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Featured Application: For the first time the semi-analytical formula for calculating the mutual
inductance between the thin conical sheet inductor and the circular loop is given. The coils are
coaxial. The potential applications of the presented work are in wireless power systems, and in
ultra-broadband applications since the conical shapes limit the effects of the stray capacitance
creating the high impedance over a wide bandwidth.

Abstract: The paper describes a new formula for calculating the mutual inductance between a
thin conical sheet inductor and a filamentary circular loop, which are coaxial in air. The presented
formula is derived semi-analytically using the complete elliptic integrals of the first, second, and
third kind, along with the integral term which will be solved numerically. The results are validated
using double and single integration methods, as well as the semi-analytical formula. The mutual
inductance between a thin cylindrical solenoid and a filamentary circular loop can be obtained using
the new formula for the conical coil and circular loop. Presented formulas can be useful in various
applications, such as the excitation coil used in electromagnetic-levitation melting, the production
of magnetic field homogeneity and broadband RF and wireless power transfer systems that utilize
conical inductors. Overall, the paper presents a valuable contribution to the field of inductor design
and can be useful in various applications involving conical inductors.

Keywords: mutual inductance; thin conical sheet inductor; filamentary circular loop; complete
elliptical integrals; Heuman Lambda function

1. Introduction

The paper discusses the challenge of computing the mutual inductance of conventional
coils, which has been a topic of research since the time of Maxwell [1]. While analytical solu-
tions in the form of elementary functions exist for linear coils, more complex configurations,
such as circular and elliptical coils require solutions in terms of elliptic integrals, Bessel
and Struve functions, and hypergeometric convergent series [2-8]. Numerical methods
and commercial software packages are also available, but there is interest in developing
analytical and semi-analytical methods for more efficient computations. Reviewing the
corresponding literature in physics and electromagnetics, as well as in scientific papers in
engineering, one cannot find the calculations of self-inductance and mutual-inductance of
the coils of the conical form very often. Recently, in [9], the calculation of the self-inductance
of a thin sheet inductor is obtained in the semi-analytical form. Using the same reasoning,
in this paper, a semi-analytical formula for calculating the mutual inductance between a
thin conical sheet and a filamentary circular loop is given. Coils are coaxial and placed in
the air. The thin conical sheet inductor is made of a thin wire with a cross-section that is
practically negligible. This assumption also applies to the circular loop.

The new presented method is based on complete elliptical integrals of the first, second,
and third kind, along with a term to be solved by numerical integration. As the special
case of this new developed formula is the formula for calculating the mutual inductance
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between the cylindrical solenoid and the filamentary circular loop, the practical applica-
tions of the previous mentioned configuration could be interesting in many domains of
electromagnetics such as the excitation coil used in electromagnetic-levitation melting, the
production of magnetic field homogeneity and the high magnetic field under the cone,
which can be used to magnetize a magnetic sheet [10-13]. The calculation of the previously
mentioned coils is useful for conical inductors which are of ideal form for ultra-broadband
applications up to 40 GHz since the conical shapes limit the effects of stray capacitances
and effectively substitute a series of narrow-band inductors, creating the high impedance
over a very wide bandwidth and in wireless power transfer systems that utilize conical
inductors [14-24]. In all cases, either the regular or the singular are explained with precise
explications. The validation of the presented method is performed using the single and
double integration as well as the semi-analytical formula. The Mathematica files with
implemented formulas are available upon request.

2. Basic Formulas

Let us consider a thin conical sheet and a circular loop as shown in Figure 1. The thin
conical sheet has the radii of basis R; and 1 (R; > 1) . and the axial positions z; and zj,
with the number of sheets turns N. The circular loop has the radius R and axial position zg.

z h

Figure 1. Thin conical sheet inductor and circular loop (R > r1).

Let us begin the complete analysis for the first case (Ry > 1), Figure 1.
From Figure 1. one has the following.

Ri—r
ﬁ:tan(zx):q, Ri=r1+n(zp—z1) or r1 =Ry —1(z2—21) (1)

Zy — Z Zy — 21 1
= =—,p=r1—14(z—22) =Ry —1n(z—z 2
o-n R—n g PTN n(z—2z) =Ry —1(z —z1) )

The mutual inductance between the thin conical sheet inductor and the circular loop
can be calculated by the following.

T Z2
M= noN // RPCOS(G)dde 3)
22 — 21 o

0 z1

with

ro = \/(Rl — 5z +121)* — 2(Ry — nz + nz1)R cos(#) + R2 + (z— ZQ)2 4)
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Equation (3) is obtained from the Neumann formula for the mutual inductance, de-
rived from the magnetic vector potential [7] which is applicable for two coils. By inspection
for Ry = r1, Equation (3) becomes [8].

Even though R; > r; (7 > 0) one must use p = Ry — 77(z — z1). By the simple
verification for R; = r; (7 = 0) the thin conical sheet degenerates to the thin cylindrical
solenoid. For this case, the Formula (3) is the formula for calculating the mutual inductance
between the thin cylindrical solenoid and the circular loop [8].

Introducing the substitution, = 77 — 28 in (3) one has the following.

