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Analytical Study of Current Distribution 1in a 2-Turn
Non-Insulated HTS Coil

Marco Breschi

Abstract—High-Temperature Superconducting (HTS) coils have
gained increasing attention in various applications, such as mag-
netic energy storage systems, fusion reactors, and high field mag-
nets, due to their superior current-carrying capability and reduced
power loss. One of the challenges in the design of these coils is the
distribution of current between the individual turns, particularly
for non-insulated or metal-insulated HTS coils. This work presents
an analytical solution for determining the current distribution
between the turns of a 2-turn non-insulated HT'S coil. The proposed
model enables the assessment of the local currents in steady state
conditions. The solution is validated through numerical simulations
performed with a non-linear electric circuit model. The results show
the impact on current distribution of the main coil parameters,
such as the coil radius, the turn-to-turn contact conductance and
the resistance of joints or defects between turns.

Index Terms—Fusion magnets, high field magnets, non-insulated
coils, partially insulated coils, HTS coils, current distribution.

1. INTRODUCTION

HE non-insulated High-Temperature Superconducting
(NI-HTS) coils, which lack of conventional insulation
between turns, have attracted significant attention for their
applications in superconducting high-field magnets and other
research areas [1], [2], [3], [4], [5], [6]. A key aspect of the
behavior of the NI-HTS coil is the current distribution between
turns, which directly affects the electromagnetic response and
stability of the coil [7], [8], [9]. Accurate modeling of the current
distribution is crucial for guiding the design of NI-HTS coils
and magnets, enabling controlled current sharing and reliable
operation. While a range of numerical models with different
accuracy and complexity have been proposed to study NI-HTS
coil electromagnetics [10], [11], [12], [13], [14], [15], [16], [17],
no simplified analytical descriptions of the underlying physical
processes have, to our knowledge, been presented.
This work presents an analytical framework for evaluating
the steady-state current distribution in a two-turn NI-HTS coil.
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The model incorporates the effects of turn-to-turn contact, coil
geometry, and the impact of localized joint resistance, provid-
ing a detailed description of the current distribution and of
its dependence on the main model parameters. Validation is
performed through numerical simulations using the nonlinear
electric circuit model CALYPSO [16], [17]. This work is lim-
ited to the study of current distribution in 2-turn coils. In the
past, models based on similar approaches were developed for
the analysis of current distribution in 2-strand superconducting
cables [18], [19], [20]. Later investigations extended the analysis
to multistrand cables consisting of an arbitrary number of strands
[21]. A similar evolution is envisioned for this research, with the
aim to extend the model developed here for the 2-turn coils to
windings consisting of an arbitrary number of turns. The 2-turn
model presented here cannot be directly applied to the study of
a coil consisting of many turns. However, it can be applied to
study real cases in which the 2 turns involved are those before
and after a localized permanent defect arising from construction
issues or coil inhomogeneities. As a matter of fact, the steady
state current distribution, even in a large coil, mainly takes place
in the turns close to the defect. The current distribution patterns
may differ from the case of N-turn coils, but the dimensionless
quantities defining the problem are still the same.

II. NI CoIL ELECTRICAL MODEL
A. Model Assumptions

The present study of non-insulated coils is focused on the
analysis of either a one-layer solenoid, with turns in contact
along the length of solenoid, or a single pancake, with turns in
contact in radial direction. In both cases, all turns are assumed
to have the same length, and each turn is in resistive contact only
with the previous and the following one. The mutual induction
coupling is considered between all turns of the coil.

A sketch of the coil geometry and of its main parameters is
shown in Fig. 1. The coil has radius a; the variable $ represents
the angular coordinate along one turn (0 < & <27), while §,
is the central angular coordinate, i.e., J. = 9 — w. The coil
is described through a distributed parameters model, shown in
Fig. 2 for the simplified case of the 2-turn coil.

The operation current /,, (t) enters the first turn, eventually
redistributes towards the second turn through the distributed
contact conductance g and finally exits from the second turn.
Each turn is characterized by a given resistance per unit length
r, while a lumped resistance R is located between the two turns
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Fig. 1. Sketch of the NI coil and its main geometrical parameters. The angles 6
and 0. are set to zero at the beginning and at the center of each turn respectively.

