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LOW-FREQUENCY MAGNETOST RKCT}WE
TRANSDUCER -

Wﬂbur T. Harris, Southbm‘y, Ceonn., - assignor to The
Harris Transducer Corporation, Woodbur y, Conn., a
corporation of Connecticui .

- Application January 30, 1936, Serial No, 562,271
14 Claims, (CL.SN——-Z&}

.My invention rélates to’ electromechanical transducers
of “the ‘type having. application to acoustic transmission
-and reception and to vibratory tools; it is also applicable
" ‘to transducer elements, as for underwater acoustic appli-
cation and for employment in plurality in array config-
urations. This invention incorporates improvements and
~modifications. with respect to copending applications
Serial No. 475,462, filed Deceniber 15; 1954, Serial No.

558,947, filed January 13, 1956, and Senal No. 559,657,

filed January 17, 1956,

It is an object of the invention to provide an improved

transducer of the character indicated.

. It is another object to provide a transducer construc-
tion of improved inherent efficiency and applicable par-
ticularly to relatively low-frequency operation.

It is a further object to provide a magnetostrictive
transducer construction meeting the above objects and
“enabling substantial economies in the use of ‘magnsto-
_strictive material.

It is a still further object. to provide a trapsducer con-

-struction meeting the above objects.and inherently adapt--

able to relatively inexpensive assembly techniques.

It is also an object to provide a transdiicer meeting the
“above objects and featuring plural closed.inagnetic flux-
“conducting ‘paths, and yet permitting the development .of
electrical windings by means of conventional.coil winding

techniques.

Other objects and various further features of novelty
and invention will be pointed out or will occur to these
-skilled in the art from -a reading of the following speci-
fication in conjunction with the ac.companying drawings.

. 'In said drawings, which show, for illustrative purposes

“only, preferred forms-of the invention:

Fig. 1 is a simplified view in perspective 1llustratmg a
magnetostrictive -core mcorporatmg features of the in-
vention;

"Fig. 2 is a similar view of a completed assembly in-
corporating the core of Fig. 1 and of a type having par-
ticular application to industrial sonic cleaning as when
“immersed in a liquid-medium,;
~. Fig. 3 is a perspective view of a modified core ac-
cording to the invention;

Fig. 4is a similar view-illustrating the development of
a winding linked to-the core of Fig. 3;
~Figs..5 and 6 are end views of arrays of t1ansducer
‘elements of the general variety illustrated in Fig. 4, the
-difference between Figs. 5 and 6 being solely in the ‘de-
“tails of wmdmg connections;

‘Fig. 7 is a simplified -view in perspecnve 1llustrat1ng a

-magnetosirictive element-having a core- representing a fur-
thér -modification’ of ‘the ‘comstructions of ‘Figs. 1 and 3;
and

Fig. 8'is a horlzontal :sectional view in the plane’ 8——8
«of Fig. 7..

‘Briefly stated, my. invention contemplates elougated
magnetostrictive transducer assembligs, characterized by
aplurality of spaced elongated legs .joined by . flux-con-
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cations, whereby for any -two adjacent -legs, a-plurality
of longitudinally adjacent independent flux-conducting
paths may be defined. The flux-conducting means in-

‘termediate any two longitudinally adjacent flux-conduct-

ing paths preferably accommodates flux from both-paths
in the same sense, and therefore adjacent paths are pref-
erably oppositely polarized.” Since the adjacent paths are
oppositely polarized, the separate windings linked to-the
various paths must be developed in.opposed senses, so
that opposed flux. circulation is developed in adjacent
paths. In certain forms of the invention, the core is de-
developed from a consclidated stack of like laminations
in which the plural spaced legs- are integrally- joined -at
head and tail ends, with permanent magnet inserts lon-
gitudinally intermediate said ends. In another form, the
separate legs are separately assembled as independent.
stacks of laminations, and flux-conducting inserts at the

.ends of the legs and at intermediate locations on the legs

serve to define the plural "lux-condu’ct_'ng paths; the latter
construction permits development of windings on the legs
prior to assembly of the legs to each other. -

Referring to Figs. 1 and 2 of the drawings, my inven-
tion is shown in application to. a transducer having a

- ‘magnetostrictive core 18 comprising a consclidated-stack
of like laminations ¥i.

