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Extended-Range Linear Magnetostrictive Motor
With Double-Sided Three-Phase Stators

Won-Jong Kim Member, IEEEJames H. Goldie, Michael J. Gerver, Jerome E. Kiley, and John R. Swenbeck

Abstract—The authors have developed a novel extended-range and hybrid electric vehicles. In addition to providing traction for
linear magnetostrictive motor using the peristaltic motion ofalam-  these vehicles, electric actuators and motors will be the natural
inated Terfenol-D (Tbo 3 Dyo.7 Fe;) element. This element migrates - o gjice for all auxiliary functions such as power steering, air con-
in the opposite direction of the traveling magnetic field generated ditioning compressor drives, brakes, and even automatic trans-
by prevailing three-phase armature commutation. The actuator o ) ) = e ]
mechanical design is in an open structure in order to allow easy missions. S|nce d|reCt'dr|Ve e|ectrIC I|near motors fa|| to matCh
assembly and access to internal actuator components. Eight setsthe force capability of hydraulics, rotary motors have been com-
of Belleville washers guarantee uniform squeeze preload in spite hined with gear reducers and ball or lead screws to create a high
of wear, thermal expansion, or motion of the moving element. We ¢4 ¢q |inear actuator. This approach, although effective in many

incorporated a laminated Terfenol-D slab in this actuator to re- . . . .
duce the eddy current, leading to high-frequency high-speed oper- situations, requires the added complexity of a speed reducer and

ation. We have also designed and constructed the power electronicsim"_OdUCes b_af3k|aSh-_M0f90V9f, it may be too S|U99i3h for appli-
and control units for the magnetostrictive actuator's open-loopand cations requiring rapid response and maneuvering.

closed-loop operations. With a series-resonant capacitor, we were  |n response to these limitations, we have been developing
able to achieve a near-unity power factor and decrease the reactive novel linear and rotary electric machines which employ Ter-

power requirement by a factor of 20. The magnetostrictive motor ) o T
has demonstrated 12-mm/s speed at excitation frequency of 1600fenoI-D (Thy 3Dyo.7F&), a giant magnetostrictive material in-

Hz, and shown 140-N load capacity. The effective travel range of troduced by the Naval Ordnance Laboratory, in a configura-
the present motor is 25 mm, and can be extended further. This tion in which it travels like an inchworm along a channel with
linear magnetostrictive motor shows great potential in high-force  tight-fitting walls [1], [2]. The result is a device which combines
precision positioning applications such as automotive actuators, ovianded travel with the well-known high force and torque ca-
robotics, and flight control surface actuators. . .. .
pability of magnetostrictive actuation. Furthermore, the motor
Index Terms—Automotive actuator, linear motor, magnetostric-  self-brakes and holds its position when unpowered, which is
tion, magnetostrictive actuator, real-time digital control, robotics, beneficial to many applications. These magnetostrictive actu-
three-phase motor. . - ) . -~
ators do not require bearings or other components with friction,
suggesting their utility in precision positioning applications.
|. INTRODUCTION This approach has been implemented with piezoelectrics to

ESEARCHERS are seeking to develop electrically-povf-vercome their limited micrometer-order travel range for low-

ered actuators that can provide greater forces and torq A€ T}'gh'g recision posr|]t|on|ngt.hFolr h;gger fng? ?pi)rl]lca(;uonsl,
within a given volume. In particular, if electric actuators cal ere has been research over the fast decade Into the develop-

achieve force (or torque) densities which are comparable w ent of a variety of magnetostrictive devices. Kiesewetter at the

hydraulic actuators, then there are a wide range of potent &tcr:]hnlca;.l lén'vir_f_'tyf of I?'eﬂlnt.dﬁtrnf'c;tr]str?tid .pirr:stﬁltlclagcégn
applications of electric actuation in high-force precision pos—I acylinderot ertenolin a ight-fithing tube in the fate S

