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• A superconducting cable is connected by two terminations to a power
supply, modeled as a current generator [1], [2].

• The conductor geometry can be of any type, CICC or Rutherford,
wound in different configurations (rectilinear, pancake, layer)

• The cable is modeled with a distributed parameter circuit, with N_ce
cable elements (CE), corresponding to either individual strands or
groups of strands

 cable 

inlet termination 

I(t)	

I_cek(z,t)	z 

outlet termination 

cable-element k 
G+	 G-	

Rutherford cable

CICC + joint



THELMA_UB model: main equations (1/2)

4

• The longitudinal current in the kth CE is the sum of a uniform component 𝐼_𝑢𝑘 (𝑡) and a difference component
𝐼_d𝑘 (𝑡) (𝜁,𝑡); the latter is the unknown of the problem.
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• The CEs interact through contact conductances and mutual inductances

• The electromotive forces are due to the difference currents at locations ‘near’ the selected position, to a
uniform current distribution at locations ‘far’ from the selected position, and to the currents in external coils
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• The power law is assumed for the superconductor, in parallel electrical connection with the resistive
stabilizer (made of copper and bronze for the Nb3Sn wires)
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• By subtracting the equation for the last CE from those of the first (𝑁_𝑐𝑒−1 ) CEs, and inverting the reduced
conductance matrix, the potentials can be removed:

• A numerical solution of (3) is obtained by means of discretization with 𝑁_𝑒𝑙 linear finite elements and a point
collocation method:
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• The unknowns of the problem (𝒚(𝑡)) are the values of the difference currents in the internal nodes of the 1D
domain ((𝑁_𝑒l−1)×(𝑁_𝑐𝑒−1) dof)
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• The coupling losses were computed both with THELMA_UB and with an analytical model

• The analytical model is based on a single time constant [3], with calculation of internal field at kth turn:

• The hysteresis losses were computed, both in THELMA_UB and in the analytical model, with two different
formulae depending on the value of the cumulative field variation ∆B [4]:

where Bp is the penetration field.
7 

 

TABLE 2.3  TABLE 2.4 

CSJA6 - Right Leg – 2 T [11]  CSJA6 – Right Leg - 9 T [11] 

stage 1 2 3 4 5  stage 1 2 3 4 5 

q (s) 0.014 0.068 0.22 0.75 0.003  q (s) 0.014 0.058 0.35 0.6 0.003 

k 1.0 1.0 1.16 0.10 0.40  K 0.52 0.60 0.53 0.16 0.20 

A slightly different set-up of parameters was presented by ITER I/O in [12] for the CSJA6 Right 

Leg. These values are collected in the Tables 2.5 and 2.6.  

TABLE 2.5  TABLE 2.6 

CSJA6 - Right Leg – 2 T [12]  CSJA6 – Right Leg - 9 T [12] 

stage 1 2 3 4 5  stage 1 2 3 4 5 

q (s) 0.014 0.056 0.18 0.90 0.003  q (s) 0.014 0.066 0.40 0.60 0.003 

k 1.0 1.0 1.16 0.18 0.40  K 0.60 0.55 0.55 0.16 0.20 

 
In the computation of the coupling losses of the CSM#1 module, the parameters of the fitting 

at 2 T were used for values of the field modulus between 0 and 2 T, whereas the parameters 

corresponding to the 9 T case were used for values of the field modulus above 2 T. 

The impact on AC loss results of the two sets of parameters presented by Duchateau and ITER 

I/O is reported in Secion 4. 

 

2.3 Hysteresis Losses 

The computation of the hysteresis losses starts from the calculation of the penetration field 1%  

[12] at each location of the CSM#1: .  

1% =
-.	\	]"(1, A, ^)	_7``	

a
 (10) 

where \ is the ratio betwen the non-copper area and the filament area, _7`` is the effective diameter 

of the filament and ]"(1, A, ^) is the critical current density as a function of magnetic flux density 1, 

temperature A and effective strain ^.  

