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ABSTRACT
With the advantages of high energy density, high accuracy, and fast response, smart material-driven electro-hydrostatic actuators (SMEHAs)
have attracted significant attention in recent years. However, the low flow rate of SMEHAs constrains their application. One potential solution
to enhance the flow rate is to increase the number of smartmaterial-actuated pumps. In view of this, this paper proposes a new configuration of
an electro-hydrostatic actuator equipped with four magnetostrictive-actuated pumps (FMEHA) to achieve a large flow rate. Themathematical
model of the FMEHA is established to investigate the driving phase matching between pumps and the active flow distribution valve. The
physical prototype of FMEHA is fabricated. Simulations and experiments are conducted to assess its performance under various driving
parameters, including the number of pumps, driving phase, frequency, and amplitude. The optimal driving parameters for the FMEHA are
determined based on the results obtained. Experimental findings demonstrate that with a driving phase of 340○, a frequency of 250 Hz, and
an amplitude of 20 A, the FMEHA achieves a maximum flow rate of 6.2 l/min.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0177567

I. INTRODUCTION

Power-by-wire (PBW) technology, which employs cables rather
than hydraulic pipelines for energy transmission, is one of the key
technologies for the realization of more electric aircraft and all-
electric aircraft.1,2 Smart material-driven electro-hydrostatic actua-
tors (SMEHAs) are the main actuators of PBW,3,4 which have the
advantages of a simple mechanism,5 high reliability,6 high control
resolution,7 and fast response.8 However, the small stroke of a smart
material is only about one-thousandth of its length9 and results
in reduced flow rates, thus impeding the broader application of
SMEHAs.10,11 To improve the flow rate, researchers have proposed
different methods.

The maximum flow rate of the available SMEHAs is presented
in Fig. 1. It is evident from the figure that most SMEHAs have a flow
rate of less than 3 l/min. Larson12 achieved a large flow by increas-
ing the stroke of smart materials. He designed a SMEHA driven by

a 114 mm long, 12 mm diameter Terfenol-D rod with a flow rate
of 6 l/min. However, this greatly increases the axial dimensions so
that the SMEHA is slender. Chaudhuri et al.13 developed SMEHAs
utilizing Terfenol-D rods with lengths of 51 and 102 mm. The corre-
sponding flow rates were 1.488 and 1.362 l/min. They analyzed that
the length of the Terfenol-D rod increased, but the generated force
decreased at the same diameter. Although the length of the Terfenol-
D rod increases, the flow rate of SMEHA decreases. Hence, there are
limitations in increasing the length of smart materials to enhance the
flow rate of SMEHAs.

Another approach to improve the flow is to increase the num-
ber of smart material-driven piston pumps (SMAPs).14 This method
is based on the observation that the flow of SMEHAs scales propor-
tionally with the number of SMAPs. However, due to the increased
degree of freedom, the system becomes more complex, and the
factors affecting the flow increase. It is necessary to study the
driving parameters that impact the output characteristics. Li et al.
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FIG. 1. Summary of the maximum flow rate for electro-hydrostatic actuators driven
by smart materials.10–13,15–17,23–28

designed an electro-hydrostatic actuation system driven by double
kilovolt piezoelectric pumps in parallel.15 The performance differ-
ences under different connection methods and driving methods are
studied. Themaximum flow rate was 1.5 l/min under the driving fre-
quency of 300 Hz when the asynchronous parallel drive was carried
out. Wang et al. investigated an active rotary valve integrated into
an EHA driven by dual magnetostrictive pumps.16 The open-loop
output flow under different driving current peak-to-peak values and
phase angles was tested experimentally. When the driving frequency
was 120 Hz, the maximum flow rate was 2.61 l/min. Song et al. pro-
posed an axial-mounted dual magnetostrictive pumps-based EHA
that used a new type of active rectification valve.17 The motion of
the hydraulic cylinder under different driving signals was analyzed.
The experimental results indicated that the maximum flow rate was
2.69 l/min at 180 Hz. These prove that increasing SMAPs can
increase the flow rate. The SMEHA can currently integrate two
SMAPs, and the flow is still limited.