tioning systems: robotics, automated manufacturing, flight ?l' Alter K|eseyvette.r, there were s_eyeral notat_)le resear_ch re-
naval control surface actuators, appliances, pump drives, ts on actuation with magnetostrictive materials. Vramsh

so forth. Furthermore, a future market in the automotive busl-: designed a magnetostrictive rotary motor using Terfenol-D

ness is developing because of the increasing interest in ele I]C Wa'n'g and Busch-V|shn|ac dewsed a two-d|m§n§|onal m-
cropositioner by conjugating two linear magnetostrictive actua-

tors [5]. Claeysseat al. built a high-torque motor using magne-
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the element. This static squeeze preloading produces the normal
force necessary for fail-safe joint locking. Paftg and(c) of

Fig. 2 show the effects of a swept longitudinal magnetic field
on the shape and location of the magnetostrictive element. The
field lines are oriented as shown and are swept from right to left.
As the field begins to interact with the element [pén}], that
portion of the element expands along the field lines, extending
to the right. As the field passes completely into the element, the
right portion of the element returns to its original shape, locking
against the channel [pa¢t)]. As the field continues through

the element, the extended region propagates through the block
until the field passes completely to the left. The element has ef-
fectively moved to the right, while simultaneously maintaining
contact with the channel.

Fig. 1. Photograph of the extended-range linear magnetostrictive motor with .
double-sided three-phase stators. A. Underlying Theory

We have analyzed the actuator (for force or torque, speed,
and losses) as a function of the design parameters and applied
electrical power previously [9]. This analysis included the effect
of the compressibility the Terfenol-D slab. It produced impor-
; tant conclusions, regarding the speed capability of the device.
i magnetic field Neglecting the effect of the finite contact area between the Ter-
: ; i m | fenol and the channel, the analysis showed that the output speed
Ly o (v) of the magnetostrictive motor is given by

w g
v = E <6max - ﬂ) ) (1)
T
Fig. 2. Working principle of the linear magnetostrictive actuator. Th(Where ] )
sandwiched magnetostrictive element migrates in the opposite direction ofw temporal frequency (rad/s) of stress, strain, and dis-
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the trav_eling magnetic field generated by thg _commgt'ation in the' armatures. placement in the TerfenoI-D:(2 % electrical excita-
Clockwise from the upper left corner: pg#) initial position; part(b) initial . .
field interaction; partc) field propagation; and paftl) final displaced position. tion frequency);

k wave numbe( 2 /pole pitch, where the pole pitch is
28.8 mm &£218 m1);

peak magnetostrictive strain under no-load condition;
Young's modulus of Terfenol-D=£50 GPa);

external load (N);

pansion, or motion. Contrary to piezoelectric peristaltic actua-
tors, our magnetostrictive motor shows a smooth and continuougmax
motion. We demonstrated speed of 12 mm/s at 1600-Hz excitaZ
tion frequency, and 140-N load capacity with this magnetostric- ‘
tive motor. In addition, we looked at ways to address the majori7 ~ cross-sectional area of the Terfenol-BY.5 mm x

— —6 M2
challenges associated with this type of device: low power factor 28.0 mm = 266 x 107> m").

and high eddy-current losses. This paper describes how the adYOte thatw/k equals the propagation of phase velocity of
tuator is configured, how it works, how it solves the challengel1€ €xcitation field.l"/EAz is the load-induced strain in the

theoretical predictions of its performance, power and contrdf'fenol-D cross section. Thug/E Ay reduces or increases
electronics, and experimental results. the no-load magnetostriction, .., depending on the direction

