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Giant magnetostrictive actuators (GMAs) have received considerable attention in recent years and are
becoming increasingly important in the exploitation of new type electromechanical devices. The perfor-
mance of giant magnetostrictive actuator (GMA) is generally determined by the precision of the GMA
output displacement; however, the heat-induced displacement of a GMA is the principal element influ-
encing the precision of the GMA output displacement. In this paper, a precise GMA with a heat-induced
displacement suppression system is developed; the heat-induced displacement control mechanism con-

Kgywords: . . sists of a temperature control module and a thermal displacement compensation module. Based on the
Giant magnetostrictive material . . N
Actuator heat-transfer rules, a GMA heat-transfer mathematical model and a GMM rod heat-induced displacement

model are built; next, the mathematical models of GMA heat-transfer are solved and the temperature
distribution, the heat-induced displacement, and the heat transfer rate of GMA are completely obtained.
Finally, a test system for a GMA heat-induced displacement suppression system is implemented, and an
experimental study of the system is performed. The results of the GMA heat-induced displacement by
experimental research basically coincide with the results of the GMA heat-transfer mathematical model,
that is, the GMA temperatures are controlled to below 35°C and the GMA heat-induced displacement
remains within a small range under an input current of 1 A for a period of continuous operation of 80 min.
The system observably improved the precision of the GMA output displacement; as a result, the research

Heat transfer
Finite element method
Temperature

results provided a basis for a precise micro-displacement GMA.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Giant magnetostrictive materials (GMMs) dubbed Terfenol-D
enabled the development of a totally new class of electromechani-
cal devices with higher energy density, faster response, and better
precision than previously possible [8,14,15,18,19,21,31,32]; such
devices can be applied for use in sound and vibration sensors [22],
sonar systems [13], active vibration control systems [32], micro-
motional control [20], magnetostrictive motors [10,20], hydraulics
[5,12,23,24], and sensors [6]. Magnetostrictive devices are fairly
robust as far as wear and tear are concerned, which exhibit their
potential for replacing traditional piezoelectric devices.

Giant magnetostrictive actuators (GMAs) are one of the most
exciting new actuator technologies available today, which have cre-
ated new design options for mechanical and electrical engineers
alike; however, GMAs are complex structures requiring a careful
design, with the performance of a GMA determined directly by the
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precision of the GMA output displacement, which is dependent
on the coupling deformation displacement due to magnetostric-
tive deformation and thermal deformation. Therefore, determining
how to decouple, inhibit, and control the thermal deformation dis-
placement are the difficult points and key technologies required for
improving the precision of the GMA output displacement.

For high-power GMAs, forced cooling measures or constant tem-
perature control methods are common approaches to achieve a
GMA high-precision output displacement, which uses water cir-
culation between the GMM rod and the exciting coil to remove the
heat generated by the GMM rod and the exciting coil and, accord-
ingly, to ensure the GMM rod temperature accurately remains
within a certain small range. For example, Jia [7] cooled the GMM
rod using a spiral water cooling tube outside of the GMM rod. Lu
et al. [16] adopted the internal and external double water cooling
mechanism to further reduce the thermal displacement to 0.02 wm.
Wang [24] developed a type of the real-time compensation sys-
tem based on a thermal compensation pipe, which uses hydraulic
oil as a cooling medium to cool the GMM rod; they performed
experiments both in summer and winter, and the experiment
results indicated that the GMM rod temperature rise is rapid at the
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beginning, but after the temperature rose to a certain value, it
tended to reach equilibrium, and the system achieved a relatively
satisfactory thermal displacement control effect. Furthermore, the
phase change temperature control method [4], which keeps the
GMM rod temperature constant by using some phase change mate-
rials to absorb or release a large amount of latent heat in the process
of phase change to enable the GMM rod temperature remains
nearly unchanged. Anjianappa applied this method to attempt to
maintain the temperature of the GMM rod in a certain range; how-
ever, because of the limitation of the heat absorption capacity of the
phase change materials, the GMM rod temperature can only remain
constant over a short time. The subsequent improvement method
is called the combined temperature control method, which uses
both water or semiconductor material and phase change materials
to cool the GMM rod, in other words, the water on the outside of
the coil is used to prevent thermal deformation of the shell, and the
phase change materials on the inside of the coil is used to inhibit
thermal deformation of the GMM rod. Wu performed an experi-
ment [26] that indicated if no cooling measures were taken, the
temperature of the GMM rod would exceed 100°C in the fourth
hour when the GMA begin working, but by using the combined
temperature control measures, the GMM rod temperature can be
maintained to within 45 + 0.5 °C, during which time, the output dis-
placement of the GMM rod caused by the temperature fluctuation
is not more than 0.1 wm. Semiconductor refrigeration is a method
that involves the contact surfaces being coated with thermal sili-
cone grease to increase the coefficient of thermal conductivity [9] of
the surface in contact with several semiconductor thermopiles that
are installed on both ends of a coil bobbin to enable cooling water
to flow past the hot end of thermopile, which can strengthen the
radiating effect and ensure that there is a higher cooling efficiency.
Kwak [27] used a compressed air to cool the GMM rod; through a
finite element analysis and experiment research, they concluded
that a cooling air temperature of 18 °C and an air velocity of 2.8 m/s
represent the optimal cooling conditions.

