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Abstract—The most detailed, first-principle simulation model of
a quench in a high-temperature superconducting metal-insulation
multi-module/multi-double-pancake coil, wound with a REBCO
coated superconductor/tape and normal-metal tape (co-wind), was
developed. It enables one to simulate a normal zone propagation,
or non-propagation, in the subtle multi-turn structure of the coil’s
pancakes due to the inductive coupling and transverse electric con-
tact between all the REBCO turns and co-wind turns along with the
external circuit and active and passive quench protection systems.
In doing so, the multi-module coil’s structure is represented as a
“rectilinear equivalent™ electric circuit, a branched multi-decker
multi-rectangle planar grid, which facilitates the mathematical
formulation, using the standard electric circuit differential equa-
tions and the Kirchhoff’s rules. The transient non-linear com-
prehensive heat conduction equations are employed to model the
thermal part of the phenomenon at the same level of detail. All this
turns the model into an effective design tool for metal-insulated,
-stabilized and/or -reinforced multi-module coils. A parametric
study of quench in a 6-module no-insulation (NI) test coil, using
a stainless-steel thin co-wind, was conducted to identify the possi-
bilities of the model. The profound effect of the transverse contact
resistivity on an NI-coil quench behavior is confirmed and detailed.

Index Terms—No-insulation REBCO coils, first-principle model,
quench, stability, computer simulation, contact resistance.

1. INTRODUCTION

HE DEVELOPMENT of so-called metal-insulated (metal-
T insulation) HTS magnets that have become popular in
recent years requires professionally justified, high-precision and
efficient tools for computer analysis of the processes which
govern those magnets’ operation. Such coils, which seem to be
the most practical “subspecies” of so-called no-insulation (NI)
coils, are usually assembled from double-pancakes/modules
“two-in-hand”-wound with a REBCO coated conductor/tape
and normal-metal tape, “a co-wind”, which is typically a highly
resistive one. Modeling the quench behavior is a problem of
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particular complexity, which is much more sophisticated than
that of an insulation coil wound with the same REBCO tape
and insulated co-wind as reinforcement and is not even fully
understood yet. To be specific, in the analysis of a quench, the
most difficult part is modelling the process of redistribution of
the stored energy in the winding due to the inductive coupling
between the turns and the transverse/radial currents through the
co-wind.

The first models of quench in NI-coils, where the trans-
verse/radial currents are allowed, were those with lumped pa-
rameters, i.e., rather simplistic e.g., [1]-[5]. The underlying
assumption of such models is that the transverse/radial resistance
of a NI-pancake, the main component of which is the contact
resistance, works as a parallel shunt resistance with respect
to the conductor that gains “the azimuthal resistance” [2] in
the event of a quench. At best, an advanced version of such a
lumped-parameter model [3], [4], extended to a multi-pancake
coil, could track/simulate the axial/pancake-to-pancake quench
propagation qualitatively, but hardly quantitatively, which could
be no longer enough at the current level of NI-technology.

A breakthrough can be considered the creation of a more
advanced model [6], [7], based on the above-mentioned “old
textbook™ assumption, that simulates both the axial/pancake-to-
pancake and radial quench propagation in a multi-module NI-
coil: using this model, various quench behaviors were predicted
and some important new features of the process of a quench
itself were identified. However, two “self-evident” assumptions,
used as the basis of the model, can somehow limit its generality,
which can lead to the dependence of the calculation accuracy
on the analyzed situation and turn out to be somewhat different
for different coils. Such assumptions are (a) grouping the turns
into relatively thick radial sections within the pancakes and
again (b) assigning the transverse/contact resistance to the shunt
resistance of such a radial section (that carries circumferentially
the transport current). The latter makes the equivalent electric
circuit of a NI-coil’s internal structure identical to that of ahighly
sectioned LTS winding [6], [7], i.e., by and large, streamlines it.
This is an elegant and often efficient, but still somewhat simpli-
fied and thus hardly universal, approach, as we explain below.
However, the tremendous advantage of the model is a relatively
short computational time, which is extremely important if one
needs to do many estimation calculations when developing a
user magnet.
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A 3-turn fragment of equivalent electric circuit of a REBCO-tape-wound pancake (left) and its “rectilinear equivalent™ (right) that facilitates the

mathematical formulation of the model. The spatial increment is the radius-dependent length of a turn.