Each’lamination comprises a plu-
‘rality of legs 12-—13—14, which arc similatly elongated
and which are laterally spaced. First flux-conducting
means 15 joins first corresponding -ends of the legs 12—
‘13—14, and second fiux-conducting means- 16 joins -the
other corresponding ends of the legs 12—13—14. 'In
the form shown, the first and second flux-conducting
means 15—16 are formed as integral parts.of the lamina-
tions 11, and, for eonvenience, may be terimed head and
tail portions. Third flux-ccnducting means is_employed
to connect corresponding .intermediate portions of adja-
‘cent pairs of legs and, in the form shown, a first flux- -
conducting insert 17 is bonded 'to the adjacent ‘legs
1213, and a second flux-conducting insert 18.is bonded
‘to ‘the adjacent legs 13-=<14; an .epoxy resin provides a
‘satisfactory bondlnu agent,

The described construction Wlll be seen .to establlsh
plural ‘independent flux-conducting paths, schematically
indicated by the light -phantom designations 19—28—

21—22. -Flux of adjacent paths utilizes common flux-

‘conducting means. Thus, for example, the flux-conduct-
ing insert 17 serves flux from both lontntudmally adja-
cent paths 19-and 29 and th° feft half of the center.leg
13 serves fiux in the’ adjacent paths 19_21; the width_of
center leg 13 is thus preferably subs_tantlally twice the
individual width of -either of the outer legs 12-—14, the
outer-leg widths bemg preferably equal to.éach cther .
In order to minimize losses, I-prefer that flux in adja-
cent paths shall ‘be -oppositely polarized so that all flux-
travelhng in any leg or ‘ingert common .to two ad;acentr»
paths may travel in. the same dxrectlon Polarizing wind-
ings may be -employed-for this purpose, but I prefer that
the inserts 17 -shall be permanently magnetized .as, for
example, of a suitable permanently magnetized ferrite.

I have 1nd1cated by means of “N-S” Iegends on the face
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ductmg means at a plurality of longitudinally spaced.lo- .-

.of lamination 11 that the inserts 1718 should s op-
positely oriented.

Signal-winding -means’ preferably includes turns mde-
pendently linked ‘to all- legs §2°-33-14 of ‘the core 18.
The direction of turns for:the respective Wmdmgs should
be such as to estabhsh flux circulation -in- opposed 'sense
in -any two adjacent paths 15—26-21—22." “This may
be-achieved by mdependently developed windings on each
of -the various leg sections -or by ‘means of the ‘basket-
weave type ‘of ‘winding- described in :greater detail-in my
-said co-pending  application:Serial No. 475,462 and’ also
schematically -illustrated .and ' later ‘to be :described \in
connection with Fig. 4. ‘Whateyer the method of wind-
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ing development, the signal windings will have the ap-
pearance shown at 23—24 in Fig. 2, when assembled.

In order to economize on the use of magnetostrictive
material, that is, in order to limit use of magnetostrictive
material essentially only to flux-circulating parts of the
device, I illusirate in Fig. 2 the employment of counter-
weight members 25—26 which may be termed head and
tail weights respectiively, and bonded to the respective
longitudinal ends of the stack 30. The counterweights
25—26 need not be laminated and are preferably of
non-magaetic material. For example, they may be of
aluminum, nen-magnetic stainless steel, zinc alloy, or of
other desired alloy composition. The counterweights
25—2% are shown in Fig. 2 to provide a convenient
means for mounting the transducer unit, as, for example,
by boliing end flanges 27—28 of a mounting bracket 22
thereto; it will be noted that the transverse offset bracket
pertions adjacent flanges 27—28 may be sufficiently yield-
able so as not to impair longitudinal oscillation of the
complete transducer. Finally, for these applications in
which radiation is not required at both ends of the de-
vice, I illustrate acoustic pressure-release material 38
(e. g., cork, wood, air-filled rubber, or the like) bonded
to one longitudinal end, say the tail end 26 of the as-
sembly.