Fig.2.  Schematics of the linear, distributed parameters electrical circuit model
adopted to describe the NI-coil with 2 turns through the analytical approach.

to represent either a joint, a local defect or a resistive zone
corresponding to a quench.

The parameter / represents the per unit length self-inductance
while m is the per unit length mutual inductance.

B. Model Equations

The main electrical variables of the distributed parameter
electric circuit are the following: i\ (9, t) is the current in turn &
[A], vk (8, t) is the voltage between the beginning and a given
position in turn k [V]. Currents and voltages can be grouped
in the current and voltage vectors, denoted as i(9, t) and v(9, t)
respectively. The circuit equations can be written as follows:

8((9;19) W) = —ri (9 t)—/o% @, )
L 1) d(ad) M
Ty (00 =g-v(0.1) @
where:
7 [_gg gg]
)= [ ] )
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The expressions of 1 and m are given by:

1(9,9) = cos (¥ — V) (4a)
47T V€2 + 2a2 — 2a2 cos (9 — V')
Y
m (9,9 = cos (9 — ) (4b)
47T Vh2 +2a2 —2a2 cos (V — V')

where € and h are infinitely small quantities added to avoid
divergence in the expressions. The following boundary and
initial conditions were considered for the study:

i (0 =0, ):Iop(t); iy (9= 0,8) =1 (& = 2m,0)
v (P =0,t) = (5a)
v2(19:0 ): ( —omt)— Riy(0=2m,t)  (5b)
i1 (0,6 =10) =110 (U );i2 (0.t = 0) =120 (V)

vr (9,8 =0) = ( =0)=0 ()

V2
We define V,,(¢t) the unknown operational voltage as
Vop (t) = v2(¥ = 2m,t). Given the peculiar symmetry of the
system, the following equations also hold:

L (21— 0. t) =iy (0,1)

2 (27T - 19a t) =1 (197 t) (7a)
v (27— 9,1) = Vi (1) — s (9, 1)
o (27— 0,1) = Vi () — v1 (9, 1) (Tb)

C. Model Solution

To simplify the notation, time dependence is omitted here-
after, while it is still implicitly assumed. Equations and boundary
conditions can be decoupled, noting that both inductance and
conductance matrices are linearly related to the same nondi-
mensional matrix [A]:

1 -1

=4 e = slim = @em) -mla

3)
The eigenvalues and normalized eigenvectors of matrix [A]
are given by A1 = 0, Ao = 2, and u; = [1//2 1/\/§}T

up = [—1/v/2 1/ \/§]T . Defining the orthogonal matrix [q] =
[u;, us], and decomposing the matrix [A] = [q][A][q]T, where
[A] = diag(0,2), both inductance and conductance matrices
are diagonalized with the same eigenvectors. After defining
ls = l4+m,l; = | —m the expression of g and m are:

= [} diag (Is,1a) [d]" (9
The corresponding normal modes are defined as:

: i1 (V) +i2(9) —i1 (V) +i2 (V)

g= —gld[Ald"; m

iy (9) = NG) sy (9) = NG3 (10a)
/ - U1 (19) —+ o (7.9) . ’U/ . —V1 (ﬁ,t) + vg (19)
U1 (19)*—\5 ; vy (9) = NG

(10b)

Itis worth noting that the normal modes correspond to the sum
and difference of currents and voltages. To simplify the notation,
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the normal modes are referred hereinafter as iy = i1 '(J9) and
iq = i’ () where s and d stand for (scaled) sum and difference;
a similar notation is used for the voltages. The equations can
thus be rewritten in terms of normal modes:

81}3 ) 2m ) 819 / ,

8 (a) (9) = —ris (19)—/0 Ls (9,9") = () d (@)
(11a)

di,

gy V=0 (11b)

() 27 i

agzag) (W) = —ria(9) - /0 la (ﬁ,ﬂ’)%(ﬁ’) d (a?)
(11c)

S (9) = ~2gua (0 11d

Fap) V)= ~29va(V) (11d)

D. Steady State Solution

The general solution of (11) in transient conditions is complex
and is beyond the scope of this work. The stationary solution
of (11) is the asymptotic limit of the general time dependent
solution. Details on the derivation of the steady state solution
are reported in the Appendix.