In the next section, we present the working principle arfef the external load". It accounts for extension or contraction
the electromagnetic design of the extended-range linear m%;he Terf_enoI-D slab under the influence of the external load.
netostrictive motor. Its mechanical design and fabrication are! there is no external load, the speed of the Terfenol-D ele-
described in Section I1l. Open-loop and closed-loop test resuleNt is equal to the product of the extensional growth of each
of the motor are provided in the following sections. In conjundf the regions of the Terfenol-D element that have drawn away

tion with the test results, a detailed description on the power aig@™ the stator plates and the number of these regions that pass
control electronics are presented. per unit time. This is equal to the product of the phase velocity

of the sinusoidal field pattern and the magnetostrictive strain
Il. WORKING PRINCIPLE AND ELECTROMAGNETIC DESIGN W
VU = T €max- (2)
The principle of operation of a linear magnetostrictive motor k
is shown in Fig. 2. The unpowered condition is depicte¢in
of the figure, where a length of magnetostrictive element wi
rectangular cross section is confined to the channel between twaVe performed design optimization for the Terfenol-D, pole,
stationary planar surfaces. When no magnetic fields are appltetk iron, and slot dimensions to generate the best performance
to the element, there exists a tight fit between the channel andthe smallest actuator dimension and power consumption.

. Optimized Motor Parameters
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TABLE |
OPTIMIZED PARAMETERS FOR THEMAGNETOSTRICTIVEMOTOR

Terfenol-D element dimension 9.5 x 28.0 x 57.6 mm

653

moving and a stationary Terfenol-D element actuator. In the
moving Terfenol-D version presented in this paper, there is a
stator above and below the Terfenol-D element. This improves
performance for a given field in that the field is more symmetric

phase resistance 0.45 Q2 with respect to a horizontal plain in the middle of the Terfenol-D
phase inductance 0.78 mH element. In addition, it reduces the amount of leakage flux.
number of phases 3

number of coils per phgse per stator 4 A. Moving Terfenol Design

number of turns per coil 36

wire size (wound four in hand) AWG #27 The motor design, shown in Fig. 3, is characterized by a trav-
number of slots per stator 14 eling active element, which is the Terfenol-D component that
zlgfe%ffc}i %8 o produces motion in the motor. The Terfenol-D slab is sand-
coil pitch 2 slots wiched between two linear stators, which are capped with thin

pieces of Inconel-718 (indicated as stator intermediary plates in
Fig. 3) that provide appropriately stiff surfaces against which
the Terfenol-D element may act. Each stator intermediary plate
A coil consists of 36 turns of four-in-hand AWG #27 wirehas three thin grooves to reduce eddy-current loss. The friction
because of the greater flexibility of the thinner wire that maderces between the stationary armatures and the Terfenol-D ele-
the stator easier to wind. There are four such coils conneci@@nt provide the reaction force required to move the active ele-
in series in a phase for each of the upper and lower statafsent against aload or to hold itin place. A preload applied to the
and the windings are double layered witr2A3 pole pitch. stators develops these friction forces. This preload is transmitted
The inductance and the resistance of the stator phase windifig®ugh a preload plate by the use of Belleville spring washers
are 0.78 mH and 0.48 with the stators connected in paralleland bolts. These spring washers also provide a stiffness that is
Table | summarizes the optimized parameters for the lineiatv enough to allow the Terfenol-D element to grow appropri-
magnetostrictive motor. ately against the stators. The housing provides a spacious, rigid
support, as well as a clear view into the motor.