In Fig. 3, I illustrate modification of the type of core
construction illusirated in Fig. 1, the modification be-
ing in a manner permitting a more elongated magneto-
strictive body, as for application to lower frequencies.
The core 31 of Figs. 3 and 4 may nevertheless closely
resemble that of Fig. 1. Thus, the basic lamination 32
from which the stack 31 is developed may again com-
priss spaced elongated legs 33—34—35 with flux-con-
ducting means 3637 joining the corresponding ends.
In Figs. 3 and 4, however, I provide even greater plural-
ities of longitudinally adjacent flux paths, as developed
by bonding (at plural longitndinally spaced locations)
separate flux-conducting inserts 38—39—49 for the slot
between adjacent legs 33—34, and 41—42-—43 for the
slot between adjacent legs 34—35. All inserts 38—39
. . . 43 are preferably permanent-magnet ferrite blocks,
and bonding is preferably accomplished by means of a
solvent-free agent, such as an epoxy resin. No legends
have been applied to the various independent flux paths
"developed by the described construction, but the direc-
tional arrows indicate the opposed polarization of ad-
jacent paths, and the winding means is preferably de-
veloped to circulate flux in adjacent paths in opposite di-
rections.

As indicated generally above, the winding means may
involve independent sets of turns linked to the respective
legs of the various flux paths. However, in Fig. 4, the
winding, which is shown in simplified schematic form,
may be developed from a single conductor extending be-
tween leads 45—46 and may employ the basket-weave
development described in greater detail in my said co-
pending application Serial No. 475,462. Thus, begin-
ning at the lead 45, the winding may first enter over the
top of leg 33 and run down the slot between legs 33 and
34, acress the bottom of leg 34, up the slot between legs
34—35, across the top (at 47) and around and- beneath
the leg 35, across (at 48) the top of leg 34, down the
slot between legs 33—34, across the bottom of leg 33,
and around and over (at 49) the top of leg 33, and so
on. Similar basket-weave developments may be fol-
lowed for the linkage to legs 33-—34—35 in the space
longitudinally between inserts 38—39 and inserts 41-—42,
and so on; however, since adjacent flux paths must be
excited in opposite sense, the direction of basket-weave
development longitudinally between inserts 38—39 and
41—42 -is opposite to that described at 47—48—49.
Connection between these two successive basket-weave
developments is illustrated at 50, where the conductor
wraps around and therefore hides the insert 41. A simi-
lar connection 51 connects the basket-weave develop-
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ment between inserts 38—39 and 41—42, to the basket-
weave development between inserts 39—48 and 42—43,
these two adjacent basket-weave developments being in
opposed-phase relation. Finally, a connection 52 cou-
ples the last two basket-weave developments (again in
opposed-phase relation), and the entire winding ends
with the lead 46.

For all the forms thus far described, the polarizaticn
of flux paths and the excitation coupling thereto is such
as to promote in-phase magnetostrictive clongations for
all parts of all legs so that the transducer may clongate
and longitudinally resonate as a whole. Because the
flux paths are short, there is negligible leakage along
closely adjacent stretches of any one path, and highly ef-
ficient electromechanical energy conversion is achieved.

in Figs. 5 and 6, I illustrate applicaticn of my mag-
netostrictive transducer construction to arrays employ-
ing a plorality of like core elements 55 in side-by-side
relation. The views of Figs. 5 and 6 are end views so
that only one such element 55 is visible. Nevertheless,
it will be understood that the head and tail ends of all
elements 55 of the array may be bonded to common head
and tail members 56—57, and the latter may include a
threaded or otherwise formed adapter means 58 for
attachment to a mounting bracket (not shown). For
protection, relatively flexible side panels 59--68 may be
secured to the head and tail members 56—57; the en-
closed space may be liquid-filled, or may be free-flooded
with the lignid medium in which the transducer is to be
operated.

In the arrangement of Fig. 5, a single lead-in supply
69 serves all windings between longitudinally adjacent
flux paths, so that the conductors 61—62 ar¢ shown
connected at the ends of the end windings 63—64. On
the other hand, in Fig. 6, the lead-in supply 6% includes
conductors 61'—62 serving all but one of the windings,
namely, from the end winding 63’ to the winding 64'
next to the last winding 65. The last winding 65 is
shown with independent lead connections 66 which may
be used for feed-back purposes in a self-excited ‘trans-
ducer, employed as described in greater detail in my co-
pending application Serial No. 524,545, filed July 26,
1955.

