Progress In Electromagnetics Research M, Vol. 8, 15-26, 2009

VALIDITY CHECK OF MUTUAL INDUCTANCE
FORMULAS FOR CIRCULAR FILAMENTS WITH
LATERAL AND ANGULAR MISALIGNMENTS

S. 1. Babic, F. Sirois, and C. Akyel

Département de Génie Electrique

Ecole Polytechnique
C. P. 6079, Succ. Centre Ville, QC H3C 3A7, Montréal, Canada

Abstract—In this paper we derived the formula for calculating the
mutual inductance between circular filaments with lateral and angular
misalignment by using the approach of the magnetic vector potential.
The results obtained correspond to those of F. W. Grover, although
the latter used the general formula given by the Neumann integral
instead of a vector potential approach. However, the major purpose
of this paper is to clarify some confusion introduced in previous works
regarding the mutual inductance calculation between thin filamentary
circular coils with parallel axes in air. This problem has been solved by
Kim et al. [8] using the magnetic vector potential, but unfortunately
it leads to erroneous results, even for slight misalignments of the coils’
center axes. This is why we chose to use the approach of the magnetic
vector potential to show that, when properly derived, the results must
indeed reduce to the well known F. W. Grover’s formulas.

1. INTRODUCTION

In this paper, we use the approach of the magnetic vector potential to
prove F. W. Grovers’ formulas obtained by integration of the Neumann
formula, and also to clarify some previously published results on
mutual inductance calculation between circular filaments with parallel
axes in air. The mutual inductance calculation between coaxial circular
filaments has been thoroughly treated by a number of authors since
the time of Maxwell, and an accuracy exceeding anything required
in practice is nowadays possible [1-7]. A formula for two circles
whose axes intersect was first given by Maxwell [1]. Formulas for
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circular loops with parallel axes have been given by Butterworth [2]
and Snow [3]. Unfortunately, these formulas were slowly convergent
and not useable with a wide range of parameters. Using Butterworth’s
formula [2], Grover developed a general method to calculate the mutual
inductance between circular filaments located at any position with
respect to each other [4,5]. Today, with powerful numerical methods,
such as the Finite Element Method (FEM) and the Boundary Element
Method (BEM), it is possible to calculate accurately and rapidly this
important electrical parameter. However, there is still an interest to
address this problem using semi-analytical methods, as it considerably
simplifies the mathematical procedures and associated programming.
The computation time is also generally significantly reduced. One such
approach has been presented in [8], in which the mutual inductance
between circular filaments with parallel axes has been calculated by
using the approach of the magnetic vector potential. Obviousely,
this approach should lead to the same formulas as those obtained
by Grover [4,5]. However, a quick comparison shows that this is
not the case, which leads to misleading results. Therefore, in this
paper, we review this case in details, and we show the right way to
retrieve Grover’s formula from a magnetic vector potential approach.
An application example is provided in the last section, in order to prove
our assertions.

2. REVIEW OF BASIC EXPRESSIONS

2.1. Formula for Circular Coils with Both Lateral and
Angular Misalignments

In [4] and [5], Grover presented a formula for computing the mutual
inductance M between two filamentary circular coils with inclined axes
(e.g., see Fig. 1). The first coil has a radius Rp, and the second coil
has a radius Rg. The distance between the coils’ centers is ¢, and the
distance between their axes is d. The resulting expression proposed by
Grover for M is:
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Figure 1. Filamentary circular Figure 2. Filamentary circular
coils with angular and lateral coils with lateral misalignment (z
misalignment (axes intersect but and 2’ axes parallel).

not at the center of either coil).

k2 = (1_’_;1[3‘)/24_52, E=[0—acospsinb
and U(k) = (1 - k;) K (k) — E(k)

In the last equations, K (k) and E(k) are respectively the complete
elliptic integrals of the first kind and the second kind, defined as

K (k) = / Y and Bk = / V1= i2sin20d0 (2)
s V1—k2sin?6 J

These elliptic integrals can be evaluated efficiently according to the
classical algorithm presented in [9]. One has to be careful as the elliptic
integral functions implemented in most computation software such as
Matlab often use the parameter m = k? as the input argument, instead
of the modulus k. One should note that the above formula corresponds
to the general case when both lateral and angular misalignments are
present, although the z and 2’ axes must lie in the same plane for (1)
to be valid.

