mDm svl T (sv dt, 31
VAcc+Vc0/[n * qZ] ( )

PAcc =
where V is the initial volume of the inlet accumulator and ny, is the
rotation speed of the hydraulic motor. The main parameters of the
EHA theoretical model are listed in Table 1.

IV. DISCUSSION OF EHA PERFORMANCE

The performance of EHA is significantly affected by the
selected operating parameters; hence, parameter identifications are
conducted to implement the four quadrant functionality.

A. EHA performance discussion

Based on the overall theoretical model of the proposed EHA,
its main performance is evaluated in this section. When the pro-
posed EHA is operated in the four quadrants, the calculated cylinder
chamber pressures and cylinder piston displacement are depicted in
Fig. 8.

As demonstrated in Fig. 8(a), the amplitude of generated pump
flow is 1.7 L/min, the amplitude of leakage flow is 0.05 L/min, the
amplitude of generated hydraulic motor flow is 0.5 L/min, and the
net force exerted on the cylinder piston is consistent with the given
external force. As illustrated in Fig. 8(b), under the given pump
flow of 1.7 /min and external force of 2500 N, the cylinder piston

periodically extends and retracts, experiencing positive and negative
pressure differences. In the first quadrant, the piston-side cylinder
chamber is pressurized to 4.3 MPa, and the cylinder piston linearly
extends at a velocity of 15 mm/s. In the second quadrant, the cylinder
piston maintains an extension velocity of 50 mm/s, and the rod-side
cylinder chamber is passively pressurized to 4.9 MPa. In the third
quadrant, the rod-side cylinder chamber is pressurized to 7.2 MPa,
and the piston linearly retracts with a velocity of 20 mm/s. In the
fourth quadrant, the cylinder piston maintains a retraction veloc-
ity of 22 mm/s, and the piston-side cylinder chamber is passively
pressurized to 5.1 MPa.

To declare the flow capability of the separated hydraulic motor
in the assistive quadrant, the delivery flow rates across the sepa-
rated hydraulic motor at the different external forces are shown
in Fig. 9.

As demonstrated in Fig. 9, when the external force is from
0.2 to 3.8 kN, the delivery flow rate across the separated hydraulic
motor in the second quadrant linearly increases from 0.019 /min to
0.56 1/min, and the slope is 0.15 1/min/kN. Meanwhile, the deliv-
ery flow rate across the separated hydraulic motor in the fourth
quadrant linearly increases from 0.012 1/min to 0.43 1/min, and
the slope is 0.12 1/min/kN. The discrepancy of flow rate gradient
in the second and fourth quadrants is attributed to the differ-
ential pressure drop between the piston-side and rod-side cylin-
der chambers. Based on the flow rate slope in the fourth quad-
rant and asymmetric action area, the flow rate slope should be
0.18 I/min/kN, whereas the calculated flow slope is 0.12 1/min/kN,
and the difference of 0.06 I/min/kN is due to the insufficient flow

=
=N

——Second quadrant
——Fourth quadrant

<
~

Flowrate ¢ / L/min
(=}
)

0 0.8 1.6 2.4 32 4.0
External Force Fe /kN

FIG. 9. Delivery flow rate in the assistive quadrant.
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FIG. 10. (a) Displacement of cylinder piston in the extensive quadrant.

compensation dependent on the asymmetry action area of the
hydraulic cylinder.

To evaluate the effect of the external force on the EHA
performance, the transient displacement and its motion veloc-
ity of the cylinder piston in the extensive quadrant are depicted
in Fig. 10.

As demonstrated in Fig. 10(a), in the first quadrant, the motion
velocity of the cylinder piston decreases with the increase of external
force. Under the external force of 0.2 and 4 kN, the motion velocities
of the cylinder piston are 37.8 mm/s and 10.1 mm/s, respectively.
In the second quadrant, the motion velocity of the cylinder pis-
ton increases with the increase of external force. Under the external
force of 0.2 and 4 kN, the motion velocities of the cylinder piston
are 5.7 mm/s and 20.6 mm/s, respectively. As depicted in Fig. 10(b),
the motion velocity of the cylinder piston in the first quadrant lin-
early decreases with the increase of external force with a slope of
22.9 mm/s/kN. The motion velocity of the cylinder piston in the sec-
ond quadrant first increase to a peak at the external force of 0.6 kN,
then decreases with the increase of the external force with a slope of
15.4 mm/s/kN. The motion velocities of the cylinder piston intersect
at the external force of 0.5 kN in the first and second quadrants. To
evaluate the effect of the separated hydraulic motor on the EHA per-
formance in the extensive quadrant, the displacement of the cylinder
piston, dissipated power (represented by the products of the pres-
sure difference and delivery flow) across the rod-side digital on-off
valve (FSV02), and translated power (represented by the products of
the pressure drop and delivery flow) that occurred at the separated
hydraulic motor are depicted in Fig. 11.
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(b) Motion velocity of cylinder piston in the extensive quadrant.

