IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 44, NO. 2, APRIL 1997 217

Power Electronic Drives for
Magnetically Triggered Gels
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Abstract—Properly fabricated polymer gels exhibit an abrupt raises the temperature of the ferromagnetic material through
change in volume in response to a small change in an environmen-g combination of loss mechanisms. The heated material, in
tal parameter, such as temperature. We have developed gels thatturn, raises the temperature of the surrounding gel and trig-

change in volume in response to an applied alternating magnetic - . ;
field, and we are working to apply these gels as actuators. This 9€S @ volume phase transition. When the field is removed,

paper describes power electronic circuits suitable for electromag- the seed/gel system cools, and the volume phase transition
netic activation of these polymer gels. Issues in the selection ofreverses. Because the energy transfer to the seed/gel system

circuit topologies for this application are discussed. Experimental occurs through a magnetic field, the system is contactless. It

results are presented, which demonstrate magnetic activation of could be used to trigger a gel under the skin or in any remote
| ing pr r electronic drives. . e

gels using prototype power electronic drives location where an electromagnetic field could penetrate.

Index Terms—Gel polymers, induction heating. A quasi-static magnetic field is used to excite losses in
the seed material. Quasistatic implies that the excitation field
l. INTRODUCTION frequency (ranging from 240 kHz to 3 MHz in the prototypes)

) is small compared to the speed of light divided by the largest
G ELS CONSIST of a crosslinked network of polymergengih p in the system. This is equivalent to saying that the
suspended in a solvent [1]. Under certain conditionSrimary energy storage and transfer occurs through the mag-
gels have been observed to undergo reversible changes,di: field [6]. We note, however, that it is possible to achieve
volume. These volume changes may be over 1000-fold agghijar triggering of a gel with a time-varying, quasistatic
can be triggered by a variety of electrochemical conditiongjectric field (e.g., through dielectric losses in a carefully
including changes in temperature, solvent composition, Qfosen seed material) or with a radiating electromagnetic

PH [2]-[4]. Gels could, in principle, be used as actuatorga e This paper focuses on magnetic field systems.
in servomechanisms and sensors, which range in size from

microscopic (silicon) mechanisms to mechanisms comparable
in size and force density to biological systems. For example, Il. GEL DESIGN

polymer gels could act as synthetic muscles that provide directExperimentation was conducted with gels composedVef
quiet, and swift linear motion with useful force densities [Slisopropylacrylamide (NIPA). Gels were prepared by a free
Gels loaded with appropriate, beneficial solvents could be usedical polymerization process in water with NIPA monomer,
in controlled drug-release applications eithevivoorin vitro. g crosslinker, and an appropriate polymerization initiator and
The many potential applications for gels are due, in part, #celerator. Typical formulas for the preparation of this widely
the wide range of environmental triggers for which gels cagtudied gel are presented in [4]. Pre-gel solutions were permit-
be made to respond. ted to polymerize in capillary tubes of 1.073 mm in diameter.
This paper describes new techniques for remotely triggeripgter gelation, the gels are removed from the capillary tubes
gels using magnetic fields. Demonstration systems have begi washed to remove residual chemicals. The gels are then
developed for each technique and will be described belopiaced in a solvent, typically deionized water, for experimen-
Power electronic drives were chosen and implemented tiion.
create an alternating magnetic field which heats a ferromag4f an appropriate seed material is incorporated in or around
netic “seed” material embedded in a gel. The magnetic fielle gel matrix, at least three loss mechanisms will induce

] ] ) ) ) heating from a magnetic field. The loss mechanisms include
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seed, significant heating can be induced with moderate field

Water

strength at frequencies of only a few hundred kilohertz. Ohmic Circulator (=
heating from eddy currents tends to be the dominant loss co o
mechanism with this approach. Induced losses are strongly g
dependent on the shape, conductivity, and permeability of BRINKMANY
the seed target. An excellent analysis of the relative heating
efficiencies of ferromagnetic, cylindrically shaped seeds with = Power ies
varying material properties and form factors is presented in [7]. he 27

]

