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20 1. Field of the Invention

The present invention relates generally to circuit clements and more
particularly in one exemplary aspect to devices for the sensing of current, and methods

of utilizing and manufacturing the same.

25 2. Description of Related Technology

A myriad of different configurations of current sensing devices are known in
the prior art. One common approach to the manufacture of current sensing devices is
via the use of a so-called “Rogowski coil”. A Rogowski coil is an electrical device for
measuring alternating current (“AC”). It typically consists of a helical coil of wire

30  with the lead from one end returning through the center of the coil and passing
through the helical coil of wire to the other end. The whole helical coil of wire is then
positioned around an alternate current carrying conductor whose cutrent is to be

measured. The voltage that is induced in the coil is proportional to the rate of change
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in cost to manufacture, such low cost being enabled by infer alia addressing the
20  difficulties associated with the complex coil configurations of prior art current sensing
devices, and offer improved or at least comparable electrical performance over prior
art devices. Ideally such a solution would not Only offer very low manufacturing cost
and improved electrical performance for the current sensing device, but also provide a
high level of consistency and reliability of performance by limiting opportunities for
25  errors or other imperfections during manufacture of the device.
Moreover, an ideal solution would also be at least somewhat scalable, and able

to assume various desired form factors.

Summary of the Invention

30 In a first aspect of the invention, an improved current sensing inductive device
is disclosed. In one embodiment, the current sensing inductive device includes

multiple ones of segmented winding elements. A return conductor electrically couples



bobbi n or other internal support structure is required. In a second
aspect of the invention, an inproved formless current sensing inductive
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as to 30 achieve a desired tr bet ween hi gher performance and hi gher
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ot he20coidf¢rsinebtaondafevides) are disclosed. In one embodiment, the method comprises

continuously winding an insulated conductor over multiple segmented bobbin
elements. A return conductor is routed between each of the segmented bobbin
elements. The return conductor is then electrically coupled with the . insulated
conductor so as to form the current sensing inductive device.

25 In a fifth aspect of the invention, methods of using the aforementioned apparatus
are disclosed.

In a sixth aspect of the invention, a scalable inductive device is disclosed. In one
embodiment, the device comprises a number of winding segments, and the number of
winding segments (and/or number of turns per segment) can be varied as desired so as to

30 achieve a desired tradeoff between higher performance and higher cost of

manufacturing.



10 nunber of coils increased or decreased), the output of the devices wll
vary, thereby allowing the installer/user to "tune" the effective output of
t he coil we=eniyl1y2850 the desired | evel of perfonnance. PCT/US2010/033%02 her
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adapted tg oaﬁ&gn)tfmﬂelaﬁ&ﬁdmo%é%ss EANEUGHRE By Qﬁmangp&lén%@& at a

prescribed location within the center region of the coil. 25ln a tenth
aspect of aitdhe thewembioof calsguppotr tansher cuhpeds As)rthwsagmmﬂs toftone coil are

af orenentioned current sensi n i nduct i ve devi ce i scl d.. I n on

embodi nenlelaceﬁﬁa d&ﬁﬁf% PSR Yt et e s |51P‘°e° Brieol? idisithe
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features that are utilized for joining a bobbin elenent to an adjacent
bobbi n el dlvsnitg tl&oimtaaﬂ/teblewei‘mhe’hélpeaffecwe pitputi ol thetdodnassantdp ibithe el enent

for use i t%f af orenenti oned current sensing inductive devices is :
di scl ose lo¥ed oL RHSIPIBRY, the bobbin el ement includes a spool el ement
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di aneter associated with the spool el enent. pair ange features is
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Oe oot Do e 85 SRS 01 985, B0 ShShod BELA Sl ve ol
well, and can be tuned or adjusted to a desired level of performance.
~ Moreover, in vet another embodiment, the vertical spacing or disposiﬁon of the
different coils (whether in “stacked” or “concentric” configuration) can be varied,
thereby increasing/decreasing the coupling or interaction of the coils.
20 In a ninth aspect of the invention, a co1l device having a conductor receiving
insert is disclosed. In one embod1ment the device comprises a segmented coil of the
type referenced above, which further includes a central portion adapted to orient and
place one or more conductors being monitored at a prescribed location within the center
region of the coil.
25 In a tenth aspect of the invention, a support structure for use with the
aforementioned current sensing inductive devices is disclosed. In on embodiment, the
support structure includes multiple ones of bobbin elements. At least a portion of the
bobbin elements also include connection features that are ﬁtﬂized for joining a bobbin
element to an adjacent bobbin element.
30 In an eleventh aspect of the invention, a bobbin element for use in the
aforementioned current sensing inductive devices is disclosed. In one embodiment,.

the bobbin element includes a spool element which defines an interior volume and



5In yet another variant,

the interior volune includes a return conductor

support feature that positions a return conductor at a predeterm ned
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conductor en

n accordance with the principles of the Rogowski coil.

FIG 1E is a top elevation viewillustrating a field installabl e Rogowski
coil 25 device with abutting conductor ends | n accordance with the
principl es of the Rogovvskl &8 1 pective view illustrating
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the drawings, wherein:

FIG. 1 1s a perspective view illustrating a first embodiment of a Rogowski coil
device in accordance with the principles of the present invention.

FIG. 1A is a perspective view illustrating the Rogowski coil header of FIG. 1
in accordance with the principles of the present invention.

FIG. 1B is a perspective sectional view taken along line 1B—1B of FIG. 1A.

FIG. 1C is a perspective view illustrating a Rogowski coil formed by the
segmented or continuous application‘of an adhesive in accordanee with the principles
of the present invention. .

FIG. 1D is a top clevation view illustrating a field installable Rogowski coil
device with overlapping conductor ends in accordance with the principles of the
Rogowski coil.

FIG. 1E is a top elevation view illustrating a field installable Rogowski coil
device with abutting conductor ends in accordance with the principles of the
Rogowski coil. -

FIG. 2 is a perspective view illustrating a portion of a second embodiment of a
Rogowski coil device in accordance with the pﬁnciples of the present invention.

FIG. 2A 1s a perspective sectional view taken along line 2A-2A of FIG. 2.

FIG. 2B is a perspective view of a single Rogowski coil segment, as illustrated
in FIG. 2, in accordance with the principles of the present invention.

FIG. 2C is a perspective view of the single Rogowski coil segment illustrated
in FIG. 2B, shown from a different perspective.
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30FIG 2B is a perspective view of a single Rogowski coil segnent, as
illustrated in FIG 2, in accordance with the principles of the present

i nventi orw02011/01485G. 2C i s a perspective view of the sipagius2R09838%ki coi |
segnment illustrated in FIG 2B, shown froma different perspecti ve.
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of the vvindin el 0gows.ki coi ts _sho Ln.FlG 3C

PG 4 | sl B lsrate g 1 e OPROE fGoa Hof SORSETT £5if° Segrent
for a 15 feyrhh.anpodic Elpqgs (gtﬁqggﬁkinv&gwn device in accordance with the
pr| nci pl es of the present i nventi on. : FIG 4Ais a Eerspectl ve View

illustrating tE6&.\d€Uida Rogpertivie dow [illetgtieatls fows () hesembled dipgowskl G 4,

he. pitoscit! RS Bt [0t GRORR 8o BErapeCerget of dbr skl bR, 31 oh

(8) asse?ﬁ%lm fesGRidvepggrent s of FIG 4 nmounted on a vm ndi ng mandr el
an

in accor ce with the principles of the present invention. FIG 5
i s a perspect iNi&. dleis 4 sidastevatiomyiew ofi the méndiog eesricl sxsiunteddipgomsks or a
fifth enmbodi nent to %9%’5555F coil device in accordance with the

principl et oﬁeg’?‘ﬁ‘ési%"p"}’% venti on.

FIG. 4 is a perspective view illustrating a single Rogowski coil segment for a

15 fourth embodiment of a Rogowski coil device in accordance with the principles of the
present invention.

FIG. 4A is a perspective view illustrating two wound Rogowski coil segments,
as illustrated in FIG. 4, mounted between two header segments in accordance with the
principles of the present invention.

20 FIG. 4B is a perspective view illustrating eight (8) assembled Rogowski coil
segments of FIG. 4 mounted on a winding mandrel in accerdance with the principles
of the present invention.

FIG. 5 is a perspective view illustrating a single Rogowski coil segment for a
fifth embodiment of a Rogowski coil device in accordence with the principles of the

25  present invention.

FIG. 5A is a side elevation view illustrating the single Rogowski coil element
of FIG. 5.

FIG. 5B is a perspective view illustrating two Rogowski coil segments of FIG.
5 mountable together in accordance with the principles of the present invention.

30 FIG. 5C is a perspective view illustrating eight (8} assembled Rogowski coil
segments of FIG. 5 mounted on a winding mandrel in accordance with the principles

of the present invention.



FIG 5A is a side elevation viewillustrating the single Rogowski coil
element of FIG 5. FIG 5B is a perspective viewillustrating two Rogowski
coi |l segmwobe11dfi4®BFG 5 nount abl e toget her i n accor danc@®Criuskoioss3909
principles of the present invention. 30 FIG 5C is a perspective view

illustratin ight (8) assenbl ed E ki coi egnent s .of Fl 5 ted
b 5o ol g bt R RR ST A AR Sl REFTRRL Soif boefrsR poZ el ™ ©
i nvent i ONijxth embodimentbfa KddoSvsRi BRI &RACtih MBeotli@be Wilhugt HRhbipls af fiengl €

Rogowski coil segnent for a sixth enmbodi ment of a Rogowski coil device in
accor dancmesint mvew®npr i nci pl es of the present i nvention. FIG 6A

is a side elevati view illustrati t he. si ngl kKi.cojl, el t 5of
Fra b FiG g SAL s eiio e Ll iad PRl BRSNS SIS T
segnents gfpfl & 6 nountabl e together in accordance with the principles of

t he present invention. FIG 6Cis a perspective viewillustrating
anot her enbodiFEntBa$ a pespedtiveetpve dtustatayy oo RagomekiedoilesegmpetsiopiKi.al cord,

in accordance with the principles of the. 10present invention. FIG 7
2 2 st Boauibdeediee tPuBErar Rh GRS SO FPRC B e pass
through condugier @ i@ aCPELHREvE SRSV rxﬂugﬁaﬁhgeagloglea%o%ﬂ&ﬁ ¥ tiheotihe

principles of the present invention. 8 is atop elevation view

i | ust r atscpgesimdapted toatceive anferigheral ¢wd, ihaccaddte Rothoths lprincipick ofléhei ce
posi tioned about a, rectangul ar power conductor in accordance with the
pri ndi®! TPt REesent i nvention. FIG 8Ais a top elevation view

iITustrating gl rats XGIPLRNHGTIRY MRREa@ VASoROBQIRIs ©Pithe $a% ce of
FIG 8 with alignment features | ncorporated gt hereon to prevent skew ng and
bi asi ng ithroagh cowthrte ofiktchirtiiesepsing deyptein atortlimeepyidstatprinciples of the

present invention.

FIG. 8 is a top elevation view illustrating an alternate configuration for a

15 Rogowski coil device positioned about a rectangular power conductor in accordance
with the principles of the present invention.

FIG. 8A is a top elevation view illustrating a first exemplary embodiment of
the Rogowski coil device of FIG. 8 with alignment features incorporated thereon to
prevent skewing and biasing in -accordance with the principles of the present

20 invention. |

FIG. 8B is a top elevation view of another embodiment of the sensing device
of the invention, adapted for use on a 4-sided (e.g., rectangular) bus bar (with cover
removed). _

FIG. 8B-1 is a cross-section of the device of FIG. 8B, taken along line 8B-1-

25  8B-1, with cover installed.

FIG. 9 is a side elevation view illustrating an alternate configuration for a |
Rogowski coil device in accordance with the principles of the present invention.

FIG. 10 is a process flow diagram for manufacturing the current sensing
apparatus of FIGS. 1 — 1B in accordance with the principles of the present invention.

30 FIG. 11 is a process flow diagram for manufacturing the current sensing

apparatus of FIGS. 2 — 2C and FIGS. 4 — 4B in accordance with the principles of the

present invention.



20i nvent i on. FIG 8B is a top elevation view of another enbodi nent of
the sensing device of the invention, adapted for use on a 4-sided (e.g.,

rect angulwio)lotwmE4isar (with cover renoved). Fl 8CTAB2d10i033909
cross-section of the device of FIG 8B, taken along line 8B-1- 258B-1, with
cover installe FI.G. 91is Ievat on_vi willutratin an.alternate
configuration }g{ﬁ I*fo&o%gﬁ‘?ssc% ‘ﬁ?ﬁf“&e B e KE"SHHE nci pl es
of the prgsARiud JMBOLI PD3D in accortthdee whth the ﬁncﬁﬁl@@@ﬁ&e ké&!%t%@eﬁhﬁéﬁ‘ for

manuf acturing the current sensing apparatus of - 1B in accordance

with the princFi§l.eB of atreces edmntdiagramenfor ananufmrﬁigGheldmreat aepmimress fl ow
dlagramfor manu t.he current sing .apparatus of FIGS. 2 - 2C and
Fl oo o Sipa i QG oG iR B BrOdhBE oF B PG ReT ANt | on
FIG R is a pFlQFeﬁﬁ id hge/[i)' oL QA AN di PrarlBRY ARG el R CHHRBRENGENST NY

apparatus of FIGS. I n accordance wth the principles of the present
I nvent i onapparatus ofIFIIGS a3 6Bsnacqmrdm&ssv11ﬂmltbmpﬂm<agbauﬂ ﬂleprﬂS’ﬁItlllﬂl\amtldﬂﬂ ng t he

current sensi ratus of FIGS. 5.- 5C i acco rinciples
of the pr esen?ﬁcﬂag%ﬁ%r?m?ﬁ‘ft@e vigp pEanye %%’§3F B$ Fﬁ“ g‘?"l‘?

manuf act %'a@%rﬁﬁh’ce%fhﬁﬁ@hmﬁ&?&bBgt}é@f@s%ﬁ‘ttlﬁ%n‘%nﬁ GS. 6 - 6B in accordance
with the pI’InCIp es of esent invention FIG 15A is a

perspective vild. dﬁBaSIaemeni@k/arcyl wtwakdhe RagedRogowsikil codelevwe of Fl@ccor dance
with the i nci pl es of the present invention. FIG 15Bis a top elevation
view & tié st acked Rogowski coil device of FIG,

FIG. 15C is a perspective view of a tunable implementation of the stacked
Rogowski coil device of FIG. 15A. |
FIG. 15D is a perspective section view of a second exemplary embodiment of
a tunable stacked Rogowski coil device in accordance with ‘the principles of the
15  present invention. |
FIG. 15E is a top elevation view of a concentrically stacked Rogowski coil
- device in accordance with the principles of the present invention.
FIG. 16 is a perspective view illustrating a portion of a seventh embodiment of
a Rogowski coil segment in accordance with the principles of the present invention.
20 FIG. 16A is a perspective view illustrating the Rogowski coil segment of FIG.
16, linked together with other like segments to form a Rogowski coil device.
FIG. 16B is a perspective view of an exploded view of the seventh
embodiment of a Rogowski coil device and housing.
.FIG. 16C is a sectional view taken along line 16C-16C of FIG. 16B.
25 FIG. 16D is a top elevation view of the bottom housing portion associated with
the Rogowski coil device illustrated in FIG. 16B.
FIG. 17 is a perspective view illustrating an eighth embodiment of a Rogowski
coil segment in accordance with the principles of the present invention.
FIG. 17A is a perspective view illustrating the Rogowski coil segment of FIG.
30 17 linked together with other like segments to form a Rogowski coil device.
FIG. 17B 1s a sectional view taken along line 17B—17B of FIG. 17A.
FIG. 18A is a perspective view illustrating the insertion of the start clip for a

Rogowski coil segment in accordance with one embodiment of the present invention.

9.



1015A FIG 15C is a perspective view of a tunable inplenentation of
the stacked Rogowski coil device of FIG 15A FIG 15D is a

per spect iwo 2080t1#z38 vi ew of a second exenpl ary enbodi nerCTafS2@otwssvadbl e
stacked Rogowski coil device in accordance with the principles of the
15present inv ' . FIG 15E i.s a.top, elevation vie £

concent i cal | v 5t doRda resERTe BT Iaetied e sbdor sl e S O fre
princi pl epo@fwskh&oiPIe@RRAL inl AYRBARAvith one emPoliffent 81 {hS pReRBrifPAtLAhVE Vi ew
illustrating a portion of a seventh enbodi nent of a Rogowski coil segment

i n accor dance WG A8€CHe apreirspstiplecgewfillusteatipg wanseriion ehthiedingod@k| @il 16A is a
perspective view illustrating,the Rogowski Il segnent of .FIG 16, |inked
Pooet nor TEPRIS s MRS Gl B PRORBRT wiRsys sERPoRbef bl | "Ha

16B i g a pe&qpRacti ve view of an expl oded view of the seventh enbodi nent of
a Rogowski coil device and housing. FIG 16Cis a sectional view taken
al ong |ine 16G1G6EBBfis FpGspactivs viepsiugratingmhe installatop dltew et essembbv of t he

bot t om housi tion associated with the Rogowsk oil deyice illustrated
TG o (8 38y Em 35550 B8 A drlnd T Y B boGRient PR Heskit b
enbodi menkvé&itioa. Rogowski coil segnent in accordance with the principles of
the present invention. FIG 17A is a perspective viewillustrating the
Rogowski coi| HegdBhts aberpetiveyieny illusikiént the garthedrongi entbodivaent off khiee

segmepts o form aSSRo ows_lai covbil evirice.. ! Fl c17BS itg1 a_sect ional view taken
a1 ongll ; g Hds R e R PR ok RehBalr 5,1 w111 ustrati ng
the insertion [G. 1BE i$bafbssCdebRod0hicly BREAUSIY 1a¢kl vwaRANBN HishSedGmOr dance
wi th one enbodi nent of the present invention.
- the first Rogowski coil segment in accordance with one embodiment of the present
invention. _
FIG. 18G is a perspective view illustrating the passage of the winding between
15  Rogowski coil segments in accordance with one embodiment of the present invention.
FIG. 18H is a perspective view of the Rogowski coil segments mounted on the
winding mandrel and wound in accordance with one embo'diment of the present
invention. |
FIG. 18 is a perspective view illustrating the termination of the winding to the
20  start clip in accordance with one embodiment of the presént invention.
FIG. 18] is a cross sectional view illustrating the shielding layer Windihgs ona
first Rogowski coil segment in accordance with one embodiment of the present
invention.
FIG. 18K is a perspective view of the Rogowski coil segments mounted on the
25 winding mandrel and wound with the shielding laver in accordance with one
embodiment of the i)resent invention. 7
FIG. 18L is a perspective view illustrating the winding of a tape layer over the
shielding layer of windings in accordance with one embodiment of the present
invention,
30 FIG. 18M is a perspective view illustrating the termination of the windings to
the end clip in accordance with one embodiment of the present invention.
FIG. 18N is a perspective view illustrating the insertion of the return conductor

in accordance with one embodiment of the present invention.
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FIG 18B is a perspective viewillustrating the insertion of the end clip
for a Rogowski coil segnent in accordance with one enbodi nent of the
present iwWoentl/amss FIG 18C is a perspective vi ewPCriusgewasiog t he
insertion of the Rogowski coil segnments onto a wi nding nmandrel in

accordance wt enbodi ment . of the._ present 5i.nventiop ., EIG 18D is
2 ber spect i ve VWi PLSFRPFiH & HEw: PErana Pasrim et B B 0ol y i nt o
the bobbi &, IeGEEM aces@ANRSVitToRCGHRBRRER oMichroRs: @phadhment of the present
invention. FIG 18E is a perspective viewillustrating the start of one
enbodi ment of Flbe 18D iswk b elgvapion vesys illuntratoeche asemioniof Fhet egoprsknaiilpl es of

the present invention. . FI 18FE.is a crqss segctional view.

1 ubt o ToREn iy Ep S i igec TSt aat B Srihedrrplor 5 gonek DESHPn s egrent
i n acoordance md hqngsefredipBife ofew MBuRRESENhe liRMEMHANor MGwikBG is a
perspective view illustrating the passage of the w nding between 15
Rogowski @widhctgmsgmiiet Rogowshtkaxldaincecanlitre ot @wrizodiodemntnt of thelpeesontes ent

i nvention., . FIG 1814 is a perspective view of the Rogowski coil
segnent s W88 on the winding mandrel and wound in accordance with one

embodi ent of e 1BRES G erl UG LR illustrating the dBbdit diEthoks ifoRRE RRECT i Ve

view illustrating the termnation of the wwnding to the 20 start cClip in
accor danclesadert &f thaRemobokii dente of atdosdapre satht orenenglridiment of the prése@ 18J i s
a craoss sectional viewillustrating the shielding |layer windings on a first

Rogoweki B¥F1H%8egnent in accordance with one enbodi ment of the present

I nvention. FIG. 144 G 4 85rd PSPk fing' B K ti%lfR% W§dliceCO! |
segnent s nount eg’ on the 25 vﬁ%&?‘rﬁg ﬁandreF a1r§1 V\Dundog\E/)Mt ) tﬁlg S icel di ng
| ayer i n asodidaed esivg the poesse ithetthted nd FI6FS. tIRA pi8Rsent i nventi on.

FIG 18L is a rspective viewillustrating the winding of a tape |ayer
over the shi gvgﬁﬁggqra%/eﬁsde?e%ﬁ'ﬁamnﬁg @%&E&tdzﬁqgﬁra\lpt'%ﬂ%?n%n%%%gﬂent of
the preseft ATMVERE rQerved. _

15 Detailed Description of the Preferred Embodiment

Reference is now made to the drawings wherein like numerals refer to like
parts throughout.

As used herein, the terms “bobbin™ and “form™ (or “former”) are used without
Jimitation to refer to any structure or component(s) disposed on or within or as part of an

20  inductive device which helps form or maintain one or more windings of the device.
~ As used herein, the terms “electrical component” and “electronic component”
are used interchangeably and refer to components adapted to provide some electrical
and/or sigﬁal conditioning function, including without limitation inductive reactors
(“choke coils™), transformers, filters, transistors, gapped cofe toroids, inductors {coupled
25  or otherwise), capacitors, resistors, operational amplifiers, and diodes, whether discrete
components or integrated circuits, whether alone or in combination.

As used herein, the term “inductive device” refers to any device using or
implementing induction including, without limitation, inductors, transformers, and
mductive reactors (or “choke coils”.

30 ~ As used herein, the terms “network” and “bearer network™ refer generally to
any type of data, telecommunications or other network including, without limitation,
data networks (including MANs, PANs, WANs, LANs, WLANSs, micronets, piconets,

internets, and intranets), hybrid fiber coax (HFC) networks, satellite networks, cellular

-11-



30FIG 18Mis a perspective view illustrating the termnation of the
windings to the end clip in accordance with one enbodi nent of the present

i nventi orwo0 2011/014885G. 18N i s a perspective view il l ustraCirrs2elee3iomserti on
of the return conductor in accordance with one enbodi nent of the present

I nvention FIG 180 is erspective view, illpstrati.ng the insertion
of the fiTEA ¥ EERASEISES R RERIUEH PR BRSO EREE AT HERE M he
present i Qe @fferent topolofieS(e.48Fnd Hud &BPIRHEMES, tRAsHKisSn mhddistdat i ng the
insertion of the Rogowski  coil segfents into the header in accordance with
one enbodwirediRFafiblchRF priedmstmillmetet wave, opSicakle6:.) 48T comanypagagipeeel ve vi ew
illustrating the installatiaq t e ctors | h ki header
i n accor oferkle prokge Séﬁ'ﬁomp ﬁé%ﬁgﬁggﬁtéﬁ'@@ﬁ%lgngrﬁ%% FI G
18R i 5 a ﬂ%ﬁ%@%@%)' YEp¥I RYpibd WAD! 8i, DOF, 1 pIRPPAITCIOIH.EER %) Nt the top
header of the Ro 6WSE?’ devﬂl)c’e zlan’ actordance’w th oné enbddicrr)lent of the
present 10i nvefs uesd. herein, the Féris “h8Gvdrk imterdares pe CintarfaceT ewidally usfer &t i ng t he

Rogowski coil device manufactured using the process illustrated in FIGS.
18A - 1gRany signal, slafa, mrgsefewargi BEgrhse dWHR i URPR . REEHSk r Plg RECS$00- 2010

Pul se Engi 1.Ng: <AL T ' I\ptie@n of the
Preferr eg'hgﬁg%l&i %%mn(%lﬂqMI%loﬂ’e‘fhgggeﬁ%ég?}?%ﬁg% %%gﬁ %ﬁdt %35/%??%\%{69 ggs?%er ein

| i ke numeteql.,SUSBEeUSBO3.0| KESH @l thetiu, aaigf)Ofthernet (c.g., AY/108,etD/b@l/€00, t he
terms "bobbin" and "form (or "former") are used without limtation to

referl® o Grgabt E@é‘tﬂﬁ?)el%ﬁ_i%’gﬂﬁwgﬁf‘(@% entispbsers ANoPWiPMhisie-broeH8! part of
an 20 | nANER! G, GEXTAS NOAPR, RATH] Vi ATABIVA 28R (OF, Tifertthdl ngs of
radio frequency tuner (e.g., in-band or OOB, cable modem, etc.), WiFi
(802.11a,b,g,n), WiMAX (802.16), PAN (802.15), 'DA, or other wireless families.
As used herein, the term “signal conditioning” or “conditioning” shall be
15 understood to include, but not be limited to, signal voltage transformation, filtering and
noise mitigation, signal splitting, impedance control and oorre'cti.on, current limiting,
capacitance control, and time delay.
As used herein, the terms “top”, “bottom”, “side”, “up”, “down” and the like
merely connote a relative position or geometry of one component to another, and in no
20  way connote an absolute frame of reference or any required orientation. For exampie,
a “top” portion.of a component may actually reside beiow a “bottom” portion when
the component is mounted to another device (e.g., to the underside of a PCB).
As used herein, the term “wireless” means any wireless signal, data,
communication, or other interface including without limitation Wi-Fi, Bluetooth, 3G
25 (e.g., SGPP, 3GPP2, and UMTS), HSDPA/HSUPA, TDMA, CDMA (c.g., IS-93A,
WCDMA, etc.), FHSS, DSSS, GSM, PAN/802.15, WiMAX (802.16), 802.20,
narrowband/FDMA, OFDM, PCS/DCS, analog cellular, CDPD, satellite systems,

millimeter wave or microwave systems, optical, acoustic, and infrared (i.e., IrDA).