The hysteresis losses in the kth turn, Phys,k, are computed with two different formulae depending 

on the value of the cumulative field variation in that turn, ∆1D [9, 12]: 
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 Figure 1.2. Magnetic flux density of the Pancake #20  

 

2. Analytical Models 
The analytical calculation of the coupling losses was performed according to two main 

approaches, the Single Time Constant Model (STCM) and the Multi Zone Partial Shielding Model 

(MPAS).  

a) The study performed through the STCM was carried out with the parameters found in the 

analysis of the CS Insert (CSI) tests [7]. This methodology, also described in [8] and [9], is 

based on the extrapolation of the results found on the CS Insert to the first CS Module 

(CSM#1).  

b) The second study consists in the application to the CSM#1 configuration of the MPAS model 

[10] by using the parameters identified in the analysis of the Sultan sample CSJA6. It should 

be noted that no parameters are available for the MPAS model as derived from the tests of the 

CS Insert, so the only sets of parameters available are those identified in the analysis of the 

Sultan tests of the corresponding conductor. 

 
2.1 Single Time Constant Model 

In the Single Time Constant Model, the power per unit volume (W/m3) is computed as  

!"#$%(') = 	 +,-.
∙ 01̇3(')4

5
 (1) 

where τ is the cable time constant and 1̇3is the time derivative of the internal magnetic flux density. 

The internal field can be derived by solving the partial differential equation (2). 

5 
 

13(') = 17(') − ,1̇3(')	 (2) 

where 17(') is the external field as a function of time.  

In the CSM#1 tests, the external field varies in time as a linear ramp up to the nominal value, 

followed by a steady state phase and a subsequent exponential dump. The external field 17 during the 

liner ramp and the exponential dump can be written as in equations (3) and (4). 

17(') = 1. + : ∙ ' linear ramp profile (3) 

17(') = 1. ∙ ;
<=/?@  exponential dump profile (4) 

where : is the ramp rate in T/s of the linear ramp and AB is the decay time constant of the exponential 

dump. 

The main steps of the single time constant model are reported below: 

1) Take 1.,D as the local value of magnetic density at the k-th turn. 

2) Using 1.,D and n,, calculate at time t the time derivative of the internal field 1̇3,Dfor the k-th turn: 

1̇3,D(') = : ∙ E1 − ;<=/GH linear ramp profile (5) 

1̇3,D(') =
1.

AB − ,
∙ I;<

=
G − ;

<
=
?@J exponential dump profile (6) 

3) Calculate the power per unit volume of the k-th turn due to coupling losses, !"#$%,D(') as in 

equation (1). 

4) Multiply !K,D(') by the volume of the k-th turn: LD = MN=O ∙ PD to obtain the power !D(') of the 

k-th turn (in watts), with Astr indicating the total area of the composite strands. 

In the calculations reported here, the time constant nτ of the cable in conduit conductor in (1) was 

set to 569 ms. As already anticipated, this value derives from the fitting of the AC loss tests performed 

on the CSI before the beginning of the cyclic loading (run #036_001-F3). 

 

2.2 Multi Partial Shielding Model 

In the MPAS model, the steps #2 and #3 of the single time constant model are modified to 

account for the multistage cable layout. The power due to coupling losses !"#$%,D(') in the k-th turn 

is computed according to the relation below: 

!"#$%,D(') = Q
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where 1̇3,D,S is the internal field at the k-th turn, and j is the index of the time constant of the MPAS 

model (TS). 