B. Method 2—Distributed or Powdered Seed Material

In this approach, the gel is seeded with conductive powder
or flakes which are small compared to the gel dimensions. In
our experiments, a concentration of ferromagnetic particles, | ?’f?”
approximately 5% by weight (0.5% by volume), is first coated ’ L
with polyvinyl alcohol (PVA) and then mixed into the pre-gel
solution. We have found that coating with PVA or a similar
polymer is essential to ensure good suspension and dispersal of

the metal flakes during the free radical polymerization process E,m,,-z, View

[8]. When the gel is formed, these particles are permanently — FromLauda  Comnections ¥ To Lauda
trapped in the crosslinked polymer network. Particle shape _ - - -

and material properties must be selected carefully to provide P -

desired heating, which comes primarily from eddy current Y,
and hysteresis losses. Our experiments with readily available _-/VC

commercial powders have revealed that ferromagnetic nickel ‘/ Temperature

flakes (approximately 3Qum in diameter and 0.4um in Water

thickness) sold by Novametprovided maximal heating at N\ T A‘rm

the given concentration and magnetic excitation described in « (The induction coil has been removed for clarity) <
the next sections. These observations agree qualitatively with ~ - P
published results in [9]. I

Fig. 1. The experimental setup with a close-up of the solenoid/gel assembly.

C. Method 3—Ferrofluid Solvent

In methods 1 and 2, the seed material is entrained dg voltage source. The voltage waveform is impressed across
the polymer matrix. During a phase transition, the polymehe terminals of a solenoid (see Fig. 1). The applied ac voltage
network collapses around the seed material(s) as the @glises an alternating current to flow in the winding, which
solvent, deionized water, leaves the interstitial spaces of ﬂﬂﬁturn generates a high_frequency a|ternating magnetic field

polymer network. In method 3, the gel is not seeded byigside the coil. For a finite length solenoid, the time-varying
trapped material as in methods 1 and 2. Instead, the SOlVGWégnetiC f|e|dH(t) at the center of the coil is

replaced by a ferrofluid. A typical ferrofluid is composed of

water, a surfactant, and a small amount (1%—4% by volume) l/d Ni(t)
f mi ic f i ial hly &7 H(t) = (1)
of microscopic ferromagnetic material (roughly 87across). 1+ /2| 1

The surfactant suspends the ferromagnetic particulants and

prevents them from separating out of the mixture. When usg@ghere N is the number of turns in the coili(t) is the
as a gel solvent, ferrofluid diffuses into the expanded gel. Thgil current, and andd are the length and diameter of the
microscopic ferromagnetic particles fill and surround the exoil, respectively. Note that in a practical field application,
panded polymer network. We have found that when ferrofluigther magnetic coil arrangements, e.g., a Helmholtz coil pair,
is excited by a strong magnetic field in the 2-3-MHz rangeould be employed instead of the solenoid. High-frequency
significant heating occurs. Microscopic mechanical motiafigh-permeability materials could be used with a winding, or
may be a substantial source of dissipation in this method. winding set, to guide magnetic flux to a target location.
The solenoid in our experiments is formed of litz wire
Il. EXPERIMENTAL OVERVIEW wound on a triple-walled test vessel. As Fig. 1 illustrates,

The di in Fia. 1 outline the basi q q emperature-controlled cooling water circulates in the outer
e diagrams in Fig. 1 outline the basic test stand used 1gfy ot of the test vessel to prevent coil heat from influencing

a;:l expherlme?]ts.dl_t may_be helpr:‘_ul to re_fer tz these_ diagra e temperature of the inner test chamber. An insulating air
throughout the IScussion n this section. An ac inverter é%ace separates the inner test chamber from the outer water
used to generate a high-frequency voltage waveform frOnﬁfcket. Finally, a sample under test, such as a gel and its

1Novamet Specialty Products Corporation, 10 Lawlins Park, Wyckoff, l\ﬁowentv is inserted IntF) the test qhamber. Th'e magnetic fI§|d
07481 USA. created by the solenoid is used in our experiments to excite
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losses in the target seed material in the test chamber. Thregions of the rod are zero. The magnitude of the current
predominant loss mechanisms are considered below (see §@&nsity can be approximated by first finding an azimuthal

[10], and [11] for more details). surface current of magnitud& sufficient to terminate the
externally appliedH-field and then distributing this surface
A. Eddy Currents current uniformly over the width of a skin depth. Applying the

