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Dynamic modeling and experimental
investigations of a magnetostrictive
nozzle–flapper servovalve pilot stage

Yuchuan Zhu1,2, Xulei Yang1 and Tiantian Fu1

Abstract
A magnetostrictive nozzle–flapper servovalve pilot stage is presented in this article, which is directly driven by a giant
magnetostrictive actuator and features three nozzles for the development of large flow rate servovalve. According to
the energy conversion sequence in this servovalve, a giant magnetostrictive actuator magnetization model, a giant mag-
netostrictive material rod eddy loss model and a servovalve dynamic pressure model are all established to enable quanti-
tative depiction and modelling of the dynamic pressure response process of magnetostrictive nozzle–flapper servovalve
pilot stage. Consequently, the matched simulation model of the magnetostrictive nozzle–flapper servovalve pilot stage
with the mathematic model is followed to be established, and two unknown parameters of complex permeability are
determined using the test data from the giant magnetostrictive actuator. By running this simulation model, flapper displa-
cement and output pressure under different structural parameters and variational excited frequencies are determined,
certain parameters that are sensitive to the dynamic characteristics of magnetostrictive nozzle–flapper servovalve pilot
stage driven by giant magnetostrictive actuator are found and the accompanying rules are revealed. Finally, the experi-
mental system of a magnetostrictive nozzle–flapper servovalve pilot stage driven by giant magnetostrictive actuator was
built; both the step-input voltage response curve and the sine-input voltage response curve were captured; and these
curves show that the amplitude bandwidth (23 dB) and the phase bandwidth (290�) of a magnetostrictive nozzle–
flapper servovalve pilot stage can approach 150 and 110 Hz, respectively, which exhibit good agreement with the simula-
tion results. Therefore, the magnetostrictive nozzle–flapper servovalve pilot stage offers a very promising prospect of
the novel servovalves with the high-frequency response and the large flow rate.
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Introduction

A traditional double nozzle–flapper servovalve consists
of a permanent magnet torque motor or force motor, a
double nozzle–flapper pilot valve and a sliding spool
main valve.1 Permanent magnet torque motors or force
motors are most widely used to stroke servovalves
which convert low-power electrical excitations into
rotational or translational motion, and the torque/force
produced is proportional to the exciting current. Due
to the low power of torque motors or force motors and
the small flow rate gain of the double nozzle–flapper
valve, their application in large flow rate servovalves is
limited.

Continuous development must be performed to
achieve excellent design of servovalves. An important
issue is improving the actuating dynamics of the

electromechanical transformer and the pilot-operated
stage hydraulic-amplifier flow gain. This is an area that
can benefit from applying smart materials, such as
magnetic fluids, piezoelectric materials, magnetostric-
tive materials and designing new structure pilot-
operated valves, such as deflector jet valves and
multi-nozzle flapper valves.
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To improve the dynamic performance of servo-
valves, many studies have focused on the new torque
motors or electromagnetic actuators. Li et al.2 investi-
gated the influence of magnetic fluids on the dynamic
characteristics of permanent magnet torque motors; the
results show that magnetic fluid can increase the effi-
ciency of the magnetic circuit and improve the charac-
teristics of torque motors. An energy-saving electro-
pneumatic servovalve3 and a direct-drive servo valve4

driven by a voice coil motor (VCM) are also presented.
Lindler and Anderson5 and Zhou and Tian6 present a
single-stage servovalve using a direct-drive piezoelectric
actuator, which offers the potential for faster response
compared with traditional two-stage servovalves. Bang
et al.7 investigated two-stage high-speed electro-
hydraulic servovalve using stack-type piezoelectric-ele-
ments, and Sangiah et al.8 developed a piezoelectric
first-stage actuator to move a servovalve spool using
the deflector jet principle which is especially suited for
aerospace actuation requirements. Hiratsuka and Urai9