In order to further improve the flow rate, a new config-
uration of an electro-hydrostatic actuator equipped with four
magnetostrictive-actuated pumps (FMEHA) is proposed. The
FMEHA incorporates an active flow distribution valve to rectify
the flow generated by its four magnetostrictive-actuated pumps. A
mathematical model of FMEHA is established based on the working
principle, considering themagnetostrictive hysteresis, the compress-
ibility of the fluid, and the two throttling areas at the active flow
distribution valve. The influence of the driving phase matching
between the pumps and the active flow distribution valve on the
output performance is studied by the established model. Based on
this, a series of simulations and experiments are carried out through
the model and the fabricated FMEHA prototype. The output char-
acteristics under driving parameters, such as the number of pumps,
driving phase, frequency, and amplitude, are investigated. Aiming at
the maximum flow rate of FMEHA, the optimal driving parameters
are determined.

Compared with the previous work, the novelty of this paper is
to realize the integration of four magnetostrictive-actuated pumps
to greatly increase the flow rate. The proposed active flow distri-
bution valve can not only rectify the flow of four pumps but also
realize the bidirectional movement of FMEHA. In addition, the four
magnetostrictive-actuated pumps are driven independently, which

can increase the degree of control freedom and allow for more
flexible speed regulation.

The rest of this article is organized as follows: Sec. II intro-
duces the structure and working principle of FMEHA. The driving
parameters necessary to operate FMEHA are listed. Then, the math-
ematical model of FMEHA is established in Sec. III. In Sec. IV,
the established model is simulated to study the influence of driving
phase matching on the output characteristics of FMEHA. Section V
presents the experiments and result analysis of the FMEHA’s pro-
totype. The optimal driving parameters of FMEHA are obtained.
Finally, Sec. VI summarizes this article.

II. STRUCTURE AND WORKING PRINCIPLE
OF THE FMEHA
A. Structure of the FMEHA

The structure of the FMEHA, as illustrated in Fig. 2, is mainly
composed of magnetostrictive-actuated pumps (MAPs), the active
flow distribution valve (AFDV), a servo motor, a manifold, and a
hydraulic cylinder. The AFDV comprises a valve spool (AFDVS) and
a valve body. The four MAPs are arranged two by two in parallel,
making the FMEHAmore compact. With the axial arrangement, the
number of MAPs can still be increased. The servo motor drives the
AFDVS to rotate within the valve body, effectively directing the oil
flow through its end faces and sides. Finally, the hydraulic cylinder
serves as the actuating component of the FMEHA, connected to the
valve body through the manifold.

B. Principle of the FMEHA
As shown in Fig. 3(a), the AFDV connects the MAPs and the

hydraulic cylinder. It plays the role of rectification and commuta-
tion. There are two throttling areas, as shown in Fig. 3(c). One is axial
throttling, and the MAPs are connected to the AFDV through axial
throttling holes. The other one is radial throttling, and the hydraulic
cylinder is connected to the AFDV through radial throttling holes.
The valve body is stationary; however, the AFDVS is rotating all the
time, making the two throttling areas change. There are also two
types of radial throttling holes, namely long radial throttling holes
and short radial throttling holes. The long and short pipes are alter-
nately distributed on the AFDVS’s end surface, as shown in Fig. 3(d).
The long pipes are marked with blue, and the short pipes are marked

FIG. 2. Structure of the FMEHA.
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FIG. 3. Working principle of the FMEHA. (a) The working principle of hydraulic cylinder output displacement to the left. (b) The working principle of hydraulic cylinder output
displacement to the right. (c) The schematic of the radial throttling and axial throttling. (d) The valve spool of the active flow distribution valve.

with red. When the AFDVS rotates at a uniform speed, the long or
short pipes are connected to the outlets of MAPs in turn so that the
high- and low-pressure sides are connected to the MAPs in turn to
complete the oil rectification. From the difference between Figs. 3(a)
and 3(b), it can be seen that when theMAPs discharge oil to the short
pipes and absorb oil from the long pipes, the hydraulic cylinder out-
puts displacement to the left. When the MAPs discharge oil to the
long pipes and absorb oil from the short pipes, the hydraulic cylinder
outputs displacement to the right. Therefore, changing the driving
phase between the MAPs and the AFDV can make the FMEHA
output bidirectional movement.