High-frequency magnetic fields induce eddy currents ﬁ)proprlate magnetic field boundary condition at the surface

ducti torials. At sufficiently high f . " the rod, we find that{ = H,, whereH, is the magnitude
conductive materiais. sutciently nign requencles, tess e external axial-field. The current density is approxi-
currents flow in a thin surface region because of skin effect

} . ) S Hlately K 6, and the instantaneous ohmic dissipati®ft) can
and can result in substantial ohmic power dissipation. Wh% W biz f(éund by applying a continuum versionpofﬂ(b)(h)m’s Law

this surface region is small compared to the dimensions ? egrated over the thin shell of volurié in which current

. i
the target seed, the current can be modeled with reasongple s o< follows:

accuracy as flowing uniformly in a region with a depth equa

to the “skin depth.” The externally applied magnetic field is J2 K2
essentially excluded from the interior, bulk regions of the seed, P(t) = FV = WV. 3)
i.e., from regions located several skin depths from the surface.
The skin depth for a magnetically linear material is Under the assumption that the current flows entirely in a region
5 the thickness of one skin depth, the volume of the thin shell is
6=4/— (2 ) )
wWpo V=r(rs= (=086 4

::t?ge%rlr?]égiiﬁ? a%rflett#; %(;Ltearti;n ;rerté]iie?hcg,::i)rggic?\z/iign; wherer andh are the radius and length of the rod, respectively.
P y ' The H-field applied in our experiments varies sinusoidally

of the material. L X NP
. . . . . with time. The steady-state time-averaged power dissipation
During early experimentation with different power elec- .
) 4 i . . : . Piiss may, therefore, be found by replacing the peak surface
tronic drives and coil configurations, single cylinders of test .
. . . urrent X with the rms surface currenk,,,; = K/\/i as
materials were employed in the test stand to verify theon? -

ical heating predictions and circuit performance. These tes élows:
were functionally identical to the heating techniques outlined K2
above in method 1. Consider, for example, an enamel-coated, FPaiss = WV- ()

type—4403 aluminum rod (25.4 mm in length and 1.59 mm in
diameter) in 2 cc of deionized water in the induction heatinfgor the type-4403 sample described above, with a peak in-
test stand. Gels used in our experiments were often wdliction coil current of 8.88 A and externally applied peak
over 90% water by volume, so the performance of a cylindéf-field of 3900 A- T/m, the final temperature in the 2-cc water
of seed material in pure water is a reasonable indicator lodth was 10.87C above ambient. Using (5), we compute a
anticipated performance in a gel. (Due to an increase in skiredicted steady-state power dissipation in the rod®gf, =
depth and, thus, reduced ohmic losses, a nonferromagnétis39 W.
seed like aluminum generally provides inferior heating when To verify the accuracy of the computed power dissipation,
compared to an otherwise similar but ferromagnetic seadle replaced the rod in the 2-cc water vessel with an ohmic
However, aluminum is magnetically linear, and empiricallyesistor driven from a dc supply. With the induction coil
observed heating performance can, therefore, be reconcitezhctivated, a power dissipation of 0.555 W in the resistor was
with analytical predictions.) required to achieve the same 10.8Z temperature rise as in

In the experiments with the aluminum rod, a 2.46-MHthe induction heating experiment. We presume that this power
sinusoidal magnetic field with a peak strength of 3900Tm dissipation level is the actual power dissipated in the aluminum
was applied axially by the solenoid in the test stand. Type-4463d during our induction heating experiments. The predicted
aluminum has a measured conductivity of 2:87.0° mho/m power dissipation is within 2.9% of this actual dissipation.
and, at this frequency, exhibits a skin depth of approximately Several factors complicate the calculation of eddy current
60 um. The ohmic power dissipation can be computed hyower dissipation when the seed material is not a single, rel-
solving precisely for the field and current distributions in thatively long rod. Closed-form determination of the externally
rod and then integrating a continuum version of Ohm’s Laapplied field may be difficult when the seed material is irreg-
in the current-carrying regions. This approach is taken, fatarly shaped. Also, neighboring seeds can locally distort the
example, in the analyzes presented in [11] and [12]. Since thmagnetic field around a particular seed, complicating the deter-
skin depth is relatively small, we employ a simplification thamination of the externally applied -field. If the seed material
gives excellent results in comparison to the exact solution (gferromagnetic with a nonlinear magnetization characteristic,
terms of Bessel’s functions) of the magnetic diffusion equatidghe classic linear solution of the magnetic diffusion equation
in cylindrical coordinates. employing skin depth is inaccurate. Approaches for dealing