1̇3,D,S(') = 1.,D + : ∙ E1 − ;<=/XYH linear ramp profile (8) 
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Abstract—The ITER central solenoid (CS) is a highly stressed
magnet that must provide 30 000 plasma cycles under the ITER
prescribed maximum operating conditions. To verify the perfor-
mance of the ITER CS conductor in conditions close to those
for the ITER CS, the CS insert was built under a USA–Japan
collaboration. The insert was tested in the aperture of the CSMC
facility in Naka, Japan, during the first half of 2015. A magnetic
field of up to 13 T and a transport current of up to 60 kA provided
a wide range of parameters to characterize the conductor. The CS
insert has been tested under direct and reverse charges, which
allowed a wide range of strain variation and provided valuable
data for characterization of the CS conductor performance at
different strain levels. The CS insert test program had several
important goals as follows. 1) Measure the temperature margin of
the CS conductor at the relevant ITER CS operational conditions.
2) Study the effects of electromagnetic forces and strain in the
cable on the CS conductor performance. 3) Study the effects of
the warmup and cooldown cycles on the CS conductor perfor-
mance. 4) Compare the conductor performance in the CS insert
with the performance of the CS conductor in a straight hairpin
configuration (hoop strain free) tested in the SULTAN facility.
5) Measure the maximum temperature rise of the cable as a result
of quench. The main results of the CS insert testing are presented
and discussed.
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Fig. 1. (Left) CSI cross section. (Right) Installation of the CSI into the test
facility.

I. INTRODUCTION

THE Central Solenoid (CS) will be provided to ITER, a nu-
clear facility INB-174, by the US ITER Domestic Agency.

The conductor is supplied by the Japanese Domestic Agency.
The CS conductor was qualified in the SULTAN test facility [1],
where a short piece of conductor was placed in a background
field of 10.85 T, a current was introduced into the conductor,
and the temperature was slowly increased. Then the conductor
went through electromagnetic (EM) load cycles and warmups
and cooldowns to simulate ITER operating conditions. In the
past, the CS conductor experienced a significant degradation
during the EM cycles and the warmups. It was assumed and
then confirmed [2] that the reason for the degradation was
broken superconducting filaments due to the EM forces in
the cable. The degradation threatened the ITER mission of
30,000 full cycles and therefore was treated as a high priority
by the ITER community. It led to a new cabling pattern [3].
The new layout, which has much tighter twist pitches in the
subcables proved to have no degradation in SULTAN tests and
was adopted for the CS. This new conductor was used for the
CS Insert fabrication.

Overall responsibility for the CS Insert (CSI) Project rests
with US ITER. The CSI was designed by US ITER, built by
Mitsubishi Electric Company under Japanese Domestic Agency
supervision, and tested by the Japan Atomic Energy Agency
Operating Group. An international Testing Group controlled the
testing procedure and analyzed the test data.

II. CS INSERT DESIGN

The CSI design is described in [4]. Fig. 1 shows the CSI cross
section and the CSI installation in the test facility. The CSI is a

1051-8223 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

CS Insert• The CS Insert (CSI) is a 43 m long single layer solenoid
wound into 9 turns and tested in 2015 in the bore of the
Central Solenoid Model Coil (CSMC) at QST in Naka
(Japan)
• During the AC loss tests, the CSMC current is ramped and

then kept constant; an exponential dump is then
triggered with a given time constant
• Conductor winding stages: (2Sc + 1Cu) × 3 × 4 × 4 × 6

4200907 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 29, NO. 5, AUGUST 2019

Fig. 1. (a) Cross section of the CSI conductor. (b) Sketch of the CSI with the
relevant sensors for the AC loss tests highlighted. (c) Location of the temperature
sensors along the CSI.

TABLE I
PARAMETERS FOR SELECTED AC LOSS TESTS, WITH NO CURRENT

IN THE CSI (I0,CSI = 0)

$Tests performed at EoC, namely after 16000 EM cycles.
&Tests performed at EoC and after quench (Q) tests.

bore of the ITER CSMC [4]. Details of the test campaign, CSI
conductor geometry and experimental setup can be found in [3],
[12] and [7], respectively. The qualification of the AC losses in
the conductor [13], [14], and the analysis of their evolution with
electromagnetic cycling [15], were some of the main objectives
of the test campaign.