C. Lamination of Terfenol-D

We obtained two laminated Terfenol-D slabs and a monB- Preloading Design

lithic slab for testing of the magnetostrictive motor from Etrema A squeeze preload is required to produce friction forces at
Products, Inc., Ames, IA. According to the manufacturer’s tefiie patches of contact between the Terfenol-D element and
report, the maximum strain in the laminated Terfenol-D slab {Re intermediary plates on the stators. Ideally, this preload
1100 ppm at 140-kA/m magnetic field, and the surface finisjould be applied at exactly the same lengthwise locations
of the slabs is 0.7am. As a rare-earth ferroalloy, Terfenol-Das those where the contact patches occur. A satisfactory and
is a fair electric conductor; its resistivity js = 6.0 x 107"  practical solution is to use linear stiffness elements at discrete
€2-m [10]. Using the permeability of the Terfenol-P,= 910 |ocations. The translational stiffness should ideally be zero
(wherey, is the permeability of free spacés x 10=7 H/m), (so that the transverse loading on the active element always
the skin depth at 2-kHz excitation frequencyis- \/2p/wit = remains the same), and the rotational stiffness should be infinite.
3 mm. Thus, significant performance degradation is expect@ge considered using a flexure-based design for preloading, as
with monolithic Terfenol-D at high excitation frequency as thgvell as a Belleville-washer-based design. We found that we
thickness of the Terfenol-D slab is 9.5 mm. We designed t@uld obtain the same rotational stiffness using six or eight
lamination thickness at 2 mm, based on consideration of thcrete spring locations as those obtained with a continuous,
maximum operating frequency of 2 kHz and mechanical irfistributed stiffness like that exhibited by a flexure. We chose
tegrity concerns [10]. Initial testing indicated that we could rugp use the Belleville-washer approach because of its higher
the magnetostrictive actuator with the laminated Terfenol slabagjustability and durability and its lower cost and complexity.
the excitation frequency up to 2 kHz. The skin effect preventeithe Belleville washers are expected to provide a net translational
the monolithic Terfenol slab from operating beyond the excitatiffness of 1750 N/mm and a preload of about 890 N, which is
tion frequency. Furthermore, the monolithic slab overheatedrafuired based on an estimated coefficient of friction between

400 Hz, due to eddy-current loss. All the experimental resulfgrfenol-D and Inconel-718 of 0.3 and a maximum motor load
presented in this paper were obtained with the laminated TgF 267 N.

fenol-D slab. Very recent research by Stillesjtal. deals with
general design issues with laminated magnetostrictive materigls Testing Subassembly

(L1} The testing subassembly is shown in Fig. 4. The major parts

of the testing subassembly are the motor, the load, the trans-
mission, a linear variable differential transformer (LVDT), and
The mechanical design tasks of the linear magnetostrictimenounting plate. The load and the transmission are made up of
motor involved the design of suitable housing, transmission, aseveral subcomponents, and there are also mounting blocks to
stator preload components. A test stand was also designed emise the height of the motor to match the height of the center of
built. We have designed two versions of the linear actuatorngass of the load. We have completed the design of a test stand

I1l. M ECHANICAL DESIGN AND FABRICATION
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Fig. 3. Exploded view of the motor components. Two stators and the active Terfenol-D element inside the transmission assembly are shown.

TRANSMISSION
COMPONENTS = LOAD
< BRACKET

MOUNTING PLATE

Fig. 4. Testing subassembly. This subassembly is ultimately mounted to a test stand for no-load and load tests.

that will allow us to orient the actuator either vertically or on a IV. POWER ELECTRONICS ANDOPEN-LOOPTESTS

?0(; skszs. Tg's ‘?‘”ﬁ\tlvls ug to load it with a combination of iner- This section presents test results with the laminated Ter-
lal and deadweight loads. fenol-D element including open-loop no-load and load tests
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== I; — When a 73.2:F series capacitor is included, the power factor
3.3kQ [ T32pF : is 0.989, achieving the goal of near-unity power factor. Of
(1w LA‘ Phase A even greater significance is the reduction in the applied phase
‘ : winding voltage. The peak phase voltage in Fig. 6(a) is 27.7 V. This is
$Ra! reduced to 8.55 V with the series capacitor. Since both tests
3 were done with a 5-A peak current, a 69.2% reduction in the
V-A output of the amplifier is achieved. A similar reduction

Fig. 5. Circuit for PFC. is shown at 650 Hz, where the peak voltage was reduced by
61.8%, from 32.9 to 20.3 V.

dAt all frequencies tested, the inclusion of the series capacitor
Educed the reactive power required to source the motor phase
Qrrent. Note in particular that a significant reduction in reactive

Due to its inductive nature, a magnetostrictive motor reqwrg) wer is achieved at the resonant frequency of 470 Hz, from 130

rather large reactive power for its operation. We implement 6 var. The PFC test results at three representative operating
a power-factor-correction (PFC) scheme, and present fr%quencies are tabulated in Table Ii

experimental verification in this section.

