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Abstract

Giant magnetostrictive actuators (GMAs) have received considerable attention in recent years
and are becoming increasingly important in the exploitation of a new type electrohydraulic
servovalve. In this paper, a deflector-jet servovalve (DJSV) using a giant magnetostrictive
material (GMM) is developed for the first time, and the servovalve is mechanically less complex
than a conventional DJSV. Next, a mathematical model of the GMM-based DJSV is built, which
involves five submodels: a dynamic model of the power amplifier; a dynamic magnetization
model of the GMM rod; a magnetoelastic model of the GMM rod; a kinetic model of the GMA;
and a deflector-jet amplifier model. The experimental platform used for measuring the
performance of the GMM-based DJSV is established, the prototype valve is fabricated, and the
related unknown parameters are identified by experimental data from the GMA. Finally, a
simulation and experimental research are performed on the GMM-based DJSV; the results
indicate that the present GMM-based DJSV has a large output-pressure range, a rapid response,
and a high bandwidth, which provides a competitive way to develop a new type of high-
frequency and high-flow-rate electrohydraulic servovalve. Additionally, the measured
characteristics of the prototype valve are in good agreement with the predicted results and
demonstrate that the operational concept is viable, and the present mathematical model is

reliable.

Keywords: giant magnetostrictive actuator, servovalve, frequence width, deflector-jet, dynamic

models

1. Introduction

Servovalves are compact, accurate, high-bandwidth mod-
ulating valves widely used in aeromechanics and industrial
defense applications in which high power and rapid response
are required. The servovalves can transform a changing
analog or digital input signal into a stepless hydraulic output
(flow or pressure) and may be single-stage or two-stage
devices. The first stage of such valves has assumed a variety
of forms, including a sliding spool, a flapper-nozzle, a jet-
pipe, and a deflector-jet, whose performance characteristics
are shown in table 1.

A double-nozzle flapper is a full bridge with two variable
arms, and the use of two nozzles makes the design relatively

0964-1726/14/115001+19$33.00

immune to changes in its null or zero differential pressure
position and/or temperature. A jet-pipe servovalve is a full
bridge, four-variable arm configuration similar to the under-
lapped four-way spool valve that has a ‘single inlet’ first
stage, making it a fail-to-center design. There is no risk of
unbalance from contamination because there is only a single
source of fluid for the first stage, and it may be less sensitive
to the effects of contamination than flapper-nozzle valves are.
In other words, the main advantage of jet-pipe servovalves is
their insensitivity to dirty fluids. However, the jet-pipe ser-
vovalve is not as widely used as the flapper-valve servovalve
in the two-stage servovalve because of its large null flow,
unpredictable characteristics, and slower response. A mod-
ification in the jet-pipe servovalve results in a new design,
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Table 1. Performance characteristics of flapper-nozzle, jet-pipe, and deflector-jet.

Design/Performance characteristic ~ Flapper-Nozzle Jet-Pipe Deflector-Jet
Orifice size Very small Relatively large  Relatively large
Contamination sensitivity Very sensitive More tolerant More tolerant
Potential for ‘noisy’ operation Low Low High

Failure mode (plugged orifice) Hard over Passive Passive

Pressure and flow recovery

nozzle
Low temperature performance
Pressure feedback

Sensitivity to erosion High

Good at lower pressures
Present causing instability = None

Jet-pipe and deflector-jet are more than twice that of the flapper

Good Inferior
None
Low Low

known as the deflector-jet servovalve (DJSV); the design
aspects and the operating principle of a DJSV are elaborated
in Moog technical bulletin 121.

The present designs of pilot-operated servovalves are
either of a flapper-nozzle type or of a jet-pipe type, and the
design aspects and various configurations of servovalves,
particularly flapper-nozzle types, are available in many text-
books (Merrit 1967, Watton 1989, McCloy and Martin 1980).
However, studies investigating deflector-jet type servovalves
are notably scarce.

Giant magnetostrictive materials (GMMs) are a new type
of functional material appearing in recent years with, for
instance, giant strain, fast response speed, high energy den-
sity, and a large output force (Grunwald and Olabi 2008,
Olabi and Grunwald 2008, Pradhan 2005, Shang et al 2008,
Sun and Zheng 2006, Valadkhan er al 2010, Zheng
et al 2007, Zhou et al 2006). Magnetostriction is the property
that causes certain ferromagnetic materials to change shape in
a magnetic field. When a magnetic field is applied, magnetic
domains in the crystal rotate, providing proportional, positive,
and repeatable expansion in microseconds. Using GMM to
design a new type of actuator that can replace traditional
actuators such as torque motors or force motors will enhance
the response speed and precision of servovalves (Urai and
Tanaka 2001, Karunanidhi and Singaperumal 2010, Ding
et al 2002, Wang et al 2005, 2006, 2007).

Giant magnetostrictive actuators (GMAs) have received
considerable attention in recent years and are becoming
increasingly important in the exploitation of new types of
electromechanical devices (Karunanidhi and Sigaperumal
(2010), Li et al 201 1a, Braghin et al 2012), which can be used
to drive the spool valve directly (Hiratsuka and Urai 1994). In
1994, a direct-drive servovalve using a giant magnetostrictive
material was developed and showed a high performance (i.e.,
high output power, fast response, and a high resistance to
environmental factors such as humidity). The valve does not
have first-stage flow and is not influenced by contamination.
The valve’s rated flow is 2L min~', its step response with
rising time is approximately 1ms, and it has a 630Hz
amplitude-frequency width (-3 dB) and a 450 Hz phase-fre-
quency width (-90°). In 1995, a direct-drive servovalve using
a giant magnetostrictive actuator with a stroke-expansion
system was developed using Pascal’s theory (Urai 1995). This
system had a rated flow of 6 L min~', a step response with