A different approach, based on the idea of using the most
detailed equivalent electric circuit (““distributed network™ and/or
PEEC models) of the spiral structure of a pancake and em-
ploying the Kirchhoff’s rules, without omitting or simplifying
anything, was tried in some works, e.g., [5], [8]-[11]. However,
the simulations in these works were limited to literally a single
pancake, while an elegant attempt to extend this approach to a
multi-pancake coil [12] was associated, as we see, with the use
of noticeable simplifications of the analytical unit cell that led to
the simpler equations, respectively, the validity and applicability
of which we do not undertake to evaluate here. The goal of our
work is to develop and extend the PEEC/“distributed network™
approach to a multi-module coil without simplifying anything or
missing out on details (which, to the best of our knowledge, has
not been done before), and so that the model has the potential
to be applied to a multi-coil system. Such a task is trivially
complicated by the fact that even to imagine and depict the
equivalent electric circuit of a multi-spiral system, which is
actually a 3D one, is very difficult, and not just to depict, but to
depict so that using the diagram it becomes possible to formulate
the circuit governing equations. To eliminate this difficulty, a
new way of depicting the equivalent circuit was proposed: “a
rectilinear equivalent” or “a multi-rectangle planar grid”.

II. A NEw FOrRM OF EQUIVALENT ELECTRIC CIRCUIT OF A
METAL-INSULATION MULTI-MODULE COIL

The concept of a “rectilinear equivalent™ of spiral electric
circuit of a pancake’s structure is detailed in Fig. 1: it is to
abandon the spiral network and move to the equivalent rectilinear
one. As can be inferred from the diagram, new features not
considered before in publications [5]-[11] are added in order
to be able to deal with the most general case: the resistance
in the circumferential direction and inductance of the co-wind.

The transverse resistance, the main component of which can
turn out to be the contact resistance between the conductor and
co-wind, is included in its most general form. The rectilinear
(“straightened”) equivalent has a familiar, convenient visual
appearance and thus makes it much easier and unmistakable
to apply the electric circuit ordinary differential equations and
the Kirchhoff’s rules to formulate the model equations.

Even in the relatively simple case of a single-module coil,
using such “a rectilinear equivalent”, which turns into a multi-
rectangle planar grid (Fig. 2), instead of the perplexing double-
spiral network, seems to be the easiest way to come up with
formulation of the model equations. Moreover, in the case of a
multi-module coil (Fig. 3), to employ the planar grid seems to
be the only way to enable the mathematical formulation. As can
be seen in Fig. 2, the numbering is different from that in Fig. 1:
Turn 1 is the innermost turn of each pancake in Figs. 2 & 3 that is
the standard numbering used in the model as well as the notation.
The neighboring double-pancakes (Fig. 3) are connected at the
coil’s outer diameter (OD), whereas two pancakes within each
double-pancake are connected at the inner diameter (ID) through
a transition turn they share (Figs. 2 & 3). The inlet and outlet
(terminals) are located at the OD; I is the coil current which
is damped by the transverse and azimuthal/circumferential re-
sistances of the conductor and co-wind turns and/or an external
dump resistance, if any, in the event of a quench.

The only real simplification, which is not fundamental, is the
spatial increment size equal to the radius-dependent length of
a turn. In the case of a multi-pancake coil with a large number
of turns per pancake, this simplification becomes a very minor
one. Indeed, in this case, even if a quench occurs locally, on a
small part of one turn, the big picture of the quench development
depends little on the initial condition due to the round cylinder
geometry of the coil [9]-[11], that is to say, in the quench
simulation, the disturbance may be modelled as occurring on the
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Fig. 2. A multi-rectangle planar grid as an equivalent electric circuit of a
double-pancake coil structure; ‘n” REBCO turns and ‘n’ co-wind turns per
pancake.

whole turn. Nonetheless, the model has the potential to reduce
the increment size if required, e.g., if it becomes necessary
to account for the contact resistance inhomogeneity along the
conductor within a turn (the contact sporadicity). The approach
is also applicable in the case of non-circular configuration. If
applied so, the increment size must be chosen accordingly.