designed a giant magnetostrictive actuator (GMA)-
based direct-drive servovalve with a 650-Hz bandwidth
(23 dB) but a flow rate of only 2L/min. In 2001, Urai
and Tanaka10 again presented a servovalve using a
giant magnetostrictive tandem actuator with a 250-Hz
bandwidth (23 dB) and a 50L/min flow rate. In
2002, a GMA based pneumatic and hydraulic single
nozzle–flapper-type servovalve11–13 was analysed and
tested. The results showed that the new servovalve’s
step rise time is less than 1ms and that it has a 680-Hz
bandwidth (23dB). In 2010, Karunanidhi and
Singaperumal14 designed, built and integrated a GMA
into an existing flapper–nozzle servovalve; the experi-
mental results demonstrated that the valve step response
driven by a GMA can reach 7.8ms, which is faster than
the 11.2-ms response achieved by the conventional tor-
que motor. In 2011, a jet-pipe servovalve15,16 driven by
a GMA was presented and discussed, in which the use
of 0.5A input current amplitude, the 23dB bandwidth
was approximately 350Hz the -3dB valve bandwidth
was approximately 350Hz under the 0.5A input current
amplitude excitation. In 2015, a four-nozzle flapper ser-
vovalve driven by a GMA is developed.17

Moreover, in order to improve the performance of
the pilot-operated valve in two-stage servovalve, Aung
and Li18 carried out a numerical study of cavitation
phenomenon in a flapper–nozzle pilot stage with differ-
ent flapper shapes. A computational fluid dynamics
(CFD) analysis of flow forces and energy loss charac-
teristics in a flapper–nozzle pilot valve with different
null clearances is presented.19 The characteristic
research20 of the flow field in the flapper–nozzle pilot
stage is performed; the results show that the increment
of inlet pressure intensifies cavitation in the flapper–
nozzle pilot stage and induces the shedding phenom-
enon. The discharge characteristics of spool valve
orifices are simulated by the CFD method and a for-
mula for discharge coefficient and Reynolds number is
derived.21

In conclusion, the existing studies suggest that the
dynamic characteristics of a traditional servovalve can
be improved by redesigning the structure of the servo-
valve and incorporating smart materials, such as piezo-
electric materials and magnetostrictive materials.
Among these smart materials, giant magnetostrictive
materials (GMMs) have the following characteristics:
large strain, high reliability, large energy density, fast
response, broad bandwidth and intelligent response.22–24

GMMs enabled the development of a totally new class
of electromechanical devices with higher energy den-
sity, faster response and better precision than previ-
ously possible.25–29 GMAs are one of the most exciting
new actuator technologies available today and have
revealed new design options for mechanical and electri-
cal engineers alike.

Generally, it is difficult to achieve high-frequency
response for a large flow servovalve; however, a multi-
nozzle valve configuration such as three-nozzle can
increase the flow gain observably without substantially
slowing response; in addition, the use of fast and stiff
magnetostrictive actuators as valve drives offers advan-
tages for valve characteristics concerning high fre-
quency and large output power; thus, this article
reports the dynamic response investigations of a novel
servovalve concept distinguished by three-nozzle struc-
tures and GMA direct driving, which have the potential
to provide faster response and higher flow rate than
traditional double nozzle–flapper servovalves driven by
permanent magnet torque motors did and offer very
promising prospects of the novel servovalves with the
high-frequency response and the large flow rate.