As demonstrated in Fig. 11(a), in the second quadrant, the
EHA without separated hydraulic motor exhibits a larger extensive
motion velocity of the cylinder piston compared with the electro-
hydrostatic actuator with separated hydraulic motor (EHA-SHM),
and their motion velocities are 52 mm/s and 45.3 mm/s, respectively.
During the transition period, the actuator experiences from reverse
load to forward load, and the forward load is far greater than the
resistive force caused by fluid compressibility in the rod-side cylin-
der chamber. Meanwhile, the consistency of the forward load and
the direction of the piston motion lead to a larger acceleration in the
initial stage of the second quadrant. As the piston extends, the rod-
side cylinder chamber becomes smaller, the rod-side cylinder cham-
ber pressure gradually increases, and the acceleration decreases.
These are mainly responsible for the phenomenon that the motion
velocity of the cylinder piston in the second quadrant first increases
and then decreases. As demonstrated in Fig. 11(b), in the sec-
ond quadrant, the dissipated power occurred at the rod-side digital
on-off valve and translated power across the separated hydraulic
motor nonlinearly varied with the growth of external force, and their
maximum values are 59.8 and 122.5 W, respectively. The separated
hydraulic motor enables EHA to exhibit 104% energy recupera-
tion compared with EHA without SHM in the second quadrant.
Besides, the separated hydraulic motor has better adaptability to the
greater external force, and the larger power is translated to kinetic
energy.

To evaluate the effect of the external force on the EHA per-
formance, the transient displacement and its motion velocity of the
cylinder piston in the retractive quadrant are depicted in Fig. 12.
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FIG. 11. (a) Displacement of cylinder piston. (b) Dissipated power and translated power.
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FIG. 12. (a) Displacement of cylinder piston in the retractive quadrant. (b) Motion velocity of the cylinder piston in the retractive quadrant.

As demonstrated in Fig. 12(a), in the third quadrant, the
motion velocity of the cylinder piston decreases with the increase of
external force. Under the external force of 0.2 and 4 kN, the motion
velocities of the cylinder piston are 42 mm/s and zero, respectively.
In the fourth quadrant, the motion velocity of the cylinder piston
increases with the increase of external force. Under the external
force of 0.2 and 4 kN, the motion velocities of the cylinder piston
are —0.8 and 12.8 mm/s, respectively. As depicted in Fig. 12(b), the
motion velocity of the cylinder piston in the third quadrant lin-
early decreases with the increase of external force with a slope of
10.2 mm/s/kN. The motion velocity of the cylinder piston in the
fourth quadrant nonlinearly increases before the external force of
0.4 kN, then linearly increase with the increase of the external force
with a slope of 1.21 mm/s/kN, and the motion velocities of the cylin-
der piston in the third and fourth quadrants cross at the external
force of 2.8 kN. Due to the asymmetric action area, the insufficient
flow compensation is responsible for the asymmetric law of cylinder
piston motion velocity in the extensive quadrant.

To evaluate the effect of the separated hydraulic motor on the
EHA performance in the retractive quadrant, the displacement of
the cylinder piston, dissipated power (represented by the products
of the pressure difference and delivery flow) across the piston-side
digital on-off valve (FSVO01), and translated power (represented by
the products of the pressure drop and delivery flow) that occurred at
the separated hydraulic motor are depicted in Fig. 13.

As shown in Fig. 13(a), in the fourth quadrant, the EHA with-
out a separated hydraulic motor has a larger retractive motion
velocity of the cylinder piston compared with the EHA-SHM, and
their motion velocities are 28.5 and 21.2 mm/s, respectively. As
demonstrated in Fig. 13(b), in the fourth quadrant, the dissipated

power occurred at the piston-side digital on-off valve and translated
power across the separated hydraulic motor nonlinearly varied with
an increase of external force, and their maximum values are 45.6 and
62.3 W. The separated hydraulic motor enables EHA to have 36.7%
energy recuperation compared with EHA without SHM in the fourth
quadrant.

B. Four quadrants division

The four quadrants division aims at classifying the working
conditions of the proposed EHA. Unfortunately, the existing four
quadrants division method simply considers that the pressure dif-
ference between the piston-side chamber pressure p, and rod-side
chamber pressure p, is consistent with the direction of external
force, neglecting the pressure instability caused by insufficient flow
compensation. As described in the section of operational quadrants
of EHA, using the proposed four quadrants division methodol-
ogy incorporated into the theoretical model, judge the current
operational quadrant of EHA, avoiding the existing misjudgment
issue.