For a small power GMAs, the passive thermal deformation com-
pensation method often is used, mainly including the software
compensation method, the thermal expansion offset method, and
the flexible support compensation method. The software com-
pensation method is simple to use [29]. In the GMA using the
software compensation method, the temperature control compo-
nent is installed on the GMM rod, and the controller is used to
compensate the heat-induced displacement of GMM rod; the GMA
does not require additional hardware system, but its heat-induced
displacement control precision is not high. The thermal expan-
sion offset method [28] in a precision GMA with 20 wm stroke
and a 1mm x 1 mm x 20 mm GMM rod is placed on the stainless
steel coil bobbin, which has the same thermal expansion coeffi-
cient as the GMM rod. The external surface of the GMA uses an
invar alloy that has a very low thermal expansion rate, so the GMM
rod thermal deformation is offset by the stainless steel coil bobbin
thermal elongation. The basic idea of flexible support compensa-
tion is to utilize the GMA coil bobbin thermal expansion to drive a
flexible hinge mechanism, which adjusts in real time the position
of the GMM rod bottom support point, thus inhibiting the GMA
heat-induced displacement output during GMA operation. Xia [25]
designed a flexible hinge compensation device with a supply cur-
rent of 600 mA; after continuous application of the power supply for
120 min, the thermal deformation of GMA was up to 27 pm with-
out compensation, but the thermal deformation reduced to 7 pm
after compensation.

For theoretical research of the GMM rod thermal deformation
and the heat-induced displacement control, Zeng et al. [30] used
the finite element method (FEM) to calculate the flow field dis-
tribution and temperature field distribution of the GMA with a
forced cooling system; the cooling system was able to keep the

temperature of GMM rod under 70°C. Stillesjo [3] analyzed the
operation of a giant magnetostrictive ultrasonic transducer with a
drive current 10 A and frequency of 21 kHz using FEM, and he con-
cluded that the flow rate of the cooling water of 6.8 L/min can keep
the temperature of actuator at approximately 80°C.Li[12] designed
a control valve driven by a hollow giant magnetostrictive actuator;
in the hollow actuator, the hole is used as a cooling passage to cool
the actuator in addition, they studied the change of the GMA tem-
perature as a function of the driven frequency and analyzed the
eddy current loss, magnetic hysteresis loss and frequency charac-
teristics of the complex permeability based on the theory of the
minimum energy condition and magnetism theory [11]. Anjanappa
and Bi [1], Bi [2], Angara [17] proposed a thermal resistance the-
ory that was applied to research on heat transfer and amended
the piezomagnetic equation; unfortunately, the deduction of the
GMA calculation model on the heat-induced displacement was not
performed.

In summary, although there are many compensation structures
and control methods to control the GMAs thermal deformation, the
effect is not ideal enough to only adopt a single thermal compensa-
tion approach, and the existing GMAs thermal displacement control
research is mainly in the experimental study phase, with a lack
of systematic theoretical research on the GMA heat transmission
and heat-induced displacement compensation mechanism. There-
fore, it would be of great theoretical and engineering significance to
explore the GMA thermal displacement control theory and perform
an experimental study of the combination of temperature control
and heat-induced displacement compensation.

The thermal displacement control methods above-mentioned
are constant temperature control method and passive thermal
deformation compensation method, respectively, for the former,
the equipment is complex and the real-time temperature control
performance is not always satisfactory; for the latter, the coeffi-
cient of thermal expansion for the compensating element varies
with temperature, so it is difficult to keep the high precision of the
thermal deformation compensation in a large temperature range.
In this paper, we present a new idea that active and passive con-
trol method simultaneously, that is, we reduced the temperature of
GMM rod to a small temperature range by means of active control
method, obtained a high thermal displacement control precision
by use of passive control method, which is easier to achieve in a
small temperature range for a GMA. In the present study, a GMA
is designed and fabricated with a heat-induced displacement sup-
pression system, which consists of an active GMM rod cooling
module and a passive heat-induced displacement compensation
module. Next, based on the equivalent thermal resistance theory
and the definition of the liquid specific heat capacity, the GMA
heat-transfer model at steady-state is established. Subsequently,
assuming the coefficient of thermal expansion of the GMM rod is
constant, the GMA heat-induced displacement calculation models
under both free convection and forced convection are determined.
Accordingly, the temperature rise, the heat-transfer rate, and the
heat-induced displacement of the GMM rod are calculated accord-
ing to the present calculation model. Finally, the heat-transfer test
system of the GMA is built, and the test results have a good agree-
ment with the theoretical calculation results of the present model,
which provides a great contribution to the design and application
of a precise GMA.

2. GMA structure and working principle

As Fig. 1 shows, the GMA magnetic circuit is composed of the
following components: output shaft, upper end cover, GMM rod,
sliding block, preloaded bolt, outer cover, base, etc. By adjusting the
preloaded bolt, a appropriate prestress (7 MPa is selected from the
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Fig. 1. GMA configuration diagram (1) output shaft; (2) upper end cover; (3) disk spring; (4) outer cover; (5) exciting coil; (6) coil bobbin; (7) GMM rod; (8) sliding block;

(9) preloaded bolt; and (10) base.

specification of the manufacturer of GMM rod) is provided for the
GMM rod, which make the efficiency and coupling factors of GMA
higher than those of the no prestress case. The bias direct current
in the exciting coil provides a bias magnetic field for the GMM rod,
which enables the GMA operate in the linear region. When the drive
current in the exciting coil is switched on, accordingly, the driving
magnetic field is established, and the electro-magnetic energy will
turn into mechanical energy, thus elongating and shortening the
GMM rod, which can make the output shaft move according to the
design requirements.