M=

/2 2
_ 2poNR / / (Rq — 772+1721)cos(2ﬁ)dzdﬁ 5)
Zp — 71 5 o
21

where

ro = \/(R1 —nz+ 1721)2 +2(R1 — 5z +n7z1)Rcos(2B) + R% + (z — zQ)2

Let us calculate the first integral with respect to z in (5).

22
F (Ry — 1z + 51z1)d
h=[® E T21)d ©)

z
with ,
ro = *\/m
U
1 = 172 +1
b =2[1PRcos(2B) — Ry +1(2q — 21)

a1 = [R1 —11(zg _Zl)]z +17°R?

Al = 401C1 — b% = 4172D10

Dy = {172R2 sin?(2B) + 2R [Ry — 11(zg — z1)] cos(2B) + [R1 — 17 (z0 — 21)]2 + Rz}

7 tdt
h= [ —— )
b citt + bt +a
Using [25],
I _ \/ClR%"Fthl"Fﬂl . \/clr%+b1r1+u1 . T72RCOS(2‘B)—R1+V](21—ZQ) %
1 o 21 s (21177 ®)
[Wsinhchos(Z/S)gle:lJerle — arsinh ! cos( ,B)J;i(r)ﬁerfzz} }

Thus, the solution of this integral is obtained in the close form.
Now, the Formula (5) can be given as follows.

/2
2uoNR
R— —zf;znun” ? / V cost2p)ip ©
0
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where

V=ynr+1 [\/C1R§ + bRy +ay — \/clr% +bin +a1} -

[72Rcos(2B) — Ry +17(zqg — z1)] % (10)

.1 1R cos(2B)+nR1+z29—21 ., nRcos(2B)+nri+zg—22 } }
arsinh — arsinh
[ VD1 VDo

Let us solve the following integrals in (9) and (10).

/2

L= / veos(2B)dp = I8V + 11 + 1) + 1Y (11)
0
/2 /2

V= /2 +1 / \JeR3 + bR +acos(28)dp = \/n? +1 / VTicos(2B)dp  (12)
0 0

T = ClR% + bR+, = ;72 {(R + Rl)z + (ZQ — 21)2 —4RR4 sinz(ﬁ)}

/2

o WWz{(mRnu(zQ—zl)z} [ w1 —2sin?(g))dp
0

A =1 —Rsin2(B), K= 2RRy 5 (13)

(R+R1)*+ (z0 — 21)

Using [25] one obtains the following.

g
1Y =2/ + 1R [ a1~ 2sin’(p))dp =
2/ 15 (28— 2)K (k) + (2 k) E(ka) }

or

Y :Zﬂ\/ﬁg{(zﬁ—z)ﬂhﬂ' (Z—k%)E(kl)} (14)
1

This solution is obtained in the close form where K(k1) and E(k;) are the complete
elliptic integrals of the first and second kind [25,26].
Similarly, the solution of the next integral,

%
12(2) = —\/172 +1 / \/cr% + br1 + acos(2pB)dp (15)
0

is also obtained in the close form as follows,

VR
1Y = 2y /2 + 153 (28 - 2)K (k) + (2 B)E(k) | (16)
313
with
k2 _ 4R7’1
2

(R+7r1)* + (z2 — 20)°
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The next integral is

I

O%N\ﬁ

— [ [7*Rcos(2B) — Ry +1(zq — z1)] x a7

1R cos(2B)+nRy+z09—21
cos(2p)arsinh N dp

or
(3) 2R 2 1R cos(28)+nR1+zp—z
LY =-1= Ofa sinh \/Wl Q=14 —

%
%Of{iyzR cos(4B) — 2[Ry — 11(zg — z1) | cos(Z,B)}arsinhWRCos(z/sH”RﬁZQ_Zl dp =

VDo (18)

g . R 2 Ri+zp—2z
—% Of{iyzR cos(4B) — 2[Ry —11(zg — z1) | cos(Z,B)}arsmh’7 cos( 53/%1+ Q4R =
2
*%ho

where
hnR cos(2B) + Ry +zg — 71
v D1g

This integral [19 does not have the analytical solution, so it must be solved numerically.
The kernel function of this integral is the continuous function of the interval of integration.

Let us solve this integral by partial integration (Appendix A).

Thus, the solution is

dp

Jio = | arsin

S~

1Y = ] +1 ’71;,(3 5 {[3(az + axs)K — (6222 + 8)K3 + 8] K (k1) + 19
[(6az + 4)K3 — 8] E(ky) } + S/ HIVRR) [ﬁlpl (i, ky) + 122 TT(ha, kl)}
Similarly,
%
R 2 R —
12(4) = /[17212 cos(2B) — Ry +1(zg — zl)} (:os(Z/B)arsinh’7 cos(2p) T yRi +20 =2 dap (20)
; v Dig
can be obtained as follows (Appendix A),
I§4) ] + 1 ;71;_]{3\/W{ [ azzz + {1333)]{4 — (6&222 + 8)k% + 8] K(k2)+ 1)
2
(6320 + 4)K2 — 8] E(ky)} + 2V VRD [, 11, ko) + £ TRy, o)
where .
z
R 2 R —
Io = [ arsin ! cos(2B) + 1Ry +zg szﬁ
s v Dig