2.2. Formula for Circular Coils with Parallel Axes but
Lateral Misalignment (Angle 6§ = 0)

This situation, which is depicted in Fig. 2, is a direct simplification of
the case presented above. The mutual inductance formula can therefore
be obtained directly from (1), by setting § = 0. We end up with the
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formula below, also provided in [5]:

2u0 TpRs/ COS¢) ( )dd> 3)

where

Rg c d? d 9 4aV
=—,B=—,V=y/14+ =5 -2 k= e
o Rp’ B Rp’ \/ =+ R% Rs cos ¢, A +aV)+ 32

and U(k) = (1 - ";) K(k) — E(k).

Another solution to this problem (circular coils with parallel axes but
lateral misalignment) has been proposed by Kim et al. [8]. In this case,
the solution was obtained by using the magnetic vector potential. The
final expression for the mutual inductance, expressed in the notation
of the current paper, takes the form given below:

M:2M;R57\/(Rptr)2+02‘ll(k)d¢ ()

where

= \/(d+ Rs cos(9))? + (Rg sin(¢))?2,
2 4Rpr k2

Tty YW= (1 - 2) K(k) — E(k)

However, a simple numerical evaluation for identical parameters shows
that Grover’s and Kim’s expressions, i.e., Equations (3) and (4), do
not lead to the same value of mutual inductance, which suggests that
one of them is erroneous. Such a numerical example is presented in
Section 4 of this paper.

In order to clarify this, we carried out the entire derivation of the
mutual inductance formula, using the method of the magnetic vector
potential, as done by Kim et al. [8]. All details of this derivation are
provided in Section 3.

3. ANALYTICAL CALCULATION OF MUTUAL
INDUCTANCE

Let’s consider two circular filaments, as showed in Fig. 3. This
case corresponds to the one presented in Fig. 1, although additional
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Figure 3. Filamentary circular coils with angular and lateral
misalignment (axes intersect but not at the center of either coil).

variables were defined to clarify the analytical calculation presented
below. Variables ¢, d, Rp and Rg are the same as in Figs. 1 and 2.

Before carrying on with the full derivation, it is useful to precise

the content of Fig. 3.

)

2)

The primary coil of radius Rp lies in the plane XOY (z = 0), with
the center at point 0(0,0,0).

The secondary coil of radius Rg lies in a plane whose unit normal
vector N = (N, Ny, N,) is given by Ny(x — z¢) + Ny(y — yo) +
N.(z — z¢) = 0, and the center of the coil is located at point
C(zc,yes 2c)-

The secondary axes system (2/,y’, 2’) is NOT the same as in Figs. 1
and 2.

Given the local coordinate system defined in Fig. 3, the angle
between the unit vector N and axis z (or 2’) is 6 (see Fig. 1) so
that N = (0,sin(#), cos(d)), and C(0, y = d, z = ¢) (in terms of
the global coordinate system).

Bp is an arbitrary point of the primary coil, whose coordinates
are (Rp cos(t), Rpsin(t),0), 0 < t < 2.

FEg is an arbitrary point of the secondary coil, whose coordinates
are Eg(—Rgsin(¢), d + Rgcos(0)cos(¢), ¢ — Rgsin(f) cos(¢)),
0< ¢ < 2m.

It should be emphasized that in all expressions provided below, the

radius Rp of the primary coil must be larger or equal than the radius
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Rg of the secondary coil. In the opposite case, the same procedure is
applicable after setting the coil with larger radius as the primary coil.
The magnetic vector potential A at point Eg, produced by a
circular current loop of radius Rp carrying the current Ip (See Fig. 3),
is given by .
»  po [ Ipdlp
A= 4 r (5)
lp

2
= (Rpcost + Rgsin ¢)?