Valve configuration and energy
transformation process

Figure 1 shows the configuration of magnetostrictive
nozzle–flapper servovalve pilot stage (MNSP), which
consists of a GMA (left) and a three-nozzle flapper
valve (right). A GMA mainly includes adjusting bolt,
coils, shell, GMM rod and output rod (flapper), and a
three-nozzle flapper valve mainly consists of the flap-
per, the fixed orifice and the three nozzles. The operat-
ing principle of MNSP is as follows: the oil is supplied
to the servovalve from the fixed orifices to the nozzles
and the oil pressure control port; when the coils are
excited and generate the applied field, the GMM rod
elongates; meanwhile, the clearance between the flapper
and the nozzle is changed, and thus, the control pres-
sure varied in proportion with the excited current
accordingly. In addition, a cooling and thermal com-
pensation system is designed to address the issue that
the thermal expansion of the GMM rod weakens the
precision of servovalve; the leakage oil flows in the
direction as shown in Figure 1, which can cool the coil
and keep the temperature of the coil close to the tem-
perature of shell; under this situation, the temperature
rise of the coil leads to GMM rod thermal expansion
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and the temperature rise of the shell leads to the ther-
mal expansion itself which can be transferred to the
adjusting bolt; thus, the adjusting bolt moves left to
compensate the thermal expansion of the GMM rod,
thus, the thermal compensation precision can be
ensured by designing the length and the thermal expan-
sion coefficient of shell.

As shown in Figure 2, the energy conversion and
control process in an MNSP involves three stages: the
first stage from the electrical energy to the magnetic
energy, the second stage from magnetic energy to the
elastic potential energy and the third stage to control
the hydraulic energy by the elastic potential energy.

In the first stage, electrical–magnetic energy transfor-
mation is achieved, which can be depicted by the mag-
netization model to describe the relationship between
the exciting current and the magnetization of the GMM
rod. Meanwhile, in this stage, it should not be neglected
that the eddy current in the GMM rod weakens the
electrical–magnetic energy transformation efficiency
and can be modelled by the dynamic magnetization
model with eddy loss.

In the middle-stage implements, a magnetoelastic
energy transformation can be modelled by the magne-
toelastic model to describe the relationship between the

magnetostrictive strain and the magnetization intensity
of the GMM rod; in this stage, the GMM rod can be
abstracted into unidimensional elastic body and then
the magnetization intensity of the GMM rod would
lead to a magnetostrictive force which can be depicted
by quadratic domain rotation model and Hooke’s law;
thus, the dynamic behaviour of GMM rod in this stage
can be described by spring–dashpot–mass model, that
is, a strain-based dynamic displacement of the GMM
rod would be governed by the magnetization intensity;
in addition, the flow force result from the nozzle–
flapper valve would act on the GMM rod as a load.

In the final stage, the hydraulic energy controlled by
the elastic potential energy is obtained, and the strain-
based dynamic displacement of the GMM rod would
be transmitted to the flapper, which would regulate the
clearance between the flapper and nozzle to change the
control pressure in the chamber between the fixed ori-
fice and nozzle.

Dynamic performance model

Based on the energy conversion process in an MNSP,
the dynamic model of an MNSP involves five

Figure 1. MNSP valve: (a) valve configuration and (b) valve photograph.

Figure 2. Schematic diagram of MNSP energy conversion and control process.

246 Proc IMechE Part I: J Systems and Control Engineering 230(3)



submodels from the viewpoint of energy conversion
and control: the magnetization model of the GMM
rod without eddy current effect, the magnetization
model of the GMM rod with eddy current effect, the
magnetoelastic model of the GMM rod, the flow force
model on the flapper and the dynamic control pres-
sure model in the chamber between the fixed orifice
and nozzle.

Magnetization model of GMM rod without eddy
current effect

The applied magnetic field H generated by an alternat-
ing current i is given by

H=
Ni

kfLG
=

NIm
kfLG

cos vt=Hm cos vt ð1Þ

where N is the number of the excitation coil turns, Im is
the amplitude of the alternating current, kf is the leak-
age coefficient of the magnetic flux, LG is the length of
the GMM rod, Hm is the amplitude of the applied mag-
netic field and v is the angular frequency.

In a sinusoidal magnetic field, the relative permeabil-
ity of a GMM rod is a complex number, and the mag-
netization M can be deduced from the applied magnetic
field H[17]

M=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mrj j

2 � m00h
� �2q

� 1

� �2

+ (m00h)
2

s
Hm cos (vt� uh) ð2Þ

where mh$ is the imaginary part of the complex relative
permeability and mr is the relative permeability.