AC losses in the CSI were measured during exponential
dumps of the current in the CSMC (i.e., of the external mag-
netic field in which the CSI was placed), with a characteris-
tic time constant Td ∼20 s. As the two coils have different
dump time constants, to avoid the mix of different power de-
position time-scales only shots with no current in the CSI have
been selected.

For the analysis and assessment of the conductor AC per-
formance, a set of experimental shots has been identified (see
Table I), including tests both at the beginning and at the end of
electromagnetic cycles (BoC and EoC, respectively).

III. ANALYTICAL MODEL

Coupling losses per unit length (Pcoup ) in the cable [16] can
be modeled as:

Pcoup (t) =
nτ

µ0
· Ḃ2

i (t) ·Ast (1)

where nτ [s] is the coupling time constant of the cable,µ0 [H/m]
the magnetic permeability of the vacuum, Ḃi [T/s] the derivative
of cable internal field and Ast [m2] the total cross section of the
composite strands.

The internal magnetic field Bi depends on the external mag-
netic field Be according to [17], [18]:

Bi (t) = Be (t)− Ḃi (t)
nτ

2
(2)

which allows to determine the specific formulation of Pcoup .

A. Coupling Losses During Exponential Magnetic Field Dump

The external field Be, provided in this experiment by the
CSMC, decays exponentially from the initial value B0 according
to the following expression

Be (t) = B0e
− t

Td (3)

where Td is the magnetic field dump time constant.
Solving (2) for Bi(t) and substituting it in (1), yields the fol-

lowing expression for the coupling losses:

Pcoup (t) =
nτ

µ0

(
B0

Td − nτ
2

(
e
− t

nτ
2 − e−

t
Td

)) 2

Ast (4)

which is valid only for an exponential decrease of the field Be.

B. Coupling Losses During Linear Magnetic Field Ramp

If the magnetic field (Be) varies according to a (descending)
linear ramp, the external magnetic field can be written as

Be (t) = −B0

Tr
t+B0 (5)

where Tr [s] is the duration of the ramp.
Inserting (5) in (2), solving (2) to determine Bi(t), and substi-

tuting the result in (1), gives the expression of the time dependent
linear power density:

Pcoup (t) =
nτ

µ0

(
B0

Tr

(
e
− t

nτ
2 −1

)) 2

Ast (6)

which is valid only for a linear evolution of Be, due to (5).

C. Hysteresis Losses

The hysteresis losses in the cable per unit length (Physt) are
computed as [19]:

Physt =
2· Jc · deff ·

∣∣∣Ḃe

∣∣∣ ·AnonCu

3π
(7)

where JC is the local current density at (x, t), Ḃe is the magnetic
field derivative, AnonCu is the cross section of non-Cu material
in the composite strands and deff = 19 µm is the effective di-
ameter of the superconducting filaments. The value of the latter
was determined by calorimetry in [20], but in view of the very
small temperature increase during hysteresis measurements it
was considered subject to some uncertainty. For this reason,
starting from that reference value, a calibration has been per-
formed here, resulting in a deff = 29 µm from a best fit of the
temperature evolution during slow linear ramps of the magnetic
field (when Physt >> Pcoup ).

24 sub-cables 
in THELMA
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• The mesh includes 1800 nodes along ~ 43
m, about 7 mesh nodes per twist pitch of
the last-but-one cabling stage.

• A good approximation of the experimental results was obtained, with fitting conductances (and time
constants) decreasing by a factor 3 between the beginning and the end of the test campaign.

