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ABSTRACT

Therefore, the location fo the main voltage induced in IR
. . . ‘ ‘ ‘ @ loop remains unknown. If we measure the Viltage from V, to EXPE RIMENTAL RE SULT alld DISCUS SION o Initially, we considerd that this ml.lltiEle interaction could
We construct a long and flexible solenoid coil by winding a thin, o ) Vf in each section of the loop, then Vo = Vi = Vo = Vy = . generate a large voltage. However, if that were the case,
o o o o o . QB in thin solenoid Ve = V¢ = 0. From Kirchhoft’s voltage law, Vpg = Vi — S that characteristic should also appear at low frequencies. The
insulated wire around a Sllghtly thicker core wire. The flexible A v Vo —Vy—V.—Vy—V, —V; = V;. Therefore, the loop voltage £ sudden voltage increase at high frequencies may be due to
l n .d r mbl a trin f a ital‘ ra ian and it is 0 nd on 1s generated only in the vector potential coil. Here, based on % the displacement current being driven by the line voltage
D—| & a ’ ic i ' ' 25 . L . . . Y Tvine the windine rec; :
SOICNO01 CSC csas go gu 0 P 0, wou v =t . V fna:;cllzzics ;lllicti;osrircllaegtelz(t:lﬁ 11(1)1(()111)10’;1/01128.1‘12 l;ec;us:e g;er:e g ni I - (a) Since the actual coil is a flexible solenoid coil with a finite £ under@ymg the w anq ﬁowilng through le
a torus ln the torOldal dlreCtlono In a nOrmal tOrOldal COll, a ere ls “\‘\ : : Vf — O and no Voltage iS generated. If Vg iS Connected as in | vi 20 Cance]]ing thiCkneSS that iS Wound aI‘Ound the Sel‘face Of th€ tOI‘llS, lt L] | | | Mbetwe?n t .e Wlndlngs' Slnce t e vector pOtentla
. . . . . . v ) v the Fig. 1, in order to measure Vpg with no magnetic flux ™ s Magnetic Field I passes through the hole in the center of the torus only once. 10 o e W generated from this displacement current is parallel to the
Wound ln the pOlOldal dlreCtlon, b“t ln the case Of Our COll, the e ®B in thin solenoid 1n the mee,tsurement IOOp, Vg — O, SO VP — Vl cannot be ¢ The Secondary COil iS a One_round tOI‘Oidal COil. Hence, there iS Fig. 7. Frequency characteristics of primary current. lS)eCOIldaI‘y \Zlndlnhg in the delOidalddireCF;(l?ln, d pOtential Cari
- L = o ° - - - e generated 1n the secondary winding. The vector potentia
flexible solenoid i1s wound in the toroidal direction. The result is a 9 %;&;ﬁ ?eﬁﬁﬁséffiiirffeﬁoﬁiii’ Eiléniﬁifﬂ : . ?higllglortﬁt f(fo(;,nzgzn ?;EE ;hfhieﬁzlgizzlfrhoég ;(:;Szisfﬁz genirated by this displacemer?t \cVurrentgadds tovthe roltjation of
lt. t d .l W test th f th. t d .l 1 l .d l L'—/ the left side of V,. Faraday’s electromagnetic induction does I ® secondary coil and the contribl’JW ponent must . the vector potential in the hollow space of the torus and may
muiti-nestea Coll. € €S € usage o 1S nestea Cou 1n a poioiraa ) v not provide information on where the voltage is in the loop. s o4 s 2 ’ o .t 2 3 4 5 be removed from signal. Therefore, the pigtail, one end of gl"_s be equivalent to the magnetic flux.
. . . o o e — ompensation winding number —L . R . :
vector potentlal transformer. Since the Wlndlng and the core wire Fig. 1. Presence of magnetic flux in the measurement loop and the voltage o | a very long flexible solenoid coil, 1s inserted into the hole
are short-circuited at the one end of the flexible solenoid. the of each section on the loop. To me?‘;ure the p(c’itenttlal dllffergn.ce between thc?t;lwo pomtts, 1‘;2 (b) of the torus. The insertion direction is opposite to the first g
— l u1 Xl l weE Consiacr a conauctor placeéd 1m a Spacc wi a VEClor . . . . . . . E 1077 ) ) B .