Moreover, an appropriate cooling system must match the over-
all heat generated during operation. As shown in Fig. 1, the present
GMA heat-induced displacement suppression system is composed
of an active GMM rod cooling module and a passive GMM rod heat-
induced displacement compensation module, and the two modules
operate at the same time. The active cooling module is composed
of the pump, the liquid (water is selected for the experiment), and
the ring runner (between the coil bobbin and the GMM rod), which
cools the GMM rod by making the liquid flow past the gap between
the coil bobbin and GMM rod; thus, the flowing liquid will take
away part of heat generated by the coil when the GMA is operat-
ing. The passive heat-induced displacement compensation module
is comprised of the coil bobbin, the preloaded bolt, and the flow-
ing liquid. The top of the coil bobbin is connected to the upper end
cover of the GMA, and the bottom of the coil bobbin is connected
to the preloaded bolt. The coil bobbin and the preloaded bolt can
move in the opposite direction of the GMM rod magnetostrictive

displacement. When the GMA is operating, the coil bobbin will
have thermal expansion downward with a temperature rise due
to its upper end being fixed; because the preloaded bolt is con-
nected with the coil bobbin by screw thread, the preloaded bolt will
move down as well. As a result, there is a gap between the GMM
rod and the bottom sliding block. The GMM rod, meanwhile, also
produces a thermal expansion downward for the upward block,
which can guarantee that the amounts of their thermal expansions
are equal or approximately equal at a certain temperature range, so
that the thermal deformation of the GMM rod can be compensated
and suppressed.

3. GMA steady-state equivalent thermal resistance model

Because the GMA is an axisymmetric solid of revolution, to sim-
plify the theoretical analysis, it is ignored that all of the screws and
other local tiny structures in the GMA; thus, the GMA can be con-
sidered as a axisymmetric structure, so, based on the equivalent
thermal resistance theory, the GMA heat transfer model is shown
in Fig. 2. In Fig. 2, the coil is the heat source, and it has two heat-
transfer pathways: first, the heat generated by the coil is conducted
to the air through the outer cover; second, the heat is conducted to
the GMM rod by the coil bobbin and the liquid. As shown in Fig. 2(a),
the GMA steady-state equivalent thermal resistance model under
free convection, that is, the liquid between the coil bobbin and the
GMM rod is motionless. As shown in Fig. 2(b), the GMA steady-state
equivalent thermal resistance model under forced convection, that

(@

b)

Fig. 2. GMA steady-state equivalent thermal resistance model.
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Fig. 3. Equivalent thermal circuit model of the GMA.

is, the liquid between the coil bobbin and the GMM rod is forced to
flow by the action of the pump.

Accordingly, the GMA equivalent thermal circuit model is shown
in Fig. 3 (Anjanappa et al. [1]; Bi [2]; Angara [17]). Because the coil
is a major part of the heat source for the GMA, as the GMA opera-
tes in DC or low frequency AC, the quantity of heat generated by
the eddy current loss and the hysteresis losses can be ignored; as
aresult, s is the heat transfer rate produced by the coil under car-
rying current i and resistance R, @g and @, are the heat transfer
rate which is conducted to the GMM rod by the coil bobbin and to
the air through the outer cover, respectively, Ts is the temperature
of the heat source, Tg, Tp is temperature of the GMM rod and the
ambient air, respectively, and the expression of @; is:

&g =i’R (1)

Based on the equivalent thermal resistance model of the GMA,
the following formula is obtained

D5 = D + Py (2)

The configuration of the main component in the GMA is cylindri-
cal, so the heat conduction differential equation in the cylindrical
coordinate system is as follows:

o4 190 ot 10 ot ] ot .

It is well-known that there are three distinct modes of heat-
transfer: conduction, convection and radiation. In reality, the
temperature distribution in the GMM rod is controlled by the
combined effects of the above three modes; therefore, it is actu-
ally impossible to isolate entirely one mode from the interactions
with the other modes. However, for simplicity in the analy-
sis, we consider that the conduction is a dominant factor in
the heat flux transfer from the heat source to the outer cover
and the coil bobbin, while the convection and the radiation are
negligible.

When the GMA operates in DC or low frequency AC, by the anal-
ysis of the actual heat-transfer, the mathematical model of GMA
heat-transfer at steady state can be simplified to one-dimensional
conduction without an inner heat source and the heat conduction
coefficient is constant; thus, Eq. (3) can be simplified as:

190 ot

0= T <M8r) (4)

In a similar way, we consider that a large space free convection
is the dominant factor in the heat flux transfer from the outer cover
to the ambient air, and finite space compulsory convection is the
dominant factor for the heat flux transfer from the coil bobbin to
the liquid, while conduction and radiation are negligible.

From the Newton cooling formula

@ = hy At (5)

Through simple deduction on the basis of formula (4) and the
definition of thermal resistance, the thermal resistance expression

can be obtained as follows

ko IN(a+rs/2rs) o In@rp/ra+ry) | In(rs/ra),
AT 2wl T 2mAcdly, T 2Ly
_In(r1/r2)
7 e ©

where R is the thermal resistance of one half of the coil from the
coil center inward, R¢, is the heat resistance of one half of the coil
from the coil center outward, and R}, and Ry, are the thermal resis-
tances of the coil bobbin and the outer cover, respectively. L; is the
axial length for the GMM rod. A, A, and Ay, are the thermal con-
ductivities of the coil, coil bobbin and the outer cover, respectively,
L, and Lc¢ are the lengths of the coil bobbin and the outer cover,
respectively.