BONIFETTO et al.: MODELING THE ITER CS AC LOSSES BASED ON THE CS INSERT ANALYSIS 4200907

TABLE II
MAIN RESULTS FOR SELECTED TESTS

IV. CALORIMETRY FOR THE ESTIMATION OF nτ

The coupling time constant nτ in the lumped-parameter model
described above can be obtained from the total energy E de-
posited in the CSI during the AC loss tests. The energy deposited
in the cable region included between the TS07 and TS02 tem-
perature sensors, see Fig. 1(c), is computed as in [7]:

E =

∫ ∞

tdump

(h2(p̄, T2)−h7 (p̄, T7))×ṁavedt (8)

where tdump is the dump time, h the specific enthalpy evaluated
locally for the two sensors and p̄ and ṁave are the pressure and
mass flow rate computed as average between inlet and outlet
measurements.

The energy deposited in the CSI by coupling losses is obtained
removing from the total energy the estimated contribution from
the hysteresis losses Ehyst, computed by time integration of (7),
i.e.,

Ecoup,CSI = E −Ehyst (9)

The integration of Pcoup in (4) over time and space, with
t ∈ [tdump,∞] and x ∈ [xTS07, xTS02], corresponds to
Ecoup,CSI: by dividing it for Ast · (xTS02 −xTS07) we obtain
the energy per unit volume of composite strands, qcoup,CSI.
Therefore, solving for nτ , it is possible to deduce its value from
experimental data:

nτ =
2qcoup,CSITdµ0

B2
e −qcoup,CSIµ0

(10)

where B2
e is the square of the integral average (external) mag-

netic field in the region within the TS07 and TS02 temperature
sensors.

The calorimetry and the estimated nτ values are reported in
Table II. The variation of nτ with electro-magnetic cycling is
reported in Fig. 2, showing that in less than 1000 cycles it reduces
by a factor ∼3 (from ∼600 ms to ∼200 ms). Note that the nτ
value at EoC is still larger than prescribed (75 ms [21]).

V. THELMA ELECTRICAL MODEL

The electrical module of the THELMA code [8] is a state-
of-the-art model for the computation of current distribution and
AC losses in multistrand superconducting cables for fusion [22],
and accelerator magnets [23], [24].

The model represents the conductor through a distributed pa-
rameter non-linear circuit. The cable is subdivided into a set of

Fig. 2. Variation of the nτ with the number of cycles in the CSI.

Fig. 3. (a) Geometry of the CSI represented with the THELMA code through
24 sub-cables. (b) Detailed geometry of the sub-cables composing the CS
conductor.

electrical elements, which can either correspond to individual
wires or to strand bundles. The strands/sub-cables interact with
each other by means of electrical conductances and mutual in-
ductances. The interaction of the electrical elements with exter-
nal coils is also considered through mutual inductive coupling.

In the THELMA model of the CSI, the conductor is repre-
sented at the level of the 24 sub-cables of the last but one cabling
stage, each composed of 36 strands. The geometry of the CSI
conductor as represented in the THELMA model is shown in
Fig. 3. The inductive coupling of the CSI sub-cables with the
CSMC coil allows computing directly the electromotive forces
induced in the loops formed by the sub-cables during the dumps
of the CSMC current. The resulting current and coupling loss
distributions and evolutions are then determined.

VI. BENCHMARK AGAINST THE THELMA RESULTS

While the analytical model presented in Sections III–IV has
been calibrated just using global information deriving from the
CSI experimental campaign, (4) and (6) are suited also to com-
pute the local power deposition along the cable, which is not
directly measurable. The THELMA electro-magnetic model, de-
scribed in Section V, has been already successfully applied in
[7] to the detailed evaluation of the local power deposition in the
CSI. Those results are used as reference for the benchmark of
the power profile computed by the analytical model described
here. It uses in input the 1D (external) magnetic field distribution

THELMA

Analytical
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Model application to the CSM1 tests
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• The model consists of 40 pancakes, made of 14 turns each

• The instrumentation of CSM#1 includes temperature,
pressure and mass flow rate sensors, at the inlet of all
pancakes and at the outlet of pancakes from #2 to #39 [6].