+(Rpsint — Rgcosfcos ¢ — d)? + (¢ — Rgsin 6 cos ¢)?
= A+ Bcost + Csint
A = R} + R%sin® ¢ + R% cos® f cos® ¢ + d*
+2dRg cos 0 cos ¢ + (¢ — Rgsinf cos ¢)?
B = 2RpRgsin¢
C = —2Rp(d+ Rgcosfcos )

Es — Bp

Using Stokes’s theorem, the flux through the secondary circuit due to
a current in the primary circuit is

@://édgsz//wx@dgsz/zdfs (6)

dig = (—Zcos ¢ — jcosOsin ¢ + k sin 0 sin ¢)Rsdo

The mutual inductance between the secondary and primary coils is
given by:

where

P
M= ()

From (5), (6) and (7), we obtain:

2w 2w
M= MORpRs// [sint cos ¢ — cost cos @ sin @] dpdt (8)
a7
0 0
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where

r=+vA+ Bcost + Csint

Equation (8) should be amenable to the same form as Equation (1),
i.e., Grover’s formula. As a first step, we integrate with respect to
the variable ¢, corresponding to the substitution ¢t = 21 + «, [9]. The
following notations are useful in order to carry out the integration:

tana:g p=+VB%?+(C?

B
with:
At — _d+ Rg cos 6 cos ¢
Rgsin ¢
p= 2Rp\/d2 + R% + 2dRg cos 6 cos ¢ — R% sin? § cos? ¢
and:

d? d
p=2RpRs|1 —sin®6 cos? ¢ + —5 +2—-—cosfcosp = 2RpRsV
R " “Rs

where

2

d d
R% +2RS cos f cos ¢
. d
%=+ cosf cos ¢
and cosa = ig,sina — :FRS %

The first integration then gives:
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™
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o = ]]ii’ 0= Rip’ z=c— Rgsinfcos ¢,
2 dp ARpRgV B 4aV

 A+p (Rp+RsV)2+22 (1+aV)?2+&2

£ =B —acospsind, A =1/1—k2sin?

Using the following transformations [9, 10]:

F(T['—§ k:)—2K(k:) F(5,k), E(mr—$,k)=2E(k)—E(%,k)
( a k) (2’k)’ E(_%’k):_E(%’k)
we obtain,
cos 6 sin ¢ cos o — cos ¢ sin « 2
[, = Sleos? Zwm ¢sina) [(1 - ’;) K(k:)—E(k)} (10)

From (8) and (10), we obtain

27
140 (cossin ¢ cos a — cos psin ) ¥ (k)
M =—+/RpR d 11
/R SO/ e o ()



Progress In Electromagnetics Research M, Vol. 8, 2009 23

It is possible to simplify (11) by using the transformation (9), i.e.,

cos@—i—Riscosqﬁ
Vv

which allows rewriting the mutual inductance expressed by (11) as

cosfsin¢pcosa — cospsina = +

F (cos 6 + Ris cos ¢)W (k)

2
Ko (

M = —+/RpR /
T r SO kVV3

de (12)

Equation (12) can be evaluated on the two intervals (0, 7) and (7, 27).
For the second interval we introduce the substitution ¢ = 27 — ¢,
which makes the integral identical to the first one. Therefore, we can
rewrite (12) on the interval (0, ), i.e.,

(cos 6 cos o)V (k
2M0 TR S/ +Rﬁ @)U ( )dso (13)

Finally, the substitution ¢ = 7 — ¢ transforms (13) into well known
Grover’s formula (1):

(cosf — cos
2/1,0 /7Rp S/ Rﬁé) ()d¢ (14)

where

9 4oV

R e v
Rp’ 7RP7 7(1+O&V)2+§2

d? d
V= \/1 — sin? @ cos2 ¢ + ﬁ _2RS cos 6 cos ¢,
&= —acospsinf

U(k) = <1 - k;) K (k) — B(k)

By setting 6§ = 0, (14) reduces to (3), i.e., the case of a lateral
misalignment, as already shown in Section 2.2.