In Figs. 7 and &, I iliustrate application of the princi-
ples of my invention to a magnetostrictive transducer ele-
ment in which coil windings may be developed on core-
leg sections prior to assembly of the core legs to each
other. Thus, the core legs 76—71—72 may comprise
independent stacks of uniform strips of magnetostrictive
material, the width of the strips of leg 71 being substan-
tially twice the individual widths of outer.legs 78—72,
because, of course, the central leg 71 serves laterally adja-
cent flux paths. First flux-conducting means 73—74
connects first corresponding ends of the legs 76—731—72;
second flux-conducting means 75-—76, at longitudinally
spaced but corresponding locations, connects adjacent legs
78-—71 and 71—72; and third fux-conducting means
77—78 connects the legs 70—71—72 at a third longi-
tudinal location. -

Since the connecting means 73—74 . . . 78 are not
relied upon for longitudinal magnetostrictive elongation,
they may be independent elements of magnetic flux-con-
ducting material not having particular magnetostrictive
properties. Accordingly, the end elements 73—74 and
77—78 may be of ferrite ceramic, and the intermediate
inserts or blocks 75—76 between longitudinally adjacent

Mflux paths are preferably ferrite permanent magnets.

Blocks 75—76 should be of thickness (determining lateral
spacing of stacks 70—71 and 71—72) sufficient to supply
the required magnetomotive force and of width (longi-
tudinally along the legs 76—71—72) sufficient to pass the

‘required magnetic flux. The ferrite blocks 73—74—77—

78 should be magnetically soft and have high perme-
ability, high saturation flux. density, and low coercive
force. '

o
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The mechanical assembly of Figs. 7 and 8 is completed
by -applying a solid head weight 79 to one longitudinal
end and a solid tail weight % to the other longitudinal
end. -Bach of the weights 79-—8& may be precision cast
with .2 -recess or cavity (or plural recesses or cavities)
formed to closely receive the projecting ends of the legs
70-—71—72, and ‘the assembly is retained by bonding
in the relation shown. The head element 79 is preferably
of light metal, such -as alumirum, and.the tail weight 88
. is preferably of relatively heavy metal, such as a zinc alloy:
- As explained above, electrical windings may be assem-

bled to the respective legs 78-—71—72 prior to the assem-

bly of the legs to each other. Thus, winding 81 on the
left end of leg 72 may be developed at a first longitudinal

Jocation and winding &3 may be developed (in the oppo-

site sense) at a second longitudinal location; both windings

81—83 may be developed from the same conductor, and

joined by connector 82, with external connections avail-

.able at lead ends 81'—83’. Both winding developments

may be made on conventional helical coil-winding appa-
_ratus in a single chucked position of leg 72, and prior

to assembly of leg 72 to the rest of the transducer. In

a .similar manner, separate - opposed-phase windings

8485, with leads 84'—85’, may be developed as a sub-

assembly on leg 71; and opposed-phasé windings 8687, -

with leads 86’—87’, may be developed as a sub-assembly

on leg 78.  In assembling the wound legs to each other -

(at spacer blocks 73—74 . . ..78) and in' electrically
interconnecting the winding leads, care must be taken
that the adjacent windings 81-—84 are oppositely wound

or -oppositely energized and that the adjacent windings-
8486 are oppositely wound or energized. The leads -

may be interconnected in series or in parallel in a manner
determining the desired relative direction of flux circu-
lation, as indicated by the phantom arrows in Fig. 8.

-t will be seen that I have described an improved trans-
ducer construction particularly applicable to low-frequen-
cy use wherein it is important to maintain utmost efii-
ciency and assurance against flux leakage between closely
adjacent legs of any given flux path. My basic construc-
tion is inherently applicable to any léngth, and the em-
ployment of plural longitudinally adjacent independent
flux paths assures against flux losses. In spite of the
apparent complexity of structure, it is nevertheless appli-

_ cable to relatively inexpensive assembly because, as indi- -

“cated particularly in connection with Figs. 7 and ‘8, con-
ventional coil-winding techniques are applicable prior to
assembly of wound sub-assemblies. Long transducer-ele-
‘ments -may be housed inside metal tubes with end clo-

" sures to'make oscillators for drilling, shake tables, lapping ;

devices, and the like; in the latter connection, Figs. 5.and
6 may be viewed as essentially longitudinal sectional views
through the tubular housing in-which parts labelled 55—&0
are essentially the same tubular housing part. The high