30 Overview
The present invention provides, inter alia, improved low cost current sensing
apparatus and methods for manufacturing, and utilizing the same. In one embodiment,

the current sensing apparatus are formed in segments that are, in exemplary

-12-



As used herein, the terns "electrical conponent” and "el ectroni c conponent”
are used interchangeably and refer to conponents adapted to provide sone

el ectri cawoand/wa#28si gnal conditioning function, includi RGTRISLE10083909
limtation inductive reactors ("choke coils"), transforners, fiiters

transi stors ed cor roi ds, inductors (c | ed 25o0r. ther '
capaci tor‘émb‘?cg’%‘te’g'?mg%ner%g’e IBF3T 0 i (DAL | S0F ?‘%rt‘i fg%‘ﬁfftedltlbf‘dé@n he? é}Pe d| screte
conponent g, fa Nt @QL afLMl 61 Eégﬂlémﬁs éli’@efsﬁl%%%lfénﬁﬁ?e B¥itibibdC AR NAHIHAR- As

used herel e term "1 nductive device” o any devi ce u3| ng or
i npl enent gemgwtmn:iueﬁahoas cinadlard ipotygowalf bnamphcah tbaisj'tomidai hidte deomstries.
transforngers, and inductive reactors (or "choke coils' aytegAS used herein,

the ter ms VIHEIQHF geomgipes 45e spamoRethgdored segmpnty sphepdapiof dorisg vilhhe of
dat | t t: t
Gat o oty R PRIGT eS8 DA R Rind DR Bhef g Morll roldTut At 1 ON.

pi conet s, iriegtiar iheh&ureai[kd additiom e sshstankiylly ifded ifdrars, adhixorfaHe@pbodieionor ks,

sat el Ilte networks, cellular . networks, and telco networks. Such netvvorks
or porti dfigl p35d hetsin Wﬁ)?lsﬁtspﬁtﬁbi%foéﬁ?x%aséﬂnhlﬁse di fferent topologies (e.qg.,

ring, bus, staf,. Afgl%ﬂlenﬁ&?ed)"se Cgrpétin Sl @aﬁﬂggvé%g& usl)y\’!ﬂi(ﬁgs/ BFugabl e, RF

wireless, mllineter wave, etc. ni‘cati ons or

net wor ki ngnpobtof cokts of m@ufacﬁﬂ)d@ﬁhemme&o bEMRlBtel agdfst3the 8@Quitell, ATM
X. 25, 5 Fr aPe Rel ay, 3GPP, 3GPP2, WAP, SI P, UDP, FTP, RTP/ RTCP, H. 323,
etc. )0 per orRancss By eFEtn, 1oVle 1A MECaIH PIREFION mé?%ge »10g 13 "GiYfller f ace”

typi cal | Yy hat8font & %{})ﬁte?'&ﬁﬁler &iﬁE Qs ML RateP IRMRE O Wukly Ber

conponent, network or process including, wthotit limtation, those of the
FireWre s(egmgnt) dﬁ\Ml&ﬂ em%%@@,, waiah, plso UsSBexally goorrekiBBds th@c@cIO COEUJSE

On-t he- Go, Ccé:’ r net e. 10/.100, 10/100/ 1000 G 121?3]

Et her net )ma‘?ﬂ'ga ‘f"& pfec APPIGRHIPES, | 2 i%w‘ad “Preghgy! Y Serij al

ATA (e.g. seg|§eﬂ-t‘e‘yan@/'o§ﬁ}ﬁs e BN Bizdd] tHeReth gﬁ()%g tﬁ@ﬁ%ﬁé&@ §Ritle cosl Yotet T,

radi o frequency tuner (e.g., in-band or 00B, cable m)dem etc.), WFi
(802.1%1a, tbsegeqn)r;:dWWp(r@mszomm PAN (802.15), h-DA, or other wreless

Lo | s 25 MRSl ot Nk oA O] ol 2 o S9BAL o1
transf or et 8fs with! e In @B R HGesthhd HRLARRousy Slita®Rhéit hdsBEbI gl npedance
control and correction, current limting, capacitance control, time
del ay. into the final completed current sensing apparatus. These bobbin elements mclude one '
or more of hinged couplings, alignment features, molded flexible webbing, etc. in
20 order to facilitate assembly. In an alternative embodiment, the segments are formed
from self-supporting bonded wire windings which are subsequently placed into a
protective header element. One or more return conductor(s) or pass  through
conductor(s) is/are also utilized which is electrically coupled to the windings to form
the current sensing apparatus.
25 In addition, some embodiments disclosed herein include an insert-molded or
post-inserted conductive clip which may be utilized not only for wire wrapping (i.e.,
in order to secure the windings prior to being wound onto the bobbin clements), but
also for electrically coupling external lead wires to the bobbin element windings, thus
facilitating the electrical connections needed to form a Rogowski coil device. Bosses
30 formed on the outer flanges of the bobbin elements are also disclosed for use in some
embodiments. These bosses are included with corresponding paired holes to provide

alignment and stability during winding operations.
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As used herein, the terns "top", "bottoni, "side", 'up", "down" and the
like nmerely connote a relative position or geonetry of one conponent to
anot her, wWooimimss20 way connote an absol ute frane of PeTASeMOM3INI any
required orientation. For' exanple, a "top" porti on of a conponent may
actually resi de bel ow a "bottonm' portion when t conponent, i-s nounted to
anot her devi ce n(“é‘ealp ary @Hlbﬁ@ntﬁﬁ'éﬁe?gﬁh&él%FeathpéBﬁdef and/or balbig sENREY ei n, t he

term"wr SR5n g[;h%:, H@J‘ﬂﬁé : ot her

i nt erfaceﬁjie‘ri; ugl ngrpl\%naﬁlﬁéé Ial?ém tattl%g ]E%%-aug?oot §e%gl g@’o %e . , 3GPP,
3GPP2, andeviddiss)as tHSﬁszMﬂ-ﬁB%puriﬁmﬂposﬁfdkﬂ%(z ectgmn, coh$addls) inﬁ:)‘d@pecetoc

FHSS, DSS PAN/ 80 802.16), 802.20 narro and/ G:DM
PCS/ DCS, iﬁé’?’lﬁ ngePR (e e‘”@ﬁ Pé’éﬂf‘ ’P‘Inr‘%tcé %‘if%ett@ﬁ'sconﬂ‘fqt‘? g%)ll\m

M Cr oAV 8, Syt 86& peRBih &Rk co@s?&'t'étidng 1an@ﬂgmhﬂt:ﬁﬁ5§@oﬁélde‘?amm§ 'ilpgl)der §,0

Overvi ew Th e present 1 nvention provides, 1nter alia, inproved |ow
cost cur rgnvids ensghgedppenat asd dnwhcogtduodst éensmgmppﬁrams uThm@gsmmngtl l'i zi ng
t he sane. one .enbodi ment, .the current sensing ratus are formed in
segment il "SRESIPR ai st By arBhisot ARG C-GoHEPUN § TRBE Wt ur e so
as to facy :p &ﬁéﬁuitﬂ)feMf@ﬁhﬂﬂosﬁfon%'&?ﬂ%%ﬁ&@étb&%s The for ”Ed segnents are
subsequently positioned into conple geonetrles such as circul ar,

pol ygonal , or ‘@iréd ppace’élort“(fmlm:ciﬁaséremwniim‘tntkef gh@rdevlw @5 alamdmzlmscdus

geo ries, are co e fo ntsc t.ed fo se wth 5 a
i dgel\t?ar|‘§]f“§fe‘8ft?lﬁgﬁn‘%§t°|flt€%w%&mw oriits DRaRERED s 0% ar ound
are irregukadrwithbulad Bobbin! Br @ﬁi&ts‘uﬂﬁoﬁtﬁg Séﬂ&%ﬁﬁé‘t 1@l be vixgd, 5QLAmed
addi ti onal enbodi nents disclosed hefein“are also suitable for flexible

assenbl i ébonded” wird he usddp vdrwent itlon edli Videq rrers e;d‘ the ovihdiap pro adbctively

advant ageousl y. al l ows for the, control  of cos manuf cturing the device
to be balJHEEH! 1000 I K@l St egmally i?‘é‘F’FtB I Oﬂﬂreéémﬁf YAel . As

greater pfagisiifRid fhetBALIE %dieél%d Fosti HCARPH dneAtoh ABlatife B SR Slotpunber  of
segments (and/or greater nunber of turns per segnent) can. be enpl oyed,

whi chi5al shergey ebahting thobobisipand scduoingmeatuéacturngteost Inanetherctaniaet, tHen
| ow- precisjqn a pI ications, a | ower-precision d?w ce wi.th fewer segnents

and/ or t U¥HEmgs citer cndigior} WGFBWSBIF‘ES’WHFWQ OFSWé?EFn‘iﬁ‘B%?tB}ge cost
for 15thg ﬁﬁ)%ﬂh(ﬁ 1J:he e}SAts’o hePl B! s aud dcofnfhécr%oﬂbﬂlbﬁ@zﬁlv%m off! ¥nd a

i npl enentation, ments are I'enents w t feat ures
and/ or geﬂmta_mlca&tdﬂﬂay aadlvighitggeously facilitate their assenbly into the
final conpleted current sensing apparatus. These bobbin el enents include
one or rmre of “Thnpljedemberdimengsue ahsp@nwél@ped Eb@t blees twart)) @E andre ek thist e

webbi { Cineh eg or%letr etcxmf aci at g‘r%ass,cet 0| % tg an 0arl Lern: nat| ve
enbodlmertorepsliylsd uedl send goap%ra “SEI1'7 Supporti Mg B8 e

wi ndi ngs Mh's@@né{t@elﬁtébsﬁéﬁiﬁmﬂgérﬁhﬁﬁﬁ& HE PerRich) B E6L hNGw h@ﬁd@i@ctﬁleenent
One or nore return conductor(s) or pass through conductor(s) is/are also

utilized twhing lof s c@llemfpnnatowvy@oupﬂ @dnst@lhtrhén wm@nb@hmw, Yoy on mpbee cur r ent

sensi ng aratus. 25ln a iments ed herein include
an inser tcp ﬂﬁlafreﬂp%}ge n a sgaclk or jux pose orlerﬂatlon and p ace réatlve to one

another so as to cancel out or mitigate flux leakage associated with the gaps between

25  coil segments. In another variant, the two or more coils are substantially concentric.

Detailed Description of Exemplary Embodiments
Detailed deScn'ptions of the various embodiments and variants of the apparatus
and methods of the invention are now provided. While primarily discussed in the
30  context of current sensing devices, and in particular in one embodiment to current
sénsing devices that operate according to the Rogowski principle, the various
apparatus and methodologies discussed herein are not so limited. In fact, many of the

apparatus and methodologies described herein are useful in the manufacture of any
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post-inserted conductive clip which may be utilized not only for wire
wrapping (i.e., in order to secure the w ndings prior to being wound onto

t he bobbiwioebewamss), but al so for electrically couplingCeftsesmabidead
wires to the bobbin el ement mindings thus facilitating the el ectrical
connecti ons ed t form a oi | dev 0SS 0 f.or d on the
outer 11 angRES oY PRt Rt SRR U a5 P s BERY Tt o BFt some
enbodi menfgm %@%m@a%&eﬁmat&mm? Hféaiédts\iogits (bﬂﬂre@)‘ﬁ%ﬁg'dlﬁcrﬂﬁﬁrl%ilelhm es to
provi de alignnment "and stabilit uring w ndi ng operations.

exenpl ar yinghidogi desivesthef dqmmiéw oenectlagpabethdmeh anditean doodisiter. el errent s are
formed wth features that e advanta cor orated.in t he, geonetry
of the devi ce BotiEpote fRbR: SR EE Irbraip BSOS e Rt e

condudd or {oSpeMiit RnibBaRRG ks &, h{"ﬁlaﬂ& nekRSs, 8B réa qaélﬂt&ﬁfor-[@@ P8 & oni ng of
the return conductor can be wei ghed 5 agal nst F per f or mance

consi der ampmhmnlmmp]maétamﬂmd@lemm&mdaﬁaiesmd iharepy. dewotld iprmedide a hi gh
per f or mance andg£ﬁMFcost curren ensin aratus The 03|t|o |ng of the

Ponduct or RPLFIGE RY 9EC L S Thill g e @ent disslostignibat ©ppy of H%e whi ch
supports ﬁh!ﬂu?ésﬂie@cr?ﬁeﬁfh%fe%ﬂ%mﬁgs%' Brhans ugémtn@a SRREUGE BE (Sdcific B pgIapace” or

"form ess" enbodi nents of device are al so disclosed, 10 wherein the
turns of addemplentintgiosy withrwhitlhthey egndentrsbetlhensel ves) are formed and used
w t hoyt a bobbin or other supporting structure. In one variant, so-called
"bonded” wire is used mherein the individual turns of the winding are

sel ecti vegy. (Rﬁﬂg nother (e.g., via a thermally activated adhesive
or ot her J%s ance o maintain the turns in a desired position and

orientation r e]lnatrtlHIEtot bet&ﬂ@mdﬂ@tiah@rvanéﬁs ddamebonsiobratiand ngirhplemboiry n and
reduci ng manufacturing cost. In another variant, the w_ndi ngs (and center

conductorweam%h@?%tﬁoaﬂﬁdnﬁw actpis| Sfremplary £9iki asefrseniicd) sabsssertbpound
hochani bolergpafy MR Bac e ARGk g Babahl IntP BAH HetnaipoRIds

envi siisonegd ItdgatvsiaLtapee cbilo Als2)s QiellMidersbod NE tRO RLe6ETRIS, AREdolitdd ent
sensi ng apparatus adj acent to one another in order to correct for

segment - riEpéucsd byladkagomeski copds fidyereicequaspn €)dwtaves, and/or al | ow for

sel ective tuning of the coil performance by a user or installer, hi one
enbodi ment, two or nore coils are arranged in a stacked or juxtaposed
orientation, and placed relative oneddvyes iEr so as to cancel out or
mtigate f1 ux bg@laggassoci ated wi th The gags E bet ween 25coil segments. In
anot her variant, the two or nore coils are substantially concentric.

Det ai | ed Description of Exenpl ary Enbodi nents Detail ed descriptions of the
vari ous egigdi ments and variants of the apparatus and nethods of the
invention are now provided. While primarily discussed in the 30 context of
current sensi fy=dbwacesf omnef thespall laopsl ar i n one enbodi nent to current

N = the number of turns;
20 1 = is the length of the winding;
Ho= a magnetic constant; and

dl/dt = is the rate of change of the current in the loop.

In order for a real-life implementation to operate closer to the theoretical behavior set
25  forth in Equation (1), various assumptions are made including that the turns are evenly
spaced, and that the radius of the device is comparatively large as compared with the
radius of the tumns themselves. Accordingly, these assumptions and how they affect
the sensitivity of the Rogowski coil itself should be kept in mind in the subsequent

discussion of various coil devices as set Torth below.
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sensi ng devices that operate according to the Rogowski principle, t
various apparatus and net hodol ogi es di scussed herein are not so limted.

fact, maryoabiihiesappar at us and met hodol ogi es descri bedPheEruseoroasm®ousef ul
in the nanufacture of any nunber of conplex coil configurations (such as

wound tor
nmet hodol o

S sh %gn benefit fromthe segnented manufacturi
P‘é‘?“ %l“ PB?

utilize or neegle@ PRSSod HhOoMEIR or _r eB UL TrGORAHSEREnt bP aaHﬁ'feht Qbhsid
further appreciated that certain features discussed with respect

speC|f|c:&gﬁnmhmeMmsbamnammdﬂﬁnbminsd@mbégmmﬁaﬂbeaﬂpngﬁmanmemntuw use in

woul Srb?éeggﬁé*éﬁéaa%ﬁé‘éﬁ et Gnemsposas o T 18- B arnEe

di scl

usefulness outs|

e specific exanples a

he

ng
is
to

n. It
esent

MHRbh L ssb el %ﬁpyﬂsscu%ﬁfgén%g C?Qﬁﬁrﬁ 8 QTSRS S ‘,Q&Qfader

enentatlons wi th which

In

YYescri bed herein, including devices that do not

they are @glsi2] besss thiGuitogonsaii c@ﬂulctd?rlmhancph mmented headdrrilOr der to better

under stand vari ous design consi derations

for the manufa% gnebofecid el év?ﬁéﬁlsﬁlsenééd‘@@%fspﬁ@éﬁ @Wﬂ)‘?étﬁ’@é’l’f?‘[ hefer ei n,
peh
of 130 rouREEALAT Lol AR/ dphale RipBEBLE Sy O prE N bGPV Of

i s useful

t he vol ta@elsrempﬂmm yni foriBatistriblstiorce doili xsindingyejfnomoaqhabnm 16dp otbel ow:
Equatlon g = .-AN pO di dt
the device, which was largely believed to be necessary in order to achieve adequate

15

20

electrical performance for the device. However, it has been discovered by the
Assignee hereof that such prior art construction is not only difficult to ménufacture
(resulting in relatively high selling prices for the device), but also not necessary in
order to achieve a desired level of electrical performance for the device. Rather, by
segmenting the current sensing apparatus 100 into multiple substantially uniformly
wound coil segments 102, the underlying device is not only easier to manufacture, but
provides similar or improved electrical performance over traditional Rogowski coil
devices. _

In an exemplary embodiment, the coil segments 102 are wound on a linear

mandrel using a bonded wire winding. Moreover, a regular insulated wire may also be

used in conjunction with a bonding/gluing process.' Bonded wire is a well-established

product/process that is used to produce so-called “air coils”. Air coils themselves are

inductors, and have been conventionally used in RFID tags, voice coils, sensors, and

‘the like. The materials and manufacturing equipment for producing bonded wire are

25

30

commercially available from a variety of sources known to the artisan of ordinary
skill. Bonded wire is essentially an enamel-coated Wire_having additional coating
applied (by either the wire vendor or the device manufacturer) to the outer surfaces of
the enamel. Generally, during winding, the bonded wire coating may be activated
(normally by he;’:tt, although other types of processes including radiation flux, chemical
agents, and so forth) to cause the coated wires to stick/bond together. This approach
provides certain benefits and cost economies in the context df electronic component
production. By using bonded wire, the coil segment 102 itself becomes a self

supporting structure. The use of bonded wire generally is well known, and its use in
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Where: A = the area of one of the small |oops; N = the nunber of turns;
201=is the length of the winding; = a magnetic constant; and &Alt = is the
rate of cwearrge/wfi2zsshe current in the | oop. In order for PaTrSaé10i0839¢9

i npl enentation to operate closer to the theoretical behavior set 25 forth

in Equation (1), various assunptions are made including that the turns are
evenly spSRSHUCtHgIndyeiive dsricen e drscighed: inedcgal fte forj cXappif £P200¢d 1451 ar ge as

compar ed piith ARGAG] Y8iAMNE /ALY A% ABBTRE! ¢ Sbos ARA Ak Yornl AGSE

assunptions a w they affect t sensitrvity o ogowskl coil itself
shoul d beEkepénit nDeRicd and Meehogls bste dlitentacdirsiglls Sieogombnty asfi sbschcard devi ces
as set forth below  Current Sensing Apparatus - Referring now to

FIGS. 1 -nggsporpiqd hegsin BpRigicRehi 5E0HI®Yr r ent sensi ng apparatus 100 is
o 4 d : > . & . € . . .
Sppararus o) hOEFNR, | WBRERl S o FpRRklant {RPuHIERRE Sensing

i | | ust r at s sBerhdrgedipiaterel [Oelticugh tsio appreaidteditidn thehteviverl0e g insedsd ag

apparatus including a und coil 102, a pass_through or _return_conductor
104 and aPREEFeritlecishicigyapil pegments as dlustaled Fygthegagis, whilgcght 48) ¢pik j ¢ gt

sal i ent agdyanbR9Ge Whobfll %e}ié}ﬁgci}t@&’ tﬁ%{te{nopé BE e deBmelst cROGOWTHIg COI IS 1S

readi |y apparent. Specifical typtcal prior art F% gowskl colls enphasi zed
a uni f or ndahesding barelgronothecovdralivsiadiafighe tchirentglensibg tapparetnt 108 dnda of 10

e Bl b B RSS2 ©°
di scover eglsthet LS RS 9H8Cad1fEL Al el Pﬁér SHCPheoll® o lan GIAREAE Club@Ry | S not
only difficult to manufacture (resufting in relatively high selling prices
for the dewsiog)appbuatusal Spscifictlly)eae slsampmbear e deril tsegmolts auecascddser ed | evel
of elect reitd%%llceg ?c;v]:fa?'(rlsngﬂi%grgti%rinﬁrg?e e(ljn%‘c\)/&n ,%f 'se%%}eg SS,’thﬁl?) Yehavior of the current
sensing apparatus will tend to perform more like an ideal coil, however this is at the
15  expense of manufacturing complexity and cost. Conversely however, the number of
segments can also be decreased until a minimum acceptable level of electrical
performance has been achieved, thereby minimizing manufacturing complexity as
well as manufacturing cost. .
Referring now to FIGS. 1A and 1B, the construction of the exemplary
20  embodiment of the segmented header 110 is more easily seen. The segmented header
110, in the illustrated embodiment, comprises eight (8) cavities 112, each associated
with individual ones of the coil segments 102. Preferably, the segmented header 110 is
constructed from an injection molded polymer material, although other construction
materials including without limitation composites, fibrous materials (e.g., paper) and
25  combinations of the foregoing as well as alternative methodologies (e.g., transfer
molding or assembly/adhesive processes) would be readily apparent to one of ordinary
skill given the present disclosure. In exemplary embodiments, multiple ones of pass
through conductor retaining features 114 are positioned at multiple points along the
segmented header, and between adjacent cavities 112 and are utilized to retain the
30  pass through conductor (or conductors) 104 (FIG. 1) at a desired location withrespect
to the positioned coil segments 102. The retaining features 114, in the illustrated

embodiment, position the pass through conductor(s) 104 along the longitudinal axis of

cach of the coil segments, although it is recognized that the positioning of the pass
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15 segnmenting the current sensing apparatus 100 into nultiple substantially
uni formy wound coil segnents 102, the underlying device is not only easier
t o manuf awoung/o1ss provides simlar or inproved el ectriPCalusp@vwfoasvnance
over traditional Rogovvsld coil devices In an exenplary enbodi nent, the

coil segnents_ 102 are wound on a |jnear 20 mandrel using a _bonded wre
wi ndi ng. BB epductorf guavabe Vﬁ‘é‘i&‘i @eedr ther@sqiyoms Beltipl SP8ERC Rhj unct i on

wth a bogdigg %waiégtugﬂf‘sbgg@ Yo Ot Oﬁﬁ' Cﬂeéﬂsft%n's @m@%k s%éﬁl@&'[s SiRd for

product/ process t 'S U so- cal air Air coils
t henmsel vesxaatple, itieldietssion odfGhagebsoqmmtly drredntih adéﬂuby, p{seﬂaaumasu\m ags,

voi ce coils,. sen nd the |ike. The mat eri al s manuf act uri ng
equi prrentprf)éi‘tdeﬁ i@&ﬁ?ﬁ)fﬁ@e Béisdedrpng e HFEICW‘?EWF;@IWWWW%% e froma
vari etyy of SOURGAS, th?%ﬁ‘ﬂeﬂt%eﬁshﬁg %:Kﬂa}a%@s”ﬂlﬁétgg&f’fnrﬁb‘s $Ki i s 5@&9@&11 reis

essentially an enanel-coated wiTe ‘having additional coating appliéd (by

ei t her th:eiawedefoveapdbcatmns tihewkiel ithe m«htdtr&cﬁumewhzdlothbh@lrmut emllsbﬁr f aces of
t he enanel .. Cenerall durin ndi n t he honded wire coati

acti vat ed"! W&Iﬁ%@fwe%gf Feafle %5?@?1&5@ e%tﬂﬁf@vgq} W5 &8ntsF Potig Bl udl ng

radi ati omg yXs rééB?rH}&Pﬂhaﬁtﬂe 305N ed 18A0erS@n HR Ll FlcRIGRURE ] & 1§ﬁé‘tt ed wres

to stick/bond together. This approach provides certain benefits and cost
econom esa stati¢ hetfeonstexcturef Farl exetapbeniitcis ¢enmgmmeththapth§achmanam 10Bycoukii ng

bondel% e be hmgg(f suc?ll t&lat s€ n‘%?l%ed%eadelzrt ]s]%l 1]cs c%%gb% 0? bgmsgewrapped around the
current carrying conductor for purposes of installation, or to permit
measurement/testing by an operator/installer in the field. Furthermore, a hinged
segmented header could also be readily adapted so that the flexible nature of the
header operates in more than just a single rotational degree of freedom. For example,
15  the segmented header could not only be adapted so as to permit the enclosed loop of
the device to be opened and closed but also allowed to pivot and twist so as to
facilitate the ability for the segmented header to be accommodated into any number of
difficult installation locations in the field.
The opposing end (i.e. the portion that is not hinged) could then further be
20  adapted with a retaining mechanism (such ds a snap and the like) that retains the
hinged apparatus in its closed form. It is further recognized that this can be
accomplished without hinges (e.g. via the use of dowels, snaps, the tension of the pass
through conductor, etc.) or via the segmentation of the header 110 into two or more
separable or movable portions depending on the needs of the system in which the
25  apparatus will be ultimately installed. The separable or movable segmented
embodiment of the current sensing apparatus 100 described in FIGS. 1 — 1B is also
recognized to be equally applicable to the other current sensing apparatus
embodiments described subsequently herein.
It should also be noted that the header 110 is, in certain applications, readily ‘
30 meodified to facilitate the mounting of the current sensing apparatus onto an external
substrate (whether via surface mount or through-hole applications). For example, in
through hole applications, the header 110 incorporates apertures (not shown) which

hold and position the ends of the conductors used in the current sensing apparatus at a
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supporting structure. The use of bonded wire generally is well known, and

its use in constructing inductive devices is described in detail at, for

exanpl e, wo-20mwadkss. S. Patent Application Serial No. 10,P8881S3@8/0839%d Jul y
6, 2004 and-entitled "Formless Electronic Device and Methods of

Manuf act uri&g", .the contents of ich are il‘PC%[ypfr at ggﬁ her ei ndb%/_ ref erence
in its enf e INETRECHSyI CE1 BB FIOS & Preefabys {qme ‘GhI1yoq é‘.th"ﬁl e coil
segnent 1Q2.1dqpstafiliest kR 869 %Eﬁrﬁl‘éﬁ&?%g%e I3 e (Rlok NBUGBal1dtidnSis

appreci ated that the device 100 is intended to operate with eight (8) coil
segnent s wsikilyl Iisturfatedoukapphentivos,ehe duidbes edagily adPredcwith twegmmentes ar e
shown, it is appreciated that nore or | ess segnents can be added dependi ng
| ar gel y iR st [ hese SERbICTY aregt Fportbeg gﬁg‘?rﬁ’@aéﬁ’ﬁ%fi&%? Be6lignd its 10
desir _ i L g Hhet: 1 ment s
provi ?gssga}%g?gﬁ %%tét%%hrﬁggts it?%béedd?d/?/%%% agelvg%’e%nleg??or art %rr‘vi%t?1 ﬁfgggs%? _
manuf act uwélhdnownr@iymeephiting @p@asal The deciff the alonjluctas ddnethenrteer of

coil segnents increases (i.e._ advances towards a theoretic infinite anount
of segnerflericalycopplpdin Be copdydhac arspy wigsolderiag.Agsispsardding. ahf-1 30 #end to
perform npr i ] I r IS, .l . n of

manuf act EE? i fﬁ%"‘ glé%lﬁ%%e}}(dla ?/&Jélr? g&%:rlo]g?tgg%ﬁ%l\% er's e#ltjseh%\r/l\g %géﬁgttu% gvuﬁd%uﬁ%eé:h%of

segnent s tharodustvd arede s Basfuntdtdd arfeXfembbubsaeeend aBlfadeemeintiig

el ectrical performance has been achi eved, thereby m nim zing manufacturing
conpl1&xi tBfogss-wel | as manufacturing cost. Referring nowto FIGS. | A and 1B,
the constructign of the exenplar nbodi.nment .of the segnent.ed. header 110
e rore.easi |y RediehtaSEE TRy SRR TR b AR D

embodi NerYe, ene@¥RIih SCHarRit@Nt cov8) o kit i8S enkigsul R oRREQVEAHOHcH &t
i ndi vi dual ones of the coil segnents 102. Preferably, the segnmented header

110 i s consrpiget aghinst ghivtaand; dgbaist asoweluisdergvids| sphanceduaresisiaage taabighough

ot her constructjon terial.s [ncludi ithouyt.limtati nposi t.es,

{1 brous. NRVaRTaren, B e N cadoOde e 15 boine Blotiod BraBT PR ny as
vel | 13s akhefdaparfudrah Rag@ba @8s bendfound BRADS EditaiDleple@eEtions, the
assenbl y/ adhesi ve processes) 'would be readily apparent to one of ordinary

ski || gi wsnorhancp oé dermurghbidnsisg ppparatts eaaphglyscasibodiordafersationd i pl e ones
of pass thraough condu r.retaining features 114 are positioned.at nmultiple
oi hts® alBh g e Res R aheiat fedneh ! by catlifebe it SalRE cRb AR 15 an
are utiliceskhkd doRbRLN HNPwRE ARESsuldfngUBh wiaasest Ok dfortMEust Mes) 104
(FIG 1) at a desired location withirespect to the positioned coil segnents

102. The cugerl sehsipge Bppardfpe san be pratecteche 4 telatiyelyanetenstivo dosidmthe gndsi t i on

th t uct ). 104 .al .the.l ongitudi nal axi h of
the 287 LAGRER s SRR Stk hoa PRt e Baedite Pt i for ¢ e
pass t hrsab@int@PdHEIPr (S1s TR ehRed athh€ Hek A dnfbobiBerfd San VWhEeadily! ti pl e
conductors may be used, may actual Itg%occup different positions wthin the

segnent s)impBawenteddyy estag encastecnditieat us Sexhleough Gflexib eGgUsNlap her ei n.
In addition ost features, 116 .provide | gce .for .the w re-w apping of
|t or conSEEPBR WrEE b B Sobe i el ying dFpese baREHNS
appar at Uedst pitiibhiPd e héwdel 89, 1 - 1B is specifically adapted for
applications in which the conductor fromwhich the current wll be

ul ti Bt el y sedsdering noapabFlé. diC, hei algrptss ethbpiimeng hf theecusent egnsipgrt i on t he

t 100, i.t i i.zed t 1h ted. h an.
mant act apet s s DS Tor VAT ehitFe SERARIERAL FY Bttr SR e kampl o,
it is reqRaghB&HmhRss Foe 1aPPRE@ISa 0ol cdikihechineaed <51 b hhat

segnent ed header 110 is capabl e of ‘being wapped around the current
carryi ng vatnductitouf erheaderpos beblofi dlensend| dsadlugratedom 866G pér he current

measurenment /testing by a eratorfinstaller in the fiel Furthernore, a
I nged s setR wwed 3IPa! Gret el PR il Ruiems Sz bengar exi bl e
nat upg Of,LNEr NBRUCE 1 APBIAORA ), JIPIE itPRARirb S ferdcd b Roll ODlnaRg! degree
of freedom For exanple,

on the particular application, the types of adhesive utilized can very widely. For

example, where some flexibility is desired within individual segments 102, a flexible

adhesive (such as silicone) is used to allow some movement between individual turns
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15 the segnented header could not only be adapted so as to permt the

encl osed | oop of the device to be opened and cl osed but also allowed to

pi vot andwOwnslto1s135as to facilitate the ability for thePsggisenbesdoskheader to
be accommpdated into any nunber of difficult installation |ocations in the

field. The. opposing end (i . e portion that js not hinged) couyld then
further bgf ‘28 2A0GT & 4oLme 1§2-r%@%115ﬁw§% ﬁgﬁ%ﬁ?’gi’h?lﬁéﬁé}?t &gs%ggsﬁﬁﬁﬂarnd t he
i ke) tha i i TIARN i.s..further
oot bodof 8!t h0E b AR EpGRDR (i lfhit h afib RRA ol Rpffent SethBd U1 1T

of dowel sindsmdias furtishef wienwithin adeginlaet. pass t hr ough conductor, etc.) or via
the segnentation of the header 110 into two or nore separable or novable
portions depenti fi§ BrPodiRem debiratad. {ifeCuynt éRTNE HIRTENUT HelopBehpBar at us
will be ubbh et @l Ynb NSAALLAR: wh &R is AT G ATs Ak sy IO ment
of the current sensing apparatus 0 described in FIGS 1+ -1s al so

recogni zegbrtiondoB)2esiu tilel iynapitdch eaddtht dinished ofida@it sensiipedppa@iisiig @ppar at us
enbodi nents descri bed subsequently herein. It should al so_be noted that the
header 119M9-dispenyingeprparaius shtra tibsiatiall s gaiompting e MapRgieof s | itat e

the mount éu@&npéen%igg gﬁ#.{[)r&tﬁ@.tN ot {a%io qgﬁ%l?&ﬁ%ﬁgﬁ ‘dénffl{&o?. (iR SEW@ %uté&‘&slt rate .