rising time of approximately 1 ms, a 250 Hz amplitude-fre-
quency width (=3 dB), and a 180 Hz phase-frequency width
(=90°). In 2001, a servovalve (Urai and Tanaka 2001) was
presented using a giant magnetostrictive tandem actuator with
a 250 Hz frequency width (-3 dB) and a 50 L min~"' flow rate.
In 2005, a pneumatic and hydraulic single-nozzle flapper-type
servovalve based on a GMA was systematically and thor-
oughly analyzed and researched (Ding et al 2002, Wang
et al 2005, 2006, 2007). The structure and principles of a
pneumatic servovalve with GMMSs are presented. An
experimental study is performed, and the experimental results
indicate that the GMM pneumatic servovalve has wide
pressure-control properties, good linearity, and a high
response speed. The hydraulic GMA nozzle-flapper servo-
valve has wide pressure-control properties that perform up to
0.52 MPa, good linearity that is approximately 2.5%, a fast
response speed with a rise time less than 1 ms, and a 680 Hz
frequency width (-3 dB). The research results show that the
flapper structure driven directly by the GMA is simple, reli-
able, and controllable, and the pressure-control performance
is improved by adopting a temperature-compensation
mechanism with prepressure exerted organization. In 2010
and 2011, Wang focused on a seawater hydraulic servovalve
driven by a diphase opposition giant magnetostrictive self-
sensing actuator and servovalve (Wang et al 2009, 2010),
which achieved dynamic real-time control with a micro-
processor. In 2010, a magnetostrictive actuator with a flexure
amplifier and a magnetically biased magnetostrictive actuator
was designed, built, and integrated into an existing flapper-
nozzle servovalve (replacing the torque motor) by Kar-
unanidhi and Singaperumal (Karunanidhi and Singaper-
umal 2010). From the experimental results, it is evident that
the valve step response of 7.8 ms driven by the giant mag-
netostrictive actuator is faster than that of a conventional
torque motor (11.2ms) and that the valve flow rate of
8.0 L min~" is larger than that of a conventional torque motor
(7.6 L min_l). The results show that the valve has satisfactory
static and dynamic characteristics for applications in high-
speed actuation systems. In 2013, a novel closed-loop pie-
zohydraulic servovalve design was investigated (Sangiah
et al 2013). Its design and performance are suitable for safety-
critical aerospace applications, particularly primary flight
control. The bimorph deflects a jet of fluid to create a pressure
differential across the valve spool. The measured
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Figure 1. Configuration of a GMM-based DJSV.

characteristics of the prototype valve are in good agreement
with the simulated results, and prove that the operational
concept is viable.

However, no detailed design approaches and model of
deflector-jet-type servovalves have been reported so far, and
this is especially the case for GMM-based DJSVs. Further-
more, due to the conventional drive mode of deflector-jet
servovalves, the lower resolution and narrower working
bandwidth confine the applications of the deflector-jet ser-
vovalve. Hence, developing a new type of electrohydraulic
servovalve that has more ideal characteristics will have an
important practical impact. In this paper, a novel deflector-jet
servovalve concept called a GMM-based DJSV is investi-
gated, which will potentially have a faster response. In par-
ticular, for the first time, a GMA is developed to move a jet-
nozzle in a deflector-jet-type servovalve. This means that the
conventional electromagnetic torque motor is replaced by a
GMA in this novel deflector-jet servovalve. Its detailed
design, considering several parameters, is presented. Further
simulation and experimental results are also included.

2. Valve description

As shown in figure 1, a deflector-jet electrohydraulic servo-
valve consists of a GMA and a deflector-jet hydraulic
amplifier. The GMA includes a biased solenoid coil used for
providing a biased magnetic field, a driving solenoid coil
generating a control magnetic field, a GMM rod, an output
rod, a spring used for applying prestress onto the GMM rod to
obtain a larger magnetostrictive strain with the same magnetic
field, and a screw that can be adjusted to vary the prestress
according to the demand. The thermal deformation-compen-
sating module (shell) can balance the thermal deformation
generated by the GMM rod.

When the biased solenoid coil and the driving solenoid
coil are switched on, the fluid flow between the GMM rod and

the skeleton can cool the GMM rod, which contributes to
improved jet-nozzle movement accuracy. When the sign of
the magnetic field produced by the driving solenoid coil is
identical to the sign of the bias magnetic field, the GMM rod
elongates. If the sign of the magnetic field produced by the
driving solenoid coil is the opposite of the sign of the biased
magnetic field, the GMM rod is shorter than in the initial
condition.

As shown in figure 1(a), the driving coil wound around
the GMM rod acts as the excited magnetic field, which causes
the GMM rod to expand in the magnetic field direction. This
provides a force to the deflector pole (output rod, as shown in
figure 1(a)) and accordingly results in the movements of the
deflector pole. Simultaneously, the supply-pressure oil pro-
duces a jet that divides equally between the two receivers; in a
GMM-based DJSV, the pressure energy of the fluid is con-
verted into kinetic energy at the jet-nozzle exit and is then
reconverted as pressure energy into the receiver holes. Oil
under high pressure flows out of the jet-nozzle exit and
impinges on a receiver hole. Two small-diameter receiver
holes located side-by-side on the receiver are connected to
either end of the load. With the jet-pipe centered over the two
holes, equal pressures are developed on each side of the load.
When the GMM rod causes the jet-nozzle to move off-center,
the jet impinges more on one hole than the other. This creates
a pressure imbalance across the load. When the nozzle is
centered between the two receiver holes, the pressure differ-
ence between the two receiver holes is zero. However, when
the nozzle is moved toward one of the receiver holes by the
GMM rod, the pressure at this receiver hole is greater than at
the other receiver hole, thus displacing the spool position.