• The AC loss measurements were performed by exponential
dumps of the transport current of the CSM#1

[7] M. Breschi, L. Cavallucci, P. L. Ribani, R. Bonifetto, A. Zappatore, R. Zanino, F. 
Gauthier, P. Bauer, N. Martovetsky,, IEEE Trans. Appli. Supercond., vol. 31, n. 5, 
Article Number 5900905, 2021

• The tests of the first module of the CS magnet (CSM1)
were performed at General Atomics, Poway (US), in 2020.
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AC Losses in the First ITER CS Module
Tests: Experimental Results and
Comparison to Analytical Models
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Abstract—The ITER Central Solenoid (CS) will be manufac-
tured by assembling a stack of six modules, which are under fab-
rication by the US ITER organization and its subcontractors. The
tests of the first CS Module have been performed at the premises
of the General Atomics (GA) facility in Poway (US), in order to
check compliance to the ITER requirements. Among other tests,
the magnet was submitted to exponential dumps of the transport
current from different initial values (10, 15, 20, 22.5, 25, 35, 40 kA)
down to 0 kA. These tests are aimed at conducting DC breaker
commissioning of the test facility and were used to measure the
AC losses in the coil during electrodynamic transients. This paper
presents the results of these measurements, along with a compari-
son with analytical computations of the losses in the magnet.

Index Terms—AC Losses, Cable in Conduit Conductors, Central
Solenoid, ITER project.

I. INTRODUCTION

THE losses in superconducting coils during electrodynamic
transients are of paramount importance for a correct di-

mensioning of their cryogenic circuit. Several experimental, nu-
merical and analytical studies have been presented on this topic
in the recent years [1]–[8]. This paper focuses on the analysis of
electrodynamic losses in the first module of the Central Solenoid
of the ITER magnet system [9], which consists of 40 pancakes
wound with a Nb3Sn Cable in Conduit Conductor (CICC) [10].
The tests of the first module (CSM#1) were performed at the
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Fig. 1. Sketch of the CSM1 instrumentation.

premises of General Atomics (GA), in Poway, close to San
Diego (US) [11]. The AC loss measurements were performed
by de-energizing the magnet through exponential dumps of the
transport current, from different initial values, namely 10, 15, 20,
22.525, 35, 40 kA. The paper presents the results of these tests,
obtained by computing the heat deposited in the supercritical
helium of the cryogenic system with two methodologies, namely
a calorimetric and an isochoric approach. It should be noted that
the AC losses in the CS JASTEC conductor, which is the same
used for the CSM#1, were previously measured in a straight
configuration in the SULTAN facility (SPC, Switzerland) [12],
and in a single-layer solenoid configuration (CS Insert, or CSI)
in the CS Model Coil facility (QST, Naka, Japan) [13], [14]. This
paper presents a comparison between the experimental data and
the results of analytical models, based on parameters calibrated
on these previous tests.

II. EXPERIMENTAL SET-UP

The CSM#1 consists of 20 double-pancakes cooled by super-
critical helium, as sketched in Fig. 1. The module is supported
by a 10 tons stainless-steel frame, positioned at the bottom of
the magnet.

1051-8223 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Universita degli Studi di Bologna. Downloaded on June 28,2021 at 07:44:43 UTC from IEEE Xplore.  Restrictions apply. 



Model application to the CSM1 tests
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• The losses were computed with THELMA_UB through simulations of all the
individual turns of the CSM1 magnet.

• The magnetic field is computed as the sum of the contributions from a
uniform current distribution in the upper and lower solenoids 1 and 2,
and in the rest of the same pancake excluding the analysed turn.

• The magnetic field generated by the turn under analysis accounts for the
non uniform current distribution in the turn.

• The boundary conditions are either given by a uniform current distribution
or a short circuit (equipotential surface) at the ends of the turn

Pancake #21

turn #1

2

3

1



Single Turn model: assumptions
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• The simulation of individual turns
requires 277 separate runs (554 turns/2
for symmetry)

• The cable was discretized with 24 sub-
cables, as already done for the
simulations of the CS Insert

• Each turn was discretized with 8 mesh
nodes per twist pitch of the last but
one cabling stage (150 mm).