(whet her via sur unt or rough appl i catitons). For exanple, i
t hr ough htak entegl dfeld tadngriortth evihdiaglexltiolgh ithcathpavalsgsinapity envigsnddnot
shown) which hold and position the ends of the conductors used in. the

curr et strangrlagphemiirsinger dampicpaethei fnithed wpsel sgsngRBRBaBlifct ors are
pr ef er abl rﬁéCJgg]?iEﬁ%&f ARG %ﬂ%ﬁiﬂf&t%§lﬁd QLadtiyf fh&! @?%gﬁé}&&rﬂﬁg@?#é‘ at

def ormation the.wre Brlor to installatron-i’s un ace nount
appl i cat i @sson thhevihdiagefsudtsas tha direy diathaf echdwived at moltipte lotatens onditct i ve
areas. These conductive areas can either be forned fromdiscrete netallic 5
pl at es t K%Wdines (o futhsesequse apd THBINIES Mgy errRtebeiwesy adigoent RARHPSY Bt ed vi a

any nunb . : |.af | ' : < JThe.. f e
conducto%@ygéﬁﬁf%%ﬁhﬁgmgﬂ%g%%ﬁga1ﬁ§q%%E%Fgggﬁgiﬁﬁ%ngbﬁgﬁgggééggfggg Vi a
sol ddisi nglispoesd shiovéheweindingg ,in elistrete Segmants, dt ivrsrogiizel et theebéadcahnect i on

between the current sensing apparatus w ndings and the conductiye areas to
be nount sWNEHVGRlaEsE & Hig WindHes cap ewgﬁawg@wfaae]ée%% ﬂwge%%f)g&f&s.

The curr %dﬁ%@,%s@%é RAALALY %vh(ei@tﬁ% P@fes%%@é@cnﬂéshiﬁta%xmlé frm¢an al so

optionally be~enc in a clanshe cover or otherw se
encapsul at ed/ madcathzomsty, nthb dieekgomigC pracesspaled detidsagsdifisé masst pamtleidebri s as

wel | as provi de enhanced resjstance to high voltages from for exanple, the
conduct ormm%%cwgoep%ﬂ%ash?reamwcqar@lecﬁmgéﬁfndg% W8y Meedaghtt Hus. I n

addi tzbon’se'g&expé‘sf PEERy AU D et} torindd (5 @ﬁﬁédiimbg%ﬂfeze'é}% WillP the
performanceé o the current se sing apparatus is extrenmely sénsitive to

def or mat iforegoing ddhesicobting agpksd spidlY in de€ afodemghtydoway thenaagirelg Thee current
sensing apparatus in a clanshell cover or otherw se encapsulatingrthe

wi ndi ngs, ndirituglepqil saaniben be serecd gorrtbamandrd i(prgatigs ysmaydsoictha eBrepr ot ect ed

at a rel aatsée\ﬁ%ly e HREAR M ﬁ”%%glréd(?, I &M dividual severed coils formed into

the desired shape (e.g., substantially circular or polygonal) and terminated. Similarly,

25  multiple such mandrels can be processed in parallel, up to the limitations of the

manufacturing equipment.  Such mass manufacturing provides yet additional
economies of scale over those afforded by the coil design alone.

The device of FIG. 1C can also be encapsulated within a host compound if

desired (e.g., potting compound, silicone, ete.} such that its mechanical rigidity is

30  substantially maintained, at least in the critical dimensions. Specifically, it has been

recognized by the inventor(s) hereof that the coils described herein may in many cases

be sensitive (in terms of degradation in performance) to changes in the cross-sectional

area or profile of the turns of each segment. For instance, if the coils of the segments
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20 custoner. In addition to static enbodinents (i.e. where the encased
apparatus 100 is substantially rigid), it is recognized that flexible
enbodi mrerwe 20a18sreadi |y i npl enented by usi ng an enca®EmarsLominazo09 s
flexible. Such a flexible device is, in an exenplary variant, forned by
utilizing a rubberized shrink tubing di sposed about at | east portions of
t he headein th¢alevigs REFEGT | Agvere wrasbeEpadistartedgheAcewpem et the devissdiment of

the curre ' : [ Si- d. | ) 1. j h and
doscrt bear o AT AR RERRIARY] ThHGiBh a0 i drk gt i, b eRfHE, 200
cont i nuoughtA6AS tthelCtiechidigyt oflthe déticd as auskolw dshwell a8l hhiatiinise Header or

bobbin elenent as illustrated in FIG |. The current sensing apparatus 180
of FIG 1@ndycter(flebeing apapiigred wathin Heozeompiih eantarpel theacaildpolygong ) pead of
adhesiye 120 di_sposed e,.0d.....0Nn in ifc ce g Oigl .
Depencﬁ ng&eggcet ﬁépaﬁ%}gte?%ag at?eng%pl rl%glgt it@%,rauf htg ypz&{stﬁegf é&)d‘{%{sdfﬁ?vgelﬁuﬁ 9ized can
very w dehychahiRbl exsilipl 6f aleestahs ores-kéctivhlli dred yf tie deiSiunedis\i §dbichit

i ndi vi dual segnents 102, a flexible adhesive (such as silicone) is used to
al | ow songenFSPBHER iR Banyaap iqatens, Vimhertsyeh stabibity i manigined v wesdgent  102.
Al ternati y. re, tlexibii i t desi r.aer i.vge, such as
a two- par]%/a?lépdéx ,1§ie§tel?§) gd SIF%! I‘ite?/ﬁ"t gtcﬁ‘ét:a)'c”" f?fo%éﬁ{n%gyelgo%gﬁg‘%t °’§g@‘§£8¥§’

i ndi vi duadrrdngémsntofhich reBsiwbiidy the sexse@ieiftthe koil) e vearbodpsmaion] bt wii r at ed,
the current sensing apparatus is forned on a 5 mandrel in one continuous

wi ndi Wy, sl guenoriauch gs ¢ hebbip prkeader iy largemadedan gt ons 102 on the inner

di aneter of t iR r.rent §SP i p i - di spensi ng
appar at us, thgﬁgiylri%i@%ggn?iaaﬁ yd au glr(raagv?f)ﬁg t]%iehﬁ%eﬁlg@gc S%ﬁ%ﬂqphgg current
sensi ng afiparadédisn, Notexaalptq Fldat1d RBatr @besr notC pordesst rheaddnotiembiawms) | S
routed in_the interior of the coil prior to w nding. Al though the adhesive

i s pri marilpgtrated inski6ived ‘1@)Ba§PQ9§i%BY,plf1§bé@ Blystres § HRE CXIRRIFT ¥ oF t he

fini shed - i d bl i 7ed ter ive.
erbod o ung the, 8RS 1 ARP ApRlis ddiliulBBIBARLs LOuRl GRS ID |
(suchisas rdeesstiatirgy thdirafett of tleneébneuedr Abmnilik deple td abrhithtisom@nctohés Wi ndi ngs

(to further secure and mnim ze novenent between adjacent w ndings in any
gi ven segiisgied). [Theagerrent opensiggi pepardes dnastede lilsFiﬂ‘-i Wer PPSFEBRYi Y oned as

bei ng overlapping end 185 that can be routed around a conductor. The overlapping end can

then be attached via an adhesive and the like to the other “end”-of the coil. In this

fashion, the free ends of the coil device can be routed around the extant conductor
20  installation, and the two ends overlapped and secured in_place, thereby forming an

effectively unbroken loop. While it will be appreciated that such an “overlapping”

configuration has less precision than a comparable “unbroken” device (e.g., one with

no ends per se, but rather made as a continuous loop), it also affords the

aforementioned capability of field installation without disassembly, and also very low
25  manufacturing cost (as desoribed in greater detail below).

It is noted that while the device of FIG. 1D illustrates the two ends of the coil
overlapping in the vertical plane (i.c., normal to the plane of the Figure), the
overlapping ends may overlap radially, while maintaining a “flat” vertical profile (i.e.,
one end being disposed at a radius smaller than that of the other end).

30 The two free ends of the device of FIG. 1C can be joined using any number of
different techniques, including (without limitation): (1) merely utilizing the existing
rigidity or malleability of the coil device if applicable to maintain the two ends in the

desired proximate relationship (i.e., “bending” the device into shape); (2) an adhesive
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15 di sposed onto the wndings in discrete segnents, it is recognized that
t he bead of adhesive placed on the w ndings can be continuously applied

al ong t hewbengtd14235 t he wi ndings, especially in cases wreraseée/oahesi ve
used cures in a flexible form Advant ageously, the f oregoi ng process
also lends itsel]f to nass, parall el manuf acturi n%§m§er ations. Far instance,

one | ong 1eebrdddhe mamensls: (3 @cectign of shrigk Sepiag (g pivhempsatediof dhepei ng
formed (apfle Guigd bk i3RR élE&Héaﬁ)a 4 BB enﬂlg iﬁm@%ﬁ&,g@fggia@ﬂc 89{5'[9@1’ ve being

applied rapidly 1 n one novenent down' t I'VIdu coils can
t hen be steetrgd (Bnusidetaps (. Eéle((tﬁt‘ala)frtiﬁét tagsypotalo) oindded @rfoimiel aasenbl y
fromthe ndrel if desjred and the individual severed coils forned into
the desirBuesHapy ¢igpoged og E%%fisawﬂye@mi%lﬁaak 0§ theporsegEigalty Vampg

term nate : :
par al Irsgl &iefée%'ts%}oa{de? |thr52?%dtg;ﬁo%£ 9181? lt% ﬁ’g&r?gﬁééﬁ%%tl%r\?%g}l g%g ﬁ%qﬁéﬁﬁﬁa uch mass
manuf act uthh@lep:ro@wtmgvyﬁimm@uethmql&ls fe;ctﬁadam&sltsmif scal e over those

af forded by the coil _design alon device of FIG 1C. can al so be

encapsul at ed wi ©hilf HuHEes ae@#s@aﬂ‘de ﬁfldd@%talﬂa@é? f(f%b‘?jl“ﬂefﬂd’cftﬂil%@?"é‘i?nﬁound
silicone, tiapt
mai nt ai ne‘gﬁitcgitﬁ? %%%%h#%?&é&%eﬁ?fe@%ﬂk%%&%?gﬁgw °§8§$"tﬁ§ﬁ? 19@|r¥ has been
recogni zednlwdihbe: iffENtGrisshtibipatedfto theatiglidnén costlts rﬂa&mﬁcﬂtﬂemdﬁetheu n may in
many cases be sensitive (in terns of degradation in perfor mance) to changes

in thd crdeynsBckiGndy: @%tela'owi%bew e C%Vﬁ@gflﬁﬁ%ﬁ eh (% . For
t f
r ushod ot o Bls Sk, BRATRM Sy FIO. fESLUMLEE Gt g%a? Kor ade

si gni fi casluttyd effdm ﬁedm@ylslllcﬁm theﬁcoﬁiﬁb%élnww tffect’ i@ Bhapk Qindebaind gny
mai ntaining the "circularity"” of the device as a whole, as well as

mai nt ai ni giem & wRishdereses magnabisi disfortsms tandelgakaigeni Thet Wéisgfhfothﬁtqurfémcent er of
th |/ d t ot
the ©att T8 bk e BUGEE SHY AR RORBUN bR SRRk XU N 1O

cr osslsseatdtlmmlmafaﬁan C(fl) 4 Reathigy pinteuiipling £2)a Iﬁ@gnle&abo@mng @®s 8érb@on N MaNy
applications. Wiether such stability is naintained via use of a hard or

rigid exteuphRg: (@h@ﬁhmﬂqfébfgcoup&nga@@ (Shp saaptfiéméwwwhag sWéb\r%aéfis ot her
such arr %”Qﬁérﬁ&t of’%‘}n%*g‘ﬂ f&sc%uﬁ&‘%s il Jﬁ%uF teeﬁc')t&L gsghaénet o
encapsul a 1 on, Or Vvia I nte I‘ such as a O I nN-or er is

| argely anﬂ@é&iclna dhBfdeCen the curreEtI @, kamebéluéd r(pé.e8V/&) Lol Mﬁlﬂglﬁw of a
current sensing apparatus 100 as illustrated in, for example, FIG 1C that

does not J9sswegsoudyisasiept effeattln elagtricsl] mfcmam qapatligs, ofithe depice.

Specif,i ¢ strates a first exe r

curr & 2@?%5 dingaion E1O"FHS R SomBy b i S e e B B bRt howe 15
necessi t giGNYCBe MABRY Phrt @ tﬁe%st%mﬂé'%&t’iné lreqmérﬁ@n HERMUhE EordpPin Fﬁy@th the
conductor is attached). The current sensing apparatus illustraféd in FIG
1D possemrawdwgcatamﬁﬂgwand 185 that can be routed around a conductor.
The overlappl n then.b che ia e the like to
Che ot her +end?vah st rtia fif @ eabaiR W R At R i cor
devi ce C%Qsﬁ?&eﬁ%ta@@oQéﬁyﬂgletlﬂ%l&ﬁﬁléﬂim&%ﬂﬂféci@f ind@nd N8l e Rl theand the
two ends . overl apped and secured in place, thereby formng an effecti veI y

unbr @ken dodapds Wi b@pultedvaplaﬁ sbmewbm(ec hateperinitayrappiol aantewendtadpdi ng”

confi guratl n has | ess p eci s onpar,abl.e nby oken” deV| ce (e.g.,

one with 8 %%rsor sb@@ ﬂ:‘f'aﬁ?f@{; RIS @%}ﬁwl?ﬂw@e BEBEPIVEE al so

affords t i t
sggrn@ﬁt% %Fﬂlfsb%ﬁ 53L mnu%fspéc& ¢} dnd RRbHL! gte QRaitial Igﬂg -

di sassenbl al so very acturing cost s ‘descri
greater detairhdibglyennove I‘Clativd to o1 aotied ab harsionkl foeces: Iaaa apgplied ¢o b6thFI G 1D
il ust rat e ends of #he coi | qver]| appi the yertjcal plane

t
(i.e., | T gng & pirdRe OBY%WsSqﬂbggav@sﬂont %@éﬁ%ﬁa;ﬂ gnendesifily overl ap
radi ap) y nomdvﬁlgg?hé;{rg{rtr%q Pk siddiflanayeThis el vk inlpﬁsl'g:'d if any RYELENd Dei ng

di sposed at ar er t an t er en
of different ways, such as by using a thinner covering matenal or actual mechanical

hinge, in the hinge region, so that it flexes preferentially in that region.
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30The two free ends of the device of FIG 1C can be joined using any nunber
of different techniques, including (wwthout limtation): (1) nmerely

utilizi ngvolrelienixsssi ng rigidity or malleability of the eoiriusdevioa®od f
applicable to maintain the two ends in the desired proximate relationship

(i.e., "bending".the devic a 2 adhesi ve ond the two
ends; (3) a segﬁ go“f"“é?ﬂ gu‘b?&i 3 %;06‘9 ?“g’i’éﬂ W@%@gﬁgdﬁ %t the
type wel |01kBQHﬁ?n-'sterh&uf‘ehF%%ﬂs‘1@ &ue%br@ryﬁs% ndsg%!chﬁ'@ H WS (4) 2
plastic or other tie-wap; gtape e.g., electrical or duct tape);
or (6) a Ppdcdedllyprtht aumeat smaipg fappaabs 2t of HiGp dse@pohpréset moltipispect i ve
ends. Each of fthe foregm ng (to var |ng degrees) provides the benefit of

very | ow Q80T scgmsated] pspbim Ilpr Eaily ghdbsse rPoRpim elepents gt & 1 ectl ve
form t H}ﬁlﬁ i

alter nr!gt i @gﬁ%}%?{g’af{’]gﬁ% % t%u%rrlgir} hmfget he ﬂ(]}é\%zggﬁnldﬁe ﬁltat he f ree
ends of t@nb@:meﬁnthmhmged@o@mgrﬂﬂu&ciﬁﬂ)& &htutesoim&:haa’smmh;&ram]lth&%ﬁe) The
enmbodi nent oLgFI G |Eis antici gat ed to be higher in cost to manufacture

than t hat WRiSh SFgiRrRdaser segmepied Bobbip elpmensssopdet they B Aitached efet i ¢

f &nhodi IS FI G
10 due | SRUPURGIS bl Ui tnR R WA RN G oS RRaL, o
coil to beapesnlide SiderafEedting, as spamed tandpioditgadre Iatamlﬂgémicapn(wumh causes
magneti c Cil stortions _and | eakage The ends of the current sensin
appar’gt us? EErtiye capadimet. (b h@g §OURIRS ERaYOTe A BRI NG tbgé%mwaaé'sthxrhm udi ng,
15 w t houy, ﬂ bﬁ‘cm}e'c&\ﬁlg m%ﬂehaﬁb}:&%éﬁ' ?%c@dtrb %95?%5@51% eﬁ&ﬁe 3‘
coupllng a screw on coupli SR in e cou |ng and (5) a

snap/ pi VOdonﬁgﬁ)ﬁthlﬁ)tiqilUd ibg ma‘détstatlbeg&hdas forousk g embedinifentd et the fiaaupl i ng,
it shoul d. be noted that the use of %net does_not infl uence a change in

the curr ePlicdiopezspmednyy Bakpgwy, ogflegible andlessibsd arageysly detwimnt aB@ousI y
does not cf'%rréﬁﬁé m%?%s&b@% ﬂ)% f iQf @%@ol&gﬁ Qa \ rbﬁéc?ﬁu.rﬂl}er otﬁ(foa(a | ce. 20

The enbodi nt- o |s S rrevi/hat’ nor e cos 0 nanu acture an t hat

of FIIG Idgcledu€désived angs tpfucilithte stlbetiveasparafion Jfah@aumbonegtsr equi renent for
the coupling), yet al so provides greater precision. It will also be
recogni zed t hakefemaeeinde FIAPs 2otndPasa natignwpement Rhy BErenhseisiited so as

tob fI t, the 25
cgi I eends i) ﬁ'blezlafc))u %e aplgléjét1 Sle(\?\lﬂgfi fJ(:fSP%ﬁ'vQS %Q @?%? Q@é’g?%@gr oundean
i nst al | ednedredugitordegice b&ﬂ)“ﬁ@iﬁarﬂh@%@mhﬂ@stfdt&% %@:bd)rklhigl}@fas fchie be @édn

(particularly, the ‘ga ps between segnents), yet also varied vertically with
respect tiB thhHlusigen embpdiment, thep@maletﬁ mmraeﬁrﬁémr\a@ﬂd@n@etofmhé ®el ative

d bot h h
2,8 MLHER A8, 008 S AL L0 S5 A RO GRl B o T

not showdy drisitrpe vam!léﬂlﬁﬁi Hyothfe| el @I édoﬁﬁa&%ﬂdfthy'ﬁu&eﬁﬁ@erﬁﬁigaﬁ%fﬂﬂlsl shed in
any nunber of different way such as by using a thinner covering material,

or act ualappbediigniae arells rﬁig‘éned perfivmangappsamelgiso enesoit fiheendily recognizss!

f | ha FIGS. 2 2C,
Cecona exitdsyP e alsmielee? lemen.of ! iR bt (BT ng

appar at UsisOkktérd g SlRON T Aids UeBtFd Behotd\didRlcat bobbal efehich€ abdfigurdiogs)cur r ent
sensi ng apparatus 200 of FIGS. 2 - 2C conprise nultiple ones of segnented

bobbi2a elcenﬁm@tmx@dlﬁema@wmégémmm n el ements 210 is 5 di sposed next
t o one anot her, V|a 0 I i.ng oypl i one exenpl ary
enbodi ment , t hi’ ﬁ ‘B%Ei)dg tﬁ% ‘gz‘ﬁ ?ﬂ(ﬁ g ?gaﬁﬁpegwl@ﬁ%ha &€ % Haps” and
the like)p amlﬁ&baf gscamat ACinGRGY 15 BEUEDH ek HADRLE! BARALRY 304 RAsc! hey

remain attached to one another, however it is recognized that
al t er nat ilgetienbedibiren¢asht b€ ﬂmeng@mwablbq’@lmaqlemcml de twl yIlestqatedotl ng, as
opposed tc%nﬁgt?rht\{c?l} Itﬂg p%ggg{ax%g}? iisn ipr(])gitIOIliIQ(f taiong thenloggnltu'dinal axis (i.e., the
30 geomem'cal center) of each of the cylindrical bobbin elements 210; however, as noted
elsewhere herein, the position of the central conductor(s) may be (i) non-symmetrical
with respect to the cross-section of passageway 230 or bobbin element; (ii) may be

variable or changeable; and/or (iii} may reside at other locations.
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10 alternative enbodi nent, the hinged coupling may be acconplished by

nol ding a thin web of connecting naterial between adjacent ones of bobbin
el ement s WO@0118u¢issa configuration could be nmade staticPCTUsko1a®3909 use in
enbodi nents in which the final application geonetry is known) or flexible

as described p | Qusl rein. The. coupling .may. al so. be de frangi bl e;
i.e., severabl %—%@é%ﬁﬁw@feﬂ@ﬁfﬁ@ﬁ%mﬂw&aﬁ Vo ACTRAS SFAMENE] red, so
as to fachliiptefenih eab X@co?cﬁﬂ@lrt@téﬂ%neﬂf)oéj?;%n{mmoﬂgﬁﬁiﬁ'element 2feierring

nowto FIGS. 2 and 2A, a partial segnent of a current sensing apparatus 200

i s shown. clffpeterizicd dly|aywindilgyclanferiip- ddapted degreedvindoncse gnentlayets af -
t hree- hundred si Xiu‘%f gegr_ee é360) apparatus, 200 is_illustrated. Accordingly,
as can beViwEes; while,Bagges ¢d8 refpiadhe ppphingrendhe vdinprhsneeld IZgpaitas 200

woul d £ongi st,,@8mEl ; %{Eﬁ%; : ' ; gﬁm : ' ei ght
el enents are cont epr% A)ngﬂ 0?%?62 nu f‘gllﬂgﬁg?%??@é?i yegiéglilél)'e lfllﬂtF%e

under | yi ngirgldgelianyelofk illbaraed metht a Sewsthngimippabatdlsitap pppeadatcdnthas wel | as
defined performance paraneters. Hence, it is readily recognized that nore

t
or |ess ef@Ast oW bs| Bwmad dnir the Wﬁl&i%g'qtba@ﬂab)egrdﬁr te griPYigerasditiona]

i ncl udi n I, " M " . LEf in
() oL ko BERETRORHERR o Thl ¥ E ol Bor PR SROL bR 1
The enbodiromndeciidd WSt thisd Edanrsl” FAded. n@ be 2nah@c,i aed/oid€sn aalGe itidlade

passa]geway 230 that is intended to position the pass through conductor at a
precide | EERERGHOMIICHh MPAYSLBIPTIE 2R Relagey sHipse dolyEHBI Sic- & eipsnsestionh t he

| ongi tudi nal ant L pe b SBppdIEGRASTRAH S SeRRBhbLA 1% 2R W P

cyl i ndri calovbokividaffe 240 Mhese2 ABgnnhaineoets, 2 56 arobgtboal denags etifvesdeion, the
position of the central conductor(s) may be (i)_non-symetrical wth
respect tfgcHitge apdhgduad gigesignbpl ﬁlﬁ‘sé‘ﬁ&é@v&{ﬁn@aﬁ DO wisbisi #n encapadeting i i) nay
be varia r N d/ion <& 1L ). i th . ocat jons.
s, 28 adAel PP RERRYB 1N ACioh eickibEE Y ERIcy et RO Rl

segmeist e ldabdunlisddegbetic 2dtthgate erunling @ T tie: Widingsbowice® Mdividig cheddf n
el ement 210 is characterized by a wi nding channel 212 adapted for receiving
one or noiobbingglements21Q; dyinggaitompted evipgins gasa pegdyeb aivilltheedisggusedngs i n

t he wi ndi ti i i£qr. i pbution ef -t he

w ndi ngs @MQEGEP@WSE‘%@ ﬁ&g*nélrl;g%ﬁéﬁ{i%fg%% %Qt egV\)lC§1 w."%g Fe 'ésnﬁ’é fhel S

i |1 ustr atweile Wotinl @itbiiabé Windif@chi@nélarivel , it is appreci ated that grooves
could be fornmed into the winding barrel in order to provide additional
features to guiwall thredisussirngé theohinged cqupling 2@ wWidiuagrrdbioelIGhi2Pe i y .