ITI. THE MODEL GOVERNING CIRCUIT EQUATIONS

A. Single Double-Pancake Equivalent Circuit Equations

To show what equations of the equivalent network are ob-
tained using the above approach and to explain the opening
possibilities, it seems to be best to use the example of a single
double-pancake coil (Fig. 2). In this case, m = 2, i.e., we have
only two pancakes connected at the ID, and there are 2n REBCO
turns and 2z co-wind turns totally in the coil, respectively.

For the innermost REBCO turns, j = 1 and n + 1, k = int[j/n],
the system of circuit equations is:

4n

Z Ljifi + Ij (RJ —+ Tj—n-k + T(k—i—?)‘n)

i=1

(D
For other REBCO turns, 1< j < nandn + 1 < j < 2n,

[ =j+ 2n-1, we have:

= (Ij42n + o) - T(kt2)n + Ij+(—1)"n “Tj-—nk -

4n
> (Lji+ L)L+ I; (R +10)
i=1
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=Ujo1—To) maa+ L+ lo)rn —L(Bi+rm-1), )
For the co-wind innermost turns, the equations are obtained
in the following form:

an
Z (Lji + L1a)is + I;(Rj +12) = (I2 — Lo)ra + Intam

i=1
— Ii(Ry + 1), for Pancake 1 (left) ,j =2n + 1,

in

> (Lji+ Lnga )L+ I (Rj +7ng1)
i=1

= (Iny2 —Io) rny1 + hry — Inya (Ruy1 +11),
for Pancake 2 (right),j = 3n + 1,

3

“)
For the co-wind outmost turns, we get:

an

S i+ Lo )+ I (Ry+ p1) = (-1 + Ip) mm
i=1

— I, (Rp + 1), forPancakel, j = 3n, and

an

Z (Lji + Lon ) I; + I; (Rj + p2) = (Ij—y + Io) T2n_1
i—1

(&)

— Inp (Ran + 7m2n-1) , for Pancake 2, j = 4n, (6)

For the regular/inner co-wind turns, the compact form of the
equations is as follows:

in

Z (Lﬁ + Lgi)j—ﬁ + I_f (RJ + T"_+3_k)
i=1

= (Ie43-k+e — Jo) Ter3—k + (Lj—1 + To)res2-k
—Ieya w (Beyo pye +7ei2-1),

§:j_2n-,

)

€= 0,2n+1<j5<3n
T 1L, 3n+1l<i<4n

In the equations, here and below, the circumferential currents,
I;, and Ohmic resistances, R;, of the turns refer to the conductor,
if 7 < m - n, and to the co-wind, if 7 > m - n. The transverse
resistance, ', is that between a conductor turn and the overlying
co-wind turn, if 1 < j < m-n, and the underlying co-wind
turn, if 7 > m - n. The “terminal” resistances, p; and ps, enable
modeling specific conditions at the inlet and outlet, whereas L
is the 2m - n by 2m - n inductance matrix. The inductances are
calculated as such for closed circular loops instead of spiral turns
that is a minor simplification due to the extremely small thick-
ness of REBCO tape and co-wind, however, a more accurate
model can be employed if necessary.

It is noteworthy that the polarity of the circumferential cur-
rents, I; , in the REBCO turns and co-wind turns is specially
chosen to be the same (within each analytical unit cell) (Figs. 2 &
3) so that the inductances in (2-7) are added and not subtracted,
which makes the matrix of the summed inductances seamlessly
invertible. The transverse resistance, r;, includes the resistance
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A multi-rectangle planar grid as an equivalent electric circuit of a multi-module metal-insulation coil’s subtle structure, i.e., with alternating REBCO-tape

and normal-metal co-wind turns; ‘m’ pancakes totally with ‘n” REBCO turns and ‘n’ co-wind turns per pancake.

of the contact and the co-wind resistance in the radial direction.
All the resistances in the model are dependent on the temperature
and/or any other characteristic, if necessary (see also below at
the end of section B).

Calculating the radial currents is a straightforward task:

{ tj=Iny1 — 5,5 =1
z'j:Iu —Ij +Ij+2n_1, 1<j<n
—(lo—Ijp1+1j42n), n<j<2n (8)
— (o —Ij2n41 +1j41),2n < 7 <3n
Io—Ij ony1+ i1, 3n< j<dn.

Zj:

It is almost obvious that the applicability of the model is not
limited to the co-wind material, which allows us to consider
its various types: stainless-steel, Hastelloy, bronze, etc. for NI-
pancake-wound coils.