We assume that the external, axial magnétifield is termi- with nonlinear magnetization typically follow the approach
nated by a uniform current densitiyflowing in the skin region introduced in [13], involving substantial simplification of the
and that the current density armd-field in deeper, interior material behavior.
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Fig. 2. Simplified load model. Sil F?:
CP

B. Hysteresis Losses

An applied time-varying magnetic field constantly reorientsg. 3. simplified zVS full bridge schematic.
the domains in a ferromagnetic material. The resulting power

dissipation is proportional to the area of tii#=-H curve for 150

the block material and the field excitation frequency. These o \ o N e YL L \%;:pm_ ~
. : : : : : age
losses can be very substantial or even exceed eddy current sof-----}--- ool )
- . . @ ) X . . : . .
losses at sufficiently high frequencies. £ of----- e TudR R R CEREEEES -
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Small magnetizable particles suspended in a viscous solvent 0 ! 2 8 4 5 6 7 8
can physically spin in a time-varying magnetic field. The . Output Current i
resulting mechanical motion may create significant frictional ; ; ; : ; L Queat
2F- - -f - R N I Ry A Y pont - -

heating. We speculate that this may be a heating mechanism
in some ferrofluids.

"ﬂ
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IV. POWER ELECTRONICS

Two prototype power circuits were built to demonstrate the ‘o ! 2 8 Tim e:us 5 6 7 8
activation methods just described. Key considerations in the
design of the prototypes were flexibility, power consumptioffig- 4. ZVS full-bridge experimental waveforms at 240 kHz.
and portability. The resulting designs employ two differ-

ent circuit topologies: the zero-voltage-switching (ZVS) fullransformers. The MOSFET®,—Q, are switched at a 100%
bridge shown schematically in Fig. 3 and the resonant claggy.ratio using a phase-shifted pattern, as discussed in [14].
E converter shown in Fig. 5. Each circuit is discussed in thg,is technique allows the inductor current to ring with the
subsections 'that follow. . . arasitic capacitanc€p of the MOSFET'’s, which enables
The function of the power circuit is to impress an a%VS and significantly reduces switching losses. The primarily

wayeform across an air-core solen0|_d (thg induction cof ductive load provided by the coil allows for ZVS under all
which surrounds the sample to be induction heated. The

combination of the solenoid and test sample form a Ioa(:??:]ingbggnditions.t ¢ 120-V de b hich is st d
that is most easily thought of as an air-core transformer € bridge operales from a -V dc bus, which IS stepped-

with a shunted secondary winding. Schematically, this loatP from a 24-V .battery pac.k using a boost converter. A?
is modeled as shown in Fig. 2. The resistarite represents a rgsult, the'eptlre system is portable. The bus voltage is
the parasitic winding resistance of the solenoid. The resistarjt&iPle, but limited by the 500-V breakdown voltage of the
Ry, accounts for the real power dissipation in the test sampMOSFET'S. The prototype outputs #120-V square wave

It is important to note that, in our experiments, poor couplingt 240 kHz. This results in a triangular ac curr¢att4 A)
exists between the primary and secondary of the transforni@fough the load solenoid. Output waveforrs,andi,, from
because the sample occupies only a tiny fraction of the volurti first prototype are pictured in Fig. 4. The inductance of
within the solenoid. This makes it reasonable to ignore tlige load solenoid ; was 30.2;:H. The coil was constructed
effects of the load resistand@;, and, thus, simplify the load by winding 44 turns of multistrand litz wire on a 5.5-cm
model as shown. Also, any change in inductance that resufisg plexiglass former. The system develops a pé&akeld
from insertion or removal of the sample is small. Althougimtensity of approximately 2500 AT/m at the center of the
the parameterd y and Rp vary with frequency, they may be solenoid.