Through simple deduction on the basis of formula (5) and
the thermal resistance definition formula, the thermal resistance
expression of R, and R, can be obtained as follows:

1 1
o= 271r3Lbh0 P AT 27Tr4LchA

where R, is the thermal resistance of the heat convection between
the inside of the coil bobbin and the liquid, R, is the thermal resis-
tance of the heat convection between the outer cover and the
ambient air, and h, is convective heat transfer coefficient between
the coil bobbin and the liquid, with hy = hy; under free convection
and hy = hoy under forced convection; hp is convective heat-transfer
coefficient between the outer cover and the ambient air.

Analogous to Ohm'’s law in an electrical system, the following
equations can be written as:

(Rei + Ry + Ro)P =Ts — Tgg (8)
(Reo +Rp +Rp)®Pp =Ts — Ty (9)

R (7)

4. GMA heat-induced displacement calculation model
4.1. GMA heat-transfer model

According to above-mentioned GMA heat-induced displace-
ment control principle, the GMA final heat-induced displacement
mainly depends on the preloaded bolt, the GMM rod, the sliding
block, the output shaft and the coil bobbin. Based on the model
mentioned above, considering the free convection and the forced
convection, we determined the calculation models as follows: the
temperature rise model and the heat-induced displacement model
of the GMM rod and the coil bobbin, and the total heat-induced dis-
placement model for the GMA with and without the heat-induced
displacement compensation measures.

According to Fig. 2, the solution of the coil bobbin temper-
ature distribution can be simplified as a one-dimensional heat
conduction problem. The outward side of the coil bobbin yields the
boundary condition of the second kind, and the inward side of the
coil bobbin yields the boundary condition of the third kind; how-
ever, the inward temperature of the coil bobbin is time dependent.

After integrating the formula (4) twice, the general solution of
the formula (4) can be obtained:

t=ciInr+c (10)

where c; and c; are integration constants determined by the bound-
ary conditions.

For the outward direction of the coil bobbin, the boundary con-
dition is the boundary condition of the second kind, which can be
written as follows:

r=rs

D¢ (11)

2nrsly

dt
*)\ba =—-q4c=—
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Fig. 4. Thermal compensation of the schematic diagram of the GMA under free
convection.

where qg is the heat flux of the outward side of the coil bobbin;
minus on the left side of Eq. (11) means that the direction of heat
transfer is opposite to the one of temperature rise, and minus on
the right side of Eq. (11) means that the direction of heat transfer
is opposite with one of cylindrical coordinates.

Substituting (11) into (10) yields
CiAp D¢

I3 - G:2nr3Lb (12)

For the inward of the coil bobbin, the boundary conditions are
as follows:

r=ry

dt (13)
*)\ba = —ho(t —tf)

where t¢ is the liquid temperature and ¢; is time’s function under a
free convection; minus on the left side of Eq. (13) means that the
direction of heat transfer is opposite to the one of the temperature
rising, and minus on the right side of Eq. (13) means that direc-
tion of the heat transfer is opposite with the one of the cylindrical
coordinates.

Substituting (13) into (10) yields

Clrﬁ =ho(cy Inr4+ 03 —tf) (14)
4

Based on simultaneous Eqs. (12) and (14), the coil bobbin tem-
perature distribution Ty, can be written as

_ ¢G1 r }\b
b= Taply (0 s+ )+ (1)

Because the liquid temperature tf in Eq. (15) is an unknown
quantity, we will deduce the expression of t; under free convec-
tion and forced convection. The gap between the coil bobbin and
the GMM rod is full of flowing liquid, so, at steady state, the tem-
perature of the liquid t¢ is the same as the temperature of the GMM
rod; at this time, the heat flow @ generated by coil completely
transfers to the liquid.

4.2. GMA heat-induced displacement calculation model under
free convection

The thermal compensation schematic diagram of the GMA
under free convectionis showninFig. 4: the GMM rod is fixed on the
left end and is compressed by the preloaded bolt on the right end.
When the exciting coil is powered on, the GMM rod overcomes the
pre-compression force from the preloaded bolt to drive the output
rod in the right direction.

Because the exciting coil is powered on for a long time, the resis-
tance heat from the coil is generated; accordingly, the temperature

of the GMM rod, coil bobbin, preloaded bolt, sliding block and out-
put shaft will altogether rise, and the heat-induced displacement
will appear, thereby resulting in the heat-induced displacement of
GMM rod being in the right direction; however, the heat-induced
displacement of the coil bobbin, preloaded bolt, sliding block and
output shaft is on the left direction, which will decrease the heat-
induced displacement of the GMM rod greatly. Accordingly, the
output displacement precision of GMA will improve greatly as well.