If necessary, although this is perhaps an unusual application,
the model can be employed even for some insulation coils.
For instance, the model enables us to simulate a quench in an
insulation coil “three-in-hand” wound with (a) a REBCO tape,
(b) copper tape (“extra copper co-wind”) or another REBCO
tape, and (c) insulated metallic reinforcement (e.g., a sol-gel
plated stainless steel strip [13]). In this case, the “underlying”
radial currents must be set equal to zero, or the “underlying”
transverse resistances must be set extremely high instead. The
insulated steel reinforcement should be excluded from the multi-
rectangle planar grid as its individual component carrying a
circumferential current, because such a current can be an induced
current only in nature, due to the inductive coupling alone, and
so it may be assumed to be vanishingly small.

Regardless, the main application of this approach is, of course,
for NI-coils two-in-hand-wound with a co-wind that has a much
higher electric resistivity than that of the copper matrix of the
REBCO tape.

B. A Highly-Resistive-Metal-Insulation Multi-Module Coil.
Simplified Equivalent Circuit Equations.

As noted above, a multi-module REBCO-tape-wound NI-coil
typically uses a highly resistive material such as stainless steel
as the co-wind. Numerous comparative analyses showed clearly
that in this case, the system of circuit differential equations
may be greatly simplified “with impunity™: its dimension may
be halved by excluding the co-wind inductance, however, not
making any other changes in the electric circuit pattern (Fig. 3)
is vital.

Thus, for the innermost REBCO turns, k = int[j/n], the system
of circuit equations in the compact form is:

m-mn

D Ll +1; (Rj+7jvn) = (Iiy1—Io) Tis10

i=1

+ Ij—i—(—l)”nrj—vn - Ij—i—m‘n (Rj+m"n + Tj—i—l—v) 3 (9)
~ [0, when k is even
Y711, whenkisodd

For the outmost REBCO turns, the equations, (10-13), are as
follows.
Pancake 1 (the left end pancake):

gf‘jiji +1; (R; +75) = jrmn-1+1o) 75
i=1
- Ij‘-‘rm‘n (Rj‘-i-m-n +p1)- (10)
Pancake ‘m’ (the right end pancake):
%Lﬁf@; +1I; (R +r1j-1) = Ujgmn—1+ o) 751
i=1
—dj+mn (Rj+m‘n +p2) - an
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Inner pancakes with odd index numbers, ie., 3, 5,...,
m—1:

Y Luli+1; (Ry+715) = tmn-1 +1o) 15

i=1

—djitmn (Rj+m‘n + T_;.‘—'n) + Ij+(m—1)-nrj—n- (12)

Inner pancakes with even index numbers, ie., 2, 4,...,
m—2:
m-1n
3 Ljki + Li(R; +15) = (Ljgmn—1 + To)rj—1
(i=1)

(13)

Finally, the equations for the other, inner/regular REBCO
turns (in all pancakes) are:

—Liyman(Rjimn +75) + Litmir)nt;-

Y Luli+ I (B +rj-0) = (1~ o) rj41-0
i=1

+ (Ij-i-m‘n—l + ID) Tj_v — Ij—i—m‘n (Rj—i-m-n + 'rj-i-l—'u) -

(14)

Having calculated the circumferential currents in the con-
ductor turns, it is not difficult to calculate the circumferential
currents in the co-wind and then the radial currents using the
Kirchhoff’s rules.

Let us consider the case when the solution of the above
equations satisfies the following conditions:

max |I; — Io| < |lp| and (15)
jimn < Tol, § = 1,..., mn. (16)
If so, then (14) can be transformed to this form:
m-n .
> Ljdi+ I (R +7j—0) 2 Iorj_o. (17)

i=1

Equations (10)-(13), as well as the most general equations (2),
take on the same form, which is nothing more than the system of
circuit equations for a sectioned winding, in which each conduc-
tor “section” (with resistance R;) is protected by a parallel shunt
resistance (), which is the transverse, that is, mainly contact,
resistance, which is the underlying assumption of models like
[31, [4], [6], [7]. In other words, we may reasonably assert that
the transverse resistance, r;, serves as a parallel shunt resistance
for the REBCO conductor only in cases where the transverse
resistance is fairly high, i.e., where the circumferential currents
in the REBCO conductor do not experience significant local
rises and falls, but decay with the total current of the circuit, Iy.
Thus, inequalities (15,16) are the conditions for the applicability
of models like [6], [7] and also a makeshift benchmark for users
of lumped-parameter models from [1]-[5], [9].