. . ? potential. Although a line integral with a finite path is sufficient o0 Vﬁmdmg (iilrectlol?i ¥n this V;/ag/, the magnetic flux coupling to L Fig. 8 shows the.mutual inductance M, M = V,/(jwly).
current returns through the core wire, so that no net magnetic field L dI in practice, thanks to the lead wire, the line integral becomes . fhe secondary cotl1s cancelec. = The change normalized by the frequency dependence of the
. . . VQ = HoningSg — dr. a closed loop integral including the lead wire. Then, using 0 107 primary current 1s confirmed.
1S generated from the global current path. There 1S practlcally no 0 dt Stokes’ theorem, the line integral can be converted into the 5 4 3 2 1500 1 2 3 4 5 10 0 0

. . . . . surface integral, so B = V X A can be used as an integrand, g 4 Compensation winding number Fig. 8. Effective Mutual Inductance.
magnetlc field outside the S“fﬁClently long flexible solenoid. and the magnetic flux density B is introduced. We think that g -
. . . . _ _ _ the inner product of the time derivative of the vector potential 2 50
Consequently, no magnetlc ﬂllX | KN Cl‘eated O“tSlde the SOlenOld; fﬁc A-dl= ffc (VXA) nds. and the wire path is the essence of the induced voltage. > 122 SUMMARY
o o o o o Moreover, we considered that electromagnetic induction is
lnStead a VeCtOr Otentlal eXlStS. The Secondar COll Of the OlOldal . , : . # Fig. 4. Compensation winding number. (a) Output voltage of secondary coil. . . . . . .
’ . P ) o 4 by vl y . Il) s possible even if there 15 no magnetic flux in the loop. ®) Phase. g e y \— We created a poloidal vector potential transformer, which consisted of a primary coil
vector potential transformer 1s forme acing a toroidal coil In . . s . . . L . . L
) P ) y P 5 . . Field cancelling by pigtail with a thin and long flexible solenoid coil wound in the toroidal direction on the surface
the internal cavity of the torus. There is no magnetic flux inside R PP . . L
) o of the torus, and a toroidal secondary coil placed inside the torus. A global current return
Secondary COll, b“t a ﬁnlte lnduced VOltage can be Observedo The 106; —— One turn canceled After Careful Cancellation Of the magnetic ﬂuX, the fre_l . . . . . . .
ind d vol . . I to f I ¢ s b * } — No canceec ] quency characteristics of the secondary voltage of the poloidal path and pigtail compensation winding were provided to prevent the magnetic flux from
induced voltage 1s proportional to frequency at low frequencies, but s . . . . . - L
. 5 prop . q y . q ’ N \ vector potential transtormer are measured (Fig. 5). The orange passing through the secondary coil. When the electrical characteristics of this coil were

sharply increases at high frequencies. The only issue that the = X line corresponds to the case where the number of compen- .

. . & 10 sation turns is zero, and the blue line corresponds to the measured, a secondary voltage was observed even though there was no magnetic flux

primary coll 1s Very lOHg. Nevertheless, the developed transformer S 1021 case where the number of turns is +1. In a frequency range oo : : . . . .

> - . inside or outside the secondary coil. At high frequencies, the toroidal secondary coil was
can generate an induced voltage, even if there is no magnetic field 3 w sufficiently lower than that of the Gomimant pole, g vouage
o 5 . 8¢ 5 | 3 1 = Oitlonal tofthe first fierlgatweT‘;lf tme = enerate; des “,el driven from the outside by the vector potential generated by the displacement current via
lIlSlde the SECOndaI'y COll. Fig. 3. Toroidal secondary coil, which is placed in torus. o1 - w at ,IS’ the secqn ary col . . .
can be driven from the outside by using the poloidal vector the coil-to-coil capacitance. Hence, a steep frequency response of 80 dB/dec was
Y Y S potential coil. Therefore the vector potential generated from . . . . . . . o
Frequency (kHz) the intermittent solenoid coil is superposed to generate rotation obtained. This transformer is unique 1n that no magnetic flux exists inside the secondary
and the magnetic field is re-formed. In the 200 kHz —1 MHz : c : : : :
Fig. 2. frequency characteristics of the secondary voltage. coil, but 1t 1s rather driven from the outside. This transformer, however, has certain
PRIN CIPLE range, the output voltage changes by as much as 80 dB/dec. ?
disadvantages. First, the resistance 1s high because the primary winding 1s very long.
Fig. 6 shows the phase difference of the output voltage with : : C.
, 250 respegct ‘o the inputiumnt with the compensation. It has goes However, 1f a superconducting wire 1s used, a large amount of the current can flow and
The relationship between magnetic field H, current den- b e aers s e _ S : er . . .