Figure 4(a) shows the matching relationship between the
through-flow area and the stroke of the magnetostrictive rod. In one
cycle, a MAP is connected to a long pipe and a short pipe once,
respectively. Precisely, a MAP is connected to the high-pressure side
and the low-pressure side of the hydraulic cylinder once, respec-
tively. One cycle of the MAP can be divided into four stages. At
stages I and II, the MAP is connected to the high-pressure side of

the hydraulic cylinder, and the through-flow area is positive. Conse-
quently, the length of the magnetostrictive rod extends, facilitating
the discharge of oil. Conversely, at stages III and IV, the MAP is
connected to the low-pressure side of the hydraulic cylinder, and
the through-flow area is negative. This prompts the magnetostrictive
rod to contract, allowing for oil absorption. A long pipe and a short
pipe are grouped, corresponding to a cycle of MAP. Due to nine
groups of pipes, the AFDVS rotates one circle, and the MAPs absorb
and discharge oil nine times each. Therefore, the matching relation-
ship between the driving frequency of the MAPs and the rotational
speed of the AFDVS is

f = N n
60

, (1)

where f is the frequency of the MAPs’ driving current, n is the rota-
tional speed of the AFDVS, and N is the group number of long and
short pipes, N = 9.

FIG. 4. Driving method of the FMEHA. (a) The matching relationship between the through-flow area and the stroke of the magnetostrictive rod. (b) The position distribution of
the four magnetostrictive-actuated pumps. (c) The driving signals of the four magnetostrictive-actuated pumps.
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The driving methods of the four MAPs are different.
Figure 4(b) shows the position distribution of four MAPs. At the
same time, the working states of the four MAPs are different, which
are stage II, I, IV, and III, respectively. The driving phase difference
among the four MAPs is precisely set at 90○, which correlates with
the positional distribution displayed in Fig. 4(c). In addition, the
MAPs have a driving phase difference φ from the AFDV to match
the motion of AFDV. A change in the driving phase φ by 180○ alters
the output displacement direction of the FMEHA. By modifying the
stroke of themagnetostrictive rod, the driving amplitude profoundly
affects the single oil absorption and oil displacement, thereby allow-
ing for adjustments in the flow rate of the FMEHA. Therefore,
the driving parameters include the driving phase φ between the
MAPs and the AFDV, the driving frequency f of MAPs, the rota-
tion speed n of AFDVS, the driving amplitude A, and the number
of MAPs.

III. MATHEMATICAL MODEL OF THE FMEHA
A. Drive voltage–current conversion model

The magnetostrictive rod is magnetized to elongate or shorten
within the magnetic field generated by the coil. The coil is driven by
a current that is converted by a power amplifier. The power amplifier
controls the load current through an internal RC network. Thus, the
output current vs the input voltage can be described by the second-
order oscillating system,18

G(s) = kUω2
U(1 + Ts)

s2 + 2ξUωUs + ω2
U
, (2)

where kU is the linear amplification of the power amplifier, T is the
time constant of the RC network, and ωU and ξU are the natural
frequency and damping ratio, respectively.

B. Magnetization model
The coil is excited by the output current, and the magnetic

field is established. Considering the dynamic eddy current effect, the
magnetic intensity H can be expressed as9,19

H = NcI
kflG(1 + μ0μGd2Gs/16kLρG)

, (3)

where Nc is the number of coil’s turns, I is the input current, kf
is the leakage coefficient, lG is the length of the magnetostrictive
rod, μ0 is the air permeability, μG is the relative permeability of the
magnetostrictive rod, dG is the cross-sectional diameter of the mag-
netostrictive rod, kL is the electrical resistivity correction factor, and
ρG is the resistivity of the magnetostrictive rod.

The magnetization process is described with the Jiles–Atherton
(J–A) model,20

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

He = H + αM,
M =Mr +Mir,
Mr = c(Man −Mir),

Man =Ms[coth(
He

a
) − a

He
],

Mir =Man − kδ(dMir

dHe
),

(4)

where He is the effective magnetic field intensity, M is the mag-
netization intensity of the magnetostrictive rod, Mr and Mir are
the reversible magnetization and irreversible magnetization, respec-
tively,Ms is the saturation magnetization intensity, α is a mean-field
parameter, c is the reversibility coefficient, a is the shape coefficient,
k is the pegging coefficient, and δ = sign(dH/dt).