Situations in which this is the case, i.e., in which conditions
(15,16) are satisfied with an acceptable margin of error, are
possible, if not common. However, that high “threshold” value
of the transverse/contact resistance is not fixed and is difficult to
determine a-priori: it changes with a change in the dimensions
and other parameters of the coil, and also strongly depends on
the features of the simulated event of a quench, i.e., it may
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be different at different stages of the quench development. By
experience from comparative analyses, with the inner diameter
of a NI-coil of about 100 mm and a large number of modules in
it, such a threshold value, in terms of electric contact resistivity,
is at least not lower than 10 m{2 cm? per contact (at the initial
stage of a quench initiated by a local heat disturbance, it may turn
out to be higher), but this value is given solely for orientation
and is not in any way universal.

It is worth noting that on the outermost turns, the transverse
resistance actually behaves just like the shunt resistance (parallel
to the conductor) in any case scenario, because in (10)-(13) for
these turns, there is no “unwanted” first term (that contains the
current in the REBCO conductor) on the right side of those
equations, but only the second and third terms (containing the
co-wind currents), and inequality (16) is always satisfied. In
other words, the “self-evident” assumption (used in the simpli-
fied models like [6,] [7]) is always 100% justified only in relation
to a single-turn pancake, where it apparently came from, and
when moving to a pancake with a larger number of turns, the
applicability of such models becomes limited.

The thermal part of the problem is solved at the same, if
not even higher, level of detail [14], [15], in the quasi-3D ap-
proximation, taking into account all thinkable nonlinearities and
transients, including the multi-stage superconducting-normal
transition mode [14], [15] and the critical current dependence
on the local values of temperature, magnetic field magnitude
and angle [16], which spatial distributions are updated at each
time step of the numerical solution finite-difference scheme.
The magnetic field vector on each turn is calculated as the
superposition of magnetic fields from all turns. However, effects
related to the screening currents are not included yet.

IV. QUENCH MODELLING IN A MULTI-MODULE NI-TEST-COIL

This model, embodied in a Fortran script, is used to find out the
quench characteristics of NI test coils, thereby contributing to a
better planning of such quench tests. Particularly, a parametric
study of the process of a local unprotected quench development
in a 6-module NI-coil (named Petten Test Coil 3, PTC3, after
the outer Petten LTS magnet, which provides a background
magnetic field up to 6.6 T) was performed (at 4.2K). The coil
assembly image is given in Fig. 4. PTC3 with the bore radius of
50 mm has 53 turns per pancake wound with a non-graded 4.1
mm wide SuperPower REBCO tape; the co-wind is a 12.7 pm
thick bare stainless-steel tape. The OD approximates 109 mm.
Two pancakes within each module are separated by a 0.25 mm
thick G-10 insulation, whereas the inter-module G-10 spacer
thickness is 1.08 mm that impedes the spread of heat axially.
The initial current is taken equal to 400 A that results in the
maximum total field of 13.3T in PTC3, before a quench starts,
and the maximum critical current fraction of 36% (in the end
pancakes), respectively. The thermal contact resistance is taken
equal to 10~ m?K/W (the same everywhere).

In the simulations, the electric contact resistivity ranged from
0.05 m§2 cm? per contact, i.e., 0.1 m{) cm? per turn, to start
with, to 6 m§2 cm? per contact that is 12 m{) cm? per turn.
The latter is close to the average value measured before quench
tests began. We presumed that the contact resistivity is the same
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Fig. 4. Petten Test Coil 3 (PTC3) assembly. Side view.

for all contacts between the conductor and co-wind, i.e., along
the entire length of the tape within each pancake, and fixed (a
time-variable contact resistivity can easily be included, but the
variability is not known yet to the extent required).

In the case of relatively low contact resistivity (0.1 mf) cm?
per turn) to initiate a quench locally, even in one of the end pan-
cakes, is difficult, so a strong temperature disturbance, 104.2 K
throughout the entire pancake 1, was used (Fig. 5). Even if
initiated, by instantly normalizing the entire pancake 1, the
quench develops very slowly and the coil current is hardly
attenuated, bypassing Module 1 radially through the very low
contact resistance, for a noticeable period of time that is followed
by a kind of electromagnetic avalanche (Fig. 5), which is a rapid,
albeit sequential, shockwave quenching of all other pancakes
that causes an almost instantaneous damping of the coil current.