treated as constants under fixed-frequency operation. The first prototype is well-suited for triggering gel samples
seeded with lumped materials (method 1). Its most valuable
A. ZVS Full Bridge asset is its ability to operate with ZVS over a wide range

The first prototype, a full-bridge inverter, impresses a 240f load inductance. This allows the user to exchange, for in-
kHz ac square wave across the load using four switchesskance, the 30.2H output solenoid with a 60.9H Helmholtz
an H-bridge configuration (see Fig. 3). The switches we@®il without adjusting the circuit parameters. Zero-voltage-
implemented with IRFP450 MOSFET's. Gate drive isolatioawitching is possible as long as the amplitude of the voltage
for the high-side switches was accomplished through puldag V., at nodes A and B exceeds the bus voltdgeas
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TABLE | I
Loss BREAKDOWN FOR THE ZVS FuLL BRIDGE = -

s Cr

DD 0

L
Source Loss 1 Ly
o
Gate Drive & Logic | 54 W Vg a® .,_| EE L
FET Conduction 45W t] M, .1 “r 1% R,
Coil Conduction 556 W R
Boost Converter 27TW

Fig. 5. Simplified class E schematic.

Total 18.1W
transformer is the obvious solution to this last problem, but the
shown by design of a low-loss, high-power, high-frequency transformer
presents its own challenges. The most logical solution to this
L roblem is, then, to employ a resonant converter topology.
‘/ring = <ka ﬁ) > Vs. (6) P Py P &

) ) ) B. Resonant Class E Converter
Assuming a square-wave output and a purely inductive load

We can expresd,; as The second prototype was built using a resonant class E

topology developed by Sokal and Sokal in [15]. The class E
I, = Vs @) converter is a current-fed, resonant, dc-to-ac converter that has
PE ALy f, been studied extensively [16]-[18]. A simplified schematic of
where f, is the switching frequency. It is now possible tgh€ converter is shown in Fig. 5. A resonant capacit@r is

define an upper limit forLy; under which ZVS can be placed in series with the output inductbg;. A single switch,
sustained as follows: shunted by the capacitan€g is used to gate the input current

at a 50% duty cycle. The switching frequengyis fixed just

Ly < % (8) above the resonant frequency, where the resonant frequency
320p f; is defined as
Substituting values fo€’> and f; of 720 pF and 240 kHz into 1 1
(8), we find an upper limit orL;; of 754 pH. fr= 3\ T (10)

Operating as in Fig. 4, the prototype consumes about 18.1 . _ ) o

W, excluding power delivered to the load. A breakdown ofN€ parasitic resistanca, is small in this case, so th@ of

the losses are given in Table I. The relative performance € Series-resonant load is very high. This assures a cugrent
the circuit for the induction-heating application can be judgdfirough the load that is nearly a perfect sinusoid at the drive
by comparing the reactive poweP, flowing through the frequency. If the v_alue of the shunt capacitds is carefully
induction coil to the total real power dissipation in the circuiS€/eécted, the drain-to-source voltage of the MOSFET

A relationship betweerH-field intensity and reactive powerSW'tCh will ring, almostsmgsmdally, from zero to its peak and
is derived in the next subsection. The measured waveformdfign return toward a negative value. However, the MOSFET's

Fig. 4 demonstrate a reactive powr of 253 VA. Therefore, antiparallel diode will begin to conduct ag, goes negative,
we can define a figure of mefieyeu: for this prototype as which clamps the voltage near zero. This sequence achieves

the ratio of reactive power to power loss as follows: ZV/S over a limited range of load variation. In practice, the
953V . A circuit is “tuned” by adjustingfs and Vs until ZVS operation
O .