3. Valve model

The energy-conversion process in a GMM-based DJSV
involves five stages: the stage from the input voltage to the
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Figure 2. Circuit diagram of a power amplifier.

applied current of the drive coil; the stage from the electrical
energy to the magnetic energy; the stage from magnetic
energy to the elastic potential energy; the stage from the
elastic potential energy to the mechanical energy; and the
stage from the mechanical energy to the fluid pressure energy.
In the first four stages, electrical-mechanical energy trans-
formation is achieved, and the last stage achieves mechanical-
hydraulic energy amplification. Thus, the model of a GMM-
based DISV involves five submodels from the viewpoint of
energy conversion: the dynamic model of the power ampli-
fier; the dynamic magnetization model that describes the
relationship between the exciting current and the magnetiza-
tion of the GMM rod; the magnetoelastic model describing
the relationship between the magnetostrictive strain and the
magnetization of GMM rod; the kinetic model of the GMA
describing the relationship between the deflector pole dis-
placement (magnetostrictive displacement) and the magne-
tostrictive strain; and the deflector-jet amplifier model
between the deflector pole displacement and the net pressure
difference from the two receivers.

3.1. Dynamic model of the power amplifier

The drive coil is an inductance element that makes the input
current lag behind the input voltage. Thus, to obtain a fast
current response, we designed a power amplifier with an
integrated power amplifier by depth electric current negative
feedback technology, which can eliminate the input current
lag. Its circuit diagram and transfer function block diagram
are shown in figures 2 and 3, respectively.

The transfer function of the power amplifier can be
written as follows, according to figure 3:

. RZ Ku Uc
i=
R1+R2LS+R+R51+ K, R3Ry
Ls + R+ RsR; + Ry

e

Taking R, =R, and R; = Ry, equation (1) can be rewritten
as follows:

. K, U,
1=
Ls+R+R K, R
ol — 2 %0
Ls + R+ Rs 2

_ K,u,
~ 2Ls + (2R + 2Rs + K,Ro)’

2

where K, is the open-loop gain of the integrated operational

Figure 3. Transfer function block diagram of a power amplifier.

amplifier, u, is the input voltage, L is the inductance of the
drive coil, and R and Ry are the resistance of the drive coil and
the sampling resistance, respectively.

3.2. Magnetization model of the GMM rod

In the above-mentioned configuration of the GMM-based
DISV, the energy equation is given as follows in the mag-
netization process of the GMM rod:

Pin=Pm+Ph+Peddy+PeXa 3)

where B, and F, represent the energy input and the magne-
tostatic energy, respectively, and B,, R4qy, and By represent
the energy losses from magnetic hysteresis, the eddy current,
and the excess, respectively.

For low magnetic fields, the magnetization process of the
GMM rod obeys Rayleigh’s law. The magnetic hysteresis
power loss is given by

4 ,
P=[ SR HRSAV = K{HOIV., @)

where 7 is the Rayleigh constant, V is the volume of the
GMM rod, K'y, is the hysteresis-loss coefficient at low fields,
and f is the frequency of the applied magnetic field.

Due to the existence of the permanent magnet, although
the applied magnetic field generated by the alternating current
may not be high, the total magnetic field is intermediate, and
irreversible domain rotation occurs as the domain magneti-
zation rotates between the magnetically easy axes. Based on
results obtained by experiments with various ferromagnetic
materials with sinusoidal currents, Charles Steimetz proposed
an empirical formula for calculating hysteresis loss analyti-
cally. The magnetic hysteresis power loss, Py, is provided by
Steinmetz’s empirical formula,

P, ~ /V KuBlfdV = KyBLAV, )

where Kj, is the hysteresis loss coefficient at intermediate
fields and n is the Steinmetz exponent that varies from 1.5
to 2.5.

To reduce the classical eddy-current losses in a sinu-
soidal magnetic field, the GMM rod applied in a deflector-jet
electrohydraulic servovalve is made in the form of lamina-
tions. The eddy-current loss is calculated as follows
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(Jiles 1994):
d? (dB.\
Pasy= [ —1( )dv, ©)
v 2pp\ dt

where p and d, are the electrical resistivity and the thickness
of the lamination of the GMM rod, respectively.

Equation (6) is derived on the condition that the magnetic
flux density on the cross section of the GMM rod is dis-
tributed evenly and the laminations are rectangular in shape.
Equation (6) must be rearranged as follows:

Peaay = /V % fo ' %(d& )zdth

= / / ( ) drdv

= Ke(Bmf) 1% (7)
where K. is the eddy-current loss coefficient, K, = = 2‘ and T

is the period.

In a sinusoidal magnetic field, the excess loss that results
from changes in the domain configuration also must be con-
sidered, and this component of the loss can be expressed as
(Jiles 1994)

Godle()

®)

ex —

where w is the width of the laminations, H, is a parameter
representing the internal potential experienced by the domain
walls, and G, is a dimensionless constant of the valve,
0.1356.

Under the restricted condition of B varying sinusoidally
with time, the excess loss can be calculated as

H B
G()le 0 d ddV

= Kex(Bmf )V 9)

. . GodvwH,
where K., is the excess-loss coefficient, Koy = 8.67 I%M.

Thus, the total magnetic energy loss can be written as

Pross = Pp + [Ke (Bmf)2 + Kex (Bmf)ls]v (10)
The magnetic energy loss can also be expressed as
1
Puss = V= PHedB= afuo"H3V. (11)

The imaginary part of the complex relative permeability can
be calculated as follows:

" Ploss
[ R (12)

ﬁﬂoH%V

Thus, at low magnetic fields

Ky Hy + KeBif + Kex By f0°

- > (13)
H#OHm
At intermediate magnetic fields
KnBh + KeBLf + Kex B0
" hDm mf m f ) (14)

Tf#on%

In a closed magnetic circuit, the applied magnetic field, H.,
generated by alternating current i is given by

] NI,
H.= ﬂ = —= cos wt = Hy cos wt. (15)
kil kel

The complex number form of the applied magnetic field is
written as (Engdahl 1999)

H. = Hyel, (16)

where N is the number of the excitation coil turns, I, is the
amplitude of the alternating current, k; is the leakage coeffi-
cient of the magnetic flux, L is the length of the GMM rod,
H,, is the amplitude of the applied magnetic field, and w is the
angular frequency.