To declare the difference between the existing four quadrant
division method and the proposed four quadrant division method,
the net force exerted on the hydraulic cylinder at the different exter-
nal forces acts as a significant evaluation index. Under the given
external force of 0.2 and 0.8 kN, the calculated net forces exerted
on the cylinder piston by using existing and proposed four quadrant
division methods are depicted in Fig. 14.

As demonstrated in Fig. 14(a), when the EHA experiences the
given external force of 0.2 kN in the resistive quadrant, the calcu-
lated net forces by the existing and proposed four quadrant division

180 ' ' 60 : - ,
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FIG. 13. (a) Displacement of cylinder piston in the retractive quadrant. (b) Dissipated power in the retractive quadrant.
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FIG. 14. (a) Comparison of net force at the external force 200 N. (b) Comparison of net force at the external force 800 N. (c) Comparison of net force at different external
force. (d) Prediction of net force at different rotation speed.

method are 970 and 402 N, respectively, and the calculated net
force is consistent with the direction of the given external force.
The calculated positive difference between the calculated net force
and the given force is attributed to the nonlinear friction. When the
EHA experiences the given external force of —0.2 kN in the assistive

quadrant, the calculated net force by using the existing and proposed
four quadrant division methods is 80 and —206 N, respectively. The
net force calculated by the proposed four quadrant division method
is consistent with the direction of the external force, while the net
force calculated by the existing four quadrant division method is
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FIG. 15. (a) Test rig diagram of proposed EHA. (b) Test rig photograph of proposed EHA.
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opposite to the direction of the external force. This misjudgment eas-
ily causes the inconsistent flow control of the digital on-off valve. As
illustrated in Fig. 14(b), either EHA experiences the given external
force of 0.08 kN or the given external force of —0.08 kN; the acquired
net force calculated by the proposed four quadrant division method
and existing four quadrant division method are consistent with the
given external force. This indicated that the misjudgment derived
from the existing four quadrant division is subjected to a thresh-
old value. As demonstrated in Fig. 14(c), the calculated net force in
the assistive quadrant linearly increases with the increase of external
force, and the calculated net force by using the proposed four quad-
rant division method shows good agreement within the given exter-
nal force, while the calculated net force by using the existing four
quadrant division method is opposite to the direction of the given
external force below 288 N, and this value is named as the critical net
force. As demonstrated in Fig. 14(d), the critical net force calculated
by the existing four quadrant division method linear varied with the
growth of rotation speed. When the rotation speeds are 1000 and
3000 rpm, the critical external forces are 200 and 384 N, respec-
tively. This indicated that the increased pump discharge flow affects
the pressure in the cylinder chamber and expands the range of mis-
judgment of quadrants by using the existing four quadrant division
method.

NI acquisition card 6259
16-Channel digital port
With a range of 0-10 MPa, accuracy: 0.5%
Resolution: +0.1 Hz
Output voltage: 24 V, resolution: £1%
Stroke: 135 mm, piston and rod diameter: 30 and 10 mm

Stroke: 175 mm, linearity: 0.1%
Range: 0.1-3 1/min, Accuracy: +0.5%

Technical parameter
Rated power: 750 W, rated rotation speed: 3000 rev/min
Displacement: 1.75 ml/rev, nominal speed: 1500 rev/min
Rated flow rate: 3-9 1/min, rated pressure: 10 MPa
Rated flow rate: 3-9 1/min, rated pressure: 10 MPa, Response: <3.5 ms
Maximum flow rate: 25 [/min, maximum setting range: 1-16 MPa
Stroke: 175 mm, piston and rod diameter: 30 and 18 mm