Finally, from (9), (14), (16), (19) and (21) the mutual inductance between the thin
conical sheet and the circular loop can be calculated in the semi-analytical form as follows,

2uoNR

M= - 3
(z0 —z1) (7?2 +1)2

Vo (22)
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where

2 VP 1VRRy
Vo:—gfo ! 7]1;,(3 L{[3(az + az3)k} — (622 + 8)k2 + 8] K(k1)+

[(6ﬂzz+4)k2 — 8] E(ky) }*ﬂ\/ﬁﬁ{(mﬁ —16)K(ky)+
(16 — 8K E(k) } + q\/@m{ [3(a222 + a333)k3 — (6222 + 8)k3 + 8] K (k) +
[(6a222+4)k% 8] E(ka }+77\/?\1/2Rg 23
({166 - 10)K(k) + (16 - 8K )} - /LU
{ IT(h, k) + 122 TT(ha, Ky )] 4 /PR

[ (ks ky) + 125, TT(ha k2) |

Jo=J1w0—J20

All parameters in (23) can be found in Appendix A.
Thus, the general solution of Equation (22) with (23) is expressed by the complete ellip-
tic integrals K(k), E(k) and II(h, k) as well as one term [y which must be solved numerically.

2.1. Singular Cases

The Equation (22) with (23) can be directly applied for the general cases. It is possible
to have in (23) four singular cases so that one must do some corrections to overcome these
problems. The singular cases appear when coils are in contact or overlap. In these cases,
some parameters obtain the values for which the elliptical integrals begin infinite, so they
must be considered particularly.

2.1.1. pP1=p3 = -1
From (23), one can see that for p; = —1 the singular case appears and A = B so that
so that the following is true.

[A cos(2p)+B] . Alcos(2B)+1] - A -
[cos(2B)—p1][cos(28)—p2] A_ [COS(2113)+1HCOS(2/5)—P21 T cos(2B)—p2 (24)

1-p2 1-hysin®(B)

In (23), the singularity appears for p3 = —1 and C = D so that so that the following is

true.
[Ccos(2B)+D] Clcos(2B)+1] - C _

[cos(2B)—ps][cos éﬁ P4] [cos(2B)+1][cos(2B) —pa] ~ cos(2B)—p4 (25)
—Ps1- h4 sin?(B)

From (24) and (25), it is obvious that the complete elliptic integrals of the third kind
II(hy, k1) and I1(hs, k3) will vanish.

Thus, (23) begins as the following.

2 \/1?+1/RR;
Vo= —%]0— UAVA/ s {[ a22+a33 k4 (6{122—0—8)]{%4—8} K(k1)+

o8
[(6a +4)k2 — 8] E(ky)} — /7% + —@%{(16k§—16)1<(k1)+
(16 — 8k3) E (k1) }+’7V'71;c3*/W {[3(ax + a333)k3 — (6222 + 8)Kk3 + 8] K(ka)+ (26)

(60222 + 42 — 8] Eka)} + 5o+ 1 Yo L (16K —16) K(ka) + (16 — 8K3) E(k2) } -
2
AN LA (I, Ky ) + 4 /P VR € Ty, ko)
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212.pp=p3=1
From (23), one can see that for p; = 1 the singular case appears and A = —B so that
so that the following is true.
[Acos(28)+B] Alcos(28)—1] A
[cos(2B)—p1][cos(2B) P{J COSl(Zﬁ)*l][COS(Zﬁ)*Pz] - cos(2B)=p2 27)
1=p2 1—h, sin?(B)

In (23) the singularity appears for p3 = 1 and C = —D so that so that the following is

true.
[Ccos(2B)+D] Clcos(2B8)—1] _

_ _ C
[COS(Zﬁ)—pal[COS(Zﬁ)—m]C_ [608(21ﬁ)—1][c08(2ﬁ)—m] T cos(2B)—ps (28)
1=ps 1—nysin®(B)

From (27) and (28), it is obvious that the complete elliptic integrals of the third kind
II(hy, k1) and I1(h3, k3) will vanish.
Thus, for this case we use (26).

213. pp=ps = -1
From (23) one can see that case that for p» = —1 the singular case appears and A = B
so that so that the following is true.

[A cos(2B)+B| Alcos(2B)+1] - A -
[cos(2B)—p1][cos(2B)— Pz] o [COS(2ﬁ)+1HCOS(2/5) pil  cos(2B)—p1 (29)

Pl 1—hy sin®(B)

In (23) the singularity appears for p4 = —1 and C = D so that so that the following is

true.
[Ccos(2B)+D] Clcos(2B8)+1] o C _

Cos(2p)—palleos 217l [os(2f)+1lleos 2B —pa] ~ cosl2f) 3 30)
1=p3 1—h3sin?(B)

From (34) and (35), one can see that the complete elliptic integrals of the third kind
II(hy, k1) and I1(hy, k3) will vanish.
Thus, (23) begins as the following.