The lag angle uh caused by hysteresis is

uh = arctan
m00hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mrj j
2 � (m00h)

2
q

� 1

0
B@

1
CA ð3Þ

Magnetization model of GMM rod with eddy current
effect

When the GMM rod is excited by high-frequency alter-
nating current, the eddy loss occurs in the GMA, which
will decrease its response speed. The magnetization
intensity M in the GMM rod can be written as

M= mrj j � 1ð ÞH ð4Þ

The energy of magnetization for the eddy loss in the
dynamic state can be written as30

m0

ð
MeddydHc ’ m2

0

ð
D2

G

2rb

dM

dt

� �2

dt

=m2
0

D2
G

2rb

ð
dM

dt

dM

dHc

dH

dt
dt

ð5Þ

where m0 is the permeability of the free space, Meddy is
the magnetization intensity for the eddy loss; r and DG

are the electrical resistivity and the diameter of the
GMM rod, respectively; and b is a geometrical factor.

Taking the derivative with respect to t of both the
sides of equation (5) leads to

Meddy ’ m0

D2
G

2rb

dM

dt

dM

dH
=m0 mrj j � 1ð Þ D

2
G

2rb

dM

dt
ð6Þ

Consequently, the energy equation for the eddy loss
based on equation (6) isð

MdH=

ð
mrj j � 1ð ÞHdH�

ð
MeddydH ð7Þ

Taking the derivative with respect to Hc of both the
sides of equation (7) leads to

M=m0 mrj jH�Meddy = mrj j � 1ð ÞH

� m0 mrj j � 1ð Þ D
2
G

2rb

dM

dt

ð8Þ

Taking the Laplace transform of equation (8), the
actual magnetization intensity M in the GMM rod
becomes

M=
mrj j � 1ð ÞH

m0 mrj j � 1ð Þ D
2
G

2rb
s+1

=
mrj j � 1ð ÞH
ts+1

ð9Þ

where t =m0( mrj j � 1)(D2
G=2rb) is the eddy time

constant.

Magnetoelastic model of GMM rod

Under the excitation from driving magnetic field, the
magnetostrictive rate l=Dl/l describes the relative
change quantity in length of the GMM rod; based on
the quadratic domain rotation model,31 the magnetos-
trictive rate l is given by

l=
3

2

lS

M2
S

M2 ð10Þ

where lS and MS are the saturation magnetostriction
and the saturation magnetization, respectively.

The process of magnetic–mechanic coupling can be
expressed by Figure 3. When the magnetic field inten-
sity is changed within a limited range, following
Hooke’s law, the magnetostrictive force generated by
the GMM rod can be approximately defined as

F=AGEGl ð11Þ

where AG is the cross-sectional area of the GMM rod,
EG is the elasticity modulus of the GMM rod and l is
the magnetostrictive rate.

The force balance equation of GMA is

F=me
d2xf

d2t
+Be

dxf
dt

+ kexf +FL ð12Þ

where xf is the strain-based displacement of GMM rod,
which is the same with the displacement of flapper; me
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is the equivalent mass of GMM rod; me =m1=2+m2,
m1 and m2 are the mass of the GMM and output rods,
respectively; Be is the equivalent damping coefficient; ke
is the equivalent stiffness coefficient for the GMM rod,
ke =AGEG=LG; and FL is the flow force of oil from the
nozzle to the flapper.

Based on equations (10)–(12), the magnetoelastic
model of the GMM rod which described the process
from the magnetic intensity to the strain-based displa-
cement of GMM rod can be written as

3

2

lS

M2
S

M2AGEG =me
d2xf

d2t
+Be

dxf
dt

+ kexf +FL ð13Þ

Flow force model on the flapper

Flow force is the force applied on the flapper, which
can be shown by Figure 4 according to the nozzle–
flapper configuration in Figure 1; using Bernoulli’s
equation, the flow force can be written as follows

FL =3pNAN +3rq1v1 ð14Þ

where AN is the area of the plane of the nozzle diameter,
v1 is the fluid velocity at the plane of the nozzle diameter,
q1 is the flow rate through the nozzle and pN is the static
pressure of the plane of the nozzle diameter, which can
be written as follows based on Bernoulli’s equation

pN = pc �
1

2
rv21 ð15Þ

where pc is the pressure of control chamber between the
fixed orifice and nozzle.