In a sinusoidal magnetic field, the relative permeability of
the GMM rod is a complex number, and the complex number
form of magnetic flux density is given by

Be = po(u' = ju"YHe = poHu| el + ped@=52]. (17)

Therefore, based on equation (15), the magnetic flux
density, B., in the GMM rod can be written as

B. = pop'Hy, cos ot + pop”Hy, cos (a)t - g)

= poHc (' + p” tan wt). (18)
Equation (18) can be rewritten as
B. = pop'Hy, cos ot + pop"Hry, Sin ot

= po\p'? + p'* Hy cos (ot — @), (19)

where ¢ is the lag angle, and its value can be calculated as
@ = arctan (ﬂ—,)
U

The amplitude of the magnetic flux density can be
obtained from equation (17):

Bm = U, [”/2 + #//2 Hm-

Therefore, the real part of the complex relative permeability
can be calculated as

(20)

2D

(22)

Equations (14) and (22) show that B,, is the key para-
meter to calculate the complex permeability of the GMM rod.
To obtain the amplitude of the magnetic flux density when the
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giant magnetostrictive actuator is driven, a sensing coil is applied magnetic field, H..
wound around the excitation coil.
. . S B
The voltage of the induction coil is given by Mo=28 CH —H. -1+ 4 tan o). 30)
dB Ho

E=-NA—,

m (23)

where N, is the number of sensing coil turns and A, is the
cross-sectional area of induction coil.

Due to the sinusoidal variation of the magnetic flux
density with time, the amplitude of the magnetic flux density
can be obtained from equation (23),

h wN;A. ’

(24)

m

where E,, is the amplitude of the induced voltage.

The applied magnetic field, H, consists of the biased
magnetic field, Hy,, and the control magnetic field, H.; gen-
erally, the biased magnetic field, H,, is constant, and the
control magnetic field, H, can be generated by a step-applied
current or a sinusoidal applied current.

First, if the control magnetic field, H,, is generated by a
step-applied current, and the value of the control magnetic
field, H., is far less than that of the bias magnetic field, Hy,
then the module of the GMM rod relative to the permeability
can be treated as a constant. The energy equation is provided
as follows in the dynamic magnetization process of the GMM
rod:

Pin:Pm+Peddy+Pex- (25)
Substituting equations (7) and (9) into (25) yields
#of(ﬂr - 1)HcdHc = ﬂochdHc
K. ( dB. Y Koy ((dB.\'?
+/ ( c)dt+/ ( ) dr. (26)
272\ dr 8.67\ dr

Differentiating equation (26) by the variable H, leads to
K. dB. dB.
272 di dH,
Koy ( dB.\*° dB.
8.67( dr ) dH,’

po(u = 1)He = poM. +

27

Replacing :% by uou and dividing by pu, gives

,urKe dBC Kex/’ﬂ- ( dBc )0'5
- 1)H. =M + + . 28
(e = 1)1 272 dr 867 \ dr (28)
Replacing :g" by ZZ‘ gives

He K. dM,
272 dr

(ue — 1)He = M. +

Kt  dM, )03
Ml ( ) . (29)
8.67 dr

If K. and K. are identified (they can be obtained from
equation (14)), then the magnetization, M., can be solved
numerically by using the Newton—Raphson method.

Second, if the control magnetic field, H,_is generated by
a sinusoidal applied current, then the magnetization, M., can
be deduced from the magnetic flux density, B., and the

Considering the relative permeability, 4 = p' — ju”, then

’

w =l = w2 31)

Hy

Substituting (15) and (31) into (30) yields

M, = Hm((1/|;4r|2 - u"? - 1) cos wt + " sin a)t). (32)

Rewriting equation (32) yields

2
Mc=\/( \ﬂr\z — (u") - l) + (")

X H,, cos (a)t — Hh), (33)
where 6, is the lag angle caused by the hysteresis
0, = arctan d . (34)

Yl =@y -1

Equations (33) and (34) are only valid for a low-fre-
quency sinusoidal magnetic field to a high frequency sinu-
soidal magnetic field. In this case, we can acquire the GMM
rod practical magnetic field distribution according to Max-
well’s equation, and the applied magnetic field, H., yields

djz L2 = jout, (35)
considering the boundary conditions
H.(rg, t) = Hpel®. (36)
Thus, the solution of equation (35) is
H.(r, 1) = —Jo(rm) Hyel®, 37
Jo (FG\/W )
where Jy () is a zero-order Bessel function.
In the GMM rod axes,
Jo(0) o
H (0, 1) = WHme/ !
= ;Hmej“”. (38)

Jo(VcW)
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The GMM rod practical magnetic field distribution

_ ber(rg JoyH) — jbei(rg W) o
~ ber(rg J@yH ) + bei? (rgw) '
Rewriting equation (39) gives
_ 1
Jber? (1 @) + bei(r6 Jara)
O ).

(39)

X Hy, cos(wt — (40)

where 6, is the lag angle caused by the eddy,
bei(rG Joyu )
ber(rG‘/wyﬂ) )

Considering equations (33) and (34), it is possible to rewrite
equation (40) to give

6. = arctan [ 41

2
( i = - 1) + ('Y
ber?(rg Joyp ) + bei (16 JovK)

X Hpy, cos (wt -0y - He).

(42)

3.3. Magnetomechanical model of GMM rod

According to the discussion in reference (Li and Zhu 2012b),
the free strain due to magnetostriction along field direction 4
is given by

=3 s,

M2, 43
2 M2 43)

where Ag and Mg are the saturation magnetostriction and the
saturation magnetization, respectively.

Considering that the actual magnetic field is caused by
the biased magnetic field and the control magnetic field, the
practical magnetostrictive 4 yields
3 1s

3 s, .,
M H. + Hy) — ——M
2 M2 ( W3 Y

= lo | M2(H + Hy) = M7 ],

A=
(44)

where H,, is the biased magnetic field in the GMM rod, M,, is
the biased magnetization intensity in the GMM rod, and k; is
a constant,

3 s

k
Tam

(45)
The output displacement, y, of a giant magnetostrictive
actuator can be written as follows according to Hooke’s law:

K

= EN),
Ag

(46)
where K is equivalent to the stiffness of the GMM rod and
Ag, E™ are the cross-sectional area and the elastic modulus of
the GMM rod, respectively.