I series capacitor correction, a power factor of 0.352 is observed in Fig. 6(a).

ampitior (O

4700 pF |

under various operating conditions. We have also design

C. Open-Loop No-Load and Load Tests

A. Power and Control Electronics We performed open-loop no-load tests under various op-

ting conditions by changing squeeze preload, and phase

variable-voltage/frequency three-phase power to excite the acfgrage and curre_nt. In _these_open-loop tests, the two stators
ator’s stator windings. The power electronics and control systé’?‘r‘?rfa connef:ted In series. Fig. 7 shows such an open-loop
consists of the following components: a three-phase pulsewi(gﬂ?t'on proﬁl_e_ at excitation frequency of 1600 Hz under
modulation (PWM) power amplifier that generates the requirdf-102d condition. The phase voltage and currentare 300 V and
output power, an inputisolation transformer/line rectifier to ger?—A’ respectively. The mqtor slows dovyn significantly after the
erate the required dc input power, and a digital signal processor ™™ mark, because it is now out of its travel range and does

(DSP) board to implement control and input functions. Actuatbiot generate sufficient field for the peristalsis of the Terfenol-D

position feedback is provided through an LVDT position tranﬁ‘-lab'l This plotdemonstrates a 12-mm/s speed capability of the

ducer near magnetostrictive motor.
To show the motor performance dependency on phase voltage

The stator is in a floating neutral (six lead) configuration . .
! o . nd current, Fig. 8 presents a set of the Terfenol-D motion pro-
and three commercial servo amplifiers provide the ac power for o .
o iles at excitation frequency of 400 Hz with 360-N squeeze
each phase. The amplifiers (model 25A20T by Advanced Mo- . .
. . . reload. Increasing phase voltage and current increases speed
tion Controls) are mounted on an air-cooled heat sink. The am- . ;
e . . . ~as predicted by theory. We find that at least 4.2-A phase cur-
plifiers require an analog reference signal and can be configuréd; . : S
. ; rent is required to move the Terfenol-D slab. The implications
as either closed-loop voltage or current sources. DC input power,, . ; S
. - " of this threshold current were a sizeable dead zone and signifi-
is generated by a full-wave rectifier assembly consisting of a

; : : cant ohmic loss, even at low speed when operating under current
(Ztiore\z/rr:g\rjgti/ilgt \a/CO:ith]EUtclf,\(,)é?)t IO;ngzn?Jﬁfvn\::\:éZ?oigI?)r:glagomrm- We found that we could lower this threshold by lapping
P ne p ' D g(t:"he contacting surfaces of the stator and Terfenol-D element to
A 10000-mF capacitor is included for filtering.

Iy . ._improve flatness. This dead-zone effectis discussed fully in Sec-
The servo amplifier reference signals and control functions

are implemented in a Sat32 DSP board developed previously ¥=o||owing the no-load tests, we performed open-loop load

SatCon Technology Corporation, Cambridge, MA. The syste[rgsts under various operating conditions. The motor components
has a 32-bit 60-MH?z floating-point DSP (TMS320C32 by Texas . perating condiions. be
on the mounting plated shown in Fig. 4 were mounted on°a 30

Instr_uments), with eightanalog inputs, e.ight analog outputs, anIope. Fig. 9 shows a set of the Terfenol-D motion profiles with
16 digital I/0O channels. The reference sine waves for commu 50-N squeeze preload at excitation frequency of 400 Hz, with

tion are stored in a lookup table (in on-board memory), and tf\}gr ing load. The corresponding phase voltage and current are
feedback controller is implemented digitally. ying . X gp 9

75V and 5 A, respectively. Weights including the load bracket
are imposed on the same®38lope. The reported load is the

B. PFC component of the weight vector along the direction of motion.

o _ _ _ As shown in Fig. 9, the motor speed is inversely related to the

The circuit for the PFC is shown in Fig. 5. Theexternal load. We observed noticeable Terfenol-D motion with