amplitudes developed at Iow frequencies are advauiage- 3

" ous in- very long transducers of the type shown in Tigs.
5 and 6, and as indicated particularly in-connection with
Fig. 6, the construction lends itseif to self-excited cpera-
tion. ‘For liquid-immersed applications where unidirec-
tional response is needed, one end may be shielded by
compliant means, such as a double-walled metal cover
with air between the walls or by means of an absorbent or
pressure-release pad, as at 38 in Fig. 2.. Also, for liquid-
‘immersed applications, and if corrosion-resistant materials
are employed, including, for example, windings developed
with polytetrafiucroethylene-insulated conductors, my
invention permits the use of unhoused constructions, or,
alternatively, constructions in which .the housings are
flooded, as will be understocd.
‘While I have described the invention in detail for the
.~ preferred forms shown, it will be understood that modifi-
cations may be made within the scope of the invention
as described in the claims which follow. .
I claim: .
. 1..An electromechanical transducer, comprising two
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_separate-laterally spaced elongated -legs of ‘magnetostric-

tive material, separate: blocks of magnetic flux-conduct-
ing material magnetically connecting -corresponding end
portions -of said :legs; a further block -of ‘magnetic flux-
conducting material magnetically connecting -correspond-

ing ‘intermediate portions of said legs, said intermediate
‘block being a permanent magnet-and therefore establish-
_ing -polarized -flux-conducting ‘paths on the one ‘hand
‘through said -legs .and- said-intermediate ‘block ‘and -the

block at one ‘end, :and :on the other hand through said -

-legs and said intermediate block and- the block -at the

other:end, and- winding  means-linked: separately to said

-paths -along -said legs -and :in-a’ polarity 10 .circulate ‘flux
in opposite-directions in-said: paths. N Co

2.-An electromechanical’ transducer, -comprising :two
séparate -laterally spaced -elongated “legs, each -leg com-
prising a-consolidated stack of like Jongitudinally :extend- -
ing -magnetostrictive - strips, -separate - blocks " of -magnetic
flux-conducting - material _magnetically. connecting - cor-
responding end -portions of said legs, a:further block of -
magnetic ‘flux-conducting - material ‘magnetically -connect-

-ing corresponding intermediate portions of :said legs, said

intermediate -block being a permanent magnet and there-
fore establishing polarized flux-conducting -paths ‘on the
one_hand -through said legs and said intermediate ‘block
and the block at-one end, and-on*the other hand through
said ‘legs ‘and said intermediate block-and the block -at
the -other -end, -and- winding means linked separately to
said-paths -along-said legs-and in a-polarity to circulate
flux:in- opposite directions in'said paths.

3. An -electromechanical transducer, comprising three
separate laterally -spaced elongated legs, each leg com-
prisidg-a-conselidated stack of like but separate longitudi-
nally extending -magnetostrictive -strips, a first: pair- of
separate magnetic flux-conducting ‘blocks ‘magnetically

" connecting corresponding - end portions of :said -legs, a

#0
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second pair of magnetic flux-conducting' blocks magnet-

ically connecting corresponding intermediate portions of

said legs; a third pair of magnetic flux-conducting blocks

magnetically connecting the other corresponding -ends .of

said legs, whereby separate flux paths may be established

between adjacent blocks and adjacent -legs, means: op-

positely polarizing - adjacent flux -paths, and. winding

means linked to.said flux paths along said legs andin

a sense to develop circulating flux of opposite polarity -
in adjacent flux paths, whereby the ‘instantaneous flux’
in-those-portions of the intermediate leg-which are .com- -
mon to two adjacent flux paths may always flow in the
same -direction, and ‘whereby the instantaneous flux-pass-
ing through any single one of said intermediate - blocks
may always be in the same direction for-each.of the.two
adjacent flux paths served thereby. - .- ;

4. A iransducer -according to claim 3, in which the
outer legs are of equal:width and are each substantially
one-half the width-of the intermediate leg.-:--« . = -

5. An electromechanical -transducer comprising three -
laterally spaced elongated legs, each leg comprising a sep-
arate consolidated stack of like longitudinally extending
magnetostrictive strips, a first pair of separate blocks
of magnetic flux-conducting material magnetically con-
pecting first corresponding end- portions of said legs, a
second pair of separate blocks of magnetic flux-conduct-
ing material magnetically connecting further correspond-

. ing portions of said legs at a location longitudinally spaced -

70

75

from said first corresponding portions, the blocks of one
of said pairs being permanently magnetized. and oriented
to establish opposed polarity in the respective. flux-con-
ducting paths defined on the one hand by a first two ad-
jacent legs and by the magnetic blocks spacing the same
and on the other hand by the other two-adjacent legs
and the magnetic blocks spacing the same, and separate
windings coupled to the legs of said separate paths in
a sense to circulate flux in opposite directions in adja-
cent of said separate paths. . S