2 72+1vRRy
Vo = _gjo ”\/E {[ ax + as3) k — (6&22 —I—8)k2 —|—8] (kl)‘l-

[(6022 + 4k} — 8] E(ky)} — 1/ + T { (16K — 16)K (k1) +

(16 — Sk%) (k )} + 1 ’71;{3\/ﬁ{ [ axn + a333)k — (6axs + S)k% + 8} K(ky)+ (31)

[(6a22, +4)k3 — 8] E(k) }+;7\/Tg{(16k2 —16) K(k2) + (16 — 8k3)E(ky) }
VP41 k
AR AT, k) + VYR € s, k)

From (23) one can see that case that for p, = 1 the singular case appears and A = —B
so that so that the following is true.

[A cos(2pB)+B] _ Alcos(28)—1] _ A _
[cos(28)—p1][cos(2p)—p] A[COS(Zﬂ)l—l][COS(2ﬂ)—P1] cos(2B)—p1 (32)

1=p1 1—hy sin?(B)

In (23) the singularity appears for py; = —1 and C = —D so that so that the following
is true.

[Ccos(2B)+D] Clcos(28)+1] c =

[cos(2p)=pallcos(Zp)=ps]. — Teos(2B)FTlfcos(2B)=pa] ~ cos2) s (33)

1—p3 1-n3sin?(B)




Appl. Sci. 2023,13, 6416

8 of 20

From (32) and (33), one can see that the complete elliptic integrals of the third kind
II(hy, k1) and II(hy, k) will vanish. Thus, for this case we use (31).

From this detailed analysis, all partial singular cases can be found in the previous
discussed cases.

2.2. Caser1 > Rq

Now, let us consider a thin conical sheet and a circular loop as shown in Figure 2.
The thin conical sheet has the radii of basis Ry and r1 (r; > Rj) and the axial positions
z1 and zp, with the number of sheets turns N. The circular loop has the radius R and radial
position zg.

Figure 2. Circular loop thin conical sheet inductor (r; > Rj).

In this case of r; > Rj, one can use the same reasoning as in the previous case.
From Figure 2, we have the following.

_R1
2 — 271

= tan(zx) =7, 1 = Ry + 77(22 — 21) (34)
z—zl_zz—zl_l . _
P—Rl_rl—Rl_U/p_RlJrW(z «) )

The mutual inductance can be calculated as follows.

T 2
uoN // Rp COS d 40 — uoN // R(R] + 1z — 7721) COS(Q) dzdo (36)
T -z 22—210 J To

with

ro = \/(Rl +nz — 1721)2 —2(Ry 41z —nz1)Rcos(0) + R2+ (z — ZQ)2 (37)

Introducing the substitution, § = 7t — 2 in (36) one has the following.

/2 2
M = _2HONR / / (Rl +1z _;721) COS(ZIB) dZdﬁ (38)
0

2 — 21
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with

ro = \/(R1 + 5z —yz1)* + 2(Ry + 7z — z1)Rcos(2B) + R2 + (z— ZQ)z

The mutual inductance can be calculated by the double integration (38). Following
the procedures as in Section 2.1, after the first integration over the variable z, one has

the following.
/2
M= 21yNR - / V cos(2B)dp (39)
(z2 —z1)(n* +1)
where
V=1yn+1 [\/COR% +boR1 +ag — \/cor% + borq + ﬂo}
—[1?Reos(2p) — R — 11(zq — 21)] @0)
X {arsinhﬂRcos(Zﬁz/Eﬂlelsz+z1 B arsmh”R cos(zﬁ\)/j;izrl ZQ+ZZ:|
co = 772 +1

by = 2{’721{ cos(2B) — Ry —1(zq — Zl)}
ag = [Rl + 77(ZQ — 21)]2 + 712R2

Ao = 4172 DOO

Dy = {UZRZ sin?(2B) + 2R [Ry +1(zg — z1)] cos(2B) + [R1 + 17 (z0 — 21)]2 + Rz}

Finally, using the same procedures as in Section 2.1 after the second integration the
mutual inductance in the semi-analytical form is given as follows.

(z2 —z1) (7> +1)
with
2
Voo = — LR o0 — ’71;kvRR {[3(da + da3)k* — (6d2 + 8)k2 + 8] K(ky )+
[(6d2 +4)I — 8] E(ka)} + ] /7% + Tt { (16K — 16)K(ky)+
(16—8](%) (k )}—FW ’71;_](3\/W{[ 3(dyp +ds3) k4 (6dp + 8) k2+8]K
[(6d2y +4)k5 — 8] E(ka)} — [ /5> +1 \{sz (42)

{168 — 16)K(kz) + (16 — 8K)E(kp) } — VP HIVRRL
[ Vi U(hll,k1)+1 H(hzz,kl)} kzn@m

1-pn

[ Y5 [7(hs3, k) +

1-ps3 I1(hya, kz)}

All parameters in (42) can be found in Appendix B.

Thus, the general solution of Equation (41) with (42) is expressed by the complete ellip-
tic integrals K(k), E(k) and II(h, k) as well as one term Jy which must be
solved numerically.
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2.3. Singular Cases

It is possible to have in (42) four singular cases. One must do some corrections to
overcome these problems.

2.3.1. Pll = p33 = -1
From (42), one can see that for p;; = —1 the singular case appears and A; = B; so
that so that the following is true.

[Aq cos(2B)+B;] _ Aqlcos(2B)+1] _ Ay
os(26)—pulleos(28)pzz] = Teos(2) 1]lcos(2B) ~pzl ~ cos2B)pz2 3)
1

1=p22 1—hyy sin?(B)

For p33 = —11in (42), C; = D so that so that the following is true.