3.3-K2/4700-pF filter was used to remove the 20-kHz PWM40-N load, 720-N preload, and an excitation at 400 Hz with

ripple component of the power amplifiers’ output voltage. Thﬁhase voltage and current of 120 V and 10.5 A.
cutoff frequency for the filter is 10 kHz, which provided some

attenuation of the ripple component but allowed the signal up to

2 kHz to pass with essentially no phase Iag_. Vo!tage anq CUITeNiRecall that the travel range of the present magnetostrictive motol 255
traces for phas@ at 470 Hz are shown in Fig. 6. Withoutmm. The Terfenol-D slab was located at the center of the range initially.

The drive electronics for the actuator must be able to genergf
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20

phase voltage and current (V & A)

N
phase voltage and current (V & A)

t (ms)

t (ms)

(a) b)
Fig. 6. PFC test results at excitation frequency of 470 Hz, showing phase current (dashed) and voltage (solid) traces. (a) WithoutPFCQ8 ms, 72 =
410.3 us, power factoe= 0.352). (b) With PFC "1 = 2.128 ms,T2 = 51.3 us, power factoe= 0.989).

TABLE I B ‘ ‘ ‘
SUMMARY OF POWER-FACTOR-CORRECTIONTEST RESULTS ——

freq. PFC phase power phase volt. reactive
(Hz) angle factor (peak) power
400 no 70.2°  0.339 236V 111 VAr
400 yes —66.5° 0.400 129V  59.2 VAr
470 no 69.4°  0.352 277V 130 VAr
470  yes  8.68° 0.989 855V  6.45 VAr
650 no 60.0°  0.500 3290V 143 VAr
650 yes 51.0° 0.630 203V 79.0 VAr

x {mm)

25 T

roaparn Ay ooy

1
0 2 4 6 8 10 12 14 16 18 20

Fig. 8. Open-loop motion profiles with 360-N squeeze preload at excitation of
400 Hz under no-load condition, varying phase voltage, 120, 100, 80, and 60 V
i from the top. The phase currents are 10.5, 8.2, 6.0, and 4.2 A, respectively.

under no-load condition. This speed model gives a good
insight into the magnetostrictive motor operation. However,
an accurate model is hard to obtain because of the model un-
- certainties and nonlinearities including dead zone, hysteresis,
slip, surface conditions, thermal expansion, and the like. Later

in this section, we present successful closed-loop control test
S+ 2 3 4 5 6 7 8 e 10 results after tuning the controller with various combinations of
proportional and integral gains.

Fig. 7. Open-loop motion profile at excitation of 1600 Hz under no-load gjnce the speed is dependent on both current and freguenc
condition. The phase voltage and current are 300 V and 6 A, respectively, It P P q Y,

shows 12-mm/s speed capability of the linear magnetostrictive motor. two different controllers can be implementeq. The first (?OI‘]-
troller holds the frequency constant and varies the amplitude
V. CLOSED-LOOPTESTS of the phase current as the control input (the current control

scheme). The second controller holds the phase current am-
plitude constant and varies the frequency as the control input
We use the simplified no-load speed model (2) in Section (the frequency control scheme). Both the controllers use propor-
for control development. The magnetostrictive stréip,,x) tional—integral (PI) control. The motor position is measured by
can be represented as a multiplication of a peak phase currmtLVDT (2000 DC-SE by Schaevitz). The maximum sensing
and a scale factor that can be determined experimentally. Trasmge of the LVDT is25 mm and its sensitivity is 10 mm/V.
scale factoi. varies with respect to the peak phase curfént The output of the LVDT is read into the computer and compared
temporal frequencyw), and squeeze preload, load, etc. Fao the commanded position. The error signal is operated on by
instancek. = 6.06 x 1075 A—! with 10.5-A phase current, the controller, resulting in a current or frequency command.
400-Hz excitation frequency, with 360-N squeeze preloddsing lookup tables, the DSP generates balanced three-phase