Thus, we analytically confirmed by the approach of the magnetic
vector potential the Grover’s formula for calculating the mutual
inductance between circular filaments both with inclined and parallel
axes.
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Obviously, the formula obtained by Kim et al. [8], and
corresponding to Equation (4) in this paper, should also be amenable
to the same form as (3), since it was also derived from the magnetic
vector potential. However, one can easily show that this is not the case.
In addition, we easily show that a simple numerical application of (3)
and (4) leads to different results, which is another reason to decline
the result of Kim et al. in the calculation of the mutual inductance
between circular filaments with parallel axes (lateral misalignment).

4. APPLICATION EXAMPLE

In this section, we compare the results obtained by Grover’s [4,5] and
Kim'’s [8] formulas for a given application case. The problem consists
in two circular coils of rectangular cross section (see Fig. 4), with the
following dimensions:

1) Primary Coil: Rp = 42.5mm, a = 10.0mm, hp = 10.0 mm,
N; = Np = 150.

2) Secondary Coil: Rs = 20.0mm, a = 10.0cm, b = 4.0mm,
hs = 4.0mm, Ny = Ng = 50.

The calculation of the mutual inductance of the proposed coil
configuration will be realized by using the filament method [8,11]. The
dependence of the mutual inductance on the separation distance “c”
(in [8] the separation distance is denoted “z”) was calculated for several
values of the lateral misalignment “d” (in [8] the off-center distance
is “y”). See Table 1 for comparative results, in the case where the
distance between the coils’ centers is ¢ = 0 (centers are coplanar), but

variable lateral misalignment “d”. We did not consider the cases for

on+ [N, turns h
\ s
2m—1 ~a b
xy
¢ hP ZN/‘I RS
2K-1
a
X,y
N, turns R,
d

Figure 4. Geometric configuration considered in Section 4: Two
circular coils of rectangular cross section with parallel axes (lateral
misalignment).
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Table 1. Mutual inductance calculation (N = K =2, n=m = 1).

d c M(107*H) | M(10™*H) [8], | Discrepancy(%)
(mm) | (mm) | This work, Eq. (20) Eq. (3)
Eq. (3) vs Eq. (20)
0.0 0.0 1.52875989 1.52875989 0.00
1.0 0.0 1.52967999 1.53063181 0.062
2.5 0.0 1.53453878 1.54049796 0.388
5.0 0.0 1.55229043 1.57627671 1.545
7.0 0.0 1.57597265 1.62337093 3.001
10.0 0.0 1.63029226 1.72877701 6.041
15.0 0.0 1.79299153 2.02559287 12.973
15.5 0.0 1.81647101 2.06644759 13.762
69.5 0.0 —0.36397730 1.57888396 -
80.0 0.0 —0.17767980 1.05074054 -
100.0 0.0 —0.07231342 0.60979570 -
200.0 0.0 —0.00718415 0.13810829 -
500.0 0.0 —0.00043535 0.02158082 -
1000.0 0.0 —0.00005401 0.00537760 -

which the coils intercepted each other, because they are not physical
ones.

For the cases where the smaller coil is located inside the bigger coil
(d = 0 to 15.6 mm), the discrepancy between the two results (3) and [8]
changes from 0% (case of coaxial coils) to 13.762%. In the second
region where the smaller coil is outside the bigger coil (d = 69.5 to
1000 mm) the mutual inductance obtained by [11] using Equation (3)
(this work) presents a sign reversal, and then reaches a negative
maximum and approaches zero for larger values of lateral misalignment
“d”. This behavior is the one that corresponds to the theory, as the
flux lines linked by the secondary coil change their orientation outside
the primary coil [4,12]. On the other hand, the mutual inductance
obtained by Equation (20) of reference [8] slowly approaches zero when
the smaller coil is outside the bigger coil, and never reach negative
values, which is not correct according to theory. This therefore proves
that Equation (20) of reference [8] is erroneous. Actually, it is exact
only when the coils’ axes correspond with each other.

5. CONCLUSION

In this paper, we confirmed the validity of Grover’s formula for
calculating the mutual inductance between circular filaments with
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lateral and angular misalignment by using the approach of the
magnetic vector potential. We clarified some previous work on
the same subject, in which a wrong formula was presented for the
calculation of the mutual inductance between circular filaments with
parallel axes in air.
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