3N

/|
/|

i
Figure 4. Lumped parameter model of giant magnetostrictive
actuator.

Substituting (44) into (46) yields

EMAGA E AG 5 )
y=—"=h [M (He + Hy) — Mb]. 47
If an experimental point (Hy, yo) is known,

EYAg , 5
Yo =k K (Mo _Mb)
knEMAG (|| ~ 1)2
- [+ 1) - 12 ] (48)
K
Substituting (48) into (47) yields
M2 (H, + Hy) — (|| = 1) HZ
= Yo- 49)

(u 1) | (Ho + ) — 1|

3.4. Kinetic model of a giant magnetostrictive actuator

The lumped parameter model of giant magnetostrictive
actuator is a mass-spring-damping system (Tan and
Baras 2004), as shown in figure 4.

Magnetostrictive energy in the GMM rod can be written
by

Ef EH)?

W, = 22dV =
2

AgLg. (50)

Based on the conservation law of mechanical energy, we
can obtain

Wy = Lm? 4 C / Wt + LKy?, (51)
2 2

where v are the velocity of the giant magnetostrictive actuator.

m, C, K are the equivalent mass, equivalent damping, and

equivalent stiffness of giant magnetostrictive actuator,

respectively.

Substituting (50) into (51), and then differentiating
equation (51) leads to

di

EHAG/l LG = mvili + Ov? 4+ Kyv. (53)
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Figure 5. Schematic representation of a fluidic deflector-jet amplifier.

The strain of the GMM rod,
written as

e=y/Lg, which can be

where o is the prepressure stress on the GMM rod, o, is
approximatively constant in the process of the GMM rod
stretching out and drawing back. So the velocity, v, of the
actuator can be written as follows:

_d_y_ds

= =—Lg~ —Lg. 55
! dt dt ° dt ¢ (>3)
Substituting (55) into (53),
d’y  dy
EHAGL = m—= + C— + Ky. 56
T ar " (0

Equation (6) is the same as equation (50) and equation (51) in
the manuscript.

A, A,

44

qL A q> q \-

Load

(a) Structural schematic diagram

Using Laplace’s transforms in equation (56) yields

AGEMA

_— 57
ms2 + Cs + K

y:

3.5. Model of deflector-jet hydraulic amplifier

A schematic representation of a deflector-jet hydraulic
amplifier is shown in figure 5. Hydraulic fluid at system
pressure is fed to the jet-nozzle, which directs a fine stream of
fluid at two receivers. At null (no signal to the GMA), the jet
stream impinges on each receiver equally, and therefore equal
pressure is applied to each receiver. When an electrical input
signal is applied to the coils of the GMA, an electromagnetic
force is created. The force causes the GMM rod to extend in a
horizontal direction, resulting in more fluid impinging on one
receiver than the other. The resulting differential pressure
between the two receivers is created.

Consider the deflector-jet amplifer shown in figure 6. The
four variable orifices are completely analogous to the four
arms of a wheatstone bridge. Arrows at the ports indicate the
assumed directions of flows, and the numbers at ports refer to
subscripts of the flow and the area at the ports.

Let the GMA be given a positive displacement from the
null or neutral position (that is, the position y=0) and the
continuity equations for the two valve chambers are

2 2
gL = q1 — 94 = CaAy ;(1% -p) - CdA44/;p1 (58)

2 2
gL = g5 — g, = CaA3 ;I’z - G4As /;(I% -py), (59)

PL=P1— D> (60)
where ¢, is the flow-through load and p; is pressure drop
across the load. A;, A, Az, A, are functions of GMA dis-
placement:

A =A1(y) =A10) + py (61)
Ay = Ay (=y) = A2(0) = By (62)
i >
Vq
) qL
Ds /Hﬂ P — P>
Moo aff
A 4

(b)Full bridge hydraulic resistance network

Figure 6. Full bridge hydraulic resistance network of a fluidic deflector-jet amplifier.
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A3z = A3(y) = A3(0) + Boy
Ay = As(=y) = A4(0) + p,y.

Consider the boundary conditions for A;, A4 as follows:

(63)
(64)

Atmin = A0, g5, p, =0 (65)

Armax = A0, _g 105, = 7R} (66)
Asmax = A4 () |y=0_Se_Rj = 7R 2/cos 6, (67)
Asmin = AsO)| g 5,5, = 7(R2/cos 6, = RY).  (68)

Equations (65)—(68) may be solved simultaneously to obtain

AK0%=§RKRj—05Q,

T
ﬂl_ERJ’
7R? b4
A4(0)=—"— + ZR(0.5¢ — R)),
+©) cos 0, 2 J( J)
T
B, = =R; (69)
2
Substituting (69) into (61)—(64) yields
T
Al(y) = ERj(Rj —05e +y) (70)
T
Ay (y) = ERJ(Rj ~ 0.5¢ - y) (71)
As(y) = i + £R<(05e—R<+ ) (72)
V= s 6, 2 '\ iy
aR? T
As(y) = —— + ZR.(0.5¢ — R; — y). 73
s0) =50 SRj(05e - R =) (73)

Thus, seven equations, (58) ~ (60), (70) ~ (73), are required to
define the pressure-flow behavior of the deflector-jet ampli-
fier. These seven equations can be solved simultaneously to
yield load flow as a function of valve position and load
pressure; that is,

q.=q.(y, pL). (74)

In making a dynamic analysis, the nonlinear algebraic
equations which describe the pressure-flow curves must be
linearized. We can express this function as a Taylor’s series
about the null or neutral position operating point,
q, = qL(O, pL). Therefore

Ay + aﬂ
y=0 ap L

+ —

A c
-0 T oy Pt

y=0

(75)