The problem solution exhibits two main dependencies: the
current redistribution length, given by 1/1/2gr, and the ratio
between the lumped resistance R and the total resistance of
one turn, given by 2mar. It is therefore useful to define two
nondimensional parameters A = a+/2gr and x = R/2mar.

The steady state solution can be expressed as the ratio of the
total coil voltage V,, pc to the operation current /,, pc, both
in DC conditions:
xmAsinh (mA) + (2 + x) cosh (1 A)
cosh (mA) + (2x + 1) mAsinh (7 A)

(12)
For g small enough, A<<1: —% ~ 4mrar + R. In this
condition, the currents do not redistrﬁjute from turn to turn, but
flow along the turns and on the joint resistance R, as is the case
in an insulated coil.

For R small enough, xy =~ 0 the solution is — Y;’:Eg ~

#‘M, which tends to 4mar for very small g (insulated

coil). In the perfectly superconducting state, with » — 0 and

v, .
non-zero R,(12) becomes — 2.DC — which repre-

1
op,DC 2rag+ 5
sents the parallel connection between R and the conductance

2mag.

‘/op7 DC
Iop, DC

III. RESULTS AND DISCUSSION
A. Numerical Model

To keep CALYPSO consistent with the assumptions of the
analytical one, the superconducting tape composing the two-
turn coil is subdivided in only two electrical elements across
its width, thus ensuring a uniform current distribution in this
direction. Another simplification concerns the definition of the
longitudinal resistances of the turns. These resistances are not
modeled with the power law but rather set to a constant value R;.
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TABLE I
SIMULATION PARAMETER

N, 100 » 310%Q/m
a 01-lm g 210 S/m
Iop,MAX 200 A t’” 4s
107
5 200
4
150 -
= 3 -
100 o
m 2 —°
| —B field|| 5()
(@) —
0 0
0 100 200 300 400 500
Time [s]
1
0.5
._2_ "
= Numerical Turn 1
~ Numerical Turn 2
-0.5 —— Analytical Turn 1
(b) —— Analytical Turn 2

"o 2 4 6
Longitudinal coordinate [m]

Fig. 3. (a) Comparison between the longitudinal currents computed with the
analytical formulation and by CALYPSO for a 1 m radius coil. (b) Operating
current and axial magnetic field at the coil barycenter computed with CALYPSO.

The contact resistances between the two turns in radial direc-
tion are all set to a constant value R.,,,. The definitions of both
R;and R, are given as follows:

R; = 4war/Ng; Reon = (Ng —1)/mag (13)

where Ny is the number of elements in which each individual
turn is discretized.

B. Benchmark of the Analytical Formulae

The analytical formulae presented here were compared with
the results of CALYPSO in several case studies, which also
allows one assessing the impact of the key parameters a, g,
r and R (not considered in these test cases). The parameters
used in these simulations are listed in Table I. The simulations
performed aim at highlighting the impact of the coil radius. In
the simulations the current rises with a constant ramp rate from
0 to Iop, mrax in a time ¢, and then stays constant at the peak
value during a flat-top period.

The results in terms of current distribution along the turns of
the coil are presented in Figs. 3 and 4. Fig. 3(a) shows the time
evolution of the operating current and of the axial component
of the magnetic field at the barycenter of the coil computed
with CALYPSO. It is worth noting that the axial magnetic field
component, which directly depends on the azimuthal component
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Fig. 4. 2D current distribution map, not in scale, computed with (A7) along
the 2-turns of an NI-coil with (a) coil radius a = 0.1 m and (b) coil radius a = 1
m. /; indicates the longitudinal current and /; the transverse one. (c) Transverse
current distribution along the turn (taken positive from turn #1 to turn #2).

of the current, reaches its steady state more than 300 s after the
start of the current flat-top. The asymptotic limit of this transient
represents the DC solution to be compared with the analytical
formulae.

Fig. 3(b) shows the excellent agreement between the results
of the DC current distribution along the two turns computed
with the analytical formulae (see A7) and the CALYPSO code.
Notably, the current in the first turn decreases along the turn
and even changes sign; a symmetric behavior is observed in the
second turn.