[C1 cos(28)+Dy] Cy[cos(2B)+1] _ G
[cos(2B)—pas][cos(28)— P44] [COS(2{9)+1HCOS(25)*P44] T cos(2B)—pas (44)

p44 1—hyy sin?(B)

From (43) and (44), it is obvious that the complete elliptic integrals of the third kind
II(hgy, kq) and T1(hyy, k3) will vanish.
Thus, (42) begins as follows.

Voo = "R oo — IVPHIVRRL (1350 4 gkt — (6dy + 8)K2 + 8] K(kp) +

128
[(6dy +4)k2 — 8] —yy/n2 +1 ﬁ{(m@—m) (k1) + (16 — 8k3)E(ky) }+
L i;kSW{[ 3(day + da3)k3 — (6dxn + 8)k3 + 8] K(ka) + [(6dan +4)k3 — 8] E(kp) }+ (45)

Rrq
1P+ T { (166 — 16)K(ka) + (16 — 8K3)E(k2) }
by 2+ B AL T, k) + kw‘n+\/ﬁ 1 T1(hag, k2)

1—px 1—pas

2.3.2. P11 = p33 = 1
From (42) one can see that case that for pj; = 1 the singular case appears and A; = —B
so that so that the following is true.

_ Aq
(2B)—p22|l — cos(2B)—pn (46)

[A1 cos(2B)+B] o Aqlcos(2B8)-1]

[cos(2B)—p11][cos(2B)—p2] ~ [cos(2B)—1][co
Al 1
1=p22 1—hy, sin?(B)

In (42) the singularity appears for p33 = 1 and C; = —Dj so that so that the following
is true.
[C1 cos(2B)+D1] _ Cqlcos(2B)—1] _ Cy
[cos(2B) —pa3][cos(2p) —pas] E [COS(213)1—1][C08(25)—P44] cos(2p)—pu (47)
1
1=pas 1—hyy sin?(B)

Thus, for this case we use (45).

2.3.3. P22 = paga = -1
From (42) one can see that for py; = —1 the singular case appears and A; = Bj so that
so that the following is true.

AvcosRB)+B]  _ AdeosB)rl] Ay
os{28) - pulleos(28)~z2], = Teos(2) 1]lcos(2B)~pu] ~ cos2B)pu (48)
1

1=p11 1—hyy sin?(B)
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In (47) the singularity appears for pys = —1 and C; = Dj so that so that the following

is true.
[C1 cos(2B)+D4] o Cy[cos(2B)+1] . Cq

[cos(2B)—pa3] [005(215)*1044](:_ [605(2/?)*1] [cos(2B)—ps3] ~ cos(2B)—psz (49)
1
1—p33 1—h33 sin?(B)
From (48) and (49), it is obvious that the complete elliptic integrals of the third kind
II(hyy, kq) and IT(hag, k3) will vanish.
Thus, (42) begins as follows.

2
Voo = LR Jog — IYEELYRRL £134 1 4 )kd — (64 + 8)K2 + 8] K (ky )+

128
+[(6dy +4)k3 — 8] E(k1)} — /72 + 1 Véé {(16k3 — 16)K (k1) + (16 — 8k3) E (k1) }+
+’7V’71;<3W {[3(dyp + daz)k& + (6 + 8)K2 + 8] K (ko) + [(6dz + 4)k3 — 8] E(kz) } + (50)

1P+ T { (16K — 16)K(ka) + (16 — 8K3) E(k2) } -

_k + RR1 A k 24+1/R C
VAR Ay ) 4 VPR G g k)

2.34. P22 = pasa = 1
From (42) one can see that case that for py» = 1 the singular case appears and A} = —B;
so that so that the following is true.

[A1 cos(2B)+B] _ Aj[cos(2p)—1] — Ay =
[cos(2B) —pulleos(2B) —pz], [cos(2§>lecos<2ﬁ>*r’1ﬂ cos(2p)—pu (51)

1
1=p11 1—hyy sin?(B)

In (42) the singularity appears for pss = 1 and C; = —Dj so that so that the following
is true.
[Cy cos(28)+ D] — Cy[cos(28)—1] — Gy
[cos(2B) = pa3][cos(2p) —pas] _C [COS(Zﬁ)—ll][COS(Zﬁ)—Pas} cos(2p)—paz (52)
1
1—p33 1—h33 sin?(B)

From (51) and (52), it is obvious that the complete elliptic integrals of the third kind
H(hzz, kl) and H(h44, k3) will vanish.

Thus, for this case we use (50).

Finally, all partial singular cases can be found in the previously discussed cases.

2.4. n= 0(7‘1 = Rl)
This is the special case when the thin conical sheet degenerates to the thin cylindrical

solenoid (r; = Rj). The mutual inductance between the thin cylindrical solenoid and the
circular loop is given in [8].