24 sub-cables 
of the CS 
conductor

THELMA discretization of 
Turn #1 of Pancake #21



Single Turn model: comparison analytical vs numerical
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Turn #1
Pancake #20

Turn #1
Pancake #1

Peak at t = 
1.6 s

• A good agreement is found between the two models, with a maximum
difference of about 10 % on the total energy of each turn

• Exponential dump from 20 kA, with t = 7.0 s. The parameters of both THELMA_UB and the analytical model
are those used to fit the CS Insert results at virgin conditions



Single Turn model: impact of the boundary conditions
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• Exponential dump from 20 kA, with t = 7.0 s, turn 1 of pancake 1: current and coupling losses at t = 1.6 s

• The impact of boundary conditions is limited to about 0.3 m, and
affects the total energy deposited in the turn by about 10 %

Coupling losses

Coupling losses

Currents in 24 CEs, t = 1.6 s

Short 
circuit

Uniform 
current

Currents in 24 CEs, t = 1.6 s



Single Turn model: time evolution of currents and losses
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Currents in 30 CEs in the 
middle of turn #14

Coupling losses in the 
middle of turn #1

Currents in 24 CEs in the 
middle of turn #1

Iop Iop

Currents in 24 CEs in the 
middle of turn #14

Coupling losses in the 
middle of turn #14

Exponential dump from 20 kA,     
with t = 7.0 s,  pancake 20

Turn #1 Turn #14
Pancake # 20



Single Turn model: spatial distribution of the deposited energy  
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• A predictive analysis based on the simulations of the
individual turns was carried out before the CSM#1 tests.• The pancakes with highest AC losses are those at the top
and bottom of the module
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Single Turn model: comparison with experimental results
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• The only modification applied here with respect to the predictive analysis is the change of the dump time
constants from the nominal (7.8 s) to the measured values, in the range from 6.5 to 7.3 s
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• A 2D fitting procedure was applied to
determine the error committed if reducing
the number of simulated turns.

• The computations were performed by
skipping 1, 2, 3 pancakes along the
magnet height and 1, 2, 3 turns along the
magnet radius. Symmetry

conditions

Turns #1, 3, 6, 9, 12, 14 
Pancakes #1, 5, 9, 13, 17, 20

Turns #1, 3, 6, 9, 12, 14 
Pancakes #1, 5, 9, 13, 17, 20

Turns #1, 3, 6, 9, 12, 14 
Pancakes #1, 5, 9, 13, 17, 20

Single Turn model: how many turns are needed ? (1/2)



Single Turn model: how many turns are needed ? (2/2)
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• The best fitting of hysteresis losses is obtained with a linear
fitting, while for the coupling losses the best fitting is obtained
with the spline approximation

• Using 36 turns in total (out of 277) it is possible to
approximate the AC loss results with an average error of 1.5 %
and a maximum error of 2.5 % on the total energy deposited
in each pancake.

Turns #1, 3, 6, 9, 12, 14

Turns #1, 3, 6, 9, 12, 14
Turns #1, 3, 6, 9, 12, 14



Conclusions and perspectives
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• A numerical model for the computation of AC losses in a full scale fusion magnet was developed and
successfully implemented to the ITER Central Solenoid module.

• The impact of the boundary conditions on the results is limited below 10 %. The preferred choice of the
boundary conditions is the uniform current distribution.

• The number of turns to be analysed can be reduced from 277 to 36 with a maximum error less than 2.5 % on
the losses in each pancake through a suitable 2D interpolation.

• The results of the THELMA model with parameters obtained from tests of the 43 m long CS Insert can be
scaled up to the 6 km long CSM#1, with a good agreement with the experimental data.

• In perspective we plan to apply the model to other CS modules, and to improve it for the projection of results
from tests in SULTAN (SPC). Full pancake simulations are under way.
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