Mor egyer , 0 CHix0 this."harrel. need.not be symmetric, and/or
can: 2Peo chif SECRERS 2RI Y Bipal® Lhfling TERPARR 2 PRLRIBROdh | poe.

pol ygon, 2candidve§iedtse fREHLED bortion 224 widels ist digAewd Lo ApReshodutends of the
flanges are alignnent posts 216 positioned above standoffs 240. These

al i gnmentPrieudiag perioarizom mn wliadenbbebtar elamdnt 22@dRewingadiannela338 ¢andi vi dual
pl acenent_, of bin.elenent.s -210.w t hi n,an_encapsul at.i ng, header (see
Por oxamiD e ERaRROlL R TR o bl o AR o HERBRH S et 39801 015
214 are Uhdilid aRLolIONofcABhl inttBE iNGLLRE heliniat Be Kikgeddogiings2dasaeen

i ndi vi dual ones of bobbin el enents 210 during autonmated w nding on a
mand2él awt wicudeisderainis thet allowadipcéni lelgnentrodidotoenmpin heyahilncoupekte r out i ng

ts 214 act tryl exi ints for,the wi d withint i ndi
channel 215 aneflis Ratbefe Tt koo SsRocifteq i gBeP RHU MRBED SRR 1 egar ds
to FIG Zhouds cdRiue@PidRusBs hsédhofb@ the %s&ﬁ@le%%ur&ﬂ@seﬁiiﬂ?@gvig@i'ﬂmsi ng

conprises a protruding portion 222 and a respective receptacle portion 224
whi ch i s faiished teos-bike slmpacld ownoatait & tebegniredithat ditegatyor ¢ilordifoentneay adj acent

bobbi n el ement. 210. _Rout i channel 232 can alsp optionally be ytilized to

Foute t hECHEp AT R 0% BSPRELy FaHde AR s Rt U oencrBetlnt he. coi I

Not e zphatysé RielRed b HRLRLEGCEBALI BNt the hinged coupling 220 does
Referring now to FIGS. 3 — 3D, yet another embodiment for a Rogowski-type

current sensing device 350 is illustrated. FIG. 3 illustrates a single bobbin element

300, of which eight (8) are required (for the illustrated embodiment) to create a single

24-



25 not include elenents that allow adjacent el enents 210 to renmain novably
coupled to one another. Rather, the tension associated with the respective
wi ndi ngs wiodopags28shr ough conductor is actually used .t oPCEUSR2I1010B3909
assenbl ed current sensing device in its finished torus-1like shape. However,
it is recognized that alternative enbodi nents y readily include features
that phystEEDNf yerepgplesicg Fd8c ks respaprgsst habmgre %Bleweb%g& Hementgthpsee
adhesi ves, Of.gh hsl 1 FORNLE, o be utilized RERHIDE BBVl &5 3 -
3D, yet a%ot%ergeﬁg%%{;@r{e t e'?lor’ a R%gomrsﬁiu-ltl§/%e current seensfingndgevi ce 350

i s illustdiatmwskd preGoudy mithuskpat es othes emgbdimeatiblUnliké @redbbd0elemefit whi ch_
eight (8)_are regui red (for the jllustrated enbodinment) to create a single

U T ent - SHSTHCRevi-ceC 4B bOREn Flemes SUhPE B LIS ot BeeGFESanB i n
el emeny Szc&?ﬁﬁﬂ% @Ew&?tﬁ%%%gﬁlo‘éﬁnfeﬁ{‘fsbg%@ﬂcﬁ% i€ sttty dsPhatithdyl zed in
al ternative enbodl merits as di scussed previously Wlt% respect to other
enbodi menédlectiirly Kernt liie: bebblike atrecrart o2 M2 afrrdnt Gensiy devdte 360ewlnmbbi n

el enent 300 of FIG 3 does not necessitate a hi n%gg coupling._lnstead, the

bobbi n el kbt clomentsf308) e phacpd adigpait (o ope dnelgor Rae foneyanyde. -k PPel y form
the torus:{i f C ST i bi n
el enent ssglél(sﬁg%lg‘k%:ég%cggeoggj %II;Q £ ?%ﬁg%banot ﬁ%%quzg?i%efé%(ég@ng%esg%gl G 3B
whi ch shodeiex3a0t Eachdnbbinadlémért itcludes urwifding bhdmieh3 B, eviwoht is Ylefidedtye cur r ent
sensi ng devi ce 350. Each bobbin el enment inc]udes a w nding channel 310,

whi chl0's gaterhed fispea elonante 380y d heea flgeece Flsmsatss maadin definea Hige

el enent s LnLainsand def.i . My gl Wi  t . Nd} nel 310.
The bobbi‘;gﬁlé1 gnewrll%tﬁsgoé ﬁlﬁ:r 'E*%ééﬁg%onprl sgglor' oﬁ%err?é%gs%igm%ﬂ;gm?fgﬁnggal n are
utilized @speistd r@nngypgea A3 Widch tpsnwiraditiiged as te@enaxigoi@ndoedteer t he

wi ndi ng channel 310. In addition, these_ exit/entry points can gl so be used

to anchorviHmgRidhex mribarherser erwipding sharnel 810-Jniadritiog, hesqpxi

Opt i onal r t i ( I el di,adj acent
o ther duing sol BYdBs I00F 16 Abnd e Sl SRRTPEIGE iy TRAIAF G

ac corsodavidmge Optionad passpdasigh kb odighoraoaihpcdhansel v fitke aredatlhdddneljavemdi ngs

pl aced within wi_ndi ng channel 310. Accordingly, the pass through conductor

whi ch i s P&k OHIPSH PR 2 AR Aetting chanpelaige 8dais lRersrmmedsie it ofi n t he

structur %oﬂe&é%giﬁ%&%ﬁggn&&?orgﬁﬁw aﬂfithggbéht‘ﬁﬁ% QeedQvithif qu?tﬁﬁggipa!nﬁ% via

t ensi on app pass through conducto not shown n an
al t er nat i34@. arnbadingBntihe phxs hasightdondugdr which Uc ta@rted groughstleadelld 5r out ed
t hrough the center. cavity 320 i

y (i.e., along the inner di %ﬁtq?r_of t he center
cavi ty). Jdypitpgsonsly delps fe mpdmpinihe pawivel Biredool @leﬁéw@f §195e3dapt ed to
acco d t ..cent: r.uc i LN e center
oot 0 a3t At 21 LRRN bRl ARASS AR MRRRL LIRE R thdrhBehEE CON O
embodi ments wanl £h BRehg@d kybadipanenthe tiasOnBo0fh @baduvsry caikinstead rbet he art

gi ven the present disclosure. FIG 3Aillustrates a side elevation
vi ew of trAeteddbisugh dhe pepfer Ia0Ls BAL-¢-nalopg thg ingp clameter pf yhe genteran be

seen in Fl G, .3 espite. th rve e r f he bbin el nt 300,
center ce{:\%”ttx)' ?2’69‘85“5%%’5 ,thff n Oﬁ ﬁl ffep%gf@pe}éoug%%edirﬁae%ﬁﬁ bIQ nadgg t§)t rai ght
l'ine thr qiedininbgatb a¥us a tcbrd GabiBewhyemRtructddingthingicl deh@t esvifym2oaut onat ed
wi ndi ng of the bobbin elenment (see e.g., FIGS. 3C - 3D). Keyed notch 322

al so 2pasdemilar nedhityshatvonip FKs IHisidb. Whede okl other emhedimentaviveyld 320,

(oD B0 R SR e T A BRSPS S, b

rotated with pnechsiiQfstesd DGdE BRVIANBE ATBEESbin element 5o howdGnand 3D
illustrate four (4) such bobbin elenments 300 nounted on a nandrel 360. Note
t hat becdil§e 3t Bpediiddatiiynasetanbnsen30FI6Gr 8 A dafpiguthe duived gebmpteapf the
bobbin element 300, center cavity 320 passes, in the illustrated embodiment, in a
30 straight line through the body of the bobbin element. This facilitates the automated
winding of the bobbin element (see e.g., FIGS. 3C = 3D). Keyed notch 322 also passes

linearly along the inside wall of the center cavity 320, thereby providing a feature that
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5 fashion, the automated winding of the final "torus-like" shape is very

much sinplified over a truly torus (circular) shape. The collar 370 is

nmount ed owothe/amssof the nmandrel 360 and secures the bobbius2ebms®ne s onto

t he mandrel 360. The enbodinment illustrated in FIGS. 3 - 3D can then '

optionally be encased in a header or housi ng, ésuch as e.%.vﬁgan over - | appi ng
n

cl anshel | Canhsacerduslavitiin siregissiirg slefr(sest IHER 3Bnded oneyinandy teilldWy now to
FIGS. 4 - f abodi Qi | ng appar at us
400 is sh%ﬁ"%‘??a e%@s%??@é%@nr@%t al | .g]lgg%{cb?lfl cagﬂf/e, @ﬁ{e}ltg E&r%géht sensi ng
appar at us 400 BIGI13GSand3P ilBteafit 6 dich bobbie dvestO30GEagoRiRd @d Hobbi n
el ements 410. Each of these bobbin elenments 410 are di sposed next to one

anot her vRaNqrRle3¢{k Nase thay begause kg behbig clemeatsniigar cesbeyed @ adimpar Fl G 4
il ustgat - [ : f e rEen ' ' : 00 of
i G ol ARE byfnad FABTEDE R bl ARl AT nSEL B ARRRE T

t hr ee- huneveedh skt sorgke (rielag38pe apharcatlas 3406 huafedven thdcenay dimgl y, in
the illustrated enbodi ment, the conplete apparatus 400 woul d cgnsi st of

ei ght (8)maulriniatiasd seeies the drbbinlanepiponta shempndsel IWehbpemberdimentg t he
nunber of; N 4~ 0| . Lng=t i : E e bobbin
el enent 21(1)191%}1[%&4 ﬁ%&g}? r %t (rak(? Pzﬁltﬁ%gptifln:éﬁ%% es éailggiﬁ%terggrolpr)zg?g%% é\?\/a(!;1 430 t hat
i S i nt endec.g.parposr-ldpping dian el sypdircadglinciohdwa) arothdr cacpemertse | ocation
wi t hin each of ;%the, segnent ed bobbin el ements. In the enbodi nent

i1l usthated, thecpResyealidS posPr pduth sromiem rEogdHR dirrfareali s of
the cyli Lcal I Qy=ToN : i 4 al so

i ncl udes rgaéﬁélg tagpﬂgﬁl%\%@pgsssagem%gd A(fi%&lv?%?(t}ﬁ (E:Egﬁi' gieﬁ%lej%ﬁf?]l}}geﬁg tcglhr%tut e the
25 r et ur resensing appuraug HOd bé Fi@ht 4+ 48 cdnngiseatildiiplesagsef seghontedHebpinr pose of
facilitating assemhly. The bohbin el enent 410 is characterized by a w nding
channel ﬂ?ﬂ%&aél%(ﬁ%??&@&@% elswsméﬂl%%dlﬁwar BeR 0 GRGRICHYE Vidwhi | e
fl anges t @i i ndi,| j ARG C nel: syl t:ing in a
uni form ﬁ?lgtl{sggﬁt@o%ﬁ%?mt ﬂgé vli:illﬂ §1 |eﬁ%%srhﬁomf?§' '?r %g E%Ebflrlluue etﬁéﬁdt H%%I

Posi tlisonedgmentogpibs icngegtndasiog appeeathh 400 e$ FiGe44) Spueifnally,pody o B0y-416
positioned above standoffs 440. These alignnment posts 416 are optional but
are utilifegdegses ¢bY') pesmeat iohdy Urreralndpidasietetiecres (30N H¥BBIH ¥hifent s 410

withint a ot i . L. [ 14 tating
t he rout !E%aagfﬂg e &?‘H’aﬁﬁgéhﬂ‘gﬁ%@gtﬁﬂﬁ%ﬁﬁéﬁ goc?ﬁéelgﬂeo‘r% ﬁ%%%gﬁ%(ﬁ g‘lé‘édrgents 410
during auoasiet eteightn@) Bezradht@l BEUh elemitsvd 10| abeardbs eeenssdcomatige thel |y
subsequently herein wth respect to FIG 4B. These routing features 422 act
as ent r y/maber phraides 4t eththewingelikgonaderaidohion Fibied A "Heit brbbéhelament 412.
FIG 4B i)lustrates t i ndi vi dual bobbin el enpnts 410 unted gn a mandr el
5 4730 or OB RRa G, 4 BRNES TPl a e RGP D Bae R s Body T he
bobbi n e!tﬁé@a\sts&hmﬁgh cotuRRr SEE PrecieIbQiof #itHiS cABACIT tRE Sko@lenfiiNRbBbinse for med
in the winding mandrel 470. This slot 472 is sized to acconmpbdate a

respect i vaeriggs. ulnethe3dmpli@ents Jllustratetle thenpissagimaly isopisitionedl exengt thewhi ch

facilitates. i ndi cafion. A I ' d of
the manariareisgral b6 ddne P ke ot sl ) TR R o Hobbi n
el ement s 14804 alsoanIBEAR] 1083t baRa AhAROLNGhieH 8hd bOLlAR RN flo Thi S

approach permts repeatability and consistency during the w nding process,
wi t h@bt netmes siiteathrangh tthe caser of theitwbbm seguiepnémtthe puipebqof tacditdinghe f eed

end of the automated w nder. e also that all eight (8) nts 410

utilized %W@ﬁ?-mﬁ@bg&r&%‘ﬁ‘?ms%hﬁ a%eryﬁﬁéwawd%éhmgﬁﬁ%a@a single
W ndi ng @Pf!:'&&kdn%7 eomdrélag%ﬁvdf%ﬁdiﬁgp%mfn@ S(ﬁISCi\'e%aﬁlCl)he Gnbd fpustrated
only a portion of the entiré sensing apparatus being forned at any one tine
on a mandbhelvindieclenbadil@eaduitirdg inlaGnifBnididtrisdtioat fshawikdpedvittémthel N whi ch

all segnments can be wound .in singl e, wi ndi ng operation. The wound segnents
can theanéblélLH%@Bﬁl}éﬂpl Posidonsdern epnosivgfadag mﬂefﬁ%ﬁﬂarﬁwée&élaemrﬁ%tszo t he

headeps - i ! i n . - .bC, yet
anot RGr oRBIRERRBr Tod A sedonep, Theeo SRR TELS MACON b cplibht bl e Y
devi ce i autidihedvio dhadlithes arditieahli plackaiant lof theeobbinbelomehts it withinugier at ed i n
FIG 5is simlar in construction with the hinged enbodi ment previously

h
i |1 ust r athéadsr a0, dyuting feeturesyde? rare atifiged dfore acHaiinantha 1qutingseh Bced in
FIG 25 i Pl ; fined b
outer oi RS PkRln biHURY doks BEOGSRPERRuil 410/ R E NERRRLaMRBRT | 1P, O

i ncludes routing posts 514 for facilitating the routing of nmagnet wre
bet ween adj acent ones of w nding chanpels (see FIG 5C). The hinge el enent

522 also is adapted for receipt in aTespective feature |ocated on an
adj acent bobbin el enent 510 and acts as a pivot point




30 for the bobbin elements, simlar to the functionality as described with
regards to FIGS. 2 - 2C. See also the hinge point 550 illustrated in FIG
5B. I n adapt2oowrmi4188e col | ective bobbin el ements can therCoatSzanabiog be

pl aced inside of a clanshell type cover (not shown) or other encasenent, or
between a pair aof headlgr elements (simlar to that shown in FI G_4A 460).

However, OfhPikEdtehas prlbos gissussstbmars iy subregeentlydyrein ehapapgeli e of t he
bobbi n el ggeffes2 10yl lf‘é?tﬁlre@tfﬁg a Pasﬁ%nﬁy/eﬁit ieft€ For tge \’vﬁret dtvﬁiﬁnigﬁ% through
or return b conductorg(s (not shown) 1's ndt routed through the center
aperture wddinghahad 4b2en illustrated in the previous enbodi nent of FIGS. 2
- 2C, rather w.re routing aperture 530 is utilized for this purpose. The
wire routing a%@-t%%lus@%e @1@@%@@}1@@@% $iEnEntE AE0 Bdgteson B aRd A ng
parvels iR ot o (BIR! 6F 0Rf altBinGlaI8llanes of BiWuRAl Aifts S1ABYopBAL. Such a
configuration has antages In terns of dasse y, as tﬁe pass through 10
conduct or elemerteshsledqi bosech heslonfEY isthadiriedror @thdrhBe ffomieghie dhecwindéy sensi ng
devi ce. Because the pass through conductor is on the inner dianeter, the

| engt h of mppEelstls Thisrsrigh 2dd saet topccamnedpis gestrsrivasaaradtd ded*t o be
signific : : LY e, ' 51 f or med
into t heia(?ﬁ Plbéﬁg@@tﬁélrgﬁg‘?%ﬁg%%&&% ‘gﬁg‘?{ Ifows %eg?l?é)}vg%%geﬁéfmgrgact%g%

si npl i ci t480aisdpleddd evee r@ycridnoirtieuhasirelr 47D iraodlen s eedukey andl position dddi ti on,
as the pass, through conductor is not positioned within the center aperture

534, % cadiviabhebbiy clmeaimtl@agtadredable decatine almgdhe hafk ofdthsdgnagdedess with

50 tnat 1T} aprROSR Robl STELERLY GO LodRBLE Pl (BE RN Cluppl; Tt @
cor r espongghmit nc@sitdtial thelub@oLvRitd dgabed tehelphechamdy &kd 260 of THY S

geonetry hel ps ensure that the bobbin elenents 20 510 spin as the mandrel
spi ns. automgtpdssindsr.- 6B | | ustrate yet anot her variant of the current

sensi ng appar s .of FI 5 - HC Th odi.rent of EHGS. 6. - 6B is
sl ar §hchav R eRlo BEaL o (7 Shamitn T0 SRLARL G g bt UG SRR ot ¢ en
sensiiag %Fﬁbﬁﬁls Hhe dighled 6 enegihglRlQvif@NP hB8reR MT0N0WhiRS SR&hbY Simi | ar
to that illustrated in FIGS. 2 - 2C. The bobbin 25 el enment further
possessesembagimetita Foh dhn bivesillpstersed ods atppridgan e thokr@engosingamperte18 and
further iynecludes routin osts 614 fo acilitati aut i ng of nmagnet
i re bet viuts Binal 8 Sheds Sof HiHe e kb bR eaLE BBl i, T

el enent Gaghodiféntiis v@ﬁ'@p&l@g%én%ntsr e ol & £ SRPRGHLYR fo?@ttaﬁf)@. Tiecated on
an adj acent bobbin el enment 610 and acts as a pivot p0|n§ or the bobbin

el enent s, weindi segments cattheh lnecubsenudntlyyremev@birdmghe maedrelindplaeegants t o

FIGS.,2 -, 2 nd FIGS.. 5 -.5C e also the hinge point 650 illustrated in-
FIG 288, ﬂ?‘?‘]ge%l@fsl 0eap 5ho ]d"gli%ﬁ}'ggerrents 610 can then optionally be placed
nsi de of 2 cluaklngbYREFIERY S 010lci SHOE) cbodihbl o e SABHEBhenC"

between a pair of header elenents (simlar to that shown in FIG 4A 460).
The enbodilfient usf int dheurbmbbensing davemwrtis 6AiGwn hhdigescabetlin detdl. Gheotibinf er s over

prior illustrated enmhodi ts. in one salient aspect; i.e., th the return
conduct ore_ﬁj@(%ﬁ“ mﬁ?ﬁ ndlioe Fotndd ‘Ph‘i%‘ﬁ‘_ﬁ‘FF“Pﬂe‘B@émeé}m%%ieﬁ 1EmgH4 or a
Wi re routdngoapefifidified il GPA- REVpepEe N thd diighed heusphrRdingidarrel , as

has been’illustrated in previous 5 enbodi fents. Rather, the wire routing
sl ot 2630 3 & sitilar Zedhdtat poksessepur pashng Thenned 15¢2 rdetined by slutdr BRdings

posi tion on e exterior periphery or. outer dianmeter of the w nding
Channel | H8er é&cgfer’ﬂr%h@%?%i ¥ W@?%%ﬁ#&ﬂ@éeﬁ For H}?E‘H‘FS ESEBRIIY Sas t he
return conduel heilifyih€hd eaitin@0odt AabNet QRird '%@tv&é%ﬂedrd'débﬂ”&{egrof%inhir}% fini shed

current sensing device, but al'so doés not need to be threaded thrdugh an
aper t ur e chaimetsepee TI6. Mdl)i fThiengngs skmddny 522 also id hdapgedalf®roreneipedn ahat
routing slot may.be used to ran_the return wire_(conductor) andJor a
flexible rwﬁﬁwerffgym(ulﬁ%@i%a%e@aﬁnr %rz‘al?m_@;@gwar stORf af\/%w.vafrﬂonztsee FI G
6C) . 3bhe ¥ ke LAY AMAD a% RN RmE %A%pghg%s weidite £ @Rh Wb ARG FREEUT © the
af orenenti oned cord (not "shown) 1 n the outér slot 631 to the 1ndividual
bobbin 2 —2C. See also the hinge point 550 illustrated in FIG. 5B. In addition, the collective

bobbin elements can then optionally be placed inside. of a clamshell type cover (not
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15 el ements, so as to provide a flexible hinge between them and add
mechani cal stability (as well as protect the crossover wire during
assenbl y)WOThiig1e¢s5d does not have to be round in crossPseatszan/o3iomo f act
it my have literally any cross sectional shape including wthout

limtation sgyare,  rectanqgul ar, | ygonal ., alfelliptical,.or even be a
conposi t e&b%vgﬂiﬂrt‘?ﬂﬁ?reenﬁ?sseg}eagé)rs&%ﬁ a par d’%?ﬁeﬁqeéieg“é‘gﬁms %@Iﬁ}?xf WeMr e,
because t BgywiEhung. 8! tor is on the inner dianeter, the length of the
return conductor does not need to be significantly |engthened as the

i ndi vi dual bobbbweedremdikeshé pGvane dbededentndiscuskeal, thet anhlinméipd thas

previ ousl i.scussed._. I n_additio s_t retyrn conductor js not

oot t 1 oneBodhis ifeiicth 10 At B rigEes gffers it Hall (OB dRNh Ze dBibdat e
dur i ngs t hg,RBEES) (it eﬁd@g 19&99?&&&%&@%%@&%@%& o9 okl Begl ements
610 each nounted on the ndrel 560 ilTustrated in FIG 5C. Referring
now t o FI Busftfated ar theysedoenghlaordimpmsift F1GiSs 2f-02C aratlet wire rontingapatareonduct or

on a bobbin el epent .700 are shown. Specifically, FIG 7 illustrates various
options f ladlélﬂ??%r HRYs PH@OFetile iEoioutiRg sreriire 30 i opeitipnadoviie tobbi n

el enent 7 (Qiga(;}qhg LSBRSEY M Wi j . t. Wile
si mul tanegu |y SOI&?HIuétBr at i_ng %ﬁﬁlgﬁgegéfﬁgﬁﬁ@gﬁgﬁct?gr“;slﬂ(?f}%gh ;g{; 740,
750, 760)513. tSuck areafignatied hihatvantagenst teanbofl hgyembly, aotHeypas sliroadie
positjon for the return conductor will exist at a tinme. The various

i 11 ustd at edsgier snesiient o) thonghsiameasey tediniged yEspigeasng 4531 ni ti ng,

and ot her L | : i e be

pl aced atB%’cﬁ%kéﬁﬁ%ﬁ %%@e&?&%?ﬁgsl%ﬁ E{%lgﬁ o(g%]?ﬁt(ég Bg%g%g{%%%&e?%% lar to
t he posi tihenighGoaduds@tadivaithigeoustytdoes astired bt sighifichddy. lebethered,as $heOpt i on
(2) The return conductor 730 can al so be placed external to the w ndings

710. Wi |'adiyidughbebhin slements 310hare Theesd Mt iing taue phaps. dhviaslisrent i s

effectiv . I et I kSl [ contact with
the wi n 0l B el d3uh Bt e RRRELD e feRplabiokile B BebbL 700, " T an
literidl |y be phagidiioanysviermsativogt fdoctbets mgpogkiensd withinhde wemied ngs 710;
Option (3) The pass through conductor 740 can be placed _at the geagnetric
cent er ofaneﬁéreo%ﬁbﬂﬁa%b@wa?wmpd%?d apdregthe mandshyindies Meccsyividi ng axi s)

e oo S L SO LR ey BRI TR e oo
bobbi n el ®areatfackiB6i (at eerhaps ik beit%o%ﬁﬁFI@.ﬁMﬁeﬂi@ﬂ@ fwith a flat surface
570 located on the mandrel 560. This geometry helps ensure that the bobbin elements
20 510 spin as the mandrel spins. |
FIGS. 6 — 6B illustrate yet another variant of the current sensing apparatus of
FIGS. 5 — 5C. The embodiment of FIGS. 6 — 6B is similar -in that it is made up of
bobbin elements 610 for use in a current sensing device. The bobbin clement 610
comprises a hinged assembly similar to that illustrated in FIGS. 2 — 2C. The bobbin
25  clement further possesses a winding channel 612 defined by outer winding flanges
618 and further includes routing posts 614 for facilitating the routing of magnet wire
between adjacent ones of winding channels (see FIG. 6B). The hinge element 622 also
is adapted for receipt in a respective feature located on an adjacent bobbin element
610 and acts as a pivot point for the bobbin elements, similar to the functionality as
30  described with regards to FIGS. 2 — 2C and FIGS. 5 5C. See also the hinge poiﬁt |
650 illustrated in FIG. 6B. The collective bobbin elements 610 can then optionally be

placed inside of a clamshell type cover (not shown) or other encasement, or between a

pair of header elements (similar to that shown in FIG. 4A, 460).
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20 Option (5)The pass through conductor 760 can be positioned off-plane
W th respect to the inner conductor 720 and outer conductor 750 positions
as set fowOhloiw1¢B5 and (4) above. 25The vari ous opti on®Caitscussaidoabove
with respect to FIG 7 have various el ectrical performance versus
nanufacturablllty tradeoffs, exanpl e, me appl&gatlons t he

degradation in i @B’f’?q”@ﬁ’ilt ‘bfetth h@ﬁ@éﬁ%@éﬁlgﬁoﬁé@fiﬂgﬁ s @&l O¥Fpar at us
i s not S' ior 11119 eegr%bg.ﬁn e§a11%1tf'ceas @c@gfe' tifad tﬁ' fe%rﬁ%oﬂ&uc‘?(ﬂs(ﬁot()f '
aC|ng t he eed t

nanufact rough etor ¢l oser to the ' nner

di anet er shfo“mm& 60 rphted egogal the I‘d:bntﬁﬁﬁlﬁrﬂilga 61)1 appairatrogingedpettieqlibGed above
wth respect to, for exanple, FIGS. Alternatively, in high

per f or man%‘éo a3 d Eﬁfssmgébxoslgbrrhadbmfi@atba@ﬁb aSt s berai Yiusiaae H%W&?‘&‘é‘%sur i ng
cost Qﬁ‘bé#ﬁ&gg 'I@agh het 1?6 rugljtﬂ d)t %\éﬁ is 8&11 f{)f) I ﬁ‘flé %d {n. Such

tradeoffs Wou € rea i y nae one of ordinary given the

present diotifih®slot &39nd @i ngl meaé;aemt pEHpBEtS 6 dutiet! rdlie{i@é’terhef ien.
Referring nowto FIG 8, yet another enbodlnent of a current sensing

appar at usWVBI1g ¢hagpRuiueng cealiswrnten hanadieniaes incisers Of @atemply @f’néhe
enbodi maql tll?IE J[“&Ct(gzlgqgég%e fiot %n hgn e n%r d&%?e?ermg ﬁnli]s% & Wl

carrylng COﬂdUC sens I'S O rmse i1rregu ar I n

shape. Sughsiag dehb@rlglt Siap@odd Snat |debk$ te ak elﬁlreacﬁedcthfmigh annapefu@:, theieuyy
electlical utility conpany applications (such as for exanple in so-called
busba¥s wimpliag dsseoahlect ri cal power distribution switchboards,

di stribution sj ?stdlﬁ)nr?ot %a?#b%ﬁh@%fo?ﬂﬁ} beBed oSG BRGGRE %Yﬂe%’&ldﬁctobhe

current senS|ng appar a US (0}
and/or a flexible cord inlay (non-conductor). For example, in one variant (see FIG.