VON = n—1
M= My qyly, 53
T —2) n;( )" ¥ (53)
where
th/R1R T
¥y = =V (K (k) — E(kn)] + sgn(ta)|[RE = R2|[1= Ao(en ka)] (54
n
k%:#, th = zn — 20, h:#, en = arcsin 1_}12
(R+Ry)* +1£3 (R+Ry)*+£ 1=

Ao(en, ky) is the Heuman Lambda function [26],
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R; is the radius of the thin cylindrical solenoid,

z1 and z; are the axial positions of the thin cylindrical solenoid,
R is the radius of the circular loop,

zq is the axial position of the circular loop,

N is the number of turns of the thin cylindrical solenoid.

3. Numerical Validation

To verify the validity of the new presented formula for calculating, the following set
of examples is presented. In each calculation one begins with the exact basic formula in the
form of the double integral. The verification of this integral is verified with the expressions
after the first and second integration. Thus, these analytical and semi-analytical expressions
validate the presented new formulas. The special case is when the given configuration,
thin conical sheet coil and the circular loop degenerates to the combination, thin cylindrical
solenoid, and the circular loop.

Example 1. Calculate the mutual inductance between the thin conical sheet inductor and the
circular loop for which Ry = 10m, rg =2m, z; =—1m, zp =2 m, N = 1000, R = 5m, and zg = 0 m.

This is the case Ry > rq (Figure 1). Let us begin with the basic Formula (5) where the
mutual inductance is given by the double integration.
The mutual inductance is the following.

M(Double) = 7.401731104798464 mH

Using Formula (9) with (10), the mutual inductance is obtained by the single integra-
tion.
M(Single) = 7.401731104798464 mH

Let us use the semi-analytical Formula (22) with (23).
M(Semi — analytical) = 7.401731104798464 mH

All results are in an excellent agreement.

Example 2. Calculate the mutual inductance between the thin conical sheet inductor and the
circular loop for which Ry =2 m, r1 =10 m, zg = =1 m, zp =2 m, N = 1000, R = 5 m, and
zg =0m.

This is the case Ry < r1 (Figure 2).
Using the basic Formula (38) for the double integration, the mutual inductance is
the following.
M(Double) = 8.607861541512988 mH

Using Formula (39) with (40), the mutual inductance is obtained by the single integration.

M(Single) = 8.607861541512988 mH

Finally, let us use the semi-analytical Formula (41) with (42) the mutual inductance
as follows.
M(Semi — analytical) = 8.607861541512988 mH

All results are in an excellent agreement.
Example 3. Calculate the mutual inductance between the thin conical sheet inductor and the

circular loop for which Ry =3 m, v; =2m, z; =0m, zp = 0.2 m, N =1000, R =1 m, and
29 =0.2m.
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This is the case Ry > r; (Figure 1). The basic formula for the mutual inductance is
given by the double integration (5).
The mutual inductance is the following.

M (Double) = 0.8559140919190895 mH

Using Formula (9) with (10) the mutual inductance is obtained by the single integration.

M(Single) = 0.8559140919190892 mH

Finally, let us use the semi-analytical Formula (22) with (23) for the mutual inductance
which gives the following.

M(Semi — analytical) = 0.8559140919190874 mH

All results are in an excellent agreement. The figures that agree are in bold.

Example 4. Calculate the mutual inductance between the thin conical sheet inductor and the
circular loop for which Ry =2 m, vy =3m, z; =0m, zp = 0.2 m, N =1000, R =1 m, and
ZQ = 0.2 m.

This is the case r; > R; (Figure 2). The basic formula for the mutual inductance is
given by the double integration (38) which gives the following.

M (Double) = 0.8529571443235432 mH

Using Formula (39) with (40), the self-inductance is obtained by the single integration.

M(Single) = 0.8529571443235433 mH

Let us use the semi-analytical Formula (41) with (42).
M(Semi — analytical) = 0.8529571443235445 mH

All results are in an excellent agreement. The figures that agree are in bold.

Example 5. In this example one calculates the mutual inductance between the thin cylindrical
solenoid and the circular loop for which Ry =r; =2m,z; =0m, zy =0.2m, N=1000, R=1m,
and zg = 0.2 m.

In this example, the thin conical sheet inductor degenerates to the thin cylindrical
solenoid (17 = 0).

The exact formula for calculating the mutual inductance between the thin cylindrical
solenoid and the circular loop is given by (53) with (54) as follows [8].

M(Analytical) = 1.08887170213681 mH

Using the formulas for the double and the single integration either for the case R; > r;
or Ry < rq the mutual inductance is, respectively, the following.

M(Double) = 1.0888715096342527 mH

M(Single) = 1.0888717021367874 mH

Equations (5) and (38) for the double integration and (9) with (10) as well as (39) with
(40) for the single integration are not singular for # = 0. It is not case for the semi-analytical
solutions (22) with (23) or (41) with (42) when they are singular or indeterminate.
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However, one can take, for example, R; = 2.0000001 m and r; = 2.0000001 m
Equations (23) and (42), respectively, so that they give the following.

M(Semi — analytical) = 1.0888716126957454 mH

All figures that agree with the exact results are bolded. Even though the results are in
the particularly good agreement it is recommended to use the formula (53) with (54) for
calculating the mutual inductance between the thin cylindrical solenoid and the circular
loop. This formula can be carefully obtained from (23) and (42) in the limit case when
R1 — r1 and vice-versa.