Combining equations (14) and (15), we obtain

FL =3 pc +
1

2
rv21

� �
AN ð16Þ

Meanwhile, v1 can be written as follows

v1 =
q1
AN

=
4Cdf(xf0 � xf)

ffiffiffiffiffiffiffiffiffiffiffiffi
2pc=r

p
DN

ð17Þ

where xf0, xf,DN and Cdf are the flapper position at
null, flapper displacement, nozzle diameter and nozzle
discharge coefficient, respectively.

Substituting equation (17) into equation (16) yields

FL =3pcAN 1+
16C2

df(xf0 � xf)
2

D2
N

" #
ð18Þ

Dynamic control pressure model in the chamber
between the fixed orifice and nozzle

As is shown in Figure 4, the load flow of MNSP qL
equation is

qL =Cd0A0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

r
(ps � pc)

s
� 3CdfpDN(xf0 � xf)

ffiffiffiffiffiffiffiffi
2

r
pc

s

ð19Þ

_pc =
be

Vc
qL ð20Þ

where Cd0 is the flow coefficient of the fixed orifice, A0

is the area of the fixed orifice, be is the effective bulk
modulus of hydraulic oil between the fixed orifice and
nozzle and Vc is the volume of hydraulic oil between
the fixed orifice and nozzle.

If the load is blocked, qL =0, set a=(CdfpDNxf0)=
(Cd0A0) and xf = 0 at null, then pc0 = (ps)=(9a

2 +1).
Equation (19) is a nonlinear function, expand equation
(19) at null in Taylor series and use the above null
boundary conditions and the linear form of equation
(19) can be written as

qL =
∂qL
∂xf

xf �
∂qL
∂pc

pc

=Cd0A0

ffiffiffiffiffiffiffiffi
2

r
ps

s
3a

xf0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

9a2 +1

r
xf �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(9a2 +1)

3
q

6aps
pc

0
@

1
A
ð21Þ

Substituting equation (21) into equation (20)

Figure 4. A flow force diagram at the nozzle–flapper.

Figure 3. Sketch of GMA magnetic–mechanic coupling.
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s
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3
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Laplace transform to equation (22) yields

pc(s)

xf(s)
=

be

Vc
Cd0A0

ffiffiffiffiffiffiffi
2
r
ps

q
3a
xf0

ffiffiffiffiffiffiffiffiffiffiffi
1

9a2 +1

q
s+ be

Vc
Cd0A0

ffiffiffiffiffiffiffi
2
r
ps

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(9a2 +1)

3
p

6aps

ð23Þ

Therefore, equation (23) is the dynamic control pres-
sure model in the chamber between the fixed orifice and
nozzle which described the elastic–hydraulic adjusting
process in MNSP.

In addition, the leakage flow rate can be written as
follows

Qc =3CdfpDNxf0

ffiffiffiffi
ps
r

r
ð24Þ

The leakage flow rate is used to cool the coils and
compensate the thermal expansion of GMM rod, which
can help to reduce the temperature of the GMM rod
and improve the precision of servovalve.

Model simulation

Parameter identification

The first unknown parameter is the relative permeabil-
ity of the GMM rod from magnetization model of the
GMM rod; the identification method is as follows.

Coil inductance L with a GMM rod and coil induc-
tance L0 without a GMM rod in giant magnetostrictive
transducer can be related as follows

L= mrj jL0 ð25Þ

Thus, we can show that mrj j=5 by measuring the
values of L and L0 around the bias magnetic field.