6C), the wire Bein.g wound around the bobbins would capture and secure the -
aforementioned cord (not shown) in the outer slot 631 to the individual bobbin

15  clements, so as to prdvide a flexible hinge between thcm; and add mechanical stability
(as well as protect the crossover wire during assembly). This cord does not have to be
round in cross-section; in fact, it may have literally any cross sectional shape
including without limitation square, rectangular, polYgonal, oval/elliptical, or even be
a composite of multiple discrete strands (e.g., braided).

20 Furthermore, because the return conductor is on the inner diameter, the length
of the return conductor does not need to be significantly lengthened as the individual
bobbin elements 610 are formed into their torus shape, as previously discussed. In
addition, as the retum conductor is not positioned within the center aperture 634, it
can be easily accommodated during the mandrel winding process with the individual

25  bobbin elements 610 each mounted on the mandrel 560 illustrated in FIG. 5C.

Referring now to FIG. 7, various exemplary positions for a return or return
conductor on a bobbin element 700 are shown. Specifically, FIG. 7 illustrates various
options for positioning the return conductor with 'respect to the bobbin element 700
and the respective windings 710 disposed on that element. While simultancously

30  illustrating multiple return conductors (720, 730, 740, 750, 760), it is recognized that
in most embodiments, only a single position for the return conductor will exist at a
time. The various illustrated options are as follows (these are not intended to be

limiting, and other options exist):
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10 enbodi nents was primarily contenpl ated as being generally torus-like in
shape as is conventional in the prior art. However, it has been found that
by el ongawongittte2ssurrent sensi ng apparatus 810 such th&CTiuS20m0m3390Npri ses
a generally oval or elliptical type shape to accommpdate the obl ong shape
of the conductor 820, inproved electrical performance is achieved. Recal

from above that the voltage sensitivity of a Rogowski 15coil is driven by

equati on . pWhigh = j di . ssing a
generalIy&éég+ﬂpypéﬁgﬂggﬁ?C?%ggg%??gﬁ?éééﬁg?ﬁﬁégggg?g?géxﬁ%£¥%ﬂ¥i atively
shorter |ength (thahedopbihaileraddt 700 sichifao goWskpositinining ad ferfedtdly in ther easi ng
the voltage | evel seen in the current carrying conductor 820. In addition
to curved confi gur frkedénertofFEGH 505Fecogni zed that square and rectangul ar
configurations can be 20utilized as well. In enbodinments that utilize the
segnent ed bobbin elenments (e.g. segnented bobbin el enent 210, FIG 2) or

al t er nat i @ptiyn (Ne HEadeturelcendntor(7B00an RlG. bé dlhced ¢xtérgal to the windings

710. While unconventional, itlhas been found that such an arrangement
is effective so long as the return conductor 730 is in physical contact
with the windings 710. It is appreciated that the return conductor 730

10 can literally be placed anywhere along the outer periphery of the
windings 710;

Option (3)  The pass through conductor 740 can be placed at the geometric center
of the bobbin element 700 (i.e. along the lopgitudinal winding axis) as
15 set forth in, for example, FIGS. 2 — 2C;

Option (4)  The pass through conductor 750 can be positioned along the outer
| diameter radius of the bobbin element 700 internal to the windings
710; and/or
20 7
_Option (5) The pass through conductor 760 -can be positioned off-i)lane with
respect to the inner conductor 720 and outer conductor 750 positions as

set forth in (1) and (4) above.

25  The various options discussed above with respect to FIG. 7 have various electrical
performance versus manufacturability tradeoffs. For example, in some applications,
‘the degradation in electrical performance seen by a current sensing apparatus is not
significant enough to offset the benefits in terms of ease of manufacture by placing the
feed through conductor closer to the inner diameter of the completed current sensing
30  apparatus (as discussed above with respect to, for example, FIGS. § — 5C).
Alternatively, in high performance and/or precision applications, the additional

manufacturing cost may be justified for the higher level of performance/precision.
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appreci ated that the center opening 830 can be sized to acconmodate the
conductor 820 wi thout having to physically vary the shape of the segnented
wi ndi ngs wbensglivasss. I n 25 ot her words, the bobbin el emeot/useolosaidey
elenent itself is physically sized to accommbdate the conductor. FIG 8A

illustrates._on such ex lary. i mpl enentation.. Specifigally, FIG 8A
i |1 ust r at &Ehdradgeifepeu Fﬁ%}lya‘g%ﬁ?f’&{ B STy S LE themrssent y of

segment edyiRobbidag] LUBRIRLIBAE PGB8 Mena gher of conductive windi ngs
854 wound thereon. These segnented bobbin elenents are then utilized in

conj uncti on wi Réfetrmigingamie MiGed,ereatochdd sMhbedingst ¢ion admiegisen$ing bpylabitus el enent s
around thg conductor 820.ta b asured. In this panner, th i gnnment

el ements Prleveii™s %ﬂ%ﬁﬁ&n@ﬁfgﬁi%ﬁa’éhm%@ _@%ﬁ?ﬂﬁgf‘e 5@5%*?% us 850
when p acfd BEpHNdsd Gﬁe&%@'%ﬁ&@dﬁcaﬁ?ﬂgf&h&ﬁ%r PI0ON! B sAS & sathorNg:

repeat abl e pracenent (ensuring consistent electrical performance for -
S5current dhasisegrapdar at shapé. richlahedblony dhape fis dludirated is comiivon @gway.,, in

ot her enbodi nents, .the alignnment el enents_are. intercghangeabl uch as to
accommodaPembYecta Sb capiay aprlicalicsdsuchmy for E’@é‘}P(i%H’d?cb?a%ﬁié“ cenment of
the condughgrg Wnt i L f t g Lans 1L LB u@RE NeRQnOf afghe coil .
Simlarly, %orm%he'£$%%& pggg gEQ%grﬂgr?ﬁg%éagggog%neﬁts S%SCP?be

el sewher esub@ativerki As disaesidr pltevRluslgn nien tcuabemenkingagpamsmtuss ofl pabvicls
positively places (and orients) the sensing apparatus around the conductor.
FI cs.108B apdgrents wap pemagheconianplaipd of SrIng rasBerpke Fruvike Weshaphai By coil of
the invent

I - . 1 | I havi ng
four (4) (%?Q%ﬁ @9%ﬁ%@ﬁgkgﬂ?ﬂ§§§ﬁ%§?Ehgh%%%@gﬁi@|né ?ém%gé gﬁﬁ%ﬁé:four
si des of w@ndiee bpngabas1dsudonduat@w cdspifewngdneraly GvaBB ellipgcdl ayfe segnent s
870, 872, 874, 876 are disposed at 90 degrees relative to one another,
cor r esporfdipfy ta accorungdstsr thei ehdengoshappeliie ceagucrSS20THapiozed ekriricd; |

segnents 87 876 .are.l anger j:n | ength have nore.turns),than the end
ol seqrhpaFe i Pteal ot G, AR IR SR PR ety
conf i1gur abileogrivenbyRquatiad] (inRaligtdi ng four identical segnents, segnents of
the same | ength but 20 different turn density, segnents of different |ength
but the same turn density, and so forth). Moreover, the configuration of
FIG 8B can be used with square conduct ang égft shown), or nultiple

I3

conductors mhoggzggg?ﬁﬁite outlind o *! fective rectangl e or square.
LI

Accordingly, by possessing a generaliy oval type shape, the current sensing apparatus

has a relatively shorter length (than a prior art round Rogowski coil), thereby increasing

the voltage level seen in the current carrying conductor 820. In addition to éurved

configurations, it is also recognized that square and rectangular configurations can be
20  utilized as well.

In embodjmenfs that utilize the segmented bobbin clements (e.g. segmented
bobbin element 210, FIG. 2) or alternatively the header element (110, FIG. ’1), it is
appreciated that the center opening 830 can be sized to accommodate the conductor 820
without having to physically vary the shape of the segmented windings themselves. In

25  other words, the bobbin element or header element itself is physically sized to
accommodate the conductor. FIG. 8A illustrates on such exemplary implementation.
Specifically, FIG. 8A illustrates a current sensing apparatus 850 formed of a multiplicity
of segmented bobbin elements 852 each having a number of conductive windings 854

wound thereon. These segmented bobbin elements are then utilized in conjunction with
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The device 868 of FIGS. 8B and 8B-1 is in the illustrated enbodi nent,

di sposed 25 within a hard shell or case 880 (shown wth part of the case
"clamshelWO 20eo¥38d in FI G 8B), al though ot her approackres/useonolossdong f or
exanpl e encapsul ation, or use of a header or bobbin for support) may be

d | 1. FI 9 il]lustrates | ternati to t bst i all d
W ndi ng CRIBHISMSTAENSE0% & Ll (15 Y BGAm R Brond pe URVERT S4LHs ng
t j | Gl f th
apPar at Uy, A AR, ARG B len MR FERSEISEEH ApBhesinat of L he

current sensing appar at us een [engt g the path of the
conduct or cif¥ft sensingiapparatus B0 twhes pltesd nemint chdeomslense dnd Tiveet padiidehr ough
conductor 930 can_be placed within the current sensin%lapparatus 920 in any
nunber of accwale poarhdereatshlei alespent t (eBsuying; ennsisienk iclgstricaly gerdirmence dorset fort h

in the dia&}éﬁtsge?ﬁ?g#gg{%mmgm%a%%e ‘%%(:)or di.ngly, because the cross

sectional area €en | ncrease as set forth in Equation (1) above),

the voltage | eMeleoN@ASUGILBE ciB&IIBUAESME Aighimyit NGt @i BetioterB4kbehibler eases.
While prior_art Rogowski-type coils have typically nmaintained their
tradi t i ondich s & socoinarodaindus bars of Hifferens phapesandsizes.oang/of dzey pledestentiedyi at i ng

fromthese shapes 5.ywoul.d adversel y.jinmpact the. el ectrical performance of
the cot I a0, SR B AR RS br ead Eiebiay 1 bns, “such

devi ati ons ar esiaglaRpt APl foe-bpiet QFEBINMIQSR embodimentsNddelibeanédidere
enbodi ment of the invention, two or nore "layers" of w ndings may be

uti | il¥ed heerit.groentrdlalisenentiananh eaty b used whishdasitively plaees (endherpings) then one
variant, a first |ayer of mﬁndiqgs is applied over the top of the bobbin or

header séﬁﬁ%ﬁﬁ@mggl §E15ﬂf@3%¥@%c?ﬁvely provi de conpl ete coverage of the

segment ed bobhigGSogRBAEAEBL1 BluSHRA! et af¥thGAPLETANoPhe kéiRinkicbAorkiryer, the
same Wi nding is "doubl ed back"” upon itself and over the top of the first

| ayer so iggentionf smgergd secorsdbstayiely rPeiangularstorthafastor ihavief (Acf{w as a
return caonductor w.thin the second.|ayer, . althaough the return conductor

[ ayer " nodB B Rschs S osBRER et Cengist BB Es BB LseBRM ot ha
nor e glsay edosidiidér. tAEsho®hUA FIGNEH, Ghe for ségditnts( SOC QTN B 74, Br6ard@iypdaed sed as
well if desired. Moreover, the wi nding densities and topol ogies may be

Vari ed T 010 NI Felyiere, oswé Hnebeto cqmespanGne 1t e 1t iH9s o GhbBLIoR By er | s
A Y
Pe used idﬁdfkﬁﬂj's@@m’bﬁt@m}’/w &, althelbi it vell tregpeiciabdd @bl othérofonifigslaamae, in one
free st anrl]a(lj}! gtg} used (including four identical segrrients, segments of the same length but
20 different turn density, segments of different iength but the same turn density, and so
forth). Moreover, the configuration of FIG. 8B can be used with square conductors (not
shown}, or multiple conductors whose composite outline forms an effective rectangle or
square.
The device 868 of FIGS. 8B and 8B-1 is in the illustrated embodiment, disposed
25 Wlﬂ’l]ll a hard shell or case 880 (shown with part of the case “clamshell” removed in
TIG. 8B), although other approaches (including for example encapsulation, or use of a
header or bobbin for support} may be used as well. .
FIG. 9 illustrates an alternative to the substantially round winding channels 910
associated with typical prior art current sensing apparatus. As can be seen in FIG. 9, the
30  cross sectional length of the current sensing apparatus 920 has been lengthened along
the path of the conductor 940 in which current is desired to be sensed. The feéd through

conductor 930 can be placed within the current sensing apparatus 520 in any number of

locations, considering the various design tradeoffs, as set forth in the discussion of FIG.
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20 variant, bonded wire of the type discussed previously herein is used to
formthe first and subsequent |ayers (e.g., wound atop a mandrel or other
renovabl ewetzouatiwzseé, and t hen bonded, and the nandrel / sPchasSarie/os@noved) .
Al ternatively, non-bonded wire can be used, and subsequently encapsul at ed
or held in place with an adhesi ve before renoval of the mandrel/support.

Myri ad ot heboxgadiceerdiagly, Wrdapshbe 59 settipnaldarpd (A hbisebesh inreiserhiay sobski | |

gi ven the esent di Sur.e, ef.errin w.to FICS. 16 - , yet
anotner " okRiER ST LATLRE s oless KR Pohed Y ol el king RrdndSle o F g
appar at uso4kbQferdaSess WoMIe Bt 8 SEddoeRi-type d6llsdhive ShithilpindiRaiobd eidi scl osed
enbodi ments, the current sensing apparatus 1600 of FIGS. 16 - 16D conprise

mul ti pl e Giveonsily sisgpiarane iprbobls shapesedusrie § {9 tigt dejigingfemgtheps shapesy at es a

si ngl & one gaf, these se t ed bobbin.el ements, 1610..i.n i i.th the

1 st o SaTH SRR PERET B S8 Tl g SRt Ml B ot e

bobbi n el @amiypiéhiappliditiBae SuchQePiatitgs a6 2Repteh1B 61 infdéhdnittidn! ypes may be used

consistent wth this enbodi nent as well. In the illustrated

enmbodi ment, t hinsyehpngilest esthogdinieng of gronyentiondes ¢ perier lakrshoh gandiagk ur es

1621, 162 Lth. a.through- hol 32.di spo each of. t : tures

that is srlg%gé %@lzggttt:ooﬁqr%gg% %O%aaﬁndi][ﬁ%%r e%grbﬁlﬁt%f'?ﬁcgnqg%gg& 1n|9||ﬂ%§§11%§)% The

hi nged cofiet lag df Rvidingy iBapplas ovet thetthyeof s BobiEA ophdrdeSscgmpRmBats aki n t o

what is seen 5 on a_typical door hi nag. These_ hinged couplings include an
rﬁe

out erlOnhi refEsgticduprovitg cpaipleta gvgragg vl gaeed bobbieer headg slangpniai At 1621,

whi ch are i.gne tgin | t ggqg}: d J ts.
Speci fi cal i §,ét%ﬁeoq£€gfsﬂ1a&%g§% coupl | ngl%ggi(r1 3 |§ ‘é%%??&ﬁégg?)@t a
di st ance thatohaftthe first &8peai dsvte fhrnarsetuinddeds.c Ohplitsnpypainreffbéizibtscars fit .
t herebetween. It will be recognized that each segnent el epent 1610 (i.e.

10 each SFHE? 6pndurioE pitkEethp SPEmEayehetibapgh tadetpicradectes Byasedaeter hinge
pai r (11 ek ik BR Bl HH18GPRIvint 6Rlapfebiden 3TN LS Fordho doliin ERUGOO! NG. 11
t maae | a

one vari ant, segnent el ements a eac ntic to one anot her
for dase ‘odp”aGs@t)) kyanday bwvescdcaswell # dekioedy hMiokdoser, shebwindmgnieasisesa

requi renent. Mreover, .the segnent el enents can have at | east 2-di nensional
symet ry &ddarqlpgies magype varedh &t 3sle laver spch & ¢Be ™ Ut CopgCtars

di fferent I i J RYA e standpoi nt
that an alﬁf%lrlrsg"t%%{doa?Q?%“r’\étﬂgﬁ%@ﬁ%ﬁ%ﬁ%‘#ﬁ%@&%gﬂhﬁétﬁg% 1?0 orient the
part correctl it ialad hpprbsieted dharehs hfvhsndntibnals Seydadd) (ppatable he@ihhyt b t h

respect to two dinensions). . Each of the hinged coupling pairs
i |1 ust r atused imeqojunctiaswith adobhiagr hepder at gl cRerripdaicy, ingmet freeptagdiee™ hr ough

hol e 41632, .Thi hant. er inlet. faciditates i Olnserti 0 i nserted
pin ozﬁdervaflgn eg%.@e‘gg@g@gﬁ? t_ype &S?usf—eﬁlrl{réuvel uS?r%%g%%Sdl S§‘|§ g(‘l) fogﬁ rhtl%ﬁrg% ?@r

i 11 ustrataesda@étilnyenRadi WBHdSatth 2GHSRRE dR i QetfibvabhediRiciue, RaBlhdn €l enent
1610 of FIG 16 al'so 1 ncludes a w nding channel 1612 with flanges 1618

di sposed bonded, tand rthe nedisl/strustireirendpveg).c M temalivel Theondbandbd gvixsheanrsl i s

further define a spool or-barrel 1613 whi.ch pr.ovi des .t he radj 25

ochant e dahateefisHY R AL St U o R B B R AL et

al so incl - , Ko bR, @ return
SO | tﬁgﬁlﬁaglrﬁgﬁ@ﬂgﬂ wgg;igau%ﬂér RAIEAFENRYbLEPRRRRI By ARSI Mbilbafry u

conductor a eat 1634. The return nduct or’ passageway "1630 i s
i nt ertded skill gioai the pres¢rtdisplasiget hr ough conductor at a precise |ocation

wi thin each of_the segnented bobbin elenents, In the illystrated 30

confi gur at i on,Refeiaing L0550 tefilyS i O po]sq[%iﬁhéﬂmh?ro‘?ﬁj’ntpiaéylegﬁ@ﬁt%tr?éla axi s

1610 " hongydF- JELobERbaSE oo SRl Bombharhy P le B0 PROQLR S °
conduct ordeg)il. Sayil&eo (Other A@Rtosed embodiments, the current sensing apparatus 1600 of
FIGS. 16 — 16D comprise multiple ones of segmented bobbin elements 1610. FIG. 16
30  illustrates a single one of these segmented bobbin elements 1610 in detail, with the
illustrated bobbin element 1610 adapted for coupling to another segmented bobbin
element via a hinged coupling 1620. Other coupling typeé may be used consistent

with this embodiment as well.
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symmetrical with respect to the cross-section of passageway 1630 or bobbin
elenment; (ii) may be variable or changeable; and/or (iii) nmay reside at

ot her | oCWIDI20119014285 FIG 1.6 also illustrates sonme addirfusesmalosfoeat ures
not present in sonme of the other illustrated bobbin el ement enbodi nents,
although it is recognized that these 5 other |Ilustrat ed enbodi nment s coul d

readi |y i ncor pBriae dlefrated srabpdiment, thindinged cqrriings! G30cingdesp g
al | gnimenty, RIS s6Rut0 38 71 P08, WD ARRAENAIRE 1853 UIROL BY! &8 Hi3ReseThese

bosses an ol'es are use ‘during t ndi ng process to-ensure proper
al i gnnment featareyethmt R sed doedovemmoddieamreised@bpibn(iteine ety FIGE10A) iThe. , tO
prevent relatjve tw sti Fr}% when wire is bejng. wound on i ng rrandrel

etc.), andngs! crgpkng imrcembingtionwith e ettt HE ib¥Ehiiad P]@Pré?ﬂ”gafd? &9t at ed at

M Of SPeth a typjeal aERAEL *f%{ﬁse%ﬁé%d%%ﬁ (SRR AL 1A80 bARldad on the

di ment “of ange ese apertures zed to
accommodal@3aand apdeidr iangdd gouphiog pahom)l wMuhcdireldesﬂgheh seisedo tretafhaci | i t at e

t he connection of the i.ngs resident WI he wi ndi ng channel 1612 to
t he retur%leamwteémﬁorﬁ%an Iaeltsex%peﬂﬁaﬁls@ %@8{9"3}1 f‘gieem@l g RHe

manuf act UfdoRgs ‘3113?%% ?.':11@ 4 ‘ﬁ"c%%aﬁc%' i3l ta%%de%#‘é ikt Ringhd G5 h%g'%alr 185) .

Note that the i at ed enbodi nent of the bobbin el ement 61 I ncl udes
two (2) skfddtcanfit dlekapetvaent Itodll telrb@gaiped that eschl6gBehtodened 16fn0 dpposi ng

flanges 1618.. However, alternative enpodiments could utili "keyed" clip
aper t O e<caph side g prssfacs gomienghereq  arpips %?%@%MH&GWQIH GIPBE of

| mpr oper }ﬁﬁ r(br ﬁ é)sso\gfibelhﬁd‘%% o?'tﬂ e%bf oCfn %t\)ﬁﬁ%ﬂ ﬂlle%eglﬁétﬁ%%]emeﬁﬁd

"“finish" WI ng e Rogo col I evi ce Furthernore, while
i |l ustratedeah madoidedidabth @esinothes éasrtee:de obakemgbillyaitidower dost, althaghgni zed

that the conductive clip could also be insert nolded into the f&ange (i.e
during t HBISIRPEEP msnHBreugISat t Mersoueh the spumpriometeram havepg ety

secu | 19 4 ifndHibRut! QR SuliO Bk M) GIPBL 1psliba hhhe  RERRNIGUR Sy SoouNi zed

by those o I nar given t I'scl osure may e used as

wel | .15F Qiffdeht olikmatisi] ekerthe six@plﬂtungr ass@hblC fivme titu stagdpodfit Habhkinn
el ements 1610 in a si r;'g[:]I e device 1600, coupled together via their
respect i \ﬂetcrwaigbowe@ ﬁ@,sembhsp@eee doggonas haveste arieat themertyworesthys alle60 have

tou Deen S 7 Sl RRP P TR APl o0 T
characterized Eh)éha)ﬂ/madﬂlﬁydmﬁnﬁg paaphetdafedrin"EGeiI 16 1% Qﬂ:@rp&atﬂﬁr e layers
° chamfered inlet for the through hole 1632. This chamfered inlet facilitates the

20 insertion of the inserted pin order to ease asserhbly.

Furthermore, and similar to other illustrated bobbin embodiments discussed
previously herein, bobbin element 1610 of FIG. 16 also includes a winding channel
1612 with flanges 1618 disposed on either side of the winding channel. The winding
channel is further defined by a spool or barrel 1613 which provides the radial

25  mechanical support for the insulated windings.

The bobbin element also includes a return conductor passageway 1630
positioned within a return conductor alignment feature 1634. The return conductor
passageway 1630 is intended to position the pass-through conductor at a precise
location within each of the segmented bobbin clements. In the illustrated

30  configuration, the passageway is positioned aloilg the longitudinal axis (i.e., the
geometrical center) of each of the cylindrical bobbin elements 1610; however, as

noted elsewhere herein, the position of the central conductor(s) may be (i) non-
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wi ndi ngs, while flanges retain the windings in the w nding channel
resulting in at |least a substantially uniformdistribution of the w ndings
wi t hin eawb 20fr/t1mssbobbi n el enments 1610. Wil e t he w neCmgsehanszho i s
illustrated with a snoboth wi nding barrel or spool, it is appreciated that
grooves .coul d he formed into_the w ndjing barrel in qrder . provi de a neans
Do T ur t hePBRHE CRE vt HoLedties R Re PFaEREpH SR bob BN ey ar o
wound or &) 'ﬁmyfb%rx{ahxbleNpsﬁ.agsa{b,ze;\éﬁa/bﬁgﬁj s bRl ofer Reaydiaet ric and 5
circular barrél, it is recognized that the cross-section of this "barrel”
need not be syFitetlti dso dhdiretcs came akddvionalc feathecssiey ereseat irospnid oéthe may
conpri se ap ogtagon, .ellipse, polygon, etc. in cross-sectiqn) as discussed
previ ous| §hffel¥stated babbinfegied Tdimetts-atibough Iteﬁpfﬁs%%aze@i%% Brss ne
Rogowski " GOid ind@¥&Lent@Rm %ﬁ[s %ﬁ&lﬁ B4R RPN & SERIS BeSe ARANL O be
nmounted wthin a housing. The housing ™10 1h this enbodi nent 1s conprised of
a top l6T7cladd wandiog tbgad & Gokend6BY) aloay erith adsbdiaad hlipithert hobaaflicdar at i ons
may be used. FIGS. 16C - 16D il lustrate_how each of the bobbin

el ement s UEpE0 boseessuispBrlice drsvivesiih dHBE HBRISYRENS A¥OESSH 1BeSISBENPIREIFI G 16D,
t he bottomh gﬁ oo j.ncl 4 e Qs S cilitate
devi ce as@ﬁrgﬂ%& re\@%{é%f%? B‘(J:égﬁ I%/djl&%@ tﬁ%ese ?%%@Esr ég?éaild{ié’l F\J ? Eefaveféticur ate
pl acenentrebitive heidial bivhere hvéfeeist Seid® Hbuntdt ¢ @ whdingomsahdgl, dté.))gmdpion
receptacle features 1684 are adapted to accommodate the hinge pins 1650
preseitt onainién ssbilifbyiedd the bobhin glesrenisobpratated digh 800610, These features
hel p ensure t h. of;. t QQQ i enen 1 i eGl S ed to
ensure repeat ggénﬁgﬁ‘éect?hlpc%% per?o??rgénc%gf I?%cr)n ?rﬂfgudﬁﬁdg?l ;E/}}enghégg%ge%scki coi |
devi ce 16HEbodanent20f ahs dlaakél Thedehepatsebys procead by atepumbdidé ng the
various conponents of the core at a desired |location. Flange support

f eat ur es reaBetivel BB (aetesharsdy whighds tthernpiagnipotastlidate e sprsetiaft of He bobbi n

el enent s and. ensur. ha hey. are ade u rte i thinthe bottom
rous: g 1RR0mETTEdsst oA 1 RrGE LB For o e TROREL O Aot P 195 856 T ha
i s dgsi gnagerhsl REEQAVR IRk 4 e Aheehéthaad dkondivatvaf &latia tbaneagr ed by
the 25 Rogowski coirl device 1600. As previously noted, this central

aperture . BBA( ) 8Df NetesthapthetiHugiraiesd eyaodipentfifdhe helbinpelemsat 8l0met ri c;
and/ or (i de r aceahl. e t'oaCOfmpdate di ff n duc .

Cross- jseclP%lggésas F‘?é‘_’ 3% S}%%Sﬁ%fal%ilggﬁgy- si'd e?Pe‘r”%%"P a%ﬁl%rc Er?@aor%" ?’Blgeqs%:n.g_) .