By the definition of the liquid specific heat capacity, the heat
flow from the coil bobbin to the liquid in the annular clearance at
a period of time is as follows:

Qi =t:Pc (16)
Q = mCr AT = pw(rs —r2)(Lp + Lg + Ls. + Lo)CrA
T = pm(r3 — r2)LaCr AT (17)
where Ct is the liquid specific heat capacity, t; is the heat trans-
fer time, Lp, Lg, Lsi, Lo is the length of the preloaded bolt, GMM
rod, sliding block and output shaft, respectively,and Ly = Lp + Lg +
LSL + Lo.
Based on formulas (16) and (17), the following expression can
be written that the preloaded bolt temperature rise ATp, the GMM

rod temperature rise ATg, the sliding block temperature rise ATs
and the output shaft temperature rise ATp

t;Pc1

ATp = ATg = ATs = ATop = ——F5——
" ¢ st 7 om(r2 — 12)LACr

(18)

Accordingly, the preloaded bolt temperature Tp, the GMM rod
temperature Tg, the sliding block temperature Ts; and the output
shaft temperature Tg can be written as follows

t P +To (19)

h=To=Ts.=To=——5—5—+
pm(rg — r3)LaCr

where Ty is the start temperature of the preloaded bolt, GMM rod,
sliding block and output shaft, and To = Ta.
Based on simultaneous Eqgs. (1), (2), (8), (9) and (18), the heat
flow @1 can be written as follows:
p*n'(rf - ré )LACT(Rco + Ry + Ra)i%R
,()"IT(TAZ1 - r%)LACT(RCO + Ry +Ra+Ri+Rp+ Ro) + t;

Dc1 = (20)

The temperature of the coil bobbin’s inner surface is approxi-
mately equal to the liquid temperature at steady state, so the liquid
temperature t; can be written as:

t; ¢G1

thATG—i-TO :TGZ _—
pmi(ry — ré)aCr

+To (21)

Based on simultaneous Egs. (12), (14) and (21), the expressions
for c; and c, can be written as follows:

Diq
= 2l (22)
Ap ) G1 t:Pc1
cy=|———Inr + T 23
2 <I‘4ho1 4 2alphp CT,OH'(I“% — 1’% La 0 (23)

So the coil bobbin temperature distribution T;, can be written
as:

Tb=‘pcl[# (lnL+ Ab t;

+ T 24
2nlphy Iy r4h01> CT,o*rr(rﬁ—ré)LA] o (24)

Formula (24) describes the relationship between the coil bob-
bin’s temperature distribution and the radius of coil bobbin, but
the specific calculation formulas of hy and h, still must be iden-
tified. The dimensionless temperature gradient Nusselt number of
the liquid in the coil bobbin inward can be written as follows

hol

Ny ==
u o

(25)
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The Reynolds number of the fluid between the GMM rod and
the coil bobbin is small, so Sieder-Tate equation can be used to
calculate the average Nusselt number as follows:

RefPrf 1/3 N¢ 0.14

Nu_1.86< /d ) (Uw) (26)
where Rey is the Reynolds number under the fluid average temper-
ature, Pry is Prandtl number under the fluid average temperature,
n¢ is dynamic viscosity under the fluid average temperature, 1y is
dynamic viscosity of fluid under coil bobbin inward temperature.

Based on the simultaneous Egs. (25) and (26), h, can be ver-
ified. The dimensionless temperature gradient Nusselt number of
the fluid on the outer cover inward surface can be written as follows

(27)

According to the free convection experimental correlation in a
large space.

Ny = C(GrPr)}, (28)

Based on simultaneous Eqs. (27) and (28), ha can be verified.
Accordingly, based on the simultaneous Egs. (23)-(28), the temper-
ature field distribution of the coil bobbin is completely established.

The coil bobbin heat-induced displacement can be calculated
by the temperature distribution of the coil bobbin; because the
temperature distribution of the coil bobbin yields an exponen-
tial distribution, the outward surface temperature of coil bobbin
is higher than the other part, so the coil bobbin heat-induced dis-
placement calculated by the outward surface temperature of the
coil bobbin.

The hollow cylindrical rod with one end fixed and the other end
free thermal expansion yields

20 [
V=5 / (Tz — Ty)rdr (29)
r3—12 Ji,

where L is the length of cylindrical rod, « is the linear thermal
expansion coefficient of the cylindrical rod, r{,r, are the inner
diameter and outer diameter of hollow cylindrical rod, respectively,
and Ty, T, are the temperature of hollow cylindrical rod before and
after thermal expansion, respectively.

Based on Egs. (18) and (29), the heat-induced displacement can
be written as follows:

t;Dcropl
yp = z2 G1 2P P (30)
,07'[(7'4 - rG)LACT
t, PgroL
Yo = 22G1 2Gc, 31)
pJT(T'4 e )LACT
t; Pgros. L
Yo = 2(:1 SZL SL (32)
pm(ry —r&)LaCr
t,Dcra0l
Yo= —5E0 (33)
pm(ry —r&)LaCr
Yo1 =Yp+Yc+YsL+Yo (34)

where op, o, osp, ®g is the thermal expansion coefficient of
preloaded bolt, GMM rod, sliding block and output shaft in axial
direction, respectively, and yp, yg, ¥sL, Yo is the heat-induced dis-
placement of preloaded bolt, GMM rod, sliding block and output
shaft, respectively.

Based on Eqgs. (24) and (29), the coil bobbin heat-induced dis-
placement can be written as follows:

Ab ) 1 tz (35)
anb)”b CT,O"AT(T4—TG)LA

r
= Lyop D, (ln——i-
ya2 b%¥b c1[ ta  Tahor
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Fig. 5. Thermal compensation schematic diagram of the GMA under forced convec-
tion.

where «y, is the thermal expansion coefficient of the coil bobbin in
the axial direction, and Ly, is the length of the coil bobbin.
So the GMM rod heat-induced displacement with compensation
of the coil bobbin can be written as follows
tzPci(aplp + aclc + asiLsL + aolo)

Y63 =Yc1 —Yc2 = pﬂ(rﬁ — ré)LACT

r A 1 t
Lo (ln— L M ) n z 36
b¥ ¥ G1 |: rqg  tgho1 /) 2mLphy CT,O"IT(ri - r(z_;)LA (36)

4.3. GMA heat-induced displacement calculation model under
forced convection

The thermal compensation schematic diagram of the GMA
under forced convection is shown in Fig. 5, and the flowing liquid
between the coil bobbin and the GMM rod replaces the motionless
liquid, as shown in Fig. 4. At the steady state of heat-transfer, the
heat flow @, generated by the coil completely transfers to the lig-
uid in the annular clearance, which will prompt the liquid in the
annular clearance to heat up.