C. Magnetostrictive model
Based on the obtained magnetization intensity, the strain of the

magnetostrictive rod can be further calculated. It is also related to
the saturation magnetostrictive strain and the preload applied to the
magnetostrictive rod. The expression for the magnetostrictive strain
λ is given by21

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

λ = (1 + 1
2
tanh

2F
Fs
)λs

M2

M2
s
, F ≤ Fs,

λ = (1 − F − Fs
Fmax

)(1 + 1
2
tanh

2F
Fs
)λs

M2

M2
s
, F > Fs,

(5)

where λs is the saturation magnetostrictive strain, Fs is the optimum
preload, and Fmax is the maximum magnetostrictive force that can
be generated. It can be calculated by

Fmax =
3
2

λsEGAG, (6)

where EG and AG are Young’s modulus and the cross-sectional area
of the magnetostrictive rod, respectively.

Based on the magnetostrictive strain, the output magnetostric-
tive force FG can be further calculated as

FG = λEGAG. (7)

D. Mechanical dynamic model
The structure schematic of the MAP is shown in Fig. 5. As each

part affects the output displacement of the plunger, the dynamic
models for the magnetostrictive rod, output rod, and plunger are
developed separately,

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

mGẍG = FG − kGxG − cGẋG − ko(xG − xo) − co(ẋG − ẋo),
moẍo = ko(xG − xo) + co(ẋG − ẋo) − kbxo − cbẋo − kp(xo − xp) − cp(ẋo − ẋp),
mpẍp = kp(xo − xp) + cp(ẋo − ẋp) − pchAp,

(8)
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FIG. 5. Schematic of the magnetostrictive-actuated pump’s structure.

where mG, mo, and mp are the masses of the magnetostrictive rod,
output rod, and plunger, respectively; cG, co, cb, and cp are the damp-
ing of themagnetostrictive rod, output rod, disk spring, and plunger,
respectively; kG, ko, kb, and kp are the stiffness of the magnetostric-
tive rod, output rod, disk spring, and plunger, respectively; xG, xo,
and xp are the displacements of themagnetostrictive rod, output rod,
and plunger, respectively; Ap is the area of the plunger; and pch is the
pressure of the pump chamber.

E. Hydrodynamic model of the pump cavity
The mechanical–hydraulic energy conversion occurs in the

pump chamber. When the magnetostrictive rod is elongated, the oil
in the pump chamber is compressed, and the pressure rises. Accord-
ing to the fluid continuity equation,22 the pump chamber pressure is
shown as

ṗch = βe
Apẋp +Qin −Qout

Ap(hp − xp)
, (9)

where Qin and Qout are the inlet and outlet flows of the pump cham-
ber, respectively, hp is the initial height of the pump cavity, and βe is
the effective bulk modulus of the oil. The oil is mixed with air and
exists in the form of air bubbles. This leads to a reduction in the bulk
modulus of the oil,

1
βe
= δapa

p2ch
+ (1 − δapa

pch
) 1

βf
, (10)

where βf is the bulk modulus of the pure oil, pa is the atmospheric
pressure, and δa is the volume fraction of oil mixed with gas at
atmospheric pressure.

FIG. 6. Schematic of the active flow distribution valve’s through-flow area.

F. Throttling model of the active flow
distribution valve

As shown in Fig. 6, the oil is throttled twice at the AFDV. There-
fore, the equivalent through-flow area S of the AFDV consists of
the axial throttling area S1 and the radial throttling area S2. The
equivalent through-flow area is obtained from the series effect,

1
S2
= 1
S21
+ 1
S22
. (11)

In addition, the variation pattern of S1 and S2 in a cycle is shown
in Fig. 7. Due to the large curvature, the cylindrical surface can be
extended as a plane. The rotation angle of the radial throttling hole
is represented by the distance x,

x = θ
4θ0

2πR2

9
, (12)

where θ0 is the central angle corresponding to the tangency of the
pump chamber’s outlet and axial throttling hole and R2 is the radius
of the AFDVS.

da is the center distance between the pump chamber’s outlet
and the axial throttling hole,

da = {
2R1 sin (∣θ0/2 − θ/2∣), 0 ≤ θ < 2θ0,
2R1 sin (∣θ0/2 − (θ − 2θ0)/2∣), 2θ0 ≤ θ < 4θ0,

(13)

where R1 is the distribution radius of the pipes.
It can be seen from the figure that the axial throttling area S1

first becomes larger and then smaller.While the radial throttling area
S2 undergoes an initial enlargement, remains constant in the middle,
and finally diminishes. This behavior is attributed to the valve body’s
larger bore diameter in comparison with the radial throttling hole.
Therefore, the equations for S1 and S2 in one cycle can be derived as
follows:

S1 =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

2r12 arccos
da
2r1
− r1da sin(arccos

da
2r1
), 0 ≤ θ < 2θ0,

−2r12 arccos
da
2r1
+ r1da sin(arccos

da
2r1
), 2θ0 ≤ θ < 4θ0,

(14)
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S2 =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

r12 arccos
r12 + d2r − r22

2r1dr
+ r22 arccos

r22 + d2r − r12
2r2dr

, 0 < x < x1,

−r1dr sin(arccos
r12 + d2r − r22

2r1dr
), or x2 < x < x1 + x2,

2πr12, x1 < x < x2

−r12 arccos
r12 + d2r − r22

2r1dr
− r22 arccos

r22 + d2r − r12
2r2dr

, x1 + x2 < x < 2x1 + x2,

+r1dr sin(arccos
r12 + d2r − r22

2r1dr
), or x1 + 2x2 < x < 2x1 + 2x2,

− 2πr12, 2x1 + x2 < x < x1 + 2x2,

(15)

where r1 is the radius of the pump chamber’s outlet and the axial and
radial throttling holes and r2 is the radius of the valve body’s bore.
The equivalent center distance dr between the radial throttling hole
and the valve body’s bore is calculated as

dr = {
∣(x1 + x2)/2 − x∣, 0 ≤ x < x1 + x2,
∣(x1 + x2)/2 − (x − x1 − x2)∣, x1 + x2 ≤ x < 2x1 + 2x2,

(16)
where x1 and x2 can be expressed as

x1 = 2R2 arcsin( r1
R2
), (17)

x2 = 2R2 arcsin( r2
R2
). (18)

The flow rates Qout and Qin can be obtained as

Qout = sign (pch − pth)Cd∣S∣
√

2
ρ
∣pch − pth∣, S > 0, (19)

Qin = sign (ptl − pch)Cd∣S∣
√

2
ρ
∣ptl − pch∣, S < 0, (20)

where pth and ptl are the pressures of the high- and low-pressure
sides, respectively, ρ is the oil density, and Cd is the flow coefficient,
according to the practical value of 0.65–0.7.

G. The model of pressure drop in hydraulic pipes
The pressure drop of oil through the pipe mainly includes the

local loss and the pressure drop caused by the fluid inductance and
the fluid resistance. Considering the actual flow state of the oil, the
pressure drop is modeled under laminar flow. Then, the calculation
is as follows:

pth − ph = LthQ̇out + RthQout + Δpζ, (21)

pl − ptl = LtlQ̇in + RtlQin + Δpζ, (22)

where ph and pl are the pressures of the two chambers, respectively;
Lth and Ltl are the fluid inductances of the high- and low-pressure
pipes, respectively; Rth and Rtl are the fluid resistances of the high-
and low-pressure pipes, respectively; and Δpζ is the sum of the local
loss.

FIG. 7. Variation process of the through-flow area.
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H. The dynamic model of the hydraulic cylinder
As the final actuator of FMEHA, the hydraulic cylinder’s piston

rod overcomes the frictional and load resistances to output displace-
ment by utilizing the differential pressure existing between the two
chambers. The dynamic differential equation for this behavior is
expressed as follows:

(mr +mL)ẍr + crẋr = (ph − pl)Ar − Ff − FL, (23)

where mr and mL are the masses of the piston rod and the load,
respectively; cr, xr, andAr are the damping, displacement, and action
area of the piston rod, respectively; Ff is the frictional force between
the piston and the inner wall of the cylinder; and FL is the externally
applied load force.

IV. SIMULATION MODEL AND ANALYSIS
OF THE FMEHA

The simulation model of the FMEHA is built in MAT-
LAB/Simulink, as shown in Fig. 8. Table I shows some simulation
parameters. By utilizing this simulation model, it becomes conve-
niently possible to evaluate the effect of each driving parameter on
the output performance.