Ref er ri nogangws 1@l TIHeNevdr! atterhdive dEbodimehtd RbulEXRiPE akyyelMplie apgtaés on of a
30 header-based or bobbi n-based current sensing apparatus 1700 i s shown and
descri bedhatrditfer sg bs toTHbsexammeli prevent ieciwsptipaoéimproper- dis| (ba. Whew ng

D e CoSbd hiBS hISREE e Aol U Sl Adin P BhAr TSl i ot es

device).
Furthermore, while illustrated as a so-called post inserted configuration, it is
recognized that the conductive clip could also be insert molded into the flange (i.e.,
during the injection molding of the bobbin element itself), thereby securing the clip to
25  the bobbin element. Yet other téchniques recognized by those of ordinary skill given
the present disclosure may be used as well. _
FIG. 16A illustrates the total or collective number of bobbin elements 1610 1n
a single device 1600, coupled together via their respective hinge coupling pins 1650.
Note also that the windings 1660 have now been added to each of the bobbin elements
30 | as illustrated in FIG. 16A. As discussed previously herein, the bobbin element 1610 is
characterized by a winding channel adapted for receiving one or more layers of
windings, while flanges retain the windings in the winding channel resulting in at least

a substantially uniform distribution of the windings within each of the bobbin
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el ement 1710, which in conbination wth other bobbin elenents (e.g., six

(6) inthe illustrated enbodinent), forns the Rogowski coil device 1700
illustratwo2on/ElBs 17A. Simlar to previous enbodi nent #Clitsecus®3ives ei n,
t he bobbin segnents illustrated in FIGS. 17 - 17C each are di sposed next to

one another in a _com | ane via a hinged coupling 1720. In the

N ) | 1] .

i || ust r at $6MEMHIA] rofhils, ading channehsfesiratssypith A gmestovigdingbprees a

flexible hi f: : ) S f -8 4 obbi n

P e e A T

al ong W t érdamtol prs€idé akh@npar furiber 3143 thet Mimdingt Gefingithzednding fordcevd dohi n an

associ ated aperture 1722 | ocated_on the mﬁndinqlchannel 1712 of an adjacent
1

bobbi n el BAEREY arrnuoidiapeguenly. pborepvs, wide lusented as 2 symoylsdashr f ace

whichds s p adi ter. sub: pal ly identic o the
under I5Iyi n‘éﬁ\%&gﬁﬁa&ﬁ%l’ slg?)%?%%g‘% Z%ngl%tt ?%%,CF%SEEQ%%%%%%& %a#ef hgée\flvi I?IA il;neg spool
portion ofynith@rib) agest eauplsh Ngclude Ipahientitioat dley, hbe SAPEsAan tdetagdept h of

t he spool cavity 1727, such that when the hinged coupling is coupled to an
adj acent Bbpwi pOlsganelst in @ors-seoig) iph gisprssed previonslpbgicinseam ess fit. Simlar

to other illu t 1.0 i S, di e evi. l. ein, 15 the
bobbi n elenenfﬁ@€f§%3?%%$ E;%ggﬁﬂggﬁgggm%Fiﬁﬁggﬁ%“géﬁﬁﬁggaT%ﬁgﬁgg?ﬁned by a
barrel oresspo@khelbcbBin élbdeith anrgamul bl hoaies edthiNa Bbihies FThaRowdng he

wi ndi ng channel in order to define a w nding "w ndow' for the bobbin.

Fur t Hér noethist grabasiippntnis coarpsiied phel lgnd$78 apdraubeitasn A a8 bevsiphsed§evay 1730
positionqﬁ&%% hg a%xkﬁturﬂo&ggdugég&:alignnent feature 1734. The return
conduct or passageway 736 p03|?¥ons ?O t he pass through conductor at a
preci se | ocatiFIGSW ftell b €610 hillabtrdtd ehowe GAEIN toE kho Aabbih elegiFBRL $61d5 afdl Scussed
previously. In the illustrated configuration, the passageway is positioned

al ong t hesupprigid wihindhe hsgsing iAsecan berecryBolist: 1o Pathecwiosy housme«awer of t he

cylindric KN e t , ) . in, the
posi 1 on LPUiRARAE CRERLE shRRS: wdP PRHRL DR Eu, MOICSESNE,

di f f ersi nghtRCRituAR:IIMY te fRtirate Pbnnk AF fig: B /et 66! 0 ivaadin ey f or mance
in nost current_sensing applications. - FIG 17 also illustrates the use
of wi ndi ripuainBgHRgstPdeseycle7izgtuggsolghire idareb e arcemmadagnihe fingfol es

1736. Th I ; ‘ i Helap to
ensure pﬁ%%%gggﬁﬁ%ﬁﬁgn ﬁ%ﬁgégﬁg(}g%?éﬁéggﬁéyﬁ g%ﬁ%ﬂ%gg %ggﬁgé ]gﬁéht bobbi n
el ement s hkFil @ngure @hat daoh femerdobbil aleinegtst Y819t isngreviketn sphded foSeddeieng 30
wound onto a wi nding mandrel, etc. In addition, conductive clip apertures

1716 ar e epratableeledfical werfpmmange ﬁom%@généﬁéﬁm&R@govaSkieoibﬁi@if& 404, and

acconmod £ ' [ . l.ch 1S . cilitate
he_ ainat BatEHRARRE Biokhs (D3t RIRIE e BB bpctBs STRR b 430751 5
the ret urddsit@niiueticr Fdgesappiit QRUEENBHS2 ABREEED £Ifb fisektRa@oninhRlate

manuf acturing discussion with relation to, inter alia, FIGS 18A - 18S5).
Not e t hatthe Beape of thethobbiacelemenselprebensurst thattheeb i paualebrampoth withic| udes

t 2 bst ant i.al |.y i-dent. | j t 1716 | ocat ed i
[1'anges 115 B0REY Dt rbE0" 1 Dem ol e SRS 3 B GErPR.BRT ™
desi gn, itAsektdeRhel BY a@ionthdiRte Heegbation aond@ibik)he YeemeiduyedSkpsid t uted as

wel | . FIG 17B illustrates a cross-sectional view of the Rogowski
coi’l 28eviRagowalioca) dagvia, 1609 AAs pedvérushl mrerd, [thin eertipB aperf@mayipe (i) of a
cross-sectional view of Fl G B helps illustrate the fit qf the various
ol omont s SHRP e HF S IEBG THET TSIBTITEEF) SO (SnBRe CREMHAE Pabl o
por ti 0n 1E2snAbakibaiftaaednERIR!d9. BUTHS Y 20RNAA! sid16y Wdadichgngngol 10
aperture 1722 so as to prevent over insertion when coupling the various
bobbi n el“ba®néts.). Al so, as can be seen in FIG 17B, the external surfaces

1731 of the return conductor alignment feature 1734 is di sposed offset from
(i.e., inward Lflﬁmelaéw@w &l 16 orl/4e detanpdiep e el andRm s @taioa 21710,

I P P R B B AP AT P,

in detail. This embodiment incorporates a so-called “living hinge” design, as

described in greater detail below. FIG. 17 illustrates a singular segmented bobbin

element 1710, which in combination with other bobbin elements (e.g., six (6) in the
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15respectively). Exenplary Current Sensing Apparatus Applications -

The exenplary current sensing apparatus described herein can be used in any
| ar ge nurwerzoofoi1agspl i cati ons, and/or where it is desiralpCe/useowdaor e t he
current of a 20 conductor w thout otherw se disturbing the current carrying
conductor _jtself. One such common application is_in_the incorporation of

current sBhsirdgd appedinent, ormbthedagowaki widsyige 100 tgirated inddldti al |

commer ci aki, A b IUTHL ho@PRENS WA B, TRARMDIN &N CHLGERL Rel N9

consunmed Dby a consumner of electricCity, and’ passing I's Information al ong

to the utFIGS.Y7comMuasih teadigpazed neit ko bt efofiae & ®orhinen pRinefvia 4 eged i | ity

conpany or other 25 entit%lcan better gauge what to charge its consuners,
H

and/ or ~ betquwphing ddépshnathg Hinaratert egpodizient bewaintus biesdgruphng 4f3%us parts
of an £l eﬁl‘cfug% %%le%fb'léi hill esf)éEtEFe’szs that é?nn"e‘@t!;'th@%la{?gé Do SEHRLRbid ©
t anpering and el ec romagﬁetl C Interference, current®séensing apparmtus such
as Rogowsdlememi wih hastphhg gorpl édnagrised of o Rindafy ool dpRionCERI anénd ncl uded
in the recent push towards so-called smart grids. Furthernmore, in addition
to 30 bei Wyh @i insrahle; nprioma 23 the datistisizen tordit ity an @stocidrd &vstsuch as
circuit b¥’%kﬁ)rc§tedroqls't}%e%ﬁcﬁ}l Al AUgh " 42k, ’Eﬁgbén‘?ﬁ%d%ginfs%%#ﬂeﬁ{?srheew )
the use of current sensing ap%ara us in“a wde variety of appliance
appl i cat i ehslinghspebl pbitioh 2920 dhgedanpumirted edrfacd rwiaeh is(shapdd aspdessexanpl e,
electric welders and nptor controls) are envisigned as well. _Milti-Coi
currehft SHARFtsH sEpsiatigly ddentical to theapderhiingy wieding spmplgn dditiog, the st

Y

| . _ L . L . AR ted.
Spech 11 cat e aRAL wihaife Tl sl o BN Elling Sy Lok BRI 80 T 200 o
(2) Rogowskic asoihk ddpthi efetheahodlheavity dg2p) anchabist! whdnl fhedtingddeebupling ish r espect

to FIG 1 ab§%e, di sposed in a "stacked" or juxtaposed arrangenent. Wile
i |1 ust r at @HPiEtie ap pdageat Pobbim glemedh thegoupling provides a pear seppleds tilt ed t hat any

of the current-ﬁﬁﬁg' %n%%$ i I d readily
be stacked in Ssluc g&%%l%ﬁgﬁfsﬁﬁglb&%g W t %3@???&%%%%?}%‘2{@%@ lférPéJé’- space or
bobbild- | eths behhiadilemeeait 9 7de ETHIOe d 7 ehdeddser eidigige thivhnelFLF1Rhdxfimod &y 4 he upper
and | ower, Rogowski  coil devices 10 are each shown wth only a sin%Le COi

el enent drarskghieel 1589 anthHangesd 718 dispescdiopsither side ofibe randiag Faoagini zed

however t; r i ge, - « {1.:COi j ces,. of
iIIustrafgg&gﬁgggﬂggﬁé%W%ﬁﬁgﬁﬂa@%m%?ghﬁpgg¥ﬁé%ﬁﬁd¥%gﬁ§§#&§ﬂgggrﬁgﬁ% wound
coi | is idlémaitriatiadesh Getul® Aoficedry pSRagsvalyOl 130r gosetasiet Ywithih US trétafne t he

rel ati ve offset between the top and bottom Rogowsld coil devices. 15Recal
from t he Gondysteorualignmsat sstwn 1d 4-pTh%ret@mt00R@@Q%%wsqgsww dé3? pestionshat t hese

pri orysart i.ces are uniformin their distnibution. of thei i hdi ngs (i.e.
P ey 2070 BEFHIERRE Sl LTk et BuLagich SRR AR sdeiafoa MBS0 (1 ©
P11 ustrat@enédds b GiscdBdl pre@iRDIB HRAIbRREER chritigRiatida! 8@ Ja0sdswapne flux

| eakage or "inperfection®” in the gaps between the wound coils of these

devi ces. mmsidiongd nlying, thpyongididah gxishé-cRdbowsihetoodll ceperi el iceds of theFl G 15A
in proximty.to .anot her , d,_angul ar | ffsetti the, top.se nt ed
wound_coi i Pogif efneals el edren b atied s beruaany BRTEEND ni ng
the out puhs cLitAMChiictonR) Gkl B9 lockiB af QRAHBSGrdRbGESIbANAV TR il [ ke an
i deal Rogowski coil with a non-segnented uniformdi stribution of w ndings.
25  providing adequate electrical performance in most current sensing applications.
FIG. 17 also illustrates the use of winding alignment bosses 1738 along with
associated alignment holes 1736. These bosses and holes are useful during the
winding process to ensure proper alignment and stability is maintained between
adjacent bobbin elements 1710 (i.e., to prevent relative twisting when wire is being
30  wound onto a winding mandrel, etc.). In addition, conductive clip apertures 1716 are
included on the flange. These apertures 1716 are sized to accommodate a respective

clip (not shown) which is then used to facilitate the connection of the windings

resident with the winding channel 1772 to the return conductor and to an external
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It wll be appreciated that while only two coils are shown in the

enbodi nent of 25 FIG 15A three (or nore) coils can be stacked in such a
manner i fwoesiwmessFor exanple, it may be desirabl e to ®CITItS2@obivee (3)
such coils in stacked arrangenment (not shown), with the gaps between
segnents in the mddle coil carresponding to coil segments of 3@1 t he
upper andCatBGEINAEF &8 g dRanIaAtuInEdIFESHON SRR dR, TIHE Hi% coi | gaps

|5 addr esped. SHOR I éhxmmprehfblagﬁ.yen%fme}bmm IARnBIf ALY by the

30 upper and lower colls, respectively. n anot her configuration

(such as whef2¢ stihseangalie iduné cd phip epedines 1716 kicated oal appbsieg flangeed 71 &ngt h of

the coil segnents), the_ placenent of ,the%dcoi_la of the respective, stacked

coi |'s canBEcrporss Bhve jlystrated Asetpost-rsered gl devet Hesert peidingeorgothery £ 1 gt

O o Bk coBBSE LR A MO adhan angul ar posi tion zero (0) the
pos e (1

second coil "at vertical poSition on atop the first coil at angul ar
position zero FIGud7B,illtidtentdshi cidssmdctiomdtl v bf dal Rpmsiski ol tevacq Pj00at op t he

second coi|_at angu] ar posjition zero us y (wher is r. than x),
and so f otitiHO- S@nieken plgngieakiBg ,17Boﬁ-£5ﬁvs%f%?ﬂn865é%? Oggg(gg'bgolﬁﬂseakage or
precisio r ; @é;i,q:{ j : 12;9}11 S I} sShgwst be

of f set fﬁg%a%a(r?\%ﬁ%n%t eré ?Eﬁ{dz}giermt nrtds%ljr}lé%é{ég?i%? Y EsS()alzg)gér%e'f}gcta’lsq9’01f §:(l)ne coi |
over | ap viht insgegsie iportanot M8rofahe hjnged omgplimy, pusiddsagatshtite windangsspbble case.
At | east sone effect on greci si on/ | eakage may be alchi ved in eoééai n

conf i '§ur AACBRE §13pPS 26y0 SRERIL Ryt weﬁ?ow &Y COPPE BTV EHEF (P98 nent s
aligned, 40, due Algo,tégecaaao%tsetfmhbﬁ@.kﬁ@e tlflé%fl% Qles&PaQes\?\LBqn@ftﬁQ'ré oupl es
t r S en the a

wi th the adjacent sSegnents o e ot her col even | acent
segnent s @hdidier daardt faiue K73 Bdispatddgifesdt fsbmH(i.t.hovgapdef) the externdll G 15B
illustrates_a top down view of the two Rogowski coil devices of FIG 15A
Speci 11 calFgoe LRED ahdkn BoDR rlarenEdr ! bl p auivrty ollodin far b fsertion ndy b t he
bottom 15 il 0.0f i A : C t op wound
coil's 151 1@4%1@1{1%19? Iﬁ%’%’é%k? SE%S%’&S%{‘.“%?@%%% h %?‘(%SA%%(&AE'%H 158

i |1 usitsr atresgeotivelywo (2) such devices, it is recognized that three (3) or

nor e Rogowski coil devices.can also be stacked with their outputs conbi ned
and angul arly offset fromone another in order to provide a nore ideal

behavi or j e i '8H9h a conductor to 20 be
nmeasur ed.m%ﬂﬂ;!sﬁigﬂeﬁgﬁ%ﬁ%&?ﬁ?es fgﬁ)&{cﬁ{ér enmbodi nrent of a stacked
Rogowski coil @hpatahplery Gpeai édnsiak lagparktlissdesthbed hdreiatdantbeusad iasiyant to

t he apparatus shown in FIG 15A in which tuni ngq covers 1530 are pl aced
about t hdaRegumbkri of annlicatianscensd/arguhergiifeis dlesimbls to memgregthe cpreftiabl y nmade

from nol ded . pol yner and have, features (npt sho i i 5 the
Lovard (Rl IER oREaE MRSk e St bar Sl ChafIbC AR by L1
devi ces ajogRsl Bppifc@tbnt B ihahatifcokfRdiondofusiffent shsdElppiratuelily elddtirealt he
out put of the st'acked Rogowski coil devices in order to optimze the

per f or marmeenfior s is residantalRogmstcial od indyewiplcepplivaions.uBy Mgaiovetly al so
to be posteBHEEBBHn Y EEHIEEGY L5 BT ate e RO TRA00M (ot i ng
30 that thenLanAyesRparksid DHERABEinkd 08 8 tHehBeteS e AilityPRAkPakY 6r dBE6.
25 enltity can better gauge what to charge its consumers, and/or better understand the energy
being consumed throughout various parts of an electricity grid or system.

As well as being resistant to tampering and electromagnetic interference, current
sensing apparatus such as Rogowski coils have wide applicability to various applications
mcluded in the recent pusﬁ towards so-called smart grids. Furthermore, in addition to

30  being utilized in power distribution metering applications (such as circuit breakers,
residential and industrial monitoring stations, etc.), the use of current sensing apparatus
in a wide variety of appliance applications which utilize large amounts of current (such

as for example, electric welders and motor controls) are envisioned as well.
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Referring now to FIG 15D, an alternative tunabl e stacked Rogowsl d coi
apparatus 1540 is shown and described in detail. The apparatus of FIG 15D
i ncl udes wbres/1&8sRogows| d coil devices 100; although ®he/useadiossdevi ce
has been renmoved from viewin order to better illustrate the inner

wor ki ngs of the stacked apparatus 1540. The Rogowski coil devices 100 are
recei ved MuiiriGeilLprentcionsipg ARPREINIS60 which is illust rated in cross

section. The dewktd 400 @ACSIEM o 58 GONBRAISLESAER: bPasGuiekices shoun

in FIG 1; however they have ‘beén; in an ex odi nent, constructed

5 froma R@@ﬁtrskﬂcdihtdwcﬁ:lmﬂﬁmrmgi (Sk;ElSﬁczﬂl@i sheetiultizbe Riogbwskracih déxftcetdﬂté devi ces
have folined thereon two (2 conductlvely pl at ed surfaces 1540 which are
el ectri callSy 168ues naﬂl%t%é dragopskieprik deyices vd o hoaarsviousy iyt ed

wi ndi Wei 1CQl Q » t%gg A finel - 1550
forme mntﬁﬁﬁmﬁﬁg?proté %P%%%% é%%ﬁﬁé gﬂ 5§ﬁ§ﬁéﬁ%g%%' a?@ﬁas a gui de
whi ch periffustatddhwitiRagossikémiditherd ¥ FI@S1,50R dppretiatedtirat Wy Of tHei durkhe cover

1560. The cover 1560 is also preferably formed from an LDS pol yrer
nat eri al YCAERR BPPsEBTicmPbphigeptiedeseriied chesein 39pldt radily bo s@ekedi petigh 31 at ed as

wel | e h an v

electrlcalﬁ{n91 gh%?x%ﬂt‘&?ﬁgygéﬁygo |@% ﬁ%é%%%gigOaﬁ%?ﬁbgggﬁ%ﬁgéﬁmgo|

devi ces. dé@d&ﬂbéﬁf‘elseﬂrh%ﬂﬁﬁe&@) Fuﬂcdnmdtepgld_tliﬁsepmwwer Rng\mﬂ@mBﬂ@eslbesbet ween

t he individual devices 100 and the cover 1560 can be utilijzed such as those

descrl0 becﬁf? prachshewh sdthamdy wngléﬁai ﬁl}lrcﬁt Pregemenit1od0 F'%Ei b${a’t0 Fspictively on
Ser i al é](fl E%F%Z%ugédl e%ve‘%fgrn tm prac%%e,vﬁ_laglg ﬁ]t Ilio WSkl coﬂlc@wgééner ein by

Connect OI’S an e con ent ar e I corpora

ref erencehé Elhistr&te@ Binbbdinent WHelddane vight (83 vwidvadreils tﬂeﬁﬁﬁ)glamuh@ edil is
electrically coupled to one another and al so to 20 output termnals 1562.
These outifuiiratadrii{n 454 mesdp se antorrhers casibyibustigie the redative @lise betercen Hsl :

conduct or,s rnatively nmounted as either a through hole or
surface n%ﬂ%?Pm%ﬁ’ %p&F%&%ﬂn &&Hal substrate (not shown). As an

al terati ve t RdcaR fime R phebdDud GBI, of PRoRAE RWSivsia Qoll dRIdes eHat1l 00 and
cover 1560 coul d al so be constructed as a conposite structure.

SpeC|f|cdhﬁyIﬁwh@ﬂZEW@@h@ﬁdﬂmﬁenp@ﬂymr$$ahwwﬂtW@hﬂog@mbkﬁ3@Gtmﬂﬂ@vace and

t he conductive ¢ n 1550 |s c nst r cte fr.om llic pl aced
onto. ¢ he TRAEEPETAY. puTyiEres v e RRetse il serid Bp it & B AL Ther e
i nsert - M8 §hnfihtddOfberd 18 $@pdcRE th '&E@oﬁé@u&%ﬂkﬁ@e P ehpit&SoRT RSB bamn t he
cover and Rogowski coil header, respectively. In addition, these netallic

al | oys arbetypeoaftee wiolyd gmbpyefdh@o dawiceso Amcordmglya by plarlngg awd?qgowhd@ﬂ
20  devices in FIG. 15A in proximity to one another, and angularly offsetting the top
segmenteti wound coil 1510 from the bottom segmented wound coil 1520 (and
combining the outputs from the two coils), the combined devices behave more like an
ideal Rogowski coil with a non-segmented uniform distribution of windings.
It will be appreciated that while only two coils are shown in the embodiment of
25  FIG. 15A, three (or more) coils can be stacked in such a manner if desired. For
example, it may be desirable to utilize three (3) such coils in stacked arrangement (not
shown), with the gaps between segments in the middle coil corresponding to coil
segments of both the upper and lower coils, such that the flux leakage from the middle
coil gaps is addressed substantially symmetrically (from both top and bottom) by the
30 upper and lower coils, respectively.
In another conﬁguraticn (such as where the gaps are appreciable in size relative
to the length of the coil segments), the placement of the coils of the respective stacked
coils can be “phased” with respect to the gap of the first; e.g., a first coil at vertical
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30 additional contact force while the Rogowski coil devices 100 are rotated
within the cover. The Rogowski coil devices are rotated within the cover
via a provousiian4z8566 t hrough an aperture 1564 | ocated ®@QTiUs2010083909 1560.
By mani pul ati ng the protrusion 1566 in a lateral (azinuth) direction
1568, the individu 5 Rogomsfi cqi.l deV|%e§Ecan ﬁ ﬁuned thin the assenbly
1540.  Posit OReZF%)r A ap peqion 4a5e(Dathe SrroaAcp etmrgsc PPARRRP st acked

Rogowski (e[ INE: TR

Specific;ﬁ qﬁgﬁgﬁggﬁg ﬁgl 3%%58%Qg%ﬁﬁmg%§%§2?%?“%2%0 conp??gg?'an i nner
Rogowski i (12) %ﬁ@heastadomhccﬂhzttemgﬂmgmw:Im @i plud §ToheBatib gtdater thanes, and

out er Rogo k| coils are adapted to rotate in a circunferential- direction
1572 wit - to one another. Simlar to the stacked concepts

appar o Z“seé’f' ey shaine Ky B EAPROIIL Pl e PRERITRERIRE, 25 1

be 10 posdtteltomlmjacmdiomﬁ“nﬁortatmeﬂsml@a:auhma@t bavSarddinate: apgreent sznhbh?2 of the

inner coil 1580. Simlarly, the wi ndjngs 1584 of the inner coil 1584 are
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Specifically, FIG. 15C illustrates a variant to the apparatus shown in FIG. 15A in which
tuning covers 1530 are placed about the Rogowski coil devices 100. These covers 1530
are preferably made from a molded polymer and have features (not shown) which permit
25  the covers to rotate with respect to one another while coupled. As the two devices are
permitted to rotate 1534, a user can effectively tune the output of the stacked Rogowski
coil devices in order to optimize the performance of the stacked Rogowski coil device.
The tuning covers also include a hingé 1532 which permits the covers and the Rogowski
coil devices to be positioned about the conductor to be measured without necessitating
30  that the conductor be threaded through the central aperture 1536.
Referring now to FIG. 15D, an alternative tunable stacked Rogowski coil
apparatus 1540 is shown and desct"ibed in detail. The apparatus of FIG. 15D includes

three (3) Rogowski coil devices 100; although the middle device has been removed from
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the (second) coil directly above it, and the coil directly above that
second coil is also of a/the |arger dianeter). Furthernore, while
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bet ween segnments, and/or less furn density In each segnent,
Methods”, the contents of which are incorporated herein by reference in its entirety.
The conductive channels 1550 are then electrically coupled to one another and also to
20 output terminals 1562. These output terminals 1562 can then either be attached to
external conductors (not shown) or alternatively mounted as either a through hole or
surface mount contact to an external substrate {not shown).
As an alternative to the use of LDS polymers, the Rogowski coil devices 100
and cover 1560 could also be constructed as a composite structure. SpeciﬁCally, the
25  conductive pads 1548 on the Rogowski coil devicé and the conductive channels 1550
is constructed from a metallic alloy placed onto the underlying polymer structures.
These metallic alloys can either be insert-molded or post inserted into pre-formed
apertures present 611 the cover and Rogowski coil header, respectively. In addition,
these metallic alloys are preferably shaped so as to act as a spring and provide
30  additional contact force while the Rogowski coil devices 100 are rotated within the

cover. The Rogowski coil devices are rotated within the cover via a protrusion 1566

through an apérture 1564 located on the cover 1560. By manipulating the protrusion
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30 such that they are a nore gross approxi mation of the "perfect” Rogowski
coil (yet are also very inexpensive to manufacture). It may be that one
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intermediate segments 1582 of the adjacent inner coil, while the winding portions

1577 of the outer coil are placed adjacent the unoccupied intermediate segments 1579

of the adjacent outer coil.
In another variant, a “hybrid” stacked/concentric configuration (not shown) is
25  vprovided. In this variant, the individual coils of the multi-coil assembly are of
different radius, yet not so that one fits entirely within the other (i.e., the outer
diameter of one coil is such that it is greater than the inner “hole” diameter of the next
adjacent coil, such that they sit in a stacked configuration, but with the coils having
different diameters. The variation of the coil diameter as a function of vertical
30  position may be progressive (e.g., diameter of coil at vertical position zero (O) being
smaller than that of the next higher coil, and the diameter of that next higher coil
being smaller than that of the third coil above it, and so forth), or assume other

patterns (such as an “hourglass”, wherein the lowest coil is of a larger diameter than '
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above, the first coil mght have a certain segnent w nding density and
segnent 30 spaci ng/ nunber of segnents. The second coil, however, m ght
utilize awoizbfieneass density/ spaci ng/ nunber, al beit havi RGTIUSR019ABF09
effective radius and/or vertical height. Mreover, as noted previously, the
coils my _also (qr alternatively) ‘-have different coil heights and/or radii,
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wound coils are threaded on a preformed return |oop of copper wire, (FIG

1, 104). uhstipinex appicendpceve seraeEn (-2 Hlat rtexoigsn of oafsksTs coppsescibsde i s
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In another variant, the case which contains the coils may be configured so that the

stacked coils may reside at different elevations relative to one another. Myriad other
20 techniques for allowing variation of the spacing between coils will be appreciated by
those of ordinary skill when given the present disclosure.