As Fig. 5 shows, choose the GMM rod axial direction as the z
direction and the infinitesimal liquid as an analytic target; thus,
the infinitesimal liquid quality dm can be written

dm = pdV = pm(ri —r¢)dz (37)

At heat transfer steady state, the infinitesimal heat dQ; from the
coil to the infinitesimal liquid dm can be written

dQ; =t, dzcz dz (38)

where t; is the time that the fluid flows from the inlet to position z.
At the same time, by the definition of the liquid specific heat
capacity

dQ; = CGrATdm (39)

where Cr is the specific heat capacity of the liquid.
So, based on the simultaneous Egs. (38) and (39), the infinitesi-
mal liquid temperature rise AT can be written as follows

t:Dco

AT = ——2-—
Crpm(ry —ré)la

(40)

Assume the flow velocity of fluid of v; and t;>La /v, are based
on Eqgs. (20) and (40), @ can be rewritten under forced convection

pm(r? — 12)LaCr(Reo + Ry + Ra)i2R

Dy = )
pm(ry — 1&)LACT(Reo 4+ Ry + Ra 4+ Rej + Ry + Ro) + La/v1

(41)
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Similarly, based on Eq. (41), the average temperature rise Ats of
the liquid between the coil bobbin and GMM rod can be written as
follows

L)

= Y@ 42
2Crpn(ry — ¢ (42)

Atg
Accordingly the relationship between the heat transfer time and

the GMM rod’s average temperature at steady state can be written

as follows

o)

Tp=Tc=Tso=To=At;+To= ———5——5—
2Crpn(r? — ré3

+To (43)

Based on the simultaneous Eqs. (12), (14) and (42), the coil bob-
bin temperature T}, can be written as follows:
¢G2 r )\.b (DGZ

=—"(In—+ +
27[Lb}\b( ra  t4hey”  2Crpm(r —r2)n

Ty +To (44)

Based on the simultaneous Egs. (29) and (43), the heat-induced
displacement of the preloaded bolt, sliding block and output shaft
can be written as follows:

Deorapl
Vo= (45)
2pn(ry —rg)Crin
DL
yo - —Satele _ (6)
2pm(ry —rg)Crin
Dras L
Vo= o LS (47)
2,0’IT(T4 - rG)CTv1
Draol
yo - —aolo _ (8)
2,0’IT(T4 - rG)CTv1
Yc1 =Yp+Yc +YsL+Yo (49)

Based on the simultaneous Egs. (29) and (44), the coil bobbin
heat-induced displacement can be written as follows:

r )\.b

1
—— (In— +
2Ly Ap ( T4 r4h02) 2Crpm(rd — 12

Ye2 = Lyap c2 [
(50)

So the GMM rod heat-induced displacement with compensation
of the coil bobbin can be written as follows:

Deo(aplp + aglc + as Lsy + aolo)

Y63 =Yc1 — Va2 =
2Crpm(r2 —r2)n
1 r A 1
Ly ® 7(ln—+ b)+ 51
b¥b=G2 |:27TLb)"b T4 T'4h02 ZCT,O?T(I"% —ré)w ( )

Table 1
Relevant structure parameters and physical parameters for a GMA.

Name Unit Symbol  Value
GMM rod radius mm TG 6
GMM rod length mm Lg 80
Coil bobbin length mm Ly 116
Preloaded bolt length mm Lp 32
Sliding block length mm Ls. 4
Output shaft length mm Lo 8
Cover outward radius mm r 28.5
Coil outward radius mm ) 245
Coil bobbin outward radius mm 3 15
Coil bobbin inward radius mm T4 11.5
Coil resistance Q R 8
The coefficient of thermal expansion 10-6/K oG 129
for GMM rod

The coefficient of thermal expansion 10-6/K [+28 17.6
for coil bobbin

The coefficient of thermal expansion 10-/K op 12.2
for preloaded bolt

The coefficient of thermal expansion 10-6/K s 12.2
for sliding block

The coefficient of thermal expansion 10-6/K o 12.2
for output shaft

Heat conductivity coefficient of liquid W/mK AL 60.8
Thermal conductivity of coil W/mK Ae 398
Thermal conductivity of coil bobbin W/mK Ab 16.3
Thermal conductivity of cover W/mK Ah 60
Surface coefficient of heat transfer of W/m?2 K ha 16
cover outward

Surface coefficient of heat transfer of W/m? K ho1 300
coil bobbin inward

Surface coefficient of heat transfer of W/m?2 K hoa 800
coil bobbin inward

Specific heat capacity of liquid J/kg°C Cr 42 x10%
Liquid density kg/m3 P 1.0x 103
Ambient air temperature °C Ta 20
Start temperature of GMM rod °C To 20

5. Theoretical model calculation results

Based on the above-mentioned GMM rod temperature rise
and heat-induced displacement model and the relevant structure
parameters and physical parameters for GMA presented in Table 1,
computer programs for GMA steady heat-induced displacement
can be programmed in MATLAB, which can be applied to a sim-
ulation study of the GMM rod temperature rise and heat-induced
displacement.