22 T _140. (9) occurs. The switch must be sized to carry a peak current of

18.1W i, + I, and a peak voltage significantly aboVe. This results

The full-bridge circuit meets all the design goals. The circuih a high switch stress, which is a disadvantage of the class
is flexible, tolerant to load variations, portable, and consumegscircuit.
relatively little power. However, the circuit is not easily The second prototype was designed to operate over a 1-3-
adapted for use at the higher frequencies (several megaheMiz range. The higher frequency was necessary to test
required to activate gels seeded with methods 2 and 3. #eeding methods 2 and 3. Swit€h was realized using two
the switching speed is increased, it becomes apparent tiREFP450 MOSFET's in parallel for low on-state drain-to-
the full-bridge topology has several disadvantages. First, theurce resistance and, thus, increased current capacity. The
complex gate-drive circuitry of the full bridge quickly lead$500-V drain-to-source breakdown voltage of the IRFP450
to considerable gate-drive losses, and tolerances must be tigtovided a more than sufficient range for experimentation.
in order to avoid catastrophic shoot-through. Second, higwo new induction coils were wound. The first, coil A, is
current and voltage derivatives during switching often excite 4.54xH solenoid wound with 29 turns of 1700-strand, 48-
unwanted resonances between device parasitic inductancesAms litz wire on a 5.85-cm long by 1.6-cm diameter former.
capacitances. Extreme care must be taken during circuit laydie second, coil B, is a 12.8§9H solenoid wound with 28
to minimize these unwanted resonances and the resultimgns of 1700-strand 48-AWG litz wire on a 5.72-cm long by
increase in losses. Third, the bus voltage can quickly rea2t83-cm diameter former. The exceptionally high strand count
unreasonable levels (thousands of volts) when only a few aniipz wire is required to minimize ohmic power losses in the
are driven through a 30.2H coil at 2 or 3 MHz. A matching induction coil, which result from high-frequency skin effects

Qcircuit =
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o1 ———— wherey, is the permeability of free spac#] is the number of

----- R BT R B R RS SRS turns, A is the cross-sectional area, ahig the length. Solving

S A A A e e the result forl,, and substituting into (1), we find the peak
s ' s ‘ H-field intensity to be

PR R S
600 700 800 900 1000

f
500

- - - A ; ! ; - FET Drain - - - P, P.
- I Hy =kgy|———— =kagy| ———— 13
o R R Y 1T\ ] bk d\/?ffsqul d\/?ffsroz (13)

500 800 700 B0 800 1000 whereV; is the volume contained by the solenoid and

T T T T

w T e __I_gutlputt_,l,___ i l/d (14)
8 ' : : : ; : L urent d= 75
OfF--- (R T N T G N el
ol NN A V14 (/dy
000 200 300 460Ti nféc(:ns)eéo 700 80 800 1000 The peakH -field intensity increases with the square-root of the

reactive powerP,. Therefore, under the stated assumptions,

the reactive power absorbed by the coil inductance is an

indicator of the real power dissipation which could be induced
TABLE I in the target seed.

Loss BREAKDOWN FOR THE CLass E CRcuIT The waveforms in Fig. 6 demonstrate a reactive power

Fig. 6. Class E experimental waveforms at 2.5 MHz.

Source Loss of 15.3 kVA. We can again define a figure of mefitcui
Gate Drive & Logic | 18.2 W for this prototype as the ratio of reactive power to power loss
FET Conduction 22.2W
15.3 kKVA
i i circuit — ———— = 113.2. 15
Coil Conduction 89.8W Q t 1359 W (15)
Cooling Fan 50W
Total 1352 W The performance of the class E circuit is clearly superior to

that of the ZVS full bridge presented above. The theoretical
limit for Q.icuit 1S the Q value of the induction coil itself.
in the wire. TheR values of the two solenoids, measured at 2Bespite the disadvantages of high switch stress and “tuning”
MHz, are 117 and 170, respectively. The resonant capacitbfficulties, the class E circuit appears to be the best choice
Cr was selected according to (10) (720 pF for coil A anér this induction heating application.
300 pF for coil B). The capacitaf’s was eliminated, relying
instead on the parasitic drain-to-source capacitaricef the
paralleled MOSFET's (approximately 1440 pF). N ) _
Experimental waveforms are shown in Fig. 6. The figure Initial evaluations of thg ZNS fuII—bndge. and class E
shows the circuit operating with coil B anfl = 2.46 MHz.  converters were conducted in the test stand WIFh gels seeded by
The output current is sinusoidal #1.2.5 A, yielding a peal- m'ethod 1. Both converters were adgquatg to trigger gels seeded
field intensity of 5500 A- T/m. The input voltagd’s was set with macroscopic pins with large dimensions as compared _to
to 28 Vdc. The input currerfis was measured at 4.0 A. Underth€ skin depth. For the smaller seed powders employed with
the operating conditions just described, the second prototypgthod 2, the higher frequency (1-3 MHz) capability of the
consumes 135.2 W, excluding power delivered to the load. Aass E converter was essential to achieve adequate dissipation
breakdown of the losses are given in Table II. in the seed materials. High-frequency fields were also found
As with the ZVS full bridge, the ratio of the reactive poweFO be esse_ntial to generate sufficient heating in the ferrofluids
P, across the coil and the total real power dissipation in tifgnployed in method 3. N
circuit serves as a performance indicator. Since the class E19- 7 shows the equilibrium phase transition curve of a
converter produces a sinusoidal load voltage and currentNHA gel seeded with method 2. Gels were seeded with
relationship between thH-field intensity inside the induction Novamet nickel “leafing grade” flakes using the procedure
coil and the reactive power across it can be analytically derivégscribed for method 2 in Section Il. The curve in Fig. 7 shows