V. EXPERIMENTAL TEST OF EHA
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To validate the theoretical model of proposed AEHA and evalu- S w0 Q@0 g . D a2 .
ate the four quadrant functionality and novel four quadrant division T3¢ E a=38 S § ZSA 9
method of proposed EHA configuration, the experimental tests of 3 g 5 S& o § A ) E S § O
EHA are conducted in this section. = E 8 = %5 An=BEOZ
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A. Experimental configuration
The test rig of the proposed EHA contains the integrated o
AEHA, driving, measurement apparatus, and auxiliary components, E E L % oS 59
as shown in Fig. 15. ol 9 eE %D%D g[—‘x %’0 g% %%
The integrated EHA consists of an electric servo motor with a 215§ § T T w ‘*E ‘fn I~ 2 E > T &‘%
rotation speed encoder, a servo driver, a bidirectional fixed-displace- § § § N g g = = E; ‘g =] 8 5 g
ment hydraulic pump, a fixed-displacement hydraulic motor, a 2/3 2| £L § <5 E R =S = %Dﬁ § E
way digital on-off valve, two 2/2 way digital on-off valves, two relief S 5 2 g 575 2
valves, two check valves, and an asymmetric hydraulic cylinder. N
The driving and measurement apparatus contains a RT-Link con- <
troller platform, a multi-voltage driver, two high-frequency response =z . -
pressure sensors, a displacement sensor, a flowmeter, a motion con- 3 vy Sg 83
troller, and several 24 V linear DC power supplies. The load system g . 88 ,é S - Tg: é
contains the direct drive servo valve and symmetrical hydraulic £ g sy 0% 2 5 § 530
cylinder and acts as the equivalent loads. The pressure sensors and Bl g | E § S z z L= S 285 g E;) =
displacement sensors are applied to measure cylinder chamber pres- gl © g 5 2; s i _‘g % go b % E’ s 3 _‘g
sures and cylinder piston displacement. The control signal is sent by Sl &8 oEEET = = = § Ezx-02
the RT-Link controller platform. The main technical parameters of S| 22 g ,g g EEERR R =8 Q3
the utilized apparatus are listed in Table I1. £ 9 i o e 5 =4 = 4 o § 8 é
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B. Experimental validation Z < a D
Based on the test rig of EHA, the transient pressure in the cylin- o
der chambers and displacement of the cylinder piston are used to é 3 o %
validate the theoretical model in this section. FllZl~coswvwonwo=———~~~
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1. Resistive extension and assistive retraction

To prove the four quadrant functionality of the proposed
EHA, the transient characteristics in two quadrants are used to
investigate the EHA performance. These include the switching
process between the resistive extension and assistive retraction
(first and fourth quadrant), the resistive retraction and assistive
extension (third and second quadrant), as well as the resistive retrac-
tion and resistive extension (third and first quadrant). The transient
characteristics in the first and fourth quadrants are shown in Fig. 16.

As demonstrated in Fig. 16(a), the proposed EHA experiences
resistive extension 0.8 s (20%) and assistive retraction 3.2 s (80%)
during the 4 s period. In the first quadrant, the pump discharge flow
enables the cylinder piston to extend resistively, and the velocity
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of the cylinder piston approaches 16.3 mm/s. As demonstrated in
Fig. 16(b), the pressure at the piston-side cylinder chamber rises to
2.3 MPa, and the pressure at the rod-side cylinder chamber drops
to 0.1 MPa. The calculated net force [(pp-apa)Ap] is 1579.7 N and
is consistent with the pressure difference (pp—pa) of 2.2 MPa. In
the fourth quadrant, the pump stops working, and the amplitude of
1200 N external force enables the cylinder piston to retract with
a velocity of —16 mm/s. The pressure at the piston-side cylinder
chamber drops to 1.4 MPa, and the pressure at the rod-side cylin-
der chamber rises to 1.0 MPa. The calculated net force [(pp-apa)A;]
is 536.9 N and is consistent with the pressure difference (p,—p.) of
0.4 MPa. The experimental results agree well with the theoretical
results, which validates the accuracy of the theoretical model.
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FIG. 16. (a) Transient displacement of cylinder piston in the first and fourth quadrants. (b) Transient pressures at the cylinder chambers in the first and fourth quadrants.
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2. Resistive retraction and assistive extension

To declare transient characteristics in the third and second
quadrants, the transient cylinder piston displacement and pressures
at the cylinder chambers are shown in Fig. 17.

As demonstrated in Fig. 17(a), the proposed EHA experiences
resistive retraction 2 s (50%) and assistive extension 2 s (50%) during
the 4 s period. In the third quadrant, the reversed pump discharge
flow drives the cylinder piston to retract resistively, and the veloc-
ity of the cylinder piston approaches —20 mm/s. As demonstrated in
Fig. 17(b), the pressure at the piston-side cylinder chamber drops to
0.25 MPa, and the pressure at the rod-side cylinder chamber rises
to 1.8 MPa. The calculated net force [(pp-apa)A;] is —637.3 N and
is consistent with the pressure difference (pp-p.) of —1.55 MPa.
In the second quadrant, the pump stops working, and the ampli-
tude of —1200 N external force enables the cylinder piston to extend
with a velocity of 16 mm/s. The pressure at the piston-side cylinder
chamber rises to 0.4 MPa, and the pressure at the rod-side cylinder
chamber drops to 0.8 MPa. The calculated net force [(p-apa)Ap]
is =79.1 N and is consistent with the pressure difference (p,—pa) of
—0.4 MPa.