The other parameter that needs to be identified is
the imaginary part of the relative complex permeability
m00h. Based on the identification method presented in the
literature,31 we can determine the imaginary part of the
relative complex permeability to be m00h =2:2. The other
parameters are known and shown in Table 1.
Accordingly, in addition to the two parameters verified
above, the other model parameters are shown in
Table 1.

Simulation results and analysis

Step response results. By running the simulation, some
parameters that are sensitive to the dynamic character-
istics of MNSP are found, and the accompanying rules
are obtained. The diameter, length of the GMM rod
and equivalent stiffness play more important roles
regarding the step response of MNSP than the other
parameters.

As Figure 5(a) shows, when the diameter of the
GMM rod DG is 8mm, the step response time of the
steady-state output flapper displacement is approxi-
mately 4ms; however, this value changed to 3 and 2ms
when the value of DG is 10 and 12mm, respectively. As
Figure 5(b) indicates, for the same step-input signal,
accordingly, the steady-state output flapper

Table 1. Related parameters of MNSP.

No. Name Symbol Unit Value No. Name Symbol Unit Value

1 Coil resistance R O 3 13 Coil turns N 1 600
2 Coil inductance L mH 3 14 Geometrical factor of

GMM rod
b 1 16

3 Open-loop gain of
amplifier

Ku 1 104 15 Length of GMM rod LG mm 80

4 Vacuum permeability m0 H/m 4p 3 1027 16 Pressure of oil source ps MPa 7
5 Relative permeability

of GMM rod
mr 1 5 17 Flapper position at null

clearance
xf0 mm 0.06

6 Equivalent mass of
GMM rod

me kg 0.2 18 Eddy time constant t 1 2.6 3 1025

7 Equivalent stiffness ke N/m 2.36 3 106 19 Equivalent damping
coefficient of GMM
rod

Be N s/m 2000

8 Diameter of nozzle DN mm 1.2 20 Flow coefficient Cdf 1 0.8
9 Diameter of fixed

orifice
D0 mm 0.8 21 Diameter of GMM rod DG mm 10

10 Density of GMM rod rG kg/m3 9250 22 Saturation
magnetization

Ms A/m 7.65 3 105

11 Electrical resistivity of
GMM rod

r Om 6 3 1027 23 Bias magnetization Mb A/m 2.0 3 105

12 Bulk modulus of
elasticity of GMM rod

EG GPa 10 24 Saturation
magnetostriction

ls 1 1005 3 10-6

GMM: giant magnetostrictive material.
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displacement value will reach 15, 17 and 19mm when
the length LG of the GMM rod is 80, 100 and 120mm,
respectively, and the resulting rise times will be 3, 4 and
5ms, respectively.

In a similar way, as Figure 5(c) indicates, the steady-
state output flapper displacement value will be 10, 15 and
22mm for equivalent stiffness values ke of 4.71 3 106,
2.36 3 106 and 1.57 3 106N/s, respectively, and the
resulting rise times will be 2, 4 and 6ms, respectively.

Similar rules can be found in the control pressure pc
step response curve shown in Figure 6, which confirm
that the step response of an MNSP is only controlled
by the dynamic response of the GMA and does not
depend on the parameters of the flapper valve.

Comparison of sine-response results with hysteresis and eddy
current effect. In an MNSP, the dynamic process
responding to a sine-input signal involves three sequen-
tial stages: (1) from the input voltage to the magnetiza-
tion of the GMM rod, (2) from the magnetization to
the elastic strain of the GMM rod and (3) from the
elastic strain of the GMM rod to the fluid control pres-
sure of the MNSP. In the first stage, electromagnetic
energy transformation is achieved, the second stage

performed magnetoelastic energy transformation and
the final stage results in elastic–hydraulic energy
adjusting.

To further distinguish the effect on the dynamic
response of an MNSP exerted by electromagnetic, mag-
netoelastic and elastic–hydraulic energy adjusting pro-
cess, a group of sine-response curves were constructed,
as shown in Figure 7, at excited frequencies from 10 to
250Hz.