It is also noted that while the aforementioned embodiments of stacked and
concentric (and hybrid) coil assemblies may be “tuned” by varying the placement of the -
coils relative to one another - whether vertically, horizontally, or in azimuth or even

25 attitude (yaw) — they may also be tuned to achieve the desired level of performance by‘
virtue of their constituency.. For example, in one embordiment of the assembly, the
user/installer is provided with a plurality (e.g., two or more) of very low cost, lower-
precision coils. These coils each may for example only have a few number of segments,
relatively large spacing between segments, and/or less turn density in each segment,

30  such that they are a more gross approximation of the “perfect” Rogowski coil (yet are
also very inexpensive to manufacture). It may be that one user of the assembly merely
requirés a low-precision, gross approximation of the sensed parameter(s) (e.g., current

through a conductor), and hence the use of a single one of the aforementioned coils
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At step 1030, each of the bobbin-less coils (FIG 1, 102) are positioned
within corresponding cavities (FIG 1A 112) of the segnented header (FIG
1, 110). woO2011/0a8288t ep 1040, the return | oop of copper WRCTAS2&088@pPed i nto
the positioning radial slot (FIG 1B, 114) of the segnented header. In a
variant, the return {)lg)[%)a an.be_ 3 he r.adi al ot via.the use of
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assenbly. In _an exenpl ary enbodj nent, the coil assenbly . is placed within an
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the plastjc cl I oV enhanced Lt | si stance
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bet ween t{iker¥h tiesdefite phRistdtydceithcysig REbdycBP@dpt us and the conductor to be
nmoni t or ed. Referring now to FIG 11, an alternative nmethod for

manufldct ur i ng Ehecloresems wetherelgenpparadiute prolipdiis wnaltionndeeskis®ed in
detail. Spegitically bHl& Oljagggﬁgg#es& Ko e%lc?tyrl‘ﬁe i@%c}u?r%ﬂ,ogﬁ)&ya{ g)g,#{r@myact uring

the current senst ng" appar at d ustrate or’ exanp 2C,

and Fl GS.infplemcéhBng AtcustbBRr-*ideOmohiRRing §@oERNL € 0 ob @Rihple S BIE MHeSinéthldd 2, 210)
are |l oaded onto a nandrel. In an exenplary enbodi nent, starting at one end,
each bobbilestidabmster bpss fanthedtibibnt custeoness iy sybsantigly bersagspeousosiuilies] enent s

such that a .continuqus coi .nding with no discrete interconn Lons is

el uded.nage v AeS el bl kel R RERS S RUEE B B hac ure.
20 Atgsst %%%Z@pli&f@ﬂlﬁﬁhﬁﬁl’lhﬂ%r@l disothé MaERdvitih Gugbnstorsdp ®add (wethaer t ur es
(FIG 2A, 230) of the bobbin elenments. In one enbodinent, the return wire

conpr i seshaying toindividealkyines eath paek  Henek.chelutlity sam pwichass opp gunige kit”,

pre-stripped. separated and strai.ghtened so that the -be d t hrough
t he hol esﬁlﬂ?%\ﬁl%gﬁmi ?‘?(afnﬁge g‘%&mm e g%rf’%t %gesf h&éa;}nés}?r%’ ‘gvﬁiydﬂlggedgrr[%’%%g’el . In an
al t er nat i@é%eﬂt%g@u'ﬁg%pand &InBipurhiicd dfcofgedibii@abliys) Mid thee BB phadlpao ndi ng

at step 11 At step 1130, the wound bobbin elenents are renoved from
t he mandriepresgntagive iinstplletion se gb g optipEe herformacoeudHer prsbbier whiskeie assenbl y

ir gsf Lfﬁdé:?ig%{ {[egelgogéa%%c?]st rni()%gtpﬁggweﬁ ggssijbiéllgdst).t Q?nc%r]ﬂe %t{rﬁal%conﬁgﬁatko%ﬂ coi |
(or configurations for respective types of customer installations) is/are known, the utility
can then simple purchase the cost/performance-optimized configuration en masse from a
supplier, thereby obviating the waste and cost of “leftover” or unused parts (e.g., coils)
that would result from purchasing a multitude of individual tuning kits.

25 It is also noted that while some of the foregoing embodiments contemplate the
use of homogeneous coil configurations (e.g., two or three substantially identical coils
used in a stacked arrangement), the present invention further contemplates the use of
heterogeneous coil configurations. For instance, in the stacked assembly described
above, the first coil might have a certain segment winding density and segment

30  spacing/mumber of segments. The second coil, however, might utilize a different

- density/spacing/number, albeit having the same effective radius and/or vertical height.

Moreover, as noted previously, the coils may also (or alternatively) have different coil

heights and/or radii, different cross-sectional profiles, etc. Hence, an assembly which
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30 twisted pair return wire. In enbodiments which utilize two apertures
(see e.g. FIG 4, 432), the return wire can be routed back through the
cent er powOi2on/afi2sshe segnent ed wound bobbin el ements. PCT/US20103390€p 1150,
t he bobbin elements are formed into their final shape (such as the

exenplary torus-1jke or radial pattern descrihed previougly herein). In
exenpl ar ycaénﬁ’é’élﬁ?\deﬁﬁ@ﬁ% : _qnhf:(rlﬁa@ewﬁﬁ@ﬁﬂ@ﬂ?ﬁﬁﬁﬁe{?ﬁ%e%@é?a&%‘n9@? ,ly’220), t he
hi nged C%th@%ﬁf&;ﬁ% Alg*gfcogit@grédhétac&g%ea&ﬁa@ﬁt dohaybdasisiss @i anet er

of the torus- pattern. 1160, each of the bobbin elenents are

pl aced widlviane derusesipstaiidriigyvimguvo tiresiror difftote mesiog tgeetpmditg en gleast i ¢

carrier. For exa]r_lrlpgl_e,, in the illustrated enbodi nent. of FI G@ 4A, each bobbin
agHo Vi g o

el enent elyoied R R Erations b erpapsntcenils g Faal
i ng-ld k E 7Q.- ; : fi
Cor s TN odiffucied 50 ot to acdBtuBdiR he WriobdosShf contBiG, e 11751

step 1180nedthie: £@k bf atfREDbcHatig afgdcayildviibost,diblddithe while) ienclapsd at ed
with a protective shell or coating thereby finishing the assenbly such as
that descatispgionralHive deheeronitgredicepductrts).end g9 &rth10 previ ousl y di scussed
herein. Referring nowto FIG 12, a third exenplary nethod for

manuf acturing a 15 current sensing apparatus 1200 is shown and described in

detail. Spetols ofManuflctnre¥dr Clltent Saistwg Apparamishodol ogy for manufacturing
the current sensing apparatus illustrated in FIGS t step 1210,

- 3D.
the dégmented Bsbwire apenintC-(Hh@ fisst @@Wl%Yén?tB%fgé‘Ef Bt Hahdrel . I n
an exeml&%%?ﬁéegﬁgmﬂggﬁfﬁmmﬁ% isnsgm?ah D0UERbed 1D Getil {%e@%ichl?l pfrehered on

one end an s run al ong e top grooves (F 4) across
20al | t hdllbakbisnhehetrdbkgy Tin mamifiatusing tho cheenttsedsigpappasitishiustetadr n wi r e.

At step 1220, and starting the far end (fromthe starting pqgint of the
return V\,il_PeF)K,}St he Urat step '\}\ﬁﬁh(ﬁh%a‘iﬁ’% Qﬁﬁﬁg{lsh%re I‘@’F@fiﬁncﬁ mﬂ%‘%ﬁli‘ thgﬁeement s
with wi ngﬂ.oﬂg%aﬂ lo%@i@f?a]%@%ﬂn@%ﬁﬁéﬁo@ B Hmd BEheYatiRl Ady BeCRtIdNUOUS
coil winding wth no I'nterconnections while sinultaneously w appi ng over

t he rlét urtngsthereso i toidvaid REitgotopinevnsctehtiodi reates prpcsssingstad. dbesee, t he

coils can hbe either single or multi-layer .dependi ng,on design .
consi der o8 FaYhesuems: E‘g‘b?e’(/\ﬁ‘sﬂj?’g t Faglsdpysr of Iwé‘ﬁ)‘ﬁ’é%qurig%tﬁﬂaﬁ‘ﬁé¥ g} ApRc i ent

sensi ng JRARBhHSuraftn, StheRydutdboilk Afe WRHMELAPRLANE! GRRRY Spyplicidesoved from

the mandrel. At Step 1240, the bobbin elenents are forned into their final
shape ( suzht. dhe3fartulietex efibbblriy-lessrardls lis descobed atdinadr qiam reomwndéstdi bed

e bl P L4 SRR el A RIS,
ggﬁgﬁi@t z ;’Iéld&ttivét PRyiteOhd Wi&hddsNio? MMaBRE AR, ST Boéddt® AT Ghidhr Ainated to
incorporated herein by reference in its entirety.
At step 1020, the wound coils are threaded on a preformed return loop of
copper wire (FIG. 1, 104). In an exemplary embodirhent, the return loop of copper
wire is formed so as to be generally “c-shaped” with a relatively small gap between
25  the start and finish of the coﬁper wire return loop.
At step 1030, each of the bobbin-less coils (FIG. 1, 102} are positioned within
corresponding cavities (FIG. 1A, 112) of the segmented header (FIG. 1, 110).
At step 1040, the return loop of copper wire is snapped into the positioning
radial slot (FIG. 1B, 114) of the segmented header. In a variant, the return loop can be
30  secured to the radial slot via the use of an epoxy adhesive.
At step 1050, the finish lead of the last wound coil is attached to an end of the

return wire loop. This attachment may utilize any number of known techniques such

as eutectic solder operations, sonic welding, and the like.
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associated wth the connection wires (e.g. twisted pair, shielded | ead
wres). At step 1260, the coil assenbly is placed within or otherw se
encapsul aveaow/aiesa protective shell or otherw se encap®airatseaoxnsions a
coating thereby finishing the 5 assenbly. Referring nowto FIG 13,
yet anot her enbodi ment for manufacturing a current sensing apparatus 1300
i s shown and datatep BBeD.ithe gertdrad oShedirst weyndycod and the sfart ¢fsihe s¢tad t he

t hodol f fact uri i b ted i
For exampgp i cu BEMARH1D0 rlrife KT nTRE B BORR BBl WA B S0 &
5, 10 510gxedipear) GadRdintdt Othe canedtRIn. wires admprenistey pafb okieltedtlcadst arti ng

at one end, each bobbin el enment is wound continuously over successive bobbin
el enents ¥Heh that a continuous coil winding with no discrete

| nt er gonnecti oRs .5 11076 HdeGin JNEREIVQYALCE ittin GRbRGw Rt Blipsdlagl & or
mul ti-layer in nature. At step ; e return wlrelsthreapeélt rough
respecti veitlpeprotdcase (idiiCor boatiby th22py dhnidhhre thebBsdmidly eheat sxerhplanne
enbodi nent, the return wire conprises one or nore tw sted pair, shielded

| ead wi r e@nRasipenty hepecil arsembheds PlogphAREA R RIS FPRING HYRFEH sRiatifat t hey
may be p'&ﬁ;rﬁ%ehhaggughh%hgv&qgﬁnv%rng ded i Ial*&?cicb%ﬁmsﬂel?!n%@gfréviéés they sit

on the man In an altern odi nent, step 1320 is performed prior
t 0 bobbi nenhamail ngotatticst @ainkBidist:R0ALo bighpoldBel (atsocknveured ‘Ghdhith el enent s
are renmoved fromthe ndrel. The wound bobbin el enents, because they are
" nt erlDonnBEeEtng Ledatbipyhcpebnees b Mafies 0B REFHETE) sensing appgral é‘Bg 240, the
end wire ofqtds bastnGRoled S termnated to one end of the twisted pair
return wire. 25At step 1350, the bobbin elenments are formed into their

final shape (sRefbrrmg roletceREnpllany altematvd inkthodrfor adiafhctpeing eraurdetscr i bed
(e g, Fi Gengig aoguiogss |0 AT RGN CBpAFIGESaie Gl CTSRBHLUCHCE Hde They”
Che Snob R e ARG D ol bt cach o
assodisat ed fot edangplFHES. i2c- 261 nndFIGXi4r BBr At step Ral 0, shovapmentddimbbin
elements (FIG. 2, 210) are loaded onto a mandrel. In an exemplary embodiment,
starting at one end, ecach bobbin clement is wound continubusly over successive
bobbin clements such that a continuous coil winding with no discrete interconnections
is included. These wound coils can be either single or multi-layer in nature.
20 At step 1120, the return wire is threaded through respective apertures (FIG.
2A, 230) of the bobbin elements. In one embodiment, the retarn wire comprises one or
more twisted pair, shielded lead Mres that are pre-stripped, separated and straighteried
so that they may be placed through the holes provided in the bobbin elements as they
sit on the mandrel. In an alternative embodiment, step 1120 is performed prior to
25  bobbin winding at step 1110.
At step 1130, the wound bobbin elements are removed from the mandrel as a
single assembly. The removed wounfi bobbin element assembly resembles pearls on a
string. _
At step 1140, the end wire of the last coil is terminated to one end of the
30 twisted pair return wire. In embodiments which utilize two apertures (see e.g. FIG. 4,
432}, the return wire can be routed back through the center portion of the segmented

wound bobbin elements. -
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illustrated enbodi nent of FIG A4A At step 1370, the start lead of the

first coil is termnated to the other end of the return wire | oop.
At step MBQ1the28soi | assenbly is placed within or othecmitseoens®psul at ed
with a protective shell. Referring now to FIG 14, yet another nethod

1 dotal | Spebt RPRAF G Bf kot SRhoCBR S Pt Rt Ohag R
manuf act upp rége&@@rﬂémsqn&e %ﬁiaﬂﬂa@&ﬁ’%%ﬁ@d Bfévmgw&an) M ck&@fiplgxanpl e,
FIGS. 6 - 6B. At step 1410, the segnented bin elenents (FIG™ 6, 610) are

| oaded onabadimentsitlet inclints hieged mupimgs [eg FsIGaﬁI 22y, the Tongedereaplingsut ed i n

the cavit F.G 6, 630) on the quter ter f t he .hobbin el ement. Then,
starting %’P g’?%té‘)"(‘fgﬁ}}g? {%@t tg‘ﬁ%lareé’gé 515]6]8 %r ﬁogu PE%EBnt i nuousl y
over successi ver hebhigo, 1&0&'&%@%&%%8@& afe S1A8Hd WHRMScoRbponinadi Nng Wi th
no di screte interconnections is included. These wound coils can be either

si ngl e orcawites jor| dyterassoriated wyith anpiaarcecqmnu tHooresdmpleerintthe iHestiated wire.

At step 1420 the d, bobbi nts romth mandrel . The
wound' boistiandiat PO e Bottig lemea Flifisnlimt damat Pt ERBOLa | n a
single 15%4t£%b9&té}ﬁ§%ﬂ-’}§-1¥keheader466t step 1430 the end wire of the |ast
coil is termnated to one end of the twisted pair return wire. At-

step 1440, theAtwdhl Wogtherseart BadpLihfe dirstediliinteominatdrio thawghershd péthesuch as
t he eéterrpl ary torus-like or radial pattern described previously herein.
20At eﬁe&l&sweé% of the bobbin el ements are placed within correspondi ng

cavities or s|of$ep59961 ALALiMSaRNAL BRI RIK 1P othEhlh! Akadslidiat shown

in the illustrate odi nent o [ n anot , each of

t he bobbiwitieh preattise sselpbravatngilichdby finhshidpahie asvemblyt suokh a@ﬁlaadescmtmd-l appi ng
clam shell case. At ste (1)0 1460, the start lead of the first coil is

t er mi nat etith Espavkiatieret00ef FIE- { hareymugy dissusied 8e1cBop. Finally at step

pr ot ect i ve. shdtTotin ks oG A8 mribd, Sy JEHAE S BERRAHLARED G (1 @
used,1st hi @irsheRntifg apFaams 1 30@E dbywalad ideg:rmeai 115 @etbil.| Sy@cifieally BIG. 12
over-|lapping protective plastic clamshell case over the assenbly.

illustrates the methodology for manufacturing the current sensing apparatus illustrated

in FIGS. 3 — 3D. At step 1210, the segmented bobbin elements (FIG. 3, 300) are

loaded ontb a mandrel. In an exemplary embodiment, starting at one end, the winding

is anchored on one end and the wire is run along the top grooves (FIG. 3, 314) across

20  all the bobbin elements. This wire is to be utilized as the return wire.

At step 1220, and starting on the far end (from the starting point of the return
wire), the wire is wound back along the length of bobbin elements with- windings
placed on each bobbin element thercby making a continuous coil winding
with ﬁo interconnections while simultaneously wrapping over the return wire. Similar

25  to previous embodiments discussed above, the coils can be either single or multi-layer
depending on design considerations associated with the particular application forl the
current sensing apparatus.

At step 1230, the wound bobbin eleménts are removed from the mandrel.

At step 1240, the bobbin clements are formed into their final shape (such as

30 the exemplary torus-like or radial pattern described previously herein). With respect to |

the embodiment illustrated in FIGS. 3 — 3D, the return wire will now run along the

outer diameter of the bobbin elements.
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30Referring nowto FIGS 18A - 18S, one enbodi nent of the nethodol ogy for

assenbl i ng an exenpl ary Rogowski coil device of the invention is shown in
detail. PVG20Mm@A4isEl ustrates a first exenplary step in PoE/Usanm0oazdvUri ng

process. In FIG 18A, the starting end clip 1890 is inserted within a

nd ol 1 p 1860 b SR N0 I T e AE R RGeSO By PURUSRBet of
end clip ! . > var . e et o
metal ,  WhiChiheq MBTREGDABLioARKHQANR ! W%@Pﬁﬁ SARIRA 1R Vﬁti@s?.ect the surface
finish of the clip. After insertion, the cfip 1s subsequently bent. This

bend 1891 is, Anstehd260] thetdodlt &deralynipl pdacetl ovitted catotlerGthedmgapmalatnigl e Wit h
respect to. .5 the non-bent portion of the clip 1890. Alterpatively, the
starting Wil agretgetegshgl of ﬁE@WwﬁﬁWé’aulﬂW@ F it cessing theretvehushing ths ng t he
i nj ec?;i onasgﬁﬁg'g_ng process. In an exenplary process, the clip is fornmed up
away fromthe surface of the bobbin segnent by hand subsequent to

i nsertion. FurRéeimmew ©Fepl Byt artedicndotsndnd femRen ticaringtachasnat t he
bend Iine of the end clip so as to reduce the force needed to perfoimthe

bend 10 OBVAE | PRaERES i dhewnpodhdessebed Be | detapl. oypeeiicaily AgSt HE bobbi n

segnent dur i t ban r-ation. . El B illustrate he d nsertion
of tho. 1 MRt € mRARAo6RS T8 b ltrcturin i€ e Sehsig 4pbleaBlafp el S R01

t hat t he jaabbetungg FeGS.S5 Lmlsv@ﬁzﬂm,etﬂmﬁmb@taﬂ bl ineemdnBAFISheWN i n
FIG 18A and that shown in FIG 18B (i.e. the start and end 15 bobbin
segmeit s Hi0¢ aredested wato ynendigh iy an peeraplppyeniheilipenti starbngaftong endeedh t he
segnents),. . Furthernore, al.so pnote that the "stayt" .end cljp. of FIG 18A and
the 11 ntohbHEHEREN S un Bl fidoly Wepsiissli hopnif Shfpk w4 (et
respect i i@nhalistos giBiteSwitl B8 didchdts hterdeniedctiphsli8 IeclidedaTaesePk@f@r abl y not
bent prior to insertion, such that the notched end of the end clip 1892 is

posi t i one@ile gt be ¢ithepaiggleton poniihayz0incRateract or passageway 1893. FI G

18C illustrateg, the St in t.he ex ar rQcess erein.each of the

bobbi o1 enencat 5% b} the sl s SrEk ETRLAL RERESRF -ntUEEHIEEng O i b

bobbi1s elrprf tHSBEHE eRmentshen BAD BboGInaHE Nhe HteMmUSEE GoMiptibest ®@Rasds t o

FIG 1813) I1s inserted onto the mandrel first, follomdpg% si X (6) bobbin
Ak

el enent s Borgttwisies padsy shiglded lead svieps yhat grripretsiriped| sepaatedppd piraightensd st arti ng
bobbi n el to (1. e, i J: Wt h oo FI G
bbb 1 LSRRG s pp SR S SR B M LR S,
starting s@tnéh e Pad@80 o Bigera@y: Efibsdiinbet, elcper32ass eafibesk i 0

el ements. Referring nowto FIG 18D, a polyner cord 1860 is slid into a
groove 1&pBbmovinding af stepdf1Qctively formed by the assenbly of bobbin

el enggt s 1'810'Am%eléﬁ?ihetxb&n%%bbin elements are removed from the mandrel. The

wound bobbin elements, because they are interconnected, are removed in a single
assembly.

At step 1340, the end wire of the last coil is terminated to one end of the
twisted pair return wire.

25 At step 1350, the bobbin elements are formed into their final shape (such as
the exemplary torus-like or radial pattern described previously herein). In exemplary
embodiments that include hinged couplings (e.g. FIG. 5B, 550), the hinged couplings
are positioned such fhat they are on the inside diameter of the torus-like pattern.

At step 1360, each of the bobbin elements are placed within corresponding

30  cavities or slots associated with a plastic carrier, similar to that shown in the
illustrated embodiment of FIG. 4A.

At step 1370, the start lead of the first coil is terminated to the other end of the

return wire loop.
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of the cord is trimed so that the end of the cord does not protrude past
the outer wall 1811 of the end bobbin elenent flange. In an exenplary
enbodi mrerwg 20t1¢135d i s manufactured from an el ectri cal Pgra$e010/033909

pol ytetrafi ouroet hyl ene (PTFE). The dianeter illustrated is .031 inches

al though it is recognized that other shapes (i.e. rectangul ar, polygonal,
etc.) and sizeAt &epiildShethecindi asyerpllysigdaced yidun jop oéhqr@rﬁ@aﬁnicwugé@i gns.
This cord_j i) L create a connective "spine" that ultimtely holds
t he asse(rjh‘ﬂt@aﬁ)‘;é!’e‘lt“ﬁ“ggh%lﬁ its final form Wile illustrated as using a PTFE
cord, it is rersaRinganbv BAFIQL hey yitt Rivthet Stttibdfort@ptifaktinéng a Akt al so be
readily substituted in order to provide the so-called connective "spine" to
the fini segingRoypwskis 810 igehewe and descrippdoin idptail. | $nesiicate F16hddst art  of
t he windi: r : i fi-call he wire 1 b t he
bobbig eﬂgﬁ%%F%qﬁé ?é%ﬁﬁ% §%§Eﬁ¥#%&?ﬁg%%fngfﬁg%E##?%é??g%ggqyﬁ%&%gndreI and
subsequen) for eeAabFIGAFIGS. thecBNAt Sibp P4 1B s sefhRntea DAbsihi eenstity @1GS6, i n 10
the illustrated. enbodi nent, wapped around the end clip 1892 twice prior to

bei ng r outl&d arnioadadrent gpansdred] Ehe IV Wige ivgsteringent one end, roptedsin ther
i |1ustrates; i f the i ' d with
the requiray (o 8B BIS bulsh Gt DI WapSinihly. Picd, BELTY AT

t hree (3)oppasies snd)featih bebbihcel¥etdis onduhdt fmitiohizlin oedresieBdssik tHobbinf t y- t wo

(52) turns of 15 wire being wound in each |ayer. The | ayers are constructed
wi t h 0he dsmaits seshethab @i epgtifgerrdedi} simding prithone jdigerote dnpfaregpussHeny ®yer bei ng
wound fr i ght - ; t Rjpr e k.0 agal om

| eft-to- ??gk?g)gl’htteﬁco@ %tcgielg C%%qn%e‘ir]%egfs in@e/?y{érr %%g@n%]ygfiﬂ“g% pa%lghe%%s may be
used congiositientd widr het deurh mé@nt i on. For instance, all of the turns (e.g.

52 in this exanmple) could be wound in a single layer in one direction.
20Al t er nat i vel4dt step 1449: theyrpunshrabbielemeits Hrepré’c’l’%?(ﬁﬁ%‘dpﬂ Ht?élg{ﬂ-ﬁhezed.

FI G 18G b lrdStdpmhie Sichifits! utd ggggyn&rbqnwoﬁnécw akd ﬁg@&d&gtiﬁ%%gwnd end

bobbi n el ement to an adj acent el'enent. Nofe t In
el emdiit s atthchvd asseodbliyle a transition feature 1863 conprised of a protrusion

that includes a cury edge. This curved edge hel ps prevent d e to the
wire as it isfﬁbﬂﬂédgg%ﬂgééﬁdZSH%B skt 5y HiHﬂ@PEW¥h¥%9nﬁ?%ngﬁ§cent
bobbi n el LSl ound identically to that seen in FIG 18F (i.e.

W th threga%%im#afers éohprised of fifty-two (52) turns each. The renaining
bobbi n el ementst st&il 0444, ehd hebbis ichanlcatsd e fotmrd iag thielruftat abapd (suwchFsG 18H.

FIG 181 jllustrates the end of the wi nding 1862 subsequent to being routed
30 over & ‘%?F‘%?Plﬁfﬁéofﬁ?'éﬂf?Bhquiﬁlaﬁtéeéﬁéﬁﬂbﬁ‘gh‘@wuwgﬁ@iﬂ‘s, and secured to’

0 B ot ’ _ s, a ed to
atar g ol rp ByReE Lo ok ot iy bR AR el S BBl 01

ot her nechaiiesnd B HLodised. with a plashit Garrdd) sinhiladstor dlaeshbWe Wi fidi ng of
the shielding | ayer 1864 onto the bobbin el enents. As can be seen in FIG
18J, t he Buitrafedi egbodippent p§ WHonpdsel adotsr emendimentalcaeinpérthebobbint y- t wo

w ndi ng 1rerls s ABel Bl S pbAn BRR B E kel sfim ) o ng wire s
the At step 1460, the start lead of the first coil is terminated to the other end of the
25  returmn wire loop. | 7
Finally at step 1470, the coil assembly is placed within or otherwise
encapsulated with a protective shell. In embodiments in which a plastic clam shell
case 1s used, this step is accomplished by placing and securing the top over-lapping
protective plastic clam shell case over the assembly.
30 Referring now to FIGS 18A — 188, one embodiment of the methodology for
assembling an exemplary Rogowski coil device of the invention is shown in detail.
FIG. 18A illustrates a first exemplary step in the manufacturing process. In FIG. 18A,
the starting end clip 1890 is inserted within a respective aperture located on the
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5 same wire that was used to previously wind the bobbin elenents. The
process is continued on as shown in FIG 18K, with the remaini ng bobbin

el enent s wachiweemsvi ng a shielding | ayer. The use of tReTAB2®E0MMB3969 t hat
was used in the previous windings is particularly advantageous fromthe

per spective of nuf acturing cost. As the bobbin el enents are_al ready

di sposed MBS SOhPAHA GCHR 8104 e ekclput pOsiedn gre veriat psRBlegEd he

pl acement ;66 § BeadibRel BESy oPAAIWhIANR! stRh RGeS flicRLIBPSlREeS SOk Pe
perfornmed by an operlat or ¥ﬁ order to vr:]»gnS tlﬁee%ﬁi(gﬁl ?n%p?élyer onto the
bobbi n el poent the sidaerfokishgifithe tliye Adiek insadidn} the chp iscsobscsuadhdant. dhishe devi ce

by addi ng t he shi el ding._]ayer cones fromthe itional ti. t he bobbi n

el enent S%Eﬂ@r@aas, lﬂéhwﬂlﬁaﬁad ﬁ%ﬁ%@a oo g 3@ RETT ABF'S “aﬁ%&eﬁ th the
added grat@E ndh-beASIorASSOChBLRE 1450 TtdindtNRIyS Rleth AN ed PUGT caftieGRsdrS al SO
mniml. Furthernore, it has been found thaf the use of the same wire 1862
for the shollkedimgthedyobbin depegtduasg dfefipptiimemalding wetds g as kkahplang for t he
device as_other.nore.l abor i ntensiyve t hods i.C ilize co r foil,

et o i GPIOBES P G5 i, REBe o ol B o gy 6 Liehabhis -6 meHEO YA 1

el ement 20haRBERIRb YnseRRAC Fhltb@tloYe, &E&pla@émb$dihﬁ%ﬁ€s?ﬁ&?p&9ﬁé’rfoﬁﬁe§&d of the

shielding layer wire is secured at the end bobbin el enent. Essentially, a
si ngl e t uhe befd tiapef 187 6nd slipwand tomedict ke drde bodlsil o gedfmemtthabehdt he end
of t wire 1862 is, then .routed over this single,layer of e and

subs efuereyt OB dhirdn Boeing i SibGHuio bl dns by o srdor B Bie ¢ ape.
Both the ®RxaepsaMbi e 1862 and excess tape 1870 is then trinmed. Note 25t hat

the end of the shielding layer wire is not secured to the end clip 1892.
Ref erri ng now K. F8RSillus8Mes theeinsationd o bible Binmshednd wbp t1§92iirdo thenfnighderfdr om t he
mandrel and.the wire js secured to both the end cl.i 892 and,the starting
Cl1'p 1800RPRE: ety | Siehe Y ctint e GpPessanrats SeBENE oY S be
acconpl i ShafdihabhodURANCO sl Lidehhnthoty: FIENG shTRLEMERLA i 1| | zes 2
resi stance wel ding process to 30 weld a portion 1866 of the wre to the
respdot i webbin pegmeiitd erenaddnviehly with enlyedid cligobdmgi diffecspe rtsetwem deul d be
used to physicall nd electrically secure the wire to the respective
clips. YSCEHEH Mﬁ%‘%‘%ﬂ@ ke ﬂ&éd@ﬁi s Rjpd ﬁ&’sé‘%(ﬂmorlaf\n%ﬂ?ki Il

gi ven t he: 8 i @. : F : [ : Lpstal | ation
ot 'the rotiin b ofih BERRRIRS are disposed o SrpadiNalt bERLI BRI HA 2
passagewaygmtnts.HEhesfigish empcléntgdPolbise @berabht ndtibet pridrite isvaelion kithst art

clip 1893;1 and routed through each of the bobbin elenents until it meets
the end dhatpthe| eoighed egbafdhetamd diy 188BHS rposiignehtoverrities passt trerahi re 1850

IS t%_n San %tg%ﬁ%g&%gvgyﬁ%ﬁtrl cally secured to the end clip 1892 via a

eutectic so pera resi-stance welding, etc. FIG 180 illustrates

that the fini ghGwig€E ik8HratdsSths Qe @6 D tHehGempBiry pfdces, HBBRin Afdi¢T this can
be acconplished by usin g., either solder or resistance welding to

e.
secur e t iee bpbhis releents 881(@ laee &raded oolo p vandingenandselt 187§. Bbblsnd ddipenent .