A. Control Strategies
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20 T T T 12 T T T T T

x {(mmy}
x (mm}

-5 1 ! i 1 1 | 1 t L ) } 1 1 1 1 ) ! 1
10 12 14 16 18 20 0 1 2 3 4 5 6 7 8 9 10
t(s) 1(s)

Fig. 9. Open-loop motion profiles with 720-N squeeze preload at excitatidfig. 11. 10-mm closed-loop step responses with current PI control with fixed
of 400 Hz, varying load, 11, 22, 33, 44, 66, and 77 N from the top. The phasgcitation frequencies of 1200, 1000, 800, 600, 400, and 200 Hz from the left.
voltage and current are 75 V and 5 A, respectively.

12 . : . ; . , this test result and the following, we implemented an integrator
10- . : antiwindup scheme, and the error integration limit is set at 1
- _ e v ‘ ﬁ S A [12]. Fig. 11 shows step responses with the current control,
* : B ' ‘ for various excitation frequencies from 200 to 1200 Hz with the
same PI controller. As expected in our theory, the initial (satu-
: v ration) speed of the motor is proportional to the frequency with
. ‘ ; » ‘ ; . i . all the other conditions fixed.

One thing to note for this current control test results is that
the trajectories shown in Figs. 10 and 11 have “plateaus” during
the settling oscillations from the integration action of the con-
troller. These plateaus resulted from the current input dead zone
presently of 4.2 Athatis inherentin the class of magnetostrictive
motors. In other words, the motor would not correct a position
error by reversing its direction until the controller accumulates
enough error signal to overcome the dead zone. This phenom-
enon is not as prominent in the frequency control cases, as in
Fig. 12, since there is little, if any, dead zone in the frequency
control scheme.

x {mm)
l{)OI\)J‘;mOD
Il

current (A)

(b)

Fig. 10. 10-mm closed-loop step response and its corresponding current ifput Step Response With Frequency Control

with PI current control with the fixed excitation frequency of 800 Hz. Fig 12(a) shows a closed-loop step response under no-load

condition with the frequency control scheme. The step command

sine waves with the commanded amplitude and frequency. Ti§8 0 mm and the phase currentis fixed at 25 A. The proportional
sine waves are output via digital-to-analog converters to tginx » is 40 Hz/m, and the integral gali; is 256 Hz/ms. Fig.
PWM amplifiers that establish currentin the Windings. The Sarﬂ_z(b) shows the Corresponding frequency input to the magne-
pling rate of the control system is 20 kHz, and the bandwidth gdstrictive motor. The frequency inputis limited at 1200 Hz in the
the antialiasing fllter and the SmOOthing flltel’ iS set at 3 kHl)eginning to ensure proper operation in h|gh frequency_
The stators of the motor are connected in parallel, and the PFGoroyided that the two control schemes show similar dynamic
scheme in Section 1V is employed in the experiments. performances in terms of settling time, rise time, overshoot, etc.,
the frequency control seems favorable in a sense that the speed
of the motor linearly depends on the frequency at a fixed cur-

Fig. 10(a) shows a closed-loop step response under no-lgadt magnitude by the theory. In addition, the frequency control
condition with the current control scheme. The step commasdheme does not exhibit the dead zone that is significant in the
is 10 mm and the excitation frequency is fixed at 800 Hz. Theurrent control scheme. One downside of the frequency control
proportional gainK'» is 40 A/m, and the integral gai&’; is scheme is that the motor consumes significant power even after
256 A/ms. Fig. 10(b) shows the corresponding phase currehe commanded position has been reached. The power source
input to the magnetostrictive motor. The phase current is satan be turned off when the position error is reduced under a
rated at 25 A by the power amplifier rating in the beginning. Ipredetermined bound.

B. Step Responses With Current Control
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This extended-range linear magnetostrictive motor shows great
potential in high-force density precision applications such as au-
tomotive actuators, robaotics, and flight control surface actuators.
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