Example 6. Calculate the mutual inductance between the thin conical sheet inductor and the
circular loop for which Ry =3 m, v; =2m, z; =0m, zp = 0.2 m, N = 1000, R = 1 m, and
zg=04m.

In this example one finds that p; = p3 = —1, so that it is the singular case Section 2.1.
Applying (26), the mutual inductance is the following.

M(Semi — analytical) = 0.8354647253409638 mH

Using the basic Formula (5) for the double integration the mutual inductance is
the following.
M(Double) = 0.8354647253409652 mH

Using the Formula (9) with (10), the mutual inductance is obtained by the
single integration.

M(Single) = 0.8354647253409652 mH

All figures, that agree, are in bold. All results are in an excellent agreement.

Example 7. Calculate the mutual inductance between the thin conical sheet and the circular loop
for which Ry =3m,r1 =2m,z; =0m,z, =0.2m, N=1000, R =1m, and zg = 0.8 m.

In this example one finds that p; = p3 = 1, so that it is the singular case Section 2.2.
Applying (26), the mutual inductance is the following.

M(Semi — analytical) = 0.7397457129358785 mH

Using the basic Formula (5) for the double integration the mutual inductance is
the following.
M(Double) = 0.739745712935874 mH

Using the Formula (9) with (10) the mutual inductance is obtained by the
single integration.
M(Single) = 0.7397457129358738 mH

All results are in an excellent agreement. The figures that agree are in bold.

All presented results have been obtained by the Mathematica programing. One can
see that they are in an excellent agreement so that the potential users can use the presented
formulas by their preference.

4. Discussion

For the first time in the literature the new formula for calculating the mutual inductance
between the thin conical sheet inductor and the filamentary loop is given. Coils are coaxial.
Conical coils used in RF/Microwave and mm Wave systems have extremely ultra-wideband
electrical responses and are commonly attached to transmission lines to bias microwave
devices. These coils have traditionally been designed experimentally without the aid of
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modern 3D electromagnetic simulators. The calculation of the presented mutual induction
is obtained in the semi-analytical form over the complete elliptical integrals of the first,
second and third kind as well as one term that does not have the analytical solution and it
must be solved numerically. The kernel function of this integral is the continuous function of
the interval of integration. All procedures of the calculation are given promptly so that the
potential users can easily use them choosing the appropriate formula. The representative
numerical examples are given to validate the presented method. The presented method can
serve as the base to calculate the mutual inductance between more complex configurations
such as the coaxial thin sheet inductor, the thin cylindrical solenoid inductor, the thin
sheet conical sheet and the thin disk coil (pancake) as well as the two coaxial thin conical
inductors. It will be the future work which is the continuation of the new presented
method. The expressions involved in these formulas are highly complex and are given
in the form of complete elliptic integrals. These expressions could be utilized across a
wide range of frequencies in electromagnetics depending on the applications respecting all
electromagnetic effects. With Mathematica and MATLAB programming capabilities, they
become powerful tool for professionals working in this domain.
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{1PRcos(46) —2[Ri —1(q — 21)] cos(26) Jarsinh ZEEZE 202
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2

This integral will be solved by the partial integration.

U=

{1PRcos(4B) 2[Ry — 11 (zg — 21)] cos(2B) }dp

O\N\:}

or
in(2
v= Sm(ziﬁ){;chosQﬂ) — 2[Ry — (29 — 21)] }
. NRcos(2B) + 1Ry +zg — 21
u = arsinh
v D1
i — Ryv/n? + 1 kq sin(2B)[cos(2B) + ax]dp
u=
71V RR1A[cos?(2B) — ay1 cos(2B) — az3)
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Now,

T b
2 2 2 2
1Y = 1Ry - %{W | - fvdu} = — T o+
0 0
7?RRy+/72+1 ky sin(28)[cos(2B)+a2;] sin(2B) [cos(28) — uu]dﬂ
4’7\/WA[C052(25) a11 cos(2p) —as3]
77ZTR]10 UAVA/ s kl\/RR f [cos? (28)—1] [cos(2B) —a11)][cos(2B) +az]dB (A2)

C052 (2B)—a11 cos(2B) —az3] A o

ST,

17271{}10 B M f{Cosz(zﬁ) + ap cos(2B) +azz — 1} iif—

ki1 2+ VRR; f Acos(2/3)+B) B d
[cos?(2B) —a11Bo(2B) —a33] A1 p

with
A = (ax +ay1)azs — az,

2
B = a33 — az3 + aj1a»

The expression (A2) can be written as follows.

1 =~ - @ j{cosz(zﬁ) +aycos(2p) — 1+ a3} F —
(A3)

kwﬁm (Acos(2B)+B)dB
f (cos Zﬁ —p1)(Bo(2B)—p2)] M

Let us find the solutions of the following equation.

cos?(2B) — a1 cos(2p) — ass = (cos(2B) — p1)(cos(2p) — p2) = 0

alliva%l+4a33_ﬂ1livD1_ [Rl_W(ZQ_Zl)]+ (’72‘*‘1)\/%

P12 = 2 o 2 a 2R 72R
[Ri —n(zg—21)]" |, [Ri—n(zg —21)]* + (f* + 1) R?
D1 = ﬁ%l +4ng3 =4 774R2 +4 172R2
4(n°+1) 2 4(n*+1)
Dy = =g A R =z =2 +77PR } = == Tio > 0

Tio = { [Ri = (20 — 21))* +1°R?}

The following fraction can be obtained in the following form.