10FI G 18P, il 1l ustrat he jnsertion of the bobbin el enent_.as ly into a
nousi g PaBbn HRER 18T b e Breiin et GRErSeT g BBL R FICh T Fape. 1870
nount ed HRRHEPBAtol the hAa8lt Bkt BlIGwad bESRABS bobbif adinkis 18 ard @caiaad on the
housi ng first, and subsequent bobbin el enents are inserted into their

r esp@ét i oy ronduagtige cdips-t Fiesllarthe ndrtingebohibng €leimicst §ilvapthe dobbineeltroasi ng. Not e
al so that,.the end _.bobbin el i s disposed 15 dj.acent. the finish wire
qr oove LSS Lk AT b 10y d508 i SREs ep e ok ine Rgnbag.
FI'G  18Qcdnhéied %Ak 8% ddfinf bR S Y‘G%@a&iﬁé%m@ﬁ%oﬁ?ﬁﬂ!bfhe%&@mg@é@)oﬁlﬁiher bei ng
inserted into their respective grooves of the housing. Note that the finish

Wi re 1852ldngenti. sposed on top of the return wire in the illustrated
errbodi rent WhiRCe enkxgg %%)wt t%eFI\(A_J;. rl%f), a polymer cord 1860 is slid into a groove 1813
30  thatis collectively formed by the assembly of bobbin elements 1810. Note that the end
of the cord is trimmed so that the end of the cord does not protrude past the outer wall
1811 of the end bobbin element flange. In an exemplary embodiment, the cord is

manufactured from an electrical grade polytetraflouroethylene (PTFE). The diameter
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20 cl ose together for the purposes of Mtigating unwanted external

el ectrical interference. Referring nowto FIG 18R, small drops of
epoxy 18880aniianezsier adhesive is inserted into each of pChaSe@vwiosives 1889
of the top housing 1883. In addition, a |light bead of epoxy is also applied

toth t h 188 t ed toth
nousi ng 1885 74ET < AL tTeFCa tiopebrcs Resahran e shies 150 esdimafie g © 1 °
return wig@y g&ﬁp A Parddn@ kst Wit S‘éjréa&gy‘ibg%ﬁbénﬂlt&i 6l Afkiee d@hgﬁs@tﬁhﬁ%}n for the

purposes of mtigating the effects of external electrical erference. It
will be rewdgniwtidided atcreatvi h eooredtiab ri'spispetha wiimetly holdehd esscably
described in,ter se nce . of s aof .a nmet had,. t hese
Goscr i pt1 SRahEE Ty R S MyS TR itk o BHED Shtk outebpmieikfivent i on,
and may bgnhaOEin{d @ekHAS tﬁ;?‘e%ic’)ec%uﬁpd&ybé J&Qdﬂ’yasfuﬁohtﬁﬁiearm aRRl t&ﬁ%bﬁ@ thertain
steps may be rendered unnecessary or optioral under certain circunstances.
Addi ti onaﬂd—WledeommV@tspmS”mﬂl‘blﬁmshcd)ﬂagowyﬂ way dbecadded to the discl osed

enbodi nment s, order erfor ce .of. two or re. steps. permuted.
Al such vari aﬁéoﬁg I@S%ﬂ% eHad ﬁﬁ&l@%&%@%?ﬁﬁﬂﬁﬁﬂﬁp »tthe Wikfvent i on
di scl osed gnd, ‘Bk%ﬂﬁ@' ol c}ff Bobbin eleme}%'l!; Brdt B&uARQY ﬁled@fnﬁidﬁgﬁ L 488LE# ption
has shown, describ pol nted out novel features of I nventi on as

appl i ed tibe wrmndxmﬂjandamh@etlumﬁy securdd toithd erdclipnk8S2 sTiooebnduttheat wivaisi mus
om ssi ons l.lletItutIOI’lS and chagges in the formand details of the device

or prifceshei %@%@ﬂa@%@dﬁaw b&TRIGE BYdhiBE end iefip| 18dZ itieehIgre Ritthout
departi ngm{l{egrﬁtbl?% éléﬁgm‘;[ﬂ&nfgq}r gpi ng description is of the best node
ate

presently conte carrying-out the invention. This description is
in no way meanflG dgpeillusimates migs rdmdindert dfethesdndubabbine clamtean 1830 ibelrgst rati ve
of the general principles of the invention. The scope_of 10 the invent | on

shoul d beverdevHh ag reguitad member AE &1tpy, of Farec) 862min the illustrated example,
three (3) layers of wire are wound onto the bobbin element with fifty-two (52) turns of

15  wire being wound in each layer. The layers are constructed with the first layer being
wound from left-to-right; the second layer being wound from right-to-left; and the
third layer being wound again from left-to-right, although other numbers of layers
and/or lay patterns maybe used consistent with the invention. For instance, all of the
turns (e.g., 52 in this example) could be wound in a single layer in one direction.

20 Alternatively, é two-layer back-and-forth pattern could be utilized. -

FIG. 18G illustrates the routing of the wire 1862 from the newly wound end
bobbin element to an adjacent bobbin element. Note that both bobbin elements shown
include a transition feature 1863 comprised of a protrusion that includés a curved
edge.‘This cur\.fedr edge- helps prevent damage to the wire as it is routed between

25  adjacent bobbin elements. The adjacent bobbin element is then wound ideﬁtically to

| that seen in FIG. 18F (i.e. with three (3) layers comprised of fifty-two (52) turns each.
The remaining bobbin elements 1810 are then similarly wound as illustrated in FIG.
18H. |

FIG. 181 illustrates the end of the winding 1862 subsequent to being routed

30  over each of the previoﬁsly discussed bobbin elements, and secured to the starting clip
1890. Similar to the end clip, the wire is secured to the starting clip by wrapping the

wire around the start clip twice, although other mechanisms may be used.
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VWHAT |S CLAIMED IS: 1. A current sensing inductive device, conprising:

a plurality of inductive elenents, each el enent conprised of a conductive
wi ndi ng; woadobzismssurn conductor that electrically couplPes/us20104m89ng one of
said plurality of inductive elenents with a trailing one of said plurality

f inducti wWh it
nduct i ve o entit o) Ry aEs o ppdbk 354 S Poedrutanbs Relf fetobof
conduct i VgegbRTEAL ol Rk ﬁ@ﬂrlk}/ 18944 {dRAIE) ct & Wb GNOA! RiddoBaR i1 St

end of said conductive w nding he curréent sensing Inductive device of
daimil, l\aih@rce‘lflftystwoo[sg) tursad ﬂlatyaraquundlmthe\x@peh@rrhrmsoreaﬁtﬂne@wmusbe a

dlscrete bobb e current sensing_ inductive device of
Claim2, Vo w%&gﬁgw%.%e &189&%&@6 Wﬁ&%ﬁ?%s BP &r?e%#eel%rlg avageéa%%

second ong,ff wsai Pl akdd ¥ gfev%g. | geDiin SRS TRRd:GRRIUCt i ve

el ement attached to an end of " sal onductive 15 w nding opposite the first
end of satatiticosdustasyshommdn MIG. 18K, with (Héecrmainingnbotbed s engentsndardt | ve

device of Cl.aim3, wherein sajd second conductive elenment iis bent at a
defined awerungia thigldiagdeyert bhe,use ok *é‘Eéa%‘f’ wigg that 3s Hgeb Heths frredpd

plurality,of D%k tyve device
of C ai n{gﬂﬂﬁﬁ%?ﬁ#ﬁﬁ&h ?@rstggbcon uct rﬁ%ﬁéﬁ&%gﬁﬁgﬁ |s]%fgggé% or
Wi t hi n a thé dobjen efensaishrt iatrsddybdifyised ehte rewinding mandré. foil the pmrpdsemdif sensi ng

|nduct|ve devi ceéﬁf Claim 2, wherein at Ieast two of said plurality of

bobbi i el RMILEAhe PhsmER0f the dindipgy ne addiienal Rsperssing sps negdng Ry

coupl i NQ.performed by an operator in order to wind the shielding layer onto the bobbin

elements. Accordingly, the only additional costs added to the device by adding the
shielding layer comes from the additional time the bobbin elements spend on the
winding mandrel, which is minimal, along with the added material cost associated
15  with the shielding layer which is also minimal. Furthermore, it has been found that the
use of the same wire 1862 for the shielding. layer is just as effective at providing
shielding for the device as other more labor intensive methods which utilize copper
foil, etc. | ,
FIG. 18L illustrates how the wire 1862 is secured to the bobbin elerﬁent
20 aséembly. Specifically, FIG. 18L illustrates how the end of the shielding layer wire is
secured at the end bobbin element. Essentially, a single turn of tape 1870 is wound
onto the end bobbin element and the end of the wire 1862 is then routed over this
single layer of tape and subsequently secured by the additional wrapping of extra
layers of tape. Both the excess wire 1862 and excess tape 1870 is then trimmed. Note
25  that fhe end of the shielding layer wire is hot secured to the end clip 1892.
Referring now to FIG. 18M, the Wound bobbin elements are removed from the
mandrel and the wire is secured to both the end clip 1892 and the starting clip 1890
(not shown). The éecun'ng of the wire to these clips can be accomplished in any
number of differing ways. One implementation utilizes a resistance welding process to
30  weld a portion 1866 of the wire to the respective clips. Alternatively, a eutectic
soldering operation could be used to physically and electrically secure the wire to the
respective clips. Yet other methods will be recognized by those of ordinary skill given

the present disclosure.
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7. The current sensing inductive device of Claim®6, wherein said hinged 25
conpri ses: a pair of outer hinge features di sposed on a

coupling

first of weaizdilesal ity of bobbin el enents;

f eat ures

di sposed on a second of said plurality of bobbin el enents;

a pai PCofUSROI0MB399 nge

and 30a

hi nge pin disposed within said pairs of inner and outer hinge features.

8. The currentFléeASNiYustrtesths instadiation af e retpay Wirg 193¢ TR &sUEOWEs 1Ssi ng a

housi ng t ' ' ' i. '
oot udr g eursBTEBES B Ribala) o BL HOBH BoPh SR EmeBOh S, MUY, e
pi n. WO =01 a8 b3 d3PGTdndS2 00 /113380 ch of e mbbireglém sen antiigt meetyclid ve

device of Claim

to posjti
anot her .

di sposed

on a first one o

coupl i ng

wi nditfy spool 6 thiesniUbetratss dhe desHirrork the behvia plrmenl pisgmb

el ement s
bobbi n

15

20

25

30

rein said hqusing further conprises a BLuraIity of

8, wh !
hi nge pi n*1%&# 9#6@@%3%?% grdhe cadihobhimngpementy This &styinnyieg et U dietadapt ed

[ id |ty O ' [ t 1.1 h t to one
ﬁ%agﬁﬁggtﬁgggﬁghgéﬁéwﬁg1?n§ﬁ%%?§g%eg?%i%%fgcﬁg%%$%?&§ﬁe§%in each
of said behbitihneleients widing, &eSFIEG. P80 ilhfstritarige shaviihizshaviné nesngs spool

substantjally therebetween, said conductive w nding wound onto
sai d wi ndichred godhe start clip 18991 Aggiethis sandi acsemslishedi ovsies ¢€- ddbfce of

daim 10’30‘1‘@?%‘?&?51&&{&% »{Hl%&rggqo %9&{]9% h%g%;ﬁ%%ﬁﬁh@&aﬁ%%;&%tﬁe @&ﬂ_ir?gaca"i ty

sal Tty o el enents;

Iedbbitediemeanpri sed of a wi nding spool portion and an insertable
portion on a second one of sajd plurality of bobbin elenments; wherein said

b Béos n

fidusfgWsk! FheSdHabobBi didin St 1376 B.d. thboltRe with 3 78Ik Y Of

thereon) is inserted into a respective cavity 1886 located on the housing first, and
subsequent bobbin elements are inserted into their respective housing cavities around
the ring-like shape of the housing. Note also that the end bobbin element is disposed
adjacent the finish wiré groove 1884 and return wire groove 1882 associated with the

housing.

FIG. 18Q illustrates the finish wire 1852 and return wire 1850 after being

inserted into their respective grooves of the housing. Note that the finish wire 1852 is
disposed on top of the return wire in the illustrated embodiment which keeps the wires
close together for the purposes of mitigating unwanted external electrical interference.

Referring now to FIG. 18R, small drops of epoxy 1888 or anothér adhesive is
inserted into each of the cavities 1889 of the top housing 1883. In addition, a light
bead of epoxy is also applied to the middle hole Wall_ 1887. The top housing 1883 is
then mounted onto the housing 1880 as illustrated in FIG. 18S. The finish wire 1852
and return wire 1850 are then twisted together in a clockwise direction for the
purposes of mitigating the effects of external electrical interference.

It will be recognized that while certain aspects of the invention are described
in terms of a specific sequence of steps of a method, these descriptions are only
illustrative of the broader methods of the invention, and may be modified as required
by the particular application. Certain steps may be rendered unnecessary or optional
under certain circumstances. Additionally, certain steps or functionality may be added

to the disclosed embodiments, or the order of performance of two or more steps
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15 el enments, while said insertable portion of said second one of said
plurality of bobbin elenments sinultaneously fits within said aperture of
said firswoana/mf2ssai d plurality of bobbin el ements. PCT/UB2010/DB@0g ur r ent
sensing inductive device of Claim1l, wherein each of said plurality of

i nductive el epgnt ri.ses li nea und i nduct nment ,..each 20
cl ement | HBYTHE s GORAIE T B L S goeepHeH U Ry B et i ve
wi ndi Ng d§;sNesa%nl Rlate Rreior € | ayers of wi ndi ngs. 13. The current
sensi ng i nductive device of Claim12, wherein at |east one of said two or

nore | ayers ofWﬂwlndhmgbomodﬁaﬂ@leéesmmmelhasl shgwhaylescribed, and pointad otfhe
t d f im13 hi el
Cayer 1 s ey RaESe Moo o et & SIS AoLAR Rt M P FARPAfd ng ones

of saixd b @lriohy oﬂissi'ohi‘%ﬁﬁétbfuﬁ’&@ r@ld' JAEMEL Y B Gh@IBRY Setails of the dviceThe
current sensing inductive device of Claim 12, wherein at |east a portion of

sai d pl ureinresesofilubtiatamby bovmadelby thove skitlas! mﬂamfhwghmdp}var@@ﬁtan\ﬁhmm ng
barrel with a paif, o SdIS ose nelthe side .of s

bar r ol . SONETrRe T KT BeRGr AR, Bt o SoUreaPisTootd SeRrrsithe o o
first of SahfheRAk the@hvehliGNIERs GORPHHIGER iRnd RS nRAct t@béﬁﬁﬂﬂ% Bt 15k pai r of
fl anges conprises a boss mating aperture; and wherei n said boss is

adapt ed twhobld reetgkdnvasdilngtrative oﬁﬂwm}l@mlemnclmgsofrth@ invgntigse r ther ssopopof
faciljtate the w of, I he. ljn arly wound i nductive
el enehft s. tﬁemventmf?s ﬂ&ﬂ’é’ I‘?Stt‘fnﬁlfng?llrﬁ'h@f’%gg%éﬂ?‘?tﬁéhe C8Pr ent sensing i nductive

devi ce, conprising: 5securing an insulated conductor to a first end of a
plurality of segnented
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wi ndi ng el enents; continuously w nding said insulated conductor onto

said plurality of segnented w nding el enents; securing said
i nsul at edwoanduadzss to a second end of said plurality ofPCTOUSs@gmesvwed
wi ndi ng el ements; routing a return conductor between each of said
pl ural i t yyefs SRAFERMGEDWENdI ng el ements; and ~electrically coupling

sai d returm conductor Wth said insulated conductor so as to formsaid
curre][lt sensi ng i nduectirate seeigteduditdevibe coeiphieidgof C aim 17, wherein said
act of securing said insulated conductor to said second end facilitates the
el ectrical codliliot Bdgve slementscerta Gt WI’PH’PSé?éP ag 4¥%d conductor.
19. The r@%ﬁ&gg Claim 18, wherein said act of securing said insulated
conductor 'to Sai éi second end conprises wire wapping said insul ated

condust or to a e onducior et eletipicalbataipbs ndemdingmecifispd ghepldged on sai d
second end of said plurality of segnented wi ndjng e]enents, 20. The
met hod ofin@yctivaelementsarithe irailisgpre of fid BElY Algindugtyere K> conductor to

sal dconducti YanGLR i clomer® be oM BHO88 Ol TRerklincy et Dy, comr | i ng

continuously wn salrd insu onductor onto said plurality of
segnent econdndivegleal catmaid Sirkircoaduaive chenedi electicdly @upkegzashtettro sai d act of
securing said insul ated conductor to said second end of said plurality of
segnent edonidenig adirelppdtod said conductivowindmg et hod of O ai m 21, wherein the

nsulged conditcrmyRuRg Al gl oo OTBRIE St RY oo
support siffiskhictit€cle@ents $ch dondprizy ardésticts Bolshimgleinediict i ve devi ce, said
support str UCt3lfr © -'lgh%rz:pui‘rierslti srf]:rgls:ing inductive device of Claim 2, further comprising a
second conductive element disposed on a second one of said plurality of bobbin |
elements, said second conductive element attached to an end of said conductive
15  winding opposite the first end of said conductive winding.

4. The currenf sensing inductive device of Claim 3, wherein said second
conductive clement is bent at a defined angle with respect to a surface of said second
one of said piurality of bobbin ¢lements.

5. The current sensing inductive device of Claim 2, wherein said first

20  conductive element is disposed on or within a flange of said first bobbin element.

6. The current sensing inductive device of Claim 2, wherein at least two
of said plurality of bobbin elements are physically coupled to one another via a hinged
coupling.

7. The current sensing inductive device of Claim 6, wherein said hinged '

25  coupling comprises:

a pair of outer hinge features disposed on a first of said plurality of bobbin
clements; |

a pair of inner hinge features disposed on a second of said pIurality of bobbin
clements; and

30 a hinge pin disposed within said pairs of inner and outer hinge features.
8.  The current sensing inductive device of Claim 7, further comprising a

housing that encases said plurality of bobbin elements, said housing including a hinge

pin receiving aperture sized to aceommodate said hinge pin.
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a plurality of bobbin elenents; wherein at |east a portion of said
plurality of bobbin elenents include one or nore connection features, said
connect i omof2eatuunss utilized for joining at | east said pomrtiseeonsssot her of
said plurality of bobbin elements adjacent thereto so as to formsaid

support structgre. R4, The %HBHQHdu%%&%EU %ff@;ﬁajﬁ Qi“gﬂﬁg‘%m g%qﬁg\g;vs@i%osai d

connection features conpris gg eature ra
novabl e rfaHatd conghisgs Heinsieno] idhgepin bedabiine gleetnrnt ssid hinge pin2&ceivilie support
structure of Caim?24, wherein_the hinge feature, conprises.l0a first set of
spaced hi RGeS adanirdsto pasiEian gpd algngsa E%{:]@hé)f @ﬁ@ﬁ?@ leReniIHE TeRedper t ur e

di sposed .at artly there through. 26. The support structure of
d ain123f8ﬁﬁ%§%?%m€aid connection features conprise: a flexible hinge
featuse; and 1¥an dfierdutest dehsihg inglusiizeadbvice od Ctann®) déicecin bechfdfexidbl e hi nge
feature of _an adjacent one of the bobbin elenents. . 27. The support

st r uct ur eobbinglementoermuies e Pairoh dangcs ¥t awhdpgesrpelAitnoged s i ntegral Iy

ol ded_wi &0t NGGUWRLRLELETERE ob Rt Ruddify Lb 6 Bhe bl N9t oL 19

associ ate
11.  The current sensing inductive device of Claim 10, wherein said hinged

coupling comprises an aperture and a cavify on a first one of said plurality of bobbin
10 elements; and

a coupling element comprised of a winding spool portion and an insertable
portion on a second one of said plurality of bobbin elements;

wherein said winding spool portion of said second one of said plurality of
bobbin elements fits within said cavity of said first one of said plurality of bobbin

15  elements, while said insertable portion of said second one of said plurality of bobbin
elements simultaneously fits within said aperture of said first one of said plurality of
bobbin elements.

| 12.  The current sensing inductive device of Claim 1, wherein each of said -
plurality of inductive elements comprises a lineérly wound inductive element, each

20  element having said conductive winding disposed thereon, said conductive winding
disposed in two or more layers of windings.

13.  The current sensing inductive device of Claim 12, wherein at least one
of said two or more layers of windings comprises a shielding layer.

14.  The current sensing inductivé device of Claim 13, wherein said

25  shielding layer is only electrically coupled to one of said leading or trailing ones of
said plurality of linearly wound inductive elements.

15. The current sensing inductive device of Claim 12, wherein at least a
portion of said plurality of linearly wound inductive elements comprises a winding
barrel with a pair of flanges disposed on either side of said winding barrel.

30 16.  The current sensing inductive device of Claim 15, wherein a first of
said pair of flanges comprises a boss and a second of said pair of flanges comprises a

boss mating aperture; and
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2028. A bobbin elenent for use in a current sensing inductive device, said
bobbi n el enent, conpri sing: a spool elenent conprised of an outer

wi ndi ng dwerretign4mad defining an interior volune; and PCT/US201@/0p3909 oOf

fl ange features di sposed on opposing ends of said spool elenent. 2529. The
bobbi n el errentwf?ére@s%d@o%@rs a\ﬁ%é@{orbaafecéﬁ&?@mﬁiﬁ%n%ﬁ ab R LB haifify T1 ange
features includes an electrically conductive clip dls osed thereln

30. The bmpetiire telfaifitate thé witldaigo2Be plukadite bflicapp mtouod umiructtnreeelehem rically

conducti ve C|IP IS recelved within the interior. volune of the spool
el enent . I’bf%‘g"r %%enb%en@rl&mugfeve@ﬁwei n an end of
the el ecty .30 conductlve clip includes a notched end for wre

wr appi ng o a c nduct or . 32. The bobbin elenment of C aim 28, wherein
the innterior webwim dnnetulgled canduetontana Gos dncdOr plawhipostsetwattod e di sposed
therein, the return conductor support feature adapted to position a return
conductorw%ﬁiﬁgﬁ§MEH@$ernined position with respect to said spool elenent.

33. The bobbin &6 HE‘HHS] (c-ﬂn? sgfd?lgsq[lﬁ@(?[:&:lcﬂftrop ntgrs%q%thﬁﬁmy%?d posi tion

COITpI’I ses the geonetri'c center o Spoo enment
segmented winding elements;

securing said insulated conductor to a second end of said plurality of
10 scgmented winding clements;
routing a return conductor between each of said plufality of segmented
winding elements; and 7
electrically coupling said return conductor with said insulated conductor so as
to form said current sensing inductive device.

15 18.  The method of Claim 17, wherein said act of securing said insulated
conductor to said second end facilitates the clectrical coupling of said return
conductor with said insulated conductor.

19.  The method of Claim 18, wherein said act of securing said insulated
conductor to said second end comprises wire wrapping said insulated conductor to a

20 conductive clip, said conductive clip disposed on said second end of said plurality of

segmented winding elements. |

20.  The method of Claim 19, further comprising securing said return
conductor to said conductive clip.

21. Thé method of Claims 17, further comprising continuously winding

25  said insulated conductor onto said plurality of segmented Windirig elements in a
reverse direction subsequent to said act of securing said insulated conductor to said
second end of said plﬁrality of segmented winding elements.

22, The method of Claim 21, wherein the insulated conductor wound onto
said plurality of segmented winding elements in said reverse direction is wound in a

30  single layer winding.

23. A support structure for use in a current sensing inductive device, said
support structure, comprising:

a plurality of bobbin elements;

-57-



10

15

20

25

30

WO 2011/014285 PCT/US2010/033909

wherein at least a portion of said plurality of bobbin elements include one or
more connection features, said connection features utilized for joining at least said
portion to other of said plurality of bobbin elements adjacent thereto so as to form said
support structure.

24.  The support structure of Claim 23, wherein said connection features
comprise:

a hinge feature that allows for a movable relationship between joined bobbin
elements.

25.  The support structure of Claim 24, wherein the hinge feature comprises
a first set of spaced hinge elements, each of said hinge elements including an aperture
disposed at least partly there through.

26.  The support structure of Claim 23, wherein said connection features
comprise:

| a flexible hinge feature; and

an aperture that is sized to accommodate the flexible hinge feature of an
adjacent one of the bobbin elements.

27.  The support structure of Claim 26, wherein the flexible hinge feature is -
integrally molded with the bobbin element to which the flexible hinge feature is
associated.

28. A bobbin element for use in a current sensing inductive device, said
Bobbin element, comprising:

a spool element comprised of an outer winding diameter and defining an interior
volume; and

a pair of flange features disposed on opposing ends of said spool element.

29, The bobbin element of Claim 28', wherein at least one of the pair of
flange features includes an electrically conductive clip disposed therein.

30.  The bobbin element of Claim 29, wherein a portion of the ¢€lectrically
conductive clip is received within the interior volume of the spool element.

31.  Thebobbin element of Claim 30, wherein an end of the electrically
conductive clip includes a notched end for wire wrapping of a conductor.

32. The bobbin element of Claim 28, wherein the interior volume includes a

return conductor support feature disposed therein, the return conductor support feature
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adapted to position a return conductor at a predetermined position with respect to said
spool element. ‘
33. The bobbin element of Claim 32, wherein the predetermined p.osition

comprises the geometric center of the spool element.
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