As Figure 7 shows, ‘1’ represents a control pressure
curve without static hysteresis, ‘2’ is a control pressure
curve with static hysteresis, ‘3’ consists of a magnetiza-
tion intensity curve without static hysteresis and ‘4’ is a
magnetization intensity curve with static hysteresis.
Additionally, the left vertical coordinates indicate the
magnetization intensity, and the right vertical coordi-
nates indicate the control pressure. The phase lag
angles are 36.6�, 17.2� and 5.9� with the driving fre-
quencies 100, 50 and 10Hz, respectively; moreover, the
phase lag angles are 53.4�, 75.4� and 84.7� with the
driving frequencies 150, 200 and 250Hz. In addition, it
can be observed that static hysteresis exerts a minor
role above 50Hz. It should be noted that the phase lag
angle here is the angle between the magnetization of
the GMM rod and the output control pressure, not the

Figure 5. Flapper displacement response curve to a step-input voltage in an MNSP: (a) diameter of the GMM rod, (b) length of the
GMM rod and (c) equivalent stiffness.

Figure 6. Control pressure response curve to a step-input current in an MNSP: (a) diameter of the GMM rod, (b) length of the
GMM rod and (c) equivalent stiffness.
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angle between the input voltage and the output control
pressure, which are much larger than 53.4�, 75.4� and
84.7� with the driving frequencies 150, 200 and 250Hz
because of the eddy current effect of the GMM rod.

Test rigs and test results

Test equipment and test methods

As shown in Figure 8, a model machine (Figure 1(b)) is
designed, fabricated, assembled and measured. The

dynamic pressure response data of the model machine
valve under a step-input signal and a sinusoidal input
signal are collected by a pressure sensor. The test sys-
tem used to determine the dynamical characteristics of
an MNSP consists of an oil source module (rated flow
11.28L/min and rated pressure 10MPa), a model valve
module, a measure module (pressure sensor M5100,
measuring range 0–10MPa, accuracy 60.25%, oscillo-
scope TDS1012BSC and driving module (signal genera-
tor DG1022)). A schematic and picture of the model

Figure 7. Response curve of magnetization intensity and control pressure to sinusoidal input voltage in an MNSP: (a) 10 Hz, (b)
50 Hz, (c) 100 Hz, (d) 150 Hz, (e) 200 Hz and (f) 250 Hz.

Figure 8. Dynamic testing system for an MNSP: (a) schematic diagram and (b) the experimental set-up. 1: MNSP; 2: pressure
sensor; 3: directional valve; 4: electromagnetic relief valve; 5: power amplifier; 6: signal generator; 7: oscilloscope; 8: energy
accumulator; 9: precise pressure gage; 10: stop valve; 11: filter; 12: pump; 13: motor; and 14: tank.
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valve test rig are shown in Figure 8(a) and (b),
respectively.

The input current electrifying the GMA is generated
by a signal generator and a power amplifier and is used
to produce the GMA displacement. The control pres-
sure is then generated, measured and transmitted to an
oscilloscope.

Step excitation results

The model valve is first excited by a square wave input
voltage with an amplitude ranging from 0 to 1V, the
corresponding current from 0 to 2A and the supply
source pressure 7MPa, and then, the pressure response
data from a pressure sensor are recorded by an
oscilloscope.

The raw recorded voltage data from pressure sensor
are shown in Figure 9(a) and (b); CH1 and CH2 denote
the input voltage from signal generator and the output
voltage from pressure sensor, respectively. One notable
feature in Figure 9(a) and (b) is that the vertical axis
scale is 100mV per grid length for the output pressure
and 200mV for the input voltage; in addition, the hori-
zontal axis scale is 10ms per grid length for Figure 9(a)
and 2.5ms for Figure 9(b), which can be seen in the bot-
tom of every figure; as shown in Figure 9(b), the 10%–
90% rise time of the output pressure is approximately
2.5ms.

