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Review of Current Distribution Measurements
and Reconstruction in Cable-in-Conduit

Conductors for ITER
Y. Ilyin and A. Nijhuis

Abstract—The cable-in-conduit conductors (CICC) for ITER
magnets consist of more than thousand superconducting strands.
Usually such cables exhibit a significant non-uniform current
distribution between the strands due to inequality of strand im-
pedances. This undesirable effect can complicate the measurement
of the conductor critical transport properties, particularly for
short samples. To improve the interpretation of measurement
results, detailed knowledge of the current distribution is highly
desired. We present a review of current unbalance measurements
and current distribution reconstruction techniques in CICC as
they were intensively performed during the last years. The exper-
imental methods of current unbalance detection are described,
starting with earlier attempts on sub-size CICCs and ending with
more sophisticated methods on full-size conductors. The models
of current identification developed by various research groups are
briefly compared, emphasizing their similarities, differences and
limitations. Finally, the results of current unbalance reconstruc-
tions performed by different groups on several full-size CICCs
are discussed together with the implication of the results for ITER
short sample conductor tests and coil performance.

Index Terms—Cable-in-conduit conductors, current distribu-
tion, Hall sensors, inverse problem, self-field measurements.

I. INTRODUCTION

SINCE the pioneering work [1] in 1995, Hall sensors (HS)
and pick-up coils (PUC) were used in various experiments

to detect the current redistribution process in superconducting
cables, for instance [2], [3]. In the year 2000, the first measure-
ments of the self-field profile were performed around
sub-size cable-in-conduit conductors (CICC) [4] aimed for the
ITER conductor development program. Nowadays HSs are in-
cluded in experiments as a standard tool for the reconstruction
of current distribution inside the CICC, either short samples or
relatively big model coils [5], [6]. Here we discuss the experi-
mental methods, the models developed for currents identifica-
tion and summarize the main results of the computations in full
size ITER type CICCs. In our discussion, we focus mainly on
the steady-state current unbalance caused by the non-uniform
joints.
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Fig. 1. Self-field changes around a Nb Sn sub-size conductor after 3400
loading cycles. T measurements at 10 T, 8 kA and initial dI=dt = 512 A=s.

II. EXPERIMENTS

A. Experiments on Sub-Size CICC

First attempts to use the HSs in the experiments on sub-size
CICC [4], [7]–[9] and the following effort on current reconstruc-
tion revealed the complexity of the problem. The lack of infor-
mation about the experimental details related to the HS mea-
surements, led to intolerable large errors when attempting to
identify the currents in cable elements of the sub-size CICC.
Therefore only qualitative conclusions could be drawn at that
time based on the experimental observations.

The most appropriate experiments were the runs, in which
the current is ramped up until a certain value and then kept con-
stant, followed by raising the temperature in the conductor by
a set of heaters. Observed exponential-like changes in the HS
signals with time at constant current were attributed to a cur-
rent redistribution between the strands [4], [7]. A typical ex-
ample is shown in Fig. 1. The corresponding time constant of
the transient process is in the range of 300 s. A consequent tem-
perature rise and voltage development in the conductor caused
further change in the current distribution which was again re-
flected in the HS signals (see Fig. 1). The current redistribu-
tion was observed in three distant locations along the samples
(in the peak field region and close to both terminations), indi-
cating that at least a significant part of the currents redistributes
through the low resistive terminations. This is also confirmed by
the observed voltage changes across the terminations during the
redistribution process [7].

In the conductors [7] a clear change of the self-field
profile with the number of loading cycles was detected
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Fig. 2. Self-field profile (as a function of the angular location of the individual
HSs) vs. percentage of the connected strands at the terminations of a NbTi CICC.
T measurements at 20 kA, 6 T. The “100%” profile is close to a uniform one.
The lines connecting the points are guide to the eye.

but only in the section of the conductor in the peak field re-
gion, suggesting that the critical properties of the strands and/or
their compaction have changed locally while cycling. Similar
changes in the self-field profile were not observed in the NbTi
conductors during cyclic loading [10].

The effect of an imposed joint non-uniformity on the current
distribution in NbTi sub-size CICCs was demonstrated in [10].
For some conductors, the deviations of the self-field profile from
the one corresponding to a uniform current distribution were
measured even far from the terminations. An example is shown
in Fig. 2. This indicates that the conductors have a long char-
acteristic redistribution length. The critical and quench currents
for varying imposed current unbalance are in good correlation
with the level of current unbalance [10].