.= ‘IL‘

Consider the deflector-jet hydraulic amplifier operating in the
vicinity of the null position; the higher-order infinitesimals are
negligibly small, and we may write

o,

Ap; .
opy, PL

y=0

(76)

9= ) = Ag = —

In the null position of the deflector-jet hydraulic ampli-
consider y =0, Rj— 0.5e=R;, 05e— Rj~—R;,

aR?/ cos 0, ~ nR?, and equation (69) to obtain

fier,

m®=M@=?f (77)

A3(0) = Ay (0) = 7R — gkf. (78)

Consider y = 0, ¢, = 0, and equations (58) and (59) to obtain

P1= P2
__ A0
TAZO) + A0
_ R}
RE+(2R2 - Rj2)2ps
1

=k (79)

I+ (2K 1)

A, D? R}
where krj = A_J = D_Jz = R_Jz
Substituting (58), (59), (77), (78), and (79) into (76)

yields

2 B
Agy = kyaRiCy | =——————— Ay
P 1+ (2kg—1)

(ki - 1 + k3

—Cy7R;
T k1

Ap, (80

2 I
Aqy = k4aR;Cq |=————— Ay
P 1+ (2kg—1)

(k= 1) +&2

2
1

Ap,. (81)

Substituting (80) and (81) into (60) yields

Aqy, = Kpody — Keodpy, (82)
2 R

where —_—,
P 1+ (2kg-1)

KpO = krjﬂ.'Rde

2, 2
Ko = iC Rz(k,j—l) +hk§ [ 1+ (25— 1)
0 = F AR T — 1 2om

Substituting Ap; = 0 into (82), the flow in no-load yields

2 b
q=q. = Kpy = krjﬂ'Rde\/_—vy'

(83)
P14 (2kg— 1)

Substituting Ag; = 0 into (82), the pressure in zero flow



Smart Mater. Struct. 23 (2014) 115001 Y Zhu and Y Li

-\

(a) The internal fluid mesh model (b) Fluid model for pressure (c¢) Fluid model for flow

Figure 7. The internal flow channel model of a deflector-jet servovalve driven by GMA.
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Figure 8. The pressure distribution of a deflector-jet servovalve driven by GMA.
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Figure 9. The velocity distribution of a deflector-jet servovalve driven by GMA.
4. Numerical simulation

The internal flow channel model in the deflector-jet servovalve
driven by GMA is built as shown in figure 7. Figures 7(b) and
(c) are the numerically investigated fluid models, the blocked
pressure characteristics, and the zero load flow characteristics.
After accomplishing the internal flow channel model, meshing

(84) generation accordingly assumes the boundary condition as inlet
pressure, p, = 7MPa, and outlet pressure, p, = 0.

10
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Figure 10. The simulation results of a deflector-jet servovalve driven by GMA.

The other parameters appearing in the internal flow
channel model are given as density of fluid, p =850 kg m™,
and dynamic viscosity of fluid, p;=0.031Pa-s. Take the
calculation model as a turbulence model. Figure 8 gives the
pressure distribution results of a numerical simulation from
y=0, y=0.05mm, and y=0.1 mm. Figure 8 shows that the
pressure value is at a maximum where the fluid enters, and at
a minimum at the jet-nozzle exit. The pressure value is
recovered in the receiver hole. When y =0, the pressure value
in the two receiver holes is equal; however, when the jet-
nozzle moves to the right, the pressure in the right receiver
hole increases gradually, while the pressure in the left receiver
hole decreases gradually.

Figure 9 gives the velocity distribution results of a
numerical simulation from y=0 to y=0.1 mm, which show
that the velocity value of the fluid in the jet-nozzle area is at
a maximum. When y=0, the velocity value of the fluid
is zero in the middle position of the connecting pipe
between the two receiver holes However, it increases gra-
dually when the jet-nozzle moves towards the right.
Figure 10 provides the numerical simulation results of a
deflector-jet servovalve driven by GMA from y=0 to
y=0.1 mm, which shows that the output pressure and output
flow rate have a linear relationship with the displacement of
the jet nozzle.

5. Parameter identification

First, in the above-mentioned model, the four paramenters to
be identified are the eddy current loss coefficient, K.,
the hysteresis loss coefficient at intermediate fields, K,
the Steinmetz exponent, n, and the excess loss coefficient,
K.«. The parameter identification method is as follows: first,
based on equations (42) and (47), 1 expression can be
rewritten as

Ax K [Ho ' — 1+ p'tanowr) + My — M. (85)

11

Table 2. Amplitudes of magnetic flux density, by measuring and

calculating.
fHz)  In(A)  En(V)  Bn(T)
5 0.5 0.053  0.0300
5 0.7 0.095  0.0530
50 1.0 1.140  0.0637
100 1.0 1.900 0.0531

Substituting (57) into (85) yields

= Ni(’—1+ ”tancot)+M2
y kilo M Iz b
AGEYK,
————t—y, (86)
ms~ + Cs + K

where y, is the displacement generated by the bias mag-
netic field.
Substituting (22) into (86) yields

2

2
] —u"? — 1+ pu" tan ot | + M,

AGEYK,
ms® + Cs + K

= Vb (87)

The voltage of the induction coil is also measured by an
oscilloscope. Through measurement and calculation, the
amplitudes of magnetic flux density under different alternat-
ing currents and frequencies are shown in table 2. The number
of the sensing coil turns, N, is 150, the diameter of the
induction coil, d., is 22 mm.

Based on equation (87) and the parameters in table 2, the
output displacement, y, becomes solely a function of the
imaginary part of the complex relative permeability. Due to
the low permeability of the GMM rod, which has a relative
permeability of less than 10, the imaginary part of the
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Figure 11. Output displacement versus input current used for parameter identification.

complex relative permeability can be obtained by varying its
value from O to 10 to minimize the sum of the squares of the
errors between the experiment values and the fitted values
provided by equation (87). Substituting the obtained values
into equation (14) can result in a set of equations; the hys-
teresis loss coefficient, the eddy current loss coefficient, and
the anomalous loss can be identified by solving these
equations. The experiment curves used for parameter identi-
fication and the simulation curves provided by equation (87)
are shown in figure 11. The values of the parameters to be
identified are shown in table 3.