First, based on Egs. (18), (20) and (30)-(34), the exciting coil
of GMA is energized by input currents of 0.6A, 0.8A, 1.0A, and
1.2 A; thus, we obtain the GMM rod temperature rise and the GMM
rod heat-induced displacement simulation results shown in Fig. 6,
which shows that the GMM rod temperature rise and heat-induced

80

—e—i=0.6A

Fig. 6. GMM rod temperature rise and heat-induced displacement without thermal compensation (ha = 16).
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Fig. 7. GMM rod temperature rise and heat-induced displacement without thermal compensation (ha =56).
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Fig. 8. The heat transfer rate of the GMA.

displacement increases with time when the exciting coil is ener-
gized for 80 min by application of a current of DC 1.0 A, the GMM rod
temperature will exceed 65 °C, and the heat-induced displacement
of the GMM rod will reach up to 43 ., which is close to the displace-
ment of the GMM rod magnetostrictive displacement. Therefore,
we can draw a conclusion that GMA will not work effectively with-
out heat-induced displacement control measures. Moreover, we
perform the program by increasing the value of hy from 16 to 56,
with the simulation results shown in Fig. 7; when the exciting coil
is energized for 80 min by DC 1.0 A, the GMM rod temperature will
exceed 37°C, and the heat-induced displacement of the GMM rod
will reach up to 16 w, which clearly indicates that the GMM rod

100
50
g
S
(0]
>
-50
-100
0 20 40 60 80
t/ min
(a)

temperature rise and heat-induced displacement are more sensi-
tive to the value of hp than to the other parameters of the GMA.
Accordingly, we can decrease the GMM rod temperature rise and
heat-induced displacement by increasing the value of hy, e.g., we
can cool the outer cover of the GMA using a liquid to increase the
value of hp.

Based on Egs. (1), (2) and (20), the heat transfer rate @, con-
ducting heat to the GMM rod through the coil bobbin and the heat
transfer rate @51 conducting heat to the air through the outer cover
are shown in Fig. 8.

Fig. 8 shows that the heat transfer rate ®g; decreases with
time and the heat transfer rate @, increases with time; this time

Fig. 9. GMM rod heat-induced displacement with thermal compensation under free convection.
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Fig. 10. GMM rod heat-induced displacement with thermal compensation under forced convection.

dependence is caused by the temperature increase of the GMM
rod with time, which results in the temperature potential Ts — Tg
decreasing with time. Accordingly, based on formula (8), the heat
transfer rate @, decreases with time. Second, based on simul-
taneous Eqgs. (20), (34)-(36), we obtain the total heat-induced
displacement of the preloaded bolt, GMM rod, sliding block and out-
put shaft yg1, the coil bobbin heat-induced displacement yg, and
the GMM rod heat-induced displacement with thermal compen-
sation yg3, as shown in Fig. 9. The effect of thermal compensation
in DC 0.6 A and DC 0.8 A is observed to be better that of DC 1.0A
and DC 1.2 A, but the result of the GMM rod heat-induced dis-
placement with thermal compensation under free convection is
unsatisfactory.

Finally, based on simultaneous Eqgs. (41),(49)-(51), the input coil
with DC0.6 A, 0.8A, 1.0A, and 1.2 A results in the yg1, Vg2 and yg3
responses shown in Fig. 10; the result of the GMM rod heat-induced
displacement with thermal compensation under forced convection
is observed to be satisfactory.

Based on Egs. (1), (2) and (41), the heat transfer rate ®@¢, con-
ducting heat to the GMM rod through coil bobbin and the heat
transfer rate @5, conducted heat to the air through the outer cover
are shown in Fig. 11.

6. Experimental investigation

The heat-transfer test system of the GMA is shown in Fig. 12.
The temperature of the GMM rod is measured using a platinum
resistor Pt100, the displacement of GMM rod is measured using a
dial indicator (precision is 1 wm) and a laser displacement sensor

(precision is 0.2 wm), a diaphragm pump supplies the liquid to cool
the GMM rod, a signal generator and power amplifier supply cur-
rent to the exciting coil of the GMA. In this test system, the active
temperature control of the GMA is performed by the flowing liquid
supplied by the diaphragm pump. The passive heat-induced dis-
placement compensation of the GMA is achieved by the coil bobbin
heat-induced movement for the up-end fixed and down-end free,
which can compensate the heat-induced displacement of the GMM
rod.

The test conditions and parameters are as follows: the DC input
currents are 0.6 A, 0.8 A, 1.0A, the turns per coil is 1300, the coil
static resistance is 8 €2.

The magnetostrictive displacement of the GMA is dominated
by NI, the heat-induced displacement of the GMA is governed by
the temperature and the thermal expansion coefficient of GMM
rod, but, the magnetostrictive displacement of the GMA is also
influenced by the temperature of GMM rod, therefore, firstly, a
experiment have been performed to disclose the relationship that
the magnetostrictive displacement yg of GMA vs the temperature T
of GMM rod in given input current value 0.6 A, 0.8 A, 1.0 A. As shown
in Fig. 13, comparing with thermal displacement of GMA, the mag-
netostriction displacement variable quantity with the temperature
is minor.