V. RESULTS

as follows. The reactive power across the coil is the normalized gel diameter on the vertical axis versus peak
current in induction coil A on the horizontal axis. A CCD
P = Ir?mSXl = ngWLfs (11) video micrometer, illustrated in Fig. 1, was used during the

course of the experiment to observe the gel diameter through a
where X; is the impedance of the coil inductance afidis fractional gap in the solenoidal winding. A total of 18 diameter
the switching frequency. The variablés,, and I,x represent measurements were made. At each point, the gel was exposed
the rms and peak values of the coil current, respectively. Not@, the magnetic field induced by the indicated coil current
substituteL in (11) with the inductance of a long solenoid, until the gel diameter equilibrated. The peak coil current can

be related to magnetic field intensity using (1). The dashed
_ o N? A (12) line interpolating the points in the figure serves as a guide for

L l the eye.
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Fig. 7. Equilibrium gel diameter vs. current. The circulating water tempeFig. 9. Equilibrium ferrofluid temperature vs. current. The circulating water
ature is fixed at 30.0C. temperature is fixed at 22.9C.
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Fig. 8. Ferrofluid temperature versus time. The circulating water temperatuiig. 10. Equilibrium ferrofluid temperature versus frequency. The circulat-
is fixed at 22.0°C. ing water temperature is fixed at 22°C.

Tests to verify the efficacy of seeding method 3 were alswirrent are plotted in Fig. 9. The interpolating lines are again
conducted. We experimented with gels employing Ferroflprovided as guides for the eye. NIPA polymer gels undergo
idics EMG 705 ferrofluid as a solvent. Qualitatively, wephase transition around 34° [4]. The dashed horizontal
were able to observe magnetically activated phase transitidimes in Figs. 8 and 9 indicate the NIPA phase transition
in these gels through before-and-after observation of the dgemperature for comparison with the dynamic and steady-state
diameter. However, it was not possible to make real-tiniaduction heating performance of the ferrofluid.
observations of the gel dimensions, due to the extreme opacityFinally, Fig. 10 shows the steady-state temperature of the
of the EMG 705 fluid. Instead, quantitative measurements fefrofluid sample at a fixed coil current of 2.0-A peak versus
the ferrofluid temperature were made in the test stand usingfanr different current/field frequencies. The horizontal dashed
Everest 4000.4GHinfrared pyrometer in place of the videoline again shows the NIPA phase transition point. It was
microscopy system described above. The class E prototypgcessary to retune the resonating elements (series capacitor
with coil B, formed on a Liebig condenser, was used in th€'r) at each desired operating frequency to maintain a proper
test stand, both to accommodate the larger ferrofluid sampleerating point for the class E converter.
sizes and also to provide an unobstructed axial view for the

pyrometer. A test sample composed of 2 cc of ferrofluid in VI. DISCUSSION
a glass vial was used for the experimental results shown in . . .
Figs. 8-10 Magnetically activated phase transition polymer gels have a

Fig. 8 shows the temperature rise in the ferrofluid Sampﬁ;eemendous range of potential application. The three different

versus time at seven different induction coil currents. Steadgfedmg methods described in this paper provide the opportu-

state temperature values for the ferrofluid versus peak c fy to optimize gel p_erformz_;\nc_e, chemical compo_smqn, and
orm factor for specific applications. We are considering the