In Fig. 4(a), corresponding to a coil radius set to 0.1 m, the
current distribution exhibits no flow inversion: the longitudinal
current is slightly reduced with a minimum in the region of
connection of the two turns. In contrast, Fig. 4(b), corresponding
to the 1 m radius coil, shows that the longitudinal current
exhibits a sign change. For the larger radius coil, the effect of
the transverse conductance is more pronounced: the longitudinal

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 36, NO. 5, AUGUST 2026

current is equal to I, prax (see Table I) at the beginning of
the first turn but then is reduced by the radial currents flowing
towards the coil end. The sign change occurs near the terminal
since the current path of least resistance does not follow the
longitudinal direction from the input to the output terminal. A
portion of the transport current is thus short-circuited by the
contact conductance between the two turns.

The different behavior of the two coils can also be observed in
Fig. 4(c), which shows a much higher transverse current flowing
in the large coil with respect to the small one. It should be noted
that the crucial parameter driving the current distribution is A.
Different combinations of the values of a, g, r corresponding
to the same value of A result in the same normalized current
distribution at steady state.

IV. CONCLUSION

In this work, an analytical solution was developed to de-
termine the current distribution between the turns of a 2-turn
NI HTS coil. The proposed model provides a straightforward
method to assess local currents under steady-state conditions. A
benchmark against numerical simulations with an electric circuit
model shows excellent agreement, confirming the reliability of
this approach. The results highlight that the current distribution
in NI-HTS coils is strongly influenced by key factors such as coil
geometry, contact conductance between turns, and resistivity of
the turns. The interplay between these parameters can lead to
significant variations in the longitudinal and radial current distri-
butions. Even in steady-state regime, the longitudinal transport
current producing the desired axial magnetic field is lower than
the operation current, as part of it is diverted into permanent
radial currents, especially for high values of the defectresistance.

The model developed shows peculiar current distribution
phenomena, such as the inversion of current in the vicinity
of the coils ends, which could affect the coil performance.
These effects, confirmed here by numerical analysis, should not
depend on the number of turns and will be the subject of further
investigations on N-turn coils. This analytical framework may
constitute a tool for the benchmarking of numerical codes.

APPENDIX

Writing (11a) and (11b) in the central reference frame, and
imposing stationary\ conditions, yields:

0 0

o Ucs (190) - 7&7‘2'63 (190)7 w

B9, les (W)= 0

(AD)
It can be noticed that i.; does not depend on 9., and that the
first term of (A1) can be integrated using (10) to obtain v, (7) =

Ucs (O) = Vop /\/27

. Vo DC . .
Vcs 790 = —Aarics 7‘9(; + - 5 les 7-90 = l¢s A2
(9e) o3 (Ve) (A2)
Therefore, applying the definition of A and y yields:
1, f 2
oy = 2BPC __Veppc £ (A3)
(I+x) 2rarlop.pc) 2
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Notice that i.,; remains undetermined until the operational
voltage (or the DC characteristics) is found.
Writing (11c) and (11d) in the central reference frame yields:

d . J .
a—ﬁcvcd (9e) = —aricq (Ve) ('9T9CZCd (¥e) = —2agveq (Ve)
(A4)
The two expressions in (A4) are in the same form
0? 9
—F (¥.)= A F(9.) . A5
poF (0= A7 F (3, (A5

Using parity, it is possible to choose the correct solution between
sinh(9.A) and cosh(9.A), thus obtaining:

iea(m) = — (Yem2C V2 mAtanh(rA)
“d 2rar 2 1+ ymAtanh (7A)

V2

2

- XIop,DC>

X Ricd(ﬂ_) + (Vop,DC - RIop,DC)

— rar (Vop,DC \/5
2mar 1+ xymAtanh (7A)
The DC solution for the current in the two turns can finally be
expressed as a combination of the sum and difference currents
as in (A7a) and (A7b). The same can be done for the voltages,
which are omitted here.

i1 (9)

- XIop,DC> (A6)

Iop,DC
cosh (mrA) + xwAsinh (7A) 4+ (1 4+ x) rAsinh (7 — ¥) A
cosh (mA) + (2x + 1) mAsinh (7 A)

(A7a)
in ()

Iop,DC B
cosh (mA) + xwAsinh (7A) — (1 4+ x) mAsinh (7 — ¥) A

cosh (mA) + (2x + 1) mAsinh (7 A)

(A7)
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