A. The driving phase matching between
MAPs and AFDV

There is an important matching in the FMEHA: the driving
phase matching between the MAPs and the AFDV. The optimal
driving phase matching is that when the MAP is connected to the
high-pressure side of the hydraulic cylinder, the MAP discharges
the oil. When the MAP is connected to the low-pressure side, the
MAP absorbs oil. In the incomplete driving phase matching, the
MAP may absorb oil from the high-pressure side or discharge oil
to the low-pressure side. This incomplete matching reduces the rec-
tification efficiency and the output flow of the FMEHA. This section

FIG. 8. Simulation model of the FMEHA.

TABLE I. Parameters of the FMEHA model.

Name Unit Value Name Unit ValueName Unit Value

Nc ⋅ ⋅ ⋅ 500 kf ⋅ ⋅ ⋅ 1.1 a kA/m 7.012
α ⋅ ⋅ ⋅ −0.02 c ⋅ ⋅ ⋅ 0.18 k ⋅ ⋅ ⋅ 4.283
Ms kA/m 600 λs ppm 1100 μ0 H/m 4π × 10−7
μG ⋅ ⋅ ⋅ 9 lG m 0.04 dG m 0.013
ρG Ω m 6 × 10−7 EG GPa 30 mG kg 0.06
cG N s/m 1280 mo kg 0.021 mp kg 0.042
kd N/m 3.24 × 106 cd N⋅s/m 2500 Ap m2 1.73 × 10−3
hp m 0.005 βf MPa 1800 ρ kg/m3 850
δa ⋅ ⋅ ⋅ 0.05 r1 m 0.002 r2 m 0.0026
R1 m 0.023 R2 m 0.027 Ar m2 6.3 × 10−4

discusses the optimal driving phase matching, under-matching, and
over-matching between the MAPs and the AFDV.

Figure 9(a) shows the optimal driving phase matching at
200 Hz. The black curve represents the output displacement of the
magnetostrictive rod, and the red curve represents the output veloc-
ity of the rod v. The green curve represents the through-flow area
S. When the through-flow area is positive, it means that the MAP is
connected to the high-pressure side of the hydraulic cylinder. When
the through-flow area is negative, it means that the MAP is con-
nected to the low-pressure side. It can be seen from the figure that
when the magnetostrictive rod elongates, the through-flow area is
positive. The MAP discharges oil to the high-pressure side. Both the
velocity and the through-flow area are positive. When the magne-
tostrictive rod is shortened, the area is negative. TheMAP absorbs oil
to the low-pressure side. Both the velocity and the flow area are neg-
ative. At the optimal driving phase matching, the rectification flow
rate Qrec_op in one period T can be expressed as

Qrec_op = ∫
T

0
Qop_t dt = ∫

T

0
∣v ⋅ S∣ dt, (24)

where Qop_t is the rectification flow between the MAPs and the
AFDV at each moment, when the matching is optimal. The veloc-
ity v and the through-flow area S have the same sign, resulting in a
positive value for Qop_t. Under this driving phase matching, there is
no rectification loss in the FMEHA.

Figures 9(b) and 9(c) show the under-matching and over-
matching, respectively. When the area is positive, both of them have
the shortening of the magnetostrictive rod, which causes the MAP
to absorb oil from the high-pressure side. There is a situation where
the velocity v is negative. When the area is negative, both of them
have the elongation of the magnetostrictive rod, which causes the
MAP to discharge oil to the low-pressure side. There is a situa-
tion where the velocity v is positive. The rectification flow Qrec_un
at under-matching and Qrec_ov at over-matching can be expressed as

Qrec_un = ∫
T

0
Qun_t dt = −∫

to

0
∣v ⋅ S∣ dt + ∫

T
2

to
∣v ⋅ S∣ dt

− ∫
T
2 +to

T
2

∣v ⋅ S∣ dt + ∫
T

T
2 +to
∣v ⋅ S∣ dt, (25)
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FIG. 9. Driving phase matching between the magnetostrictive-actuated pumps and the active flow distribution valve. (a) Optimal driving phase matching. (b) Under-matching.
(c) Over-matching.

FIG. 10. Rectification efficiency of under-matching and over-matching at different
mismatch times.