6. A transducer according to claim- 5, and including -
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head and tail weights bonded to the respective longitudi-
nal ends of said legs. o

7. In an electrical transducer, a core including a con-
solidated stack of like laminations of magnetostrictive
material, each lamination including a plurality of lateral-
ly spaced clongated legs integrally formed with a head
joining said legs at one end and defining an elongated
slot between two adjacent legs, a first single ferrite in-
sert in said slot and longitudinally spaced from said head
and defining with said head and with szid adjacent legs
a first flux-conducting path, a second single ferrite in-
sert in said slot and longitudinally spaced from said first
insert on the opposite side thereof from said head and
defining with said first insert and with said adjacent legs
a second flux-conducting path, said first ferrite insert be-
ing permanently magnetized, whereby said flux-conduct-
ing paths are polarized in opposite directions, and wind-
ing means linked to said separate paths in a sense to
circulate flux in opposite directions in said paths.

8. In an electromechanical transducer, a core includ-
ing a consolidated stack of like laminations of magneto-
strictive material, each lamination including a plurality
of laterally spaced elongated legs integrally formed with
a head joining said legs at one end and defining an elon-
gated slot between two adjacent legs, a first single ferrite
insert in said slot and longitudinally spaced from said
head and defining with said head and with said adjacent
legs a first flux-conducting path, a second single ferrite
insert in said slot and spaced from said first insert on
the opposite side thereof from said head and defining
with said first insert and with said adjacent legs a second
flux-conducting path, means magnetically polarizing said
flux-conducting paths in opposite directions, and winding
means linked to said paths in a sense circulating flux in
opposite directions in said paths.

9. In an electromechanical transducer, a magnetostric-
tive core having a plurality of laterally spaced clongated
legs extending in the same general direction, first flux-con-
ducting means joining said legs at a first longitudinal loca-
tion, second and third flux-conducting means joining said
legs at second and third locations longitudinally spaced
from each other and from said first location, the inter-
mediate of said flux-conducting means being permanently
magnetized, and winding means coupled to one of said
legs. B

10. A transducer according to claim 9, and including
independent counterweights independently bonded to the
respective ends of said core.

11. A transducer according to claim 10, and including
mounting structure secured to both said counterweighis
independently of said core. i

12. A transducer according to claim 10, and including
acoustic pressure-release means bonded to the outer lon-
gitudinal exposed face of one counterweight to the exclu-
sion of the other.

13. In an electromechanical transducer, an elongated
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&
magnetostrictive core having a plurality of laterally spaced
elongated legs, first flux-conducting means joining said
legs at a first longitudinal location, whereby an elongated
slot is defined between said legs, second flux-conducting
means joining said legs at a second lengitudinal location
spaced from said first flux-conducting means and defining
with said first flux-conducting means and with said legs
a first flux-conducting path, third flux-conducting means
joining said legs at a third longitudinal location and de-
fining with said legs and with said secend flux-conducting
means & second flux-conducting path, fourth flux-conduct-
ing meens joining szaid legs at a fourth Iocation and de-
ining with said flux-conducting means a third flux-con-
ducting path, means oppositely polarizing adjacent of said
paths, and separate winding means linked to said respec-
tive paths in a direction to circulate flux in opposite di-
recticns in adjacent paths,

14, In an elsctremechanical transducer, an elongated
magnetostrictive core having a plurality of laterally
spaced elongated legs, first lux-conducting means joining
said legs at a first longitudinal Iocation, whereby an elon-
cated slot is defined between said legs, second flux-con-
ducting meanps joining said legs at a second longitudinal
location spaced from said first flux-conducting means and
defining with said first flux-conducting means and with
said legs a first flux-conducting path, third flux-conducting
means joining said legs at a third lengitudinal location
and defining with said legs and with said second flux-con-
ducting means a secend flux-conducting path, fourth flux-
conducting means joining said legs at a fourth location
and defining with said finx-conducting means a third flux-
conducting path, said sscond flux-conducting means com-
prising a permanent-magnet insert, whereby said first and
second paths are oppositely polarized, said third flux-
conducting means comiprising a further permanent mag-
net insert whereby said second and third paths are op-
positely polarized, said two inserts being oriented to polar-
ize said second flux-conducting path in the same direction,
first winding means including turns separately linked to a
first two of said paths in a directicn to circulate flux in
opposite directions in the same, and second winding
means independent of said first winding means and linked
to the remaining of said three paths.
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