3. Resistive retraction and resistive extension

Here, the transient characteristics in the first and third quad-
rants are investigated experimentally, and the measured and pre-
dicted cylinder piston displacement and transient pressures at the
cylinder chambers are shown in Fig. 18.

As demonstrated in Fig. 18(a), the proposed EHA experiences
resistive retraction 2.8 s (70%) and resistive extension 1.2 s (30%)
during the 4 s period. In the third quadrant, the reversed pump dis-
charge flow enables the cylinder piston to retract resistively, and the
velocity of the cylinder piston approaches —26.7 mm/s. As demon-
strated in Fig. 18(b), the pressure at the piston-side cylinder chamber
increases from 0.4 to 0.5 MPa gradually, and the pressure at the
rod-side cylinder chamber increases from 1.0 to 1.5 MPa. The inlet
pressure at the accumulator ranges from 0.5 to 1 MPa, which is due
to the revered pump discharged flow and the recuperated flow to the
accumulator. The calculated net force [(pp-apa)Ap] is =325 N and is
consistent with the pressure difference (pp—pa) of —1.0 MPa. In the
first quadrant, the pump discharge flow enables the cylinder piston
to extend with a velocity of 29.1 mm/s resistively. The pressure at the
piston-side cylinder chamber decreases back to 0.4 MPa gradually,
and the pressure at the rod-side cylinder chamber decreases from
1.5 to 0.5 MPa. The calculated net force [(pp-apa)A;] is 56.52 N and
is opposite to the pressure difference (pp—pa) of —0.1 MPa. The inlet
pressure at the accumulator also ranges from 1 to 0.75 MPa, which is
caused by the pump discharge flow and the compensated flow from
the accumulator.

VI. CONCLUSION

The characteristics of the digital control four quadrants EHA
with separated hydraulic motor were investigated in this article, and
the main conclusions are drawn as follows:

(1) For the resistive quadrant, either extension or retraction, the
increased external force causes the linearly reduced extension

ARTICLE pubs.aip.org/aip/rsi

and retraction motion velocity of the cylinder piston and
their slope of 22.9 mm/s/kN and 10.2 mm/s/kN, respec-
tively. For the assistive extension and retraction quadrant,
the linear reduction of the cylinder piston extension motion
velocity above the external force of 0.5 kN with a slope of
15.4 mm/s/kN and the linear increase of the cylinder retrac-
tion motion velocity above the external force of 2.8 kN with
a slope of 1.21 mm/s/kN are found. Due to the asymmetric
action area, insufficient flow compensation and recuperation
are responsible for the asymmetric motion velocity law of the
cylinder piston.

(2) In the second quadrant, under the external force of 3.8 kN,
the maximum dissipated occurred at the rod-side digital
on-off valve, and translated power occurred at the SHM at
59.8 and 122.5 W, respectively. The cylinder piston motion
velocities of EHA without SHM and EHA-SHM are 52 and
45.3 mm/s. In the fourth quadrant, the maximum dissipated
occurred at the piston-side digital on-off valve, and trans-
lated power occurred at the SHM at 45.6 and 62.3 W, respec-
tively. The cylinder piston motion velocities of EHA without
SHM and EHA-SHM are 28.5 and 21.2 mm/s, respectively.
Compared with EHA without SHM, the energy dissipation is
reduced by 104% and 36.7%, respectively, while the motion
velocity of the cylinder piston is reduced by 12.9% and 25.6%,
respectively, in the second and fourth quadrants.

(3) The calculated net force by using the proposed four quad-
rant division method shows good agreement with the given
external force in the assistive quadrant, while the calculated
net force by the existing four quadrant division method is
opposite to the direction of the given external force below
the external force of 288 N. This critical net force varies from
200 to 384 N with the growth of rotation speed (ranges from
1000 to 3000 rpm) under the influence of resistive quadrants.

(4) The measured results indicated that the pressure difference
of —1.0 MPa in the third quadrant enables EHA to experience
a retraction motion velocity of 26.7 mm/s and a net force
of =325 N. The pressure difference of —0.1 MPa in the first
quadrant causes an extension motion velocity of 29.1 mm/s
and a net force of 56.52 N and is consistent with the given
external force. The calculated net force can effectively cor-
rect quadrant division determined by pressure difference.
The discrepancy of motion velocity is 8.2%; the larger motion
velocity can be obtained relying on less pressure difference in
the assistive quadrant.
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