Qrec_ov = ∫
T

0
Qov_t dt = ∫

to

0
∣v ⋅ S∣ dt − ∫

T
2

to
∣v ⋅ S∣ dt

+ ∫
T
2 +to

T
2

∣v ⋅ S∣ dt − ∫
T

T
2 +to
∣v ⋅ S∣ dt, (26)

where Qun_t and Qov_t are the rectification flows at each moment
of under-matching and over-matching, respectively, to represents
the mismatch time between the MAPs and the AFDV, which can
be calculated by driving the frequency and phase. According to
formulas (24)–(26), the rectification flow of under-matching and
over-matching is less than that of optimal driving phase matching
due to the different signs of velocity v and through-flow area S. The

following is a discussion of rectification efficiency without consid-
ering the change of output pressure. Based on formulas (24)–(26),
the rectification efficiency of under-matching and over-matching at
different mismatch times to is illustrated in Fig. 10. Here, to is rela-
tive to a period T. It can be observed that the rectification efficiency
decreases at an accelerating rate as the mismatch time to increases.
By controlling the mismatch time within 0.05 T, the decrease in rec-
tification efficiency can be ensured to remain below 5%. When the
mismatch time to is 0.2 T, the rectification efficiency drops to 31%.
The under-matching and over-matching are similar in the decrease
with the mismatching time to.

Furthermore, when the absolute value of the through-flow
area reaches the maximum, the magnetostrictive rod is growing or
decelerating. The velocity of the magnetostrictive rod does not reach
the maximum at this time, which will affect the rectification, thereby
reducing the output flow of the FMEHA.

Therefore, the driving phase matching between the MAPs and
the AFDV regulates the flow rate by affecting the rectification effi-
ciency. Section IV B discusses the effect of driving phase matching
on the flow rate of FMEHA.

B. Simulation analysis of driving frequency
and phase on flow rate

The driving phase matching between the MAPs and the AFDV
is adjusted by the driving phase of MAPs. Figure 11 shows the flow
rates of single, double, triple, and quadruple MAPs at different driv-
ing frequencies and phases. The negative flow indicates the reverse

FIG. 11. Flow rate at different driving frequencies and phases: (a) 50 Hz, (b) 150 Hz, and (c) 250 Hz.
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FIG. 12. Prototype of the FMEHA.

output displacement. It is evident that the flow rate follows a sinu-
soidal pattern as the driving phase varies. With an increasing driving
frequency, the optimal driving phase gradually rises. This is because
the rise in driving frequency exacerbates the magnetization hystere-
sis. Simultaneously, the shortened individual cycle, coupled with the
inertia of the oil, makes it more challenging for the oil to be dis-
charged or absorbed by theMAPs in time. Consequently, the driving
signal needs to be advanced further. Moreover, the driving phase
enables a bidirectional motion in the FMEHA. When the output
flow is equal, the driving phase difference between the forward and
reverse motions is 180○.

In addition, it is worth noting that the optimal driving phase
remains relatively consistent across different numbers of MAPs,
given the same driving frequency. It indicates that each MAP is
matched independently and similarly to the AFDV. The quantity
of MAPs does not affect the optimal driving phase. It can also
be observed that each MAP can work independently, which is
decoupled.

V. EXPERIMENTAL INVESTIGATION OF THE FMEHA
The prototype of FMEHA is fabricated, as shown in Fig. 12. A

series of experiments are carried out to verify the accuracy of the

simulation model and evaluate the effect of each driving parameter
on the output performance of FMEHA.

The test platform of FMEHA is built, and its schematic and
physical diagrams are shown in Fig. 13. The flow rate of the FMEHA
is calculated indirectly by the output velocity of the hydraulic
cylinder’s piston rod, which is measured by the laser displacement
sensor (CD-33, Sixin).

The servo motor (Panasonic MSMF042L1U2M) drives the
AFDVS to rotate at a uniform speed. The servo driver (A6
MBDLT25SF) is supplied with stable two-phase pulses by the com-
puter and the motor controller (Leadshine SMC304). The DSP con-
troller (TMS320F28335) receives the information from the motor
encoder and calculates the driving signal of MAPs in real time to
ensure that the MAPs maintain a fixed driving matching with the
AFDV. The four MAPs operate at the same driving amplitude and
frequency, with each driving phase lagged by 90○. The power ampli-
fiers (AE Techron, 7224) convert the driving signals into current
signals.