Then, the thermal displacement control experiment is per-
formed, when the coil is energized, we immediately observe the
reading of the dial indicator, with the reading indicating only
magnetostrictive displacement of the GMA. After the coil was ener-
gized for a certain time period, we again observed the reading of
the dial indicator, with the difference between the two observed
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Fig. 11. GMM rod heat-induced displacement with thermal compensation under forced convection.
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Disglacement

Exciting coil

Fig. 12. Heat transfer test system of the GMA.

values being the heat-induced displacement of the GMA. The test
results are shown in Figs. 14-16, which were obtained with the
flow velocity of fluid v; = 0.2 mm/s. Fig. 15 is yg vs t for GMM rod
heat-induced displacement with thermal compensation under free
convention, however, Fig. 16 is yg vs t for GMM rod heat-induced
displacement with thermal compensation under forced conven-
tion.

As shown in Fig. 14, that GMM rod temperature rise and the
GMM rod heat-induced displacement increase continuously with
time without thermal displacement control measures, and the both
the GMM rod output displacement and the GMM rod tempera-
ture increase with the value of the input current. The experimental
data exhibit good agreement with the model results, which verified
the validity of the above-established model. As shown in Fig. 15,
the GMM rod temperature continuously increases with time under
free convection by thermal displacement control measures, but the
GMM rod heat-induced displacement drastically decreased by the
passive heat-induced displacement compensation measure under
free convection. Comparing Figs. 14 and 15, the GMM rod heat-
induced displacement is observed to reduce from 52 pm to 3 wm
when the exciting coil of GMA is energized for 80 min.

Aiming to further improve the precision of the GMA output dis-
placement, the test under forced convection is performed, with the
experimental data and the model results shown in Fig. 16; the fig-
ure shows that the GMM rod temperature is below 35°C and that
the GMA heat-induced displacement remains within a small range
under input currents of 0.6 A, 0.8 A, 1.0 A continuously operating
for 80 min. The results indicate observably improved precision of
the GMA output displacement under the different input current
conditions. The laser displacement sensor minimum precision is
0.2 wm, as a result of that, the conclusion is that the simulation
data approximate coincide with experimental data in Fig. 16(b). By
above comparison, we find that the model simulation curves coin-
cide well with experimental data, which demonstrated the validity
of theoretical model presented.

Moreover, comparing Figs. 14(a), 15(a) and 16(a) with Figs.
14(b), 15(b) and 16(b), we can capture the phenomenon that exper-
imental and theoretical simulated values of GMM rod temperature
rise exhibit better agreement than that of GMM rod thermal dis-
placement, this reason is that the coefficient of thermal expansion

30 T T T T T T

10 1
¥1=0.6A
~+[=0.8A
--|=1.0A

Yoo w0 w0
T/

Fig. 13. Magnetostrictive displacement vs GMM rod temperature.



Y. Zhu, L. Ji / Sensors and Actuators A 218 (2014) 167-178 177
80 601
--+--experimental data --+--experimental data
70 —— model results 50l | ——model resuits _.”_‘____'__.....,...*.....
;""‘ .
60 a0l .//o’ i=1.0A
% £ < s
~, 50 2 30 g e
= S0 g i =0. 8A
#
40 20t yd
// /./ —.___*___’__—o----o----o----o---o---o----o
30 Ny —— i =0. 6A
2% 20 40 60 80 % 20 0 60 80
t/ min t/ min
(a) (b)
Fig. 14. Test results of the GMA without thermal displacement control measures.
3 -
801 —+- experimental dat
--+--experimental data 251 expjrllmen z ata o gabe
70} | — model results ’ model results -
2
60f
. 50} g 1.5
= a0} *
30t 0.5
204 Of++
N N N y -0.5 L L N y
100 20 40 60 80 0. 0 20 40 60 80
t/ min t/ min
(a) (b)
Fig. 15. Test results of GMA under free convection.
34 0.7¢
----- experimental data —— model results ----- experimental data
32 i=1.0A | 0.6} % —modelresults
o __-»-——o————""'""""'*_"*""‘—“_’-—-—‘—_"*_“ .
30 0.5¢ _ 7
i =1.0A
o 28 i =0.8A E 0ot —0—0—
2 D S S d | e /
e — s
= 26 " >ED 0.3 N i =0.8A //
i =Q;6A,.-—-*""* S~ o .
24 . P 02p0 ¥ B O + 0 +00 8 &8 &80
e N 4
22 01 i =0.6A
20 . . . . . . , 0——= L B—L— 5—1—8 g
0 10 20 30 40 50 60 70 0 20 40 60 80
t/ min t/ min
(a) (b)

from the components such as coil bobbin and sliding block change

Fig. 16. Test results of the GMA under forced convection.

module and a thermal displacement compensation module.

their values with their temperature rise.

7. Conclusion

(1) A GMA is developed with a heat-induced displacement sup-
pression system, which consists of a temperature control

To investigate the relationship between the GMM rod ther-
mal deformation and the GMA parameters, we established a
GMA steady-state equivalent thermal resistance model and a
GMA heat-induced displacement calculation mode under free
convection and forced convection.

(2) The test system for the GMA heat-induced displacement sup-
pression system was established, and an experimental study
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was performed; the results of the GMA heat-induced displace-
ment by experimental research basically coincide with the
results of the GMA heat-transfer mathematical model, which
are valid only for static state.

(3) Based on the theoretical and experimental research results, for
the GMA under study, the temperature is controlled to below
35°C, and the GMA heat-induced displacement remains within
a small range under 1A input current continuously operating
for 80 min, which observably improved the precision of GMA
output displacement. The research results provided a basis for
the application of a precise micro-displacement GMA.
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