Also, in the magnetization model of the GMM rod, the
output displacement of the GMA meets equation (49), and
only the imaginary part of the relative complex permeability,
1", need be identified.

Because the lag angle caused by hysteresis increases with
the amplitude value of the applied magnetic field, the value of
the imaginary part of the relative complex permeability has a
positive correlation with the amplitude value of the input
current, SO we assume

' = kil (88)
where k; is the parameter to be identified and I, is the
amplitude value of the input current.

Take the amplitude value of the input current, I,,=0.5 A,
and the frequency of the input current, f=1 Hz. We make the

12

10

==:Model results
— Experimental data

5 L
~
5t
10 : : : :
06 03 0 03 06
/A

Figure 12. Identification of imaginary part for relative complex
permeability.

Table 3. The value of parameters to be identified.

Parameters Value
Hysteresis loss coefficient (K},) 85805
Hysteresis loss coefficient (n) 1.8092
Eddy current loss coefficient (K.) 2753.39
Anomalous loss coefficient (K.,)  895.80
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1. GMM-based DJSV 2.Pressure sensor 3. Directional valve 4. Electromagnetic relief valve 5. Power amplifier 6. Signal

generator7.Oscilloscope 8. Energy accumulator9. Pressure gage 10. Stop valve 11.Fine filter 12.Pump 13.Motor 14.Tank

(a) Schematic of the servovalve experimental set-up

(b) Photograph of the servovalve experimental set-up

Figure 13. Schematic diagram of the GMM-based DJSV test system.

minimum square sum of the difference value between the
simulation curves and the test curves, which is shown in
figure 12. Thus, we acquire the imaginary part of relative
complex permeability as k; = 2.2.

6. Model validation

A prototype was built and tested. The experimental results
were compared with the mathematical models. The pressure
response of the valve with varying drive currents was ana-
lyzed. Figure 13 shows the experiment platform used for
measuring the performance of a deflector-jet electrohydraulic
servovalve driven by a GMA; it consists of driving sub-
systems, test subsystems, and oil source subsystems.

The driving subsystem includes a signal generator and a
constant-current power amplifier. The test subsystem includes
a pressure sensor, pressure gauge, and an oscilloscope. The
oil source subsystem includes a hydraulic pump, an electro-
magnetic relief valve, and a solenoid directional valve.
Additional structural parameters for the deflector-jet electro-
hydraulic servovalve are shown in table 4.

The two receiver ports in the deflector-jet servovalve
were connected to the identical pressure sensor (MS5100,
measuring range 0~ 10 MPa, accuracy: +0.25% BSL, max
(combined linearity, hysteresis, andrepeatability)). The test
fluid used was HM-32 mineral oil. A schematic and
photograph of the valve test rig are shown in figures 13(a) and
(b), respectively. The experiment operates as follows.

Step 1: First, the oil pressure of the hydraulic pump exit
port is set by an electromagnetic relief valve, which supplies
oil to the jet-nozzle with a solenoid directional valve. Accu-
mulators were used at the supply and return ports of the valve
to provide near constant pressure.

Step 2: At the null position (no voltage to the drive coil
of the GMA), the flow from the deflector impinges equally on

13

Table 4. Model parameters for the GMA.

Parameters Value
Radius of GMM rod (rg) [mm] 5
Length of GMM rod (Lg) [mm] 80
Equivalent mass of GMA (m) [kg] 0.1
Equivalent damping of GMA (c) [Ns m!] 3000
Equivalent stiffness of GMA (K) [Nm™] 9.9%10°
Bias magnetization (M) [kA m™'] 160
Leakage coefficient of the magnetic flux (Ky) 1.2
Number of the excitation coil (V) [turns] 1300
Young modulus of GMM rod (E™) [GPa] 20
Electrical resistivity of GMM rod (p) [£2m] 6x 1077
Inductance of drive coil (L) [mH] 6
Resistance of drive coil (R) [£2] 6
Sampling resistance (Ry) [2] 0.5

the two receiver ports, so that the pressures on the two
receiver exit ports are equal.

Step 3: When a voltage from the signal generator is
applied to the power amplifier, which converts and magnifies
it as a current signal, the control magnetic field is established
immediately, so the actuator moves the deflector.

Step 4: The displacement of the deflector differentially
directs the jet of fluid toward one of the two receiver ports,
thus increasing the pressure in that port. This phenomenon
creates a pressure imbalance between the two receivers.
Accordingly, differential pressure is built between the two
receivers.

6.1. Static characteristics

The static characteristics are the relationship between the
output pressure and the input current under rated supply
pressure, which is obtained by the quasi-static harmonic input
current. The rated supply pressure is 7 MPa, the amplitude of
the input current is 1 A (from -0.5A to 0.5A) and 2A
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Figure 14. Output pressure generated by the input current at static in a GMM-based DJSV.
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Figure 15. Output pressure generated by step input current in a GMM-based DJSV.
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Figure 16. Steady-state output pressure generated by step input current in a GMM-based DJSV.

(from —1 A to 1 A), and the frequency of the input current

is 0.1 Hz.
Figure 14 shows the model calculation results and the
experimental data of the static output pressure for the
deflector-jet electrohydraulic servovalve driven by a GMA.
When the input current varies from —0.5A to 0.5 A, the
output pressure has a variation range from —0.18 MPa to
0.19 MPa, and the model results and the experimental data
have a good agreement, as shown in figure 14(a).

However, when the input current varies from —1 A to
1 A, based on the experimental data, the output pressure
changes from —0.47 MPa ~ 0.45 MPa, and the model results
overestimate the value of the output pressure, which is shown
in figure 14(b).