A. Phase–flow characteristics
Figures 14(a)–14(c) show the flow rate of FMEHA with the

driving phase when the driving frequency is 50, 150, and 250 Hz,
respectively. The driving amplitude is 8 A. These figures indicate
that the simulation model effectively predicts the changes in flow
corresponding to the driving phase at various frequencies. The flow
rate exhibits a sinusoidal variation in relation to the driving phase.
Specifically, at 50, 150, and 250 Hz, the optimal driving phases
are observed to be 200○, 260○, and 340○, respectively. Notably,
as the driving frequency increases, the optimal driving phase also
increases, in line with the previously discussed reasons. Importantly,
a change in the driving phase of 180○ leads to a corresponding rever-
sal in the flow rate, confirming the ability of the driving phase to
adjust the flow rate and introduce a bidirectional motion in the
FMEHA.

B. Frequency–flow characteristics
Based on the feature that each MAP can work independently,

experiments with double, triple, and quadruple MAPs are carried

FIG. 13. Test platform of the FMEHA: (a) schematic diagram and (b) physical diagram.
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FIG. 14. Flow with different phases under different driving frequencies: (a) 50 Hz, (b) 150 Hz, and (c) 250 Hz.

FIG. 15. Flow rate of the FMEHA at different driving frequencies under different
pumps.

out. Figure 15 presents the maximum flow rate (at the optimal
driving phase) corresponding to each driving frequency in the sim-
ulation and experiment. The driving amplitude is 8 A. This figure
demonstrates that the simulation model can accurately predict the
variation trend of FMEHA with frequency under different num-
bers of MAPs. The maximum flow rate of FMEHA is measured
to be 1.8, 2.98, and 4.1 l/min for double, triple, and quadruple
MAPs, respectively. The optimal driving frequencies are 270, 270,
and 250 Hz, respectively. Notably, the optimal driving frequency
exhibits small fluctuations for different MAPs’ configurations. Thus,
it can be inferred that the number of MAPs has little effect on the
optimal driving frequency. Furthermore, the reason why the flow
rate increases first and then decreases is that a higher frequency
means more times of oil suction and discharge. However, at higher
frequencies, the magnetostrictive rod’s stroke will be attenuated.
Moreover, due to inertia, oil is not easily sucked in or discharged
at high frequencies.

C. Amplitude–flow characteristics
The flow rate with the driving amplitude is shown in Fig. 16,

where the flow rate is obtained at the optimal driving frequency
and phase. The flow rate is positively correlated with the driv-
ing amplitude. When the driving amplitude is 20 A, the FMEHA
reaches a maximum flow rate of 6.2 l/min. The coil turns are 500,

FIG. 16. Flow rate of the FMEHA under different driving amplitudes.

and the magnetization intensity is 250 000 A/m. This figure illus-
trates a significant increase in the flow rate as the driving amplitude
is raised, particularly at lower driving amplitudes. However, once
the amplitude exceeds 8 A, the rate of flow rate increase dimin-
ishes due to the approaching saturation of the magnetostrictive rod’s
stroke.

VI. CONCLUSION
In this article, a novel configuration of an electro-hydrostatic

actuator equipped with four magnetostrictive-actuated pumps
(FMEHA) is proposed to improve the flow rate. The simulations and
experiments are carried out. In addition, the output characteristics of
FMEHA under driving parameters are studied. The conclusions can
be made as follows:

(1) The electro-hydrostatic actuator with four magnetostrictive-
actuated pumps, rectified by the active flow distribution
valve, has demonstrated notable advancements in the flow
rate. This presents an alternative framework for large-flow
SMEHAs.

(2) The established mathematical model is in good agreement
with the experimental results. The model can describe
the behavior of FMEHA under different working condi-
tions, which provides an effective research method for the
following work.
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(3) There is an optimal driving phase matching between the
pumps and the active flow distribution valve. The driving
phase can regulate the flow, but this is at the expense of recti-
fication efficiency. Altering the driving phase by 180○ results
in reverse motion output by the FMEHA.

(4) The optimal driving frequency is independent of the num-
ber of pumps. The flow rate is positively correlated with
the driving amplitude. The suggested optimal driving para-
meters for FMEHA are a driving phase of 340○, a driving
frequency of 250 Hz, and a driving amplitude of 20 A. Under
these conditions, the FMEHA achieves a maximum flow rate
of 6.2 l/min.

Future research, based on this study, will concentrate on opti-
mizing the magnetic circuit to maximize the stroke of the mag-
netostrictive rod and the flow channel structure to minimize the
pressure drop. These approaches are expected to further increase the
flow rate of FMEHA while facilitating volume reduction.
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