2Ferrofluidics Corporation, 40 Simon Street, Nashua, NH 03061 USA. use of gels seeded with methods 1 and 2 for applications with

SEverest Interscience Inc., 1625 West Ina Road, Suite 123, Tescon, Hy VIVO dr!"g delllvery ?yStemS’ .actuato_rs (Synthetic mUSCIeS)'
85704 USA. and multipart industrial chemical delivery systems (where
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the gel is loaded with an appropriate chemical or medicinglo] S. Ramo, J.R. Whinnery, and T. Van Duzdfields and Waves in

i i icati _ Communication Electronics New York: Wiley, 1984.
solvent). In chemical delivery and actuator applications, mal 1] R, Bozorth Ferromagnetism Piscataway, NJ. IEEE Press, 1993,

netic activation, unlike many heating methods, can provide[g] m. zahn, “Power dissipation and magnetic forces on MAGLEV rebars,”
swift, remotely activated phase transition. These qualities have IEEE Trans. Magn.to be published.

: : : : ] P. D. Agarwal, “Eddy-current losses in solid and laminated irédBE
also proven essential, for example, in developing practlc[&F’ Trans. Commun. Electranvol. 78, pt. I, pp. 169-179, May 1959,

servomechanical systems with polymer gels [19]. [14] L. Mweene, C. Wright, and M. Schlecht, “A 1 kW, 500 kHz front-end

We are considering the application of gels seeded with ‘i‘gg\ée”ef fzrzg _(ilgtzﬂbuted power supply system,Piroc. IEEE-APEC

. . s . . , pp. .
mthoq 3 for the creation of f'|UIdS that e?‘“'l}"t a variable V'TIS] N. Sokal and A. Sokal, “Class E - A new class of high efficiency tuned
cosity in response to an applied magnetic field. For example, single-ended switching power amplifiedEEE J. Solid-State Circuits
i i illi - i _ vol. SC-13, pp. 168-176, Mar. 1975.

W.e have loaded ferrofiuids with millimeter- to mlcrometerp[}:}tB D. Callins, S. Hinchliffe, and L. Hobson, “Computer control of a class-E
diameter gel beads. Whe.n the beads are smaI_I, they occu amplifier,” Int. J. Electron, vol. 64, no. 3, pp. 493-506, 1988.
small fraction of the solution volume, and the viscosity of thél7] S. Hinchliffe and L. Hobson, “High efficiency DC-AC converters

; ; ; ; ; suitable for high frequency induction process heating,’'Cionf. Rec.
solution is essentially that of the surrounding ferrofluid. When PESC'88 1988, pp. 12281235,

the beads swell, they occupy a substantial part of the solutigs) F. H. Raab, “Idealized operation of the class E tuned power amplifier,”
volume, and the overall solution exhibits a higher viscosity. I|EEE Trans. Circuits Systvol. CAS-24, pp. 725-735, Dec. 1977.
With magnetic triggering, these fluids could be used to creiﬂ@] A. Mitwalli, Ph.D. dissertation, M.I.T., Cambridge, MA, expected 1997.
remotely activated clutching mechanisms, vibration dampers,
and molding systems.

This paper has presented and demonstrated the performance
of practical power electronic drives for induction heating

magnetically triggerable gels. These converters can be us Deron K. Jackson received the B.S. degree in

electrical engineering from the University of Cal-

with a variety of different gel systems and induction coil cor ifornia at Davis, in 1991 and the M.S. degree in
figurations to tailor the design of gel-based servomechanisr e}eft”%al Iengmecermg _gom _Mfisgzafhﬁse,tts 'nSt'tﬁte

. . . . ol lechnology, Campridge, In . Ae Is currently
By measuring slight changes in converter opera_tlon an_d c working toward the Ph.D. degree at the Mass-
parameters, it should be possible to actually estimate, in r achusetts Institute of Technology Laboratory for
time, the mechanical state of a magnetically responsive g Eliqtromagnetrl]c.atnd Eltectronl_c sﬂ;:stems_ f

. . IS researcn interests are In € area oOr power

Such an estlma'gor coulq eventually be used to prowdg “N /“Hl‘ electronics and control.
sential feedback information for closed-loop servomechanisi ) ha

employing magnetically activated gels as actuators.
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