B. Experiments on Full-Size CICC

The analysis of the current distribution measurements on sub-
size conductors allowed one to formulate the requirements at
which the current reconstruction (in absolute sense) in CICC
would be possible. They can be summarized as follows:

— Use of HSs with high sensitivity and
with minimized planar and quantum effects.

— Calibration of the HSs in the whole range of temperatures
(i.e. 4.2 K–10 K). Also desirable is a calibration in the
presence of background field (up to 12 T).

— Calibration of the HSs assembled in a holder, around a
normal conductor (e.g. copper) having the same dimen-
sions as the CICC.

— Knowledge of the precise position of the HS’s sensitive
region and orientation of the HS’s plane in relation to the
conduit axis.

— Knowledge of the location (radial) of the cable bundle in-
side the conduit (e.g. by an ultrasound technique).

— Measurements of the self-field profile around the CICC
being in normal state (e.g. at 77 K) representing a uniform
current distribution.

— The most appropriate run for steady-state current identifi-
cation is the run with a long current plateau.

All details were accounted for, to a greater or lesser extent,
in the following experiments on full size ITER type CICC

Fig. 3. HS assemblies installed on the NbTi CICC (Bus-Bar III) at FZK,
Karlsruhe.

[11]–[19]. Special HS assemblies were precisely manufactured
and calibrated, see for example [20]. An example view of the
HS assemblies around the NbTi bus-bar is shown in Fig. 3.

An issue of the orientation of the HSs around the CICC was
addressed in [21]–[24]. Several optimization models for HS
positioning were proposed with the core idea to minimize the
conditioning number of the coefficient matrix (see Section III),
whose elements are partly functions of the HS orientation.

III. MODELS FOR CURRENTS IDENTIFICATION

A number of research groups developed analytical and nu-
merical models for currents reconstruction based on the self-
field measurements [11]–[24]. The unknown currents are the
solution to the inverse identification problem. Assuming linear
material properties with magnetic field, the governing system of
linear equations can be written in a matrix form as follows:

(1)

where is the vector of known experimental data (in general
case, magnitudes of the self magnetic field and external field),

is the unknown vector of current amplitudes and is the co-
efficient matrix relating the currents to the measurement data.
System (1) is typically under-determined (ill posed) and has no
unique solution, as the number of probes is limited (6 12)
compared to a number of strands in the CICC (typically more
than 1000). The practical limitations come from the restricted
space available around the conductor and limited number of data
acquisition channels.

The typical approach for the representation of the complex
cable structure in the model is to consider a limited number of
“equivalent” current carrying elements (i.e. groups of strands)
with the unavoidable assumption of uniform current distribution
within such an element. At this point the differences between
the various models arise. Both the UT [8] and CEA [11], [13]
models are 2D and use an assumption of 6 (or 4) straight and
infinitively long petals (last minus one stage sub-cables), with
a sector-like cross-section. The models from CREATE [16],
THELMA [14] and CEA [19] are 3D and take into account
the twist pitch of the current-carrying elements and sometimes
even the shape of the coil winding. In the CREATE model the
petals are introduced as helical shaped line currents, while in
the THELMA and CEA model they are macro-strands with a
circular-like (or sector-like) cross-section. Certainly, such ap-
proaches dramatically reduce the number of unknowns, but miss
the details of current distribution inside the current elements.
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TABLE I
STEADY STATE CURRENT UNBALANCE AS MAXIMUM DEVIATION

FROM THE AVERAGE CURRENT PER PETAL, IN %

4 petals model (the rest is 6 petals/macro-strands model)
Experiment with PUC, the rest are with HSs

The unique solution of (1) can be written in most general form
as:

(2)

where denotes a linear operator called pseudo inverse (or
Moore-Penrose inverse) of . In general, (2) is the minimum-
norm, least-squares solution , that minimizes both
and . In order to stabilize the solution, the SVD (singular
value decomposition) technique is often utilized to calculate

.
Due to the physical nature of the problem, some uncertainties

in matrix and experimental errors in vector are unavoid-
able and can produce larger errors in the solution . Thus, the
system (1) is usually poorly conditioned and requires regulariza-
tion procedures to solve. Various techniques can be considered
to reduce the sensitivity of the solution to noisy data. Truncated
SVD [8], [22] is a simple approach to reduce the effect of noise
by neglecting singular values below a certain threshold when
calculating matrix . Similarly, classical Tikhonov regular-
ization [24] may be used to minimize the effect of noise. In any
case, a regularization should be applied with care as too conser-
vative truncation would lead to the loss of significant details in
the computed current distribution.