(Acos(2B)+B) Acos(2p)+B .
[cos? (2B)—an cos(2P) —anlA  (cos(ZB)—p1)(cos(ZB)—p2) (A4)
Vi + 1%}
cos(2B)—p1 ' cos(2B)—p2
where 4 B A B
V1:_7P1+ , V2:_7P2+

p2—p1 p2—p1
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The simplified form is

%
12(3) = *%TRhO _ R/ HLVRRy ’72+1 RRy f{COS 2‘3) + dx COS(Z‘B) — 14+ 6133}

kl,ﬁ/ﬁm (Acos( zﬁ)+3)dﬁ _ MRy
f (cos 2[3 p1)(cos(2B)—pa)A 2 Jio

k" FIVRR, + VRR, f{4sm — (2a +4) sin?(B) + az +a3}dA—lf —
k +1yRR; d 3 ’R
Vi VR S f% fz;sl} =" - (A9

e RS i - ] - 2 -

k V77 +1/RR;
(a2 +a33) K(ky)} — VT [1 pln(h1,k1)+ = (hzlkl)} =
2 2 /
= —gfzo — 1 171;3% RRy {[ (a2p + az3)k} — (6ax + 8)k3 + 8] K(ky )+
kyy/ 72 +1y
[(6az +4)k2 — 8] E(ky) } + SV HIVRR: [1V1p1 II(hy, k1) + %H(hz,kl)}
with ) )
hi = , hy =
Tl P 1,
Similarly,
7
I§4) Of[ryzR cos(2B) — Ry +1(zg — z1) | cos(Z,B)arsinhWRCos(zlgz/JrDﬂlelJFZQ_22 dp+
2
gfzo
can be obtained in the following form.
Rn
( = ’72 Jo0 ’71;{13\/7{ [ 11222 + ﬂ333)k4 — (6&222 + S)k% + 8] K(k2)+ (A6)
IV
[(6a222+4)k§—8] E(ky)} + &1 ”4*1W[1V;3H(h3,k2) 1 (ko) |
where
2 4R7’1
ky = 2 2
(R + 1’1) + (ZQ — Z2)
— 2[r1 —1(zg —2)]
111 2R
IR+ (20 —22)° —r1(20 — 2)
axy =
nRrq
_[n-n(zg-=2)]"+ (P + )R
a333 = 772R2
Ccos(28)+D _ Ccos(28)+D _
[6052(213)*1111605(2/39/%33] o (Cos(gﬁ)*m)(ws@ﬁ)*m) o (A7)
3 + 4
cos(2B)—ps ' cos(2p)—ps

2
C = (axo + a111)a333 — axn3 , D = a335 — a333 + 41114222,
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a £ /oty +4035 gy YDy _ [ — (20— 2)] VPR

Pas = 2 2 2R 2R

[n—n(zg —22)]* + (* + DR
1721{2

[ —1(z0 — 22))°

Dy = ajyy +4az3 = 4 7R

+4

4(n*+1) 2 4(n*+1)
D2 = = g A= n(zo — )]+ PR} = = T > 0

Ty = {[1’1 —1(z0 —zz)]2+172R2} >0

__Cp3+D V__CP3+D

ps—ps Ps— p3

R 2 R —
rsinh’? cos(2p) + 1Ry +zg szﬁ
v/ Do

The final expression is obtained in the close form over the complete elliptic integrals
of the first, second and third kind, K(ky) , E(k1), I1(h1,k1) and IT1(hy, k1), K(k2) , E(kp),
H(h3, kz) and H(I’l4, kz) [25,26].

a

Joo =

O\Nm

Appendix B

4= 2R+ (20 —21)]
1= 2
7“R

g — 77R2+77(ZQ —Z1)Z+R1(ZQ—21)
2T RRq

[Ri+7(zg —21)]* + (* + 1)R?
172R2

dz =

Ay = (dy+dy)d3 —dy, By = d% — d3 +didy

d]:l:q/d%+4d3 2 2

pip=——"37> " hm=7——, I

P11 - 1—p»
A + B A B
Vi = — P11 LU 1p2 + by

P22 — P11 P22 — P11
g 2tz —2)]
11 — 172R

do — T]Rz +17(ZQ —22)2 +7r (ZQ —Zz)

2 = 7R

o [t n(zo =)+ (P + )R

33 =

172R2

Cy = (dyp +dy)dss —dp, Dy =d% —dsz +dyda



Appl. Sci. 2023,13, 6416 19 of 20

dll + \/ d%l + 4d33 2 2

= P h = -, h = —
P33,44 5 3B= 7 o “=17 P
C D C D
Vis = — 1p33 + D1 V= - 1p33 + D1
P44 — P33 P44 — P34

h 7R cos(2B)+nR1+z1—zg

Joo = | arsin Do dp—

O%Nm

(A8)

.1 1Rcos(2B)+yri+22—29
arsinh d
v/ Dao p

Oy

Integral Jop does not have an analytical solution and will be solved numerically using
Mathematica code by default.
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