v X H — ’ T b LA ad 5 o D » through four resonances, 1.e. in-phase, until the peak voltage the output voltage will increase. In addition, since the vector potential can affect quantum
sity <o vector pOt_entla , adn magnetIF: ux density 15 Fig. 2. Primary coil of toroidal vector potential transformer. Listing 1._Mathematica code for drawing the primary coil v 1501 1s achieved. . . . . .
considered according to Maxwell’s equations. 10 = 2005 5 0. interference, the vector potential coil and superconducting technology are highly

TABLE 1 R = 10; % | Fig. 7 shows the frequency characteristics of the primary : .
COIL DIMENSIONS P-4 g current, which becomes inductive starting from around 10 kHz. compatible, and many applications can be expected.
, 5 g = L4 = | —— .o
H corresponds to A and J corresponds to B Description Symbol | value Onit 6 ParametricPlot3D[{{ ’ Then, the current decreases, and it reaches a minimum around
' Number of turns per umit lenseth 7 R Cos[Nl t] + r Cos[t] Cos[Nl t] + s -50 1 40 kHz. At this point, it becomes capacitive and the current
A —_— B £ thi lenoid P 8 no 710 | turns/m Cos[n N1 t Cos[t/4]] Cos[N1l t], - - -
>< — of thin solenoi | | ¢ R Sin[Nl t] + r Cos[t] Sin[NL £] & s e increases again. | Reference
Number of turns of poloidal coil Ni 36 turns Cos[n N1 t Cos[t/4]] Sin[N1 t], S S In the case of a normal magnetic transformer, the output
Number of turns of N 730 furns 9 R Sin[t] r/R + s Sin[n N1 t Cos[t Frequency (kHz) Voltage decreases at a high frequency where the primary [1] Rousseaux, G., Kofman, R., and Minazzoli, O. The Maxwell-Lodge effect: significance of electromagnetic potentials in the classical
secondary toroidal coil 2 /4111, current becomes capacitive. but the Volta, e of the transformer theory. Eur. Phys. J. D 49, 249--256. DOI: 10.1140/epjd/e2008-00142-y (2008)
Toroidal central-axis radius R 60 mm :(1) { PE; scf If [[§11 tt]] j ; gs SS [[tt]] Scf ; [[I\Ifll tt]] ’ Fig. 6. Frequency characteristics of phase difference of secondary voltage _ p ’ g [2] Masahiro Daibo, et al., “Vector potential coil and transformer,” IEEE Transactions on Magnetics, Vol. 51, No. 11, pp. 1-4, 2015.
Toroidal radius 1 25 mm . R Sin[t] r/R ' With respect to primary current. increases 10,000 times due. to frequency changes over d [3] Masahiro Daibo, et al., “Vector-potential transformer with a superconducting secondary coil and superconducting magnetic shield, *
Thin sorenoid radius S L.5 mm 13 b}, decade. In a general magnetic transformer, a secondary coil IEEE Transactions on Applied Superconductivity, Vol. 26, No. 3, pp. 1-4, 2016.
Toroidal radius ro 14.5 nm 4 {t, -pi, Pi}, PlotPoints —> 5000, 1s arranged 1n parallel with a vector potential generated by the [4] Masahiro Daibo, et al., “Vector-potential transformer with a superconducting secondary coil and superconducting magnetic shield, *
of secondary coil Boxed —> False, Axes —> False] primary coil. IEEE Transactions on Applied Superconductivity, Vol. 26, No. 3, pp. 1-4, 2016.