IV. SUMMARY OF CURRENT RECONSTRUCTION RESULTS

Table I summarizes the current unbalance identification
results reported by different research groups in [6], [11]–[19]
on various experiments. An average deviation of about 30%
(mostly between 25–50%) can be considered as a “natural”
current unbalance between the six petals due to non-uniform
joints for all tested ITER type conductors.

From the results in Table I it can be concluded that the more
straightforward 2D models (UT and CEA) as well as more so-
phisticated 3D approaches (CREATE and THELMA) lead to
practically the same results in terms of current unbalance.

A direct comparison between the CREATE and UT models
was performed in [16] leading to the same conclusion. The lim-
itations can be explained by the dominant role of the experi-
mental errors and uncertainties in the identification algorithms.

Fig. 4. Petal—to equipotential surface contact resistances in the termination of
the PFIS sample as computed from the measurements in JORDI [25].

V. COMPARISON WITH DIRECT MEASUREMENTS

The measurements of contact resistances, , on the PFIS
joint were reported in [25]. The measurements are performed
between groups of strands and the equipotential surface of the
joint connecting the conductor termination and the facility cur-
rent leads. Combining the results for from the strand groups
forming the same petal, it is possible to calculate the effective

between a petal and the equipotential plate. The results for
six petals are presented in Fig. 4. The maximum deviation from
the average (where ) resistance
is 25%. Since in the steady state condition the currents in the
petals are distributed according to the distribution, the ex-
pected maximum current unbalance among six petals would be
25%. This number is in a good agreement with the results in
Table I, obtained by the self-field measurements on the same
conductor.

VI. IMPLICATIONS FOR CONDUCTORS TESTING

We have seen above that full size ITER type cables exhibit a
steady-sate current unbalance among the six last stage sub-ca-
bles of about 30%. In [26], [27] the impact of the current un-
balance on the measured voltage-current characteristic of the
PFIS sample was assessed. In [26] the simulations were per-
formed assuming a typical SULTAN sample configuration, i.e.
total length of 3.5 m and a 0.27 m distance between the bottom
joint and the high field region. The values for the contact re-
sistance between the petals outside and inside the joints were
taken from the corresponding measurements. In [27] the influ-
ence of the magnetic field profile and the contact resistances in
the joints was studied. It is demonstrated that the 30% current
unbalance in the sample leads to a reduction of the measured
critical current and -value by about 10%, which is significant.
The situation is aggravated if the conduit outer surface in the
same cross-section is not equipotential [26]. In that case the
measured critical current will deviate even more from the actual
critical current if averaged between all petals. It was also shown
that with the realistic contact resistance values, even in a cable
without the high resistive stainless steel wraps around the petals,
the currents do not redistribute towards a more uniform profile
until a very high voltage above 100 (i.e. 10 times larger
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than criterion) is developed in the high field conductor sec-
tion. Besides, the non-uniform current distribution causes high
local voltages in the petals, eventually leading to a ‘premature’
quench [26].

The situation is obviously much less dramatic if the conductor
has a long (compared to the characteristic redistribution length)
distance between the joints and the region of peak magnetic field
and/or sufficient length of the conductor being in the peak field.
Although the above may seem obvious, as for example shown
for the ITER Central Solenoid Coil Insert, analyzed in [28], the
role of the transverse inter-petal resistance in combination with
the coil geometry plays an important role as illustrated for the
Poloidal Field Insert Coil in [29]. In this particular case it ap-
peared that a higher cable inter-petal resistivity enhances the
overall conductor performance by suppressing the peak local
voltages.

VII. CONCLUSION

Reconstruction of the current unbalance on the level of six
last stage sub-cables of ITER conductors is possible, however
the level of non-uniformity within a sub-cable can not be as-
sessed and so the impact of this component is not accurately ad-
dressed in any of the present models. This implies a relatively
large level of uncertainty, independent from the applied model.
In that sense, a more detailed modeling does not necessarily lead
to a higher accuracy.

It appears that the average natural degree of the current non-
uniformity between the last stage sub-cables due to unequal re-
sistivity in the joints is about 30% and mostly within 25–50%.
This number is confirmed by direct measurements of the joint
contact resistance, where 25% deviation of petal joint resis-
tances from the average was in good agreement with the recon-
struction from the self-field profile.
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