Based on the experimental data in Figure 9(a) and
(b), the comparison between the test data and the model
results can be seen in Figure 9(c); we can see that this
servovalve can achieve a short transition process with-
out ripples and over-adjustment, which shows good
agreement with the predicted results of the above-
mentioned mathematical model and simulation results.

Sinusoidal excitation results

The pressure response observed with a sinusoidal sup-
ply signal is analysed. The operating conditions are
supply source pressure 7MPa and exciting coil current
1A. The pressure response curves when the voltage

frequency was varied from 30 to 200Hz were captured
by an oscilloscope and are presented in Figure 10.

The raw recorded voltage data from pressure sensor
are shown in Figure 10(a)–(f); CH1 and CH2 denote
the input voltage from signal generator and the output
voltage from pressure sensor, respectively. One notable
feature in Figure 10 is that the vertical axis scale is
500mV per grid length for the output pressure in
Figure 10(a)–(d), 200mV in Figure 10(e) and (f) and
100mV for the input voltage in Figure 10(a)–(f); in
addition, the horizontal axis scale is 25ms per grid
length for Figure 10(a), 10ms for Figure 10(b)–(d) and
5ms for Figure 10(e) and (f), which can be seen in the
bottom of every figure.

As shown in Figures 10 and 11, for the input vol-
tage, when its amplitude is constant and its frequency
varies from 30 to 200Hz in the sinusoidal wave, the
measured amplitude of the output control pressure
from the pressure sensor according to around 150Hz
reduces to 70.7% that of around 30Hz. Meanwhile,
when the phase lag angle between the input voltage and
output control pressure is around 90� and the input
voltage frequency reaches to around 110Hz, which are
in good agreement with the prediction results from the
presented model, as shown in Figure 11.

Conclusion

In this article, a servovalve configuration, known as
MNSP, is presented. The primary focus of the research
was the dynamic pressure characteristics of the MNSP.
A GMA magnetization model, which included the
complex magnetic permittivity and can describe the sta-
tic hysteresis of GMA, is first built. Then, a GMA
magnetization model with eddy loss is obtained based
on the magnetic–elastic energy transformation princi-
ple. Finally, the dynamic control pressure model is
deduced based on the elastic–hydraulic conversion.

By running this simulation model, the relationship
between the flapper displacement and control pressure
is determined under different structural parameters and
the excited frequency; accordingly, some structural

Figure 9. Output pressure response to a step-input current from 0 to 2 A in an MNSP: (a) test data from a square excited voltage,
(b) test data from a step excited voltage and (c) test data and model results.
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parameters that are sensitive to the dynamic character-
istics of MNSP are found, and the accompanying rules
are obtained. The diameter and the length of the GMM
rod and the equivalent stiffness play more important
roles regarding the step response of MNSP than the
other parameters.

Based on the simulation results, by comparison with
the dynamic processes of electrical–magnetic energy
transformation and magnetic–hydraulic energy adjust-
ing process, the phase angle between the magnetization
of GMM rod and the output control pressure can be
obtained; the phase lag angles are 36.6�, 17.2� and 5.9�
with the driving frequencies 100, 50 and 10Hz,

respectively; moreover, the phase lag angles are 53.4�,
75.4� and 84.7� with the driving frequencies 150, 200
and 250Hz, respectively.

A dynamic performance test system of an MNSP
was built, and the test data and curves using both step-
input and sine-input voltages were captured by the
oscilloscope, which show that the amplitude bandwidth
(23 dB) and the phase bandwidth (290�) of an MNSP
can approach 150 and 110Hz, respectively, and agree
well with the prediction results from the presented
model. The research results offer a promising prospect
of the novel servovalves with the high-frequency
response and the large flow rate.

Figure 10. Output pressure response to sinusoidal input current from 0 to 1 A in an MNSP: (a) 30 Hz, (b) 50 Hz, (c) 70 Hz, (d)
100 Hz, (e) 120 Hz and (f) 200 Hz.

Figure 11. Amplitude–frequency curve and phase–frequency curve of an MNSP.
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