The quench within each pancake is typically a sequential
normalization of its turns with the preceding surge of the cir-
cumferential current in each of them (this process in pancake 7 is
shown as an illustration in Fig. 6). In fairness, it should be noted
that such a shockwave quench development in a multi-module
NI-coil as one of possible forms of the quench behavior was
first predicted using the semi-empirical model [6], [7], albeit for
somewhat different parameters.

With increasing contact resistivity, the probability of an
electromagnetic avalanche becomes small. Moreover, the self-
protection mechanism turns on, which impedes the quench
development (Fig. 7). In this case of contact resistivity of
12 mQ cm? per turn, a local quench (initiated by means of a
50 ms long very strong pulse of current in a stray heater attached
to the entire side surface of pancake 1) cannot pass the central
high critical current area of the coil, and only pancakes 1 and
2, and a very small fraction of pancake 3 as well, turn out to be
normalized. As a result, the coil current decays slowly: the time
constant exceeds 0.4 s that would look like an incredibly long
duration if PTC3 was an insulation coil, all other things being
equal. It should be noted that, in contrast to the previous case of
low resistivity, in this case, the “jumps” in the circumferential
currents on the REBCO turns are relatively small. The most
significant ones are observed in pancake 2 (the neighbor of the

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 31, NO. 5, AUGUST 2021

400
<« — v
;l-:; 360
L 320 - 160
= "
© 280 - 2
3 z
| Temperature disturbance
= 240 5
o 2004 I Pancake 1 g‘
2
160 4 Pancake 2 E
3
120 - £
80 g
E
“- g
]
01 ; - . : T 0 2
0.00 0.02 0.04 0.06 0.08 0.10 0.12 g
* \H—V—/
Time, s "Avalanche"
Fig.5. PTC3 circuit current and maximum temperature in the coil’s pancakes

in the event of an unprotected quench in the form of electromagnetic avalanche.
Contact resistivity of 0.1 m{2 cm? per turn. No external dump resistance. Power
supply is off.

400 1600 q.
M~
o
350 - 1400 £
{8
(“ 300 4 41200 §
t ly00n ©
5 250+ 41000 ,
£ £
3 200 4800 2
ﬂ 1 O
O 150 {600 @
o 1 1 w
[+ 4
100 + -400 €
]
50 4200 £
I g
01 . . . . . o 3
0.00 0.02 0.04 0.06 0.08 0.10 012 ©
Time, s
Fig. 6. Transient leaps of the circumferential current in the REBCO turns of

pancake 7 in the event of an electromagnetic avalanche. Contact resistivity of
0.1 m€2 cm? per turn. No external dump resistance. Power supply is off.

heater-quenched pancake 1), where the rise is less than half of
the initial current, the radial currents rise accordingly (Fig. 8),
whereas in the following pancakes, no jumps are observed at all:
the circumferential currents in the REBCO turns simply fade
along with the current of the coil, and the radial currents do not
exceed 100 A, which is 25% of the coil initial current.

It might seem logical to assume that at intermediate values of
the contact resistivity (~1 m{2 cm? per turn) the time constant
value of the PTC3 current decaying process in the event of alocal
quench should also turn out to be intermediate, i.e., between the
ultra-short one at the electromagnetic avalanche and that at the
high resistivity of 12 mQ cm?. However, such an assumption
would be wrong: the contact resistance intermediate in value,
on the one hand, turns out to be insufficiently small to lead to
a shockwave quench development, and, on the other hand, it is
too small for the process of damping the coil current to be fast,
and so the time constant can reach several seconds. This “snail”
mode of an NI-coil current decaying is never observed, if an
appropriate external dump resistance is employed promptly.
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V. CONCLUSION

A new technique for creating comprehensive simulation mod-
els of a quench in a HTS multi-double-pancake NI-coil wound
with a REBCO coated conductor has been proposed, based
on the use of an equivalent electrical circuit which includes
practically all thinkable components and features. The validity
of the methodology has been proven using a precise analytical
method, which also made it possible to assess the applicability
of well-known and widely used approximate models. The effec-
tiveness of the approach was demonstrated using the example
of a 6-module test coil.
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