By comparing the hysteresis loop in figures 14(a) and (b)
with the increase of the input current amplitude, it is observed
that the output pressure hysteresis loop varies from a sym-
metrical loop to an asymmetrical loop. Thus, the nonlinear

characteristics of the output pressure become more serious,

14
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Figure 17. Sinusoidal response curves of a GMM-based DJSV.
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Figure 18. Frequency characteristic of the GMM-based DIJSV.

which indicates that the maximum input current of this ser-
vovalve is limited, and hysteresis inverse compensation
measures should be taken under the large input current in the
deflector-jet electrohydraulic servovalve driven by a GMA.

6.2. Step response

The time response of the deflector-jet electrohydraulic ser-
vovalve driven by the GMA was carried out with step input.
The time response was evaluated using the setup, as shown in
figure 13. The valves were commanded by a step voltage, and
then the pressure was recorded using an oscilloscope. The
recorded data were subsequently analyzed in a computer and
the curves were plotted as shown in figure 15. As figure 15(a)

shows, the time required to reach the steady-state output
pressure for a step input signal is approximate 3 ms. As
figure 15(b) indicates, the steady-state output pressure value
will reach 0.23 MPa and 0.37 MPa for the step input current
from O to 1 A and the step input current from 0 to 0.5 A,
respectively.

From the model results and experimental data in
figure 15, we can see that this servovalve can obtain fast
transition properties without ripple or overadjustment.
Moreover, the above-mentioned model prediction results for
this servovalve coincide perfectly with the experimental
results. From the model results and experimental data in
figure 16, the steady-state output pressure of the prototype
valve is in good agreement with the predicted results.

15
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Figure 19. Sinusoidal response curves of a GMM-based DJSV.
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Figure 20. Frequency characteristics of a GMM-based DJSV.

6.3. Sinusoidal response and frequency characteristics

The pressure response of the two receiver ports with sinu-
soidal supply voltages is analyzed. The operating conditions
supply pressure of 7MPa and an exciting coil voltage
amplitude of 2V (corresponding to current 1 A). The test
setup is shown in figure 13. The operating process is as
follows.

First, adjust the jet nozzle (the output rod of the GMA) to
the null position. Next, supply sinusoidal voltage from a
signal generator to the power amplifier; the voltage frequency
varies from 10 Hz to 300 Hz. The pressure response curve is
captured by an oscilloscope, and the corresponding data are

16

recorded and plotted in figure 17 with model simulation data.
Figure 17 shows reasonable agreement between the experi-
mental data and the model results.

Based on the results in figure 17, the output pressure
magnitude-frequency characteristic and phase-frequency
characteristic of the deflector-jet electrohydraulic servovalve
driven by a GMA are plotted in figure 18. As figure 18(a)
shows, under 1 A input current amplitude, the —3 dB band-
width from the experimental data and the model results is
approximately 150 Hz, and the theoretical results are in per-
fect agreement with the experimental data. As figure 18(b)
shows, under 1 A input current amplitude, the —90° phase
bandwidth from the experimental data and the model results is
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Figure 21. Spectral analysis results with input current 1 A and an excitation frequency from 10 Hz to 300 Hz.

approximately 300 Hz, and the experimental data are slower
than those of the model predictions.

The following part is the pressure response of the two
receiver ports with a sinusoidal supply voltage amplitude of
1V (corresponding current: 0.5 A). The voltage frequency
varies from 10 Hz to 400 Hz. The other operating conditions
are the same as for the part outlined above. Figure 19 gives
the sinusoidal pressure-response curves for both the experi-
mental data and the model results.

Based on the results in figure 19, the output pressure
magnitude-frequency characteristic and phase-frequency
characteristic of deflector-jet electrohydraulic servovalve
driven by GMA are plotted in figure 20. As figure 20(a)
shows, under the 0.5 A input current amplitude, the —3 dB
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bandwidth from the experimental data and the model results is
approximately 350 Hz, and the theoretical results of output
pressure magnitude bandwidth agree perfectly with the
experimental data. As figure 20(b) shows, under the 0.5 A
input current amplitude, the —90° phase bandwidth from the
experimental data and the model results is approximately
500 Hz, and the experimental data are slower than the model
predictions as well.

Moreover, as shown in figures 14—17, and 19, the actual
measured pressure data exhibit significant ripples. With the goal
of uncovering the nature hidden behind the experimental curve,
a spectral analysis with input current 1 A and excitation fre-
quency from 10Hz to 300 Hz was completed. The results of
this analysis are shown in figure 21, proving the prediction that
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random noise is what excites the ripples in the experimental
curve.

7. Summary and conclusions

(1) In this paper, a new type of GMM-based DISV is
developed for the first time, which is mechanically less
complex than the conventional torque motor and avoids
the use of a torque motor that requires manual assembly
and careful air-gap adjustment; hence, its reliability is
higher than the conventional servovalve.

(2) In the present study, the model of a GMM-based DISV is
built, which involves five submodels from the viewpoint
of energy conversion and incorporates both the fre-
quency-dependent hysteresis and the magnetomechanical
behaviors of the magnetostrictive actuator; the model
results indicate that it can describe the relation between
the applied field and the output pressure for the
servovalve over a broad range of operating conditions,
which is of great practical value in estimating and
controlling the new type of servovalve.

(3) The blocked pressure characteristics and zero-load flow
characteristics of the GMM-based DJSV are numerically
investigated based on computational fluid dynamics
models established in this article, which show that the
output pressure and output flow rate have a good linear
relation with the displacement of the jet nozzle.

(4) The system model parameters are in some cases
estimated from physical design data and are also derived
or verified by experimental data. The match between the
simulated and experimental results indicates that the
behavior of the servovalve is largely understood.

(5) The experiment platform used for measuring the perfor-
mance of a GMM-based DJSV is also established, a
simulation and experimental research on the servovalve
are performed, and the results demonstrate that the present
GMM-based DJSVs have a large output pressure range,
rapid response, and high bandwidth, which provide a
competitive way to develop a new type of high-frequency
and high-flow-rate electrohydraulic servovalve.
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