
IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 28, NO. 3, APRIL 2018 4201505

Advanced Computational Model of ITER PF1 Coil
for Manufacture Quality Control

Victor Amoskov , Alexander Belov, Valery Belyakov, Yuri Gribov, Yuri Ilyin , Vladimir Kukhtin,
Eugeny Lamzin, Byung Su Lim, Igor Rodin, Nikolay Shatil, Dmitry Stepanov , Sergey Sytchevsky,

and Vyacheslav Vasiliev

Abstract—An advanced computation model of the Poloidal Field
coil #1 (PF1) of ITER tokamak is developed that involves a de-
tailed description of the winding geometry. The model describes
all basic current-carrying components, including turn joggles and
inter-layer joggles of the coil. The model has been validated in
comparative simulations with the simplified models and analytical
calculations based on Ampere’s law. A high computational accu-
racy of 7 · 10−7 is demonstrated. The error field produced by PF1
coil winding was estimated to be an order of magnitude below the
threshold level. The model is planned to be applied for the quality
control of the manufactured coil. The approach utilized in the PF1
coil model is quite generalized and flexible that makes it applicable
for the modeling of other coils of the ITER magnet system.

Index Terms—ITER, PF coil, current centerline, error fields.

I. INTRODUCTION

W ITHIN the scope of the Domestic Agency responsibil-
ity, Russia proceeds with fabrication of the poloidal field

coil PF1 [1]–[4] for the ITER magnet system. As a part of qual-
ity control and assurance foreseen throughout the manufacture,
a dedicated technique has been developed to validate the coil
geometry based on the detailed design and specifications [2]
and manufacture requirements [3], [4]. Shape deformations oc-
curred during manufacture and assembly of the coil need special
attention as they could produce field perturbations called error
fields [5], [6] resulting in locked modes [1], [7] and plasma
disruption. For ITER a severe limitation is adopted on the al-
lowable level of error fields that dictates mandatory tolerances
on deviations from the expected coil geometry [8]–[14]. For this
reason, quality of the coil shape is a critical issue [15]–[22].

A set of tolerances in ITER is specified for the position of the
central current line (CCL) [8]. All dimensional inspection tech-
nique, based on geometrical measurements, could not guarantee
the right position of the turns and layers inside the pancakes and
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Fig. 1. ITER magnet system with plasma boundary, magnetic surface q = 2
and poloidal angle θ indicated.

Fig. 2. Simplified models for PF1: (a) Massive round coil and (b) thin single-
turn conductor.

winding pack that cannot be observed directly. For this reason,
geometrical deviations of the entire coil and individual turns are
inspected using an optic survey in combination with magnetic
measurements for a number of reference locations. The coil
configuration is qualified through a discrepancy between the
optic and magnetic parameters. Practical measurements [15]–
[20] have proved efficiency of this technique for the coil quality
inspection.

The measured field should be compared with a field map sim-
ulated for a model of the “ideal” (undeformed) coil consistent
with the design documentation [2].

Fig. 1 illustrates the location of PF1 in the ITER magnet sys-
tem. All dimensions hereinafter are given for room temperature.

II. COIL GEOMETRY DESCRIPTION AND PARAMETERS

Usually, two simplified models are applied to calculate the
field generated by the PF1 coil (Fig. 2). The first simplified
model describes a massive ring coil with actual overall design
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Fig. 3. Advanced computational model of PF1 coil (8 stacked double pan-
cakes) and local coordinate system related to coil geometrical center. Turns-1,
turns-2, and interlayer joggles are shown by different colors. Vertical run of
unpaired busbar between coil terminals is shown in foreground.

cross-section of 956.8 mm × 959.8 mm and a median radius
R = 3955 mm. The current density vector is assumed to have
only the toroidal component, the total current is evenly dis-
tributed over a coil cross-section. Another simplified model
represents the coil as a thin single-turn conductor with a radius
R = 3955 mm equal to the radius of the median cross-section
in the first model. The current in the single-turn model is taken
equal to the total current of PF1. Both models ignore the realistic
“two-in-hand” winding of PF1 shown in Fig. 3.

Each model is related to a local coordinate CXCYCZC
with the origin in the geometrical center of the coil. In the
Tokamak General Coordinate System (TGCS), adopted for the
ITER machine [1], the median plane of PF1 is located at
the Z = 7.5737 m as shown in Fig. 1.

On theoretical grounds [23], both models would give close
field evaluations at observation points located at a distance
greater than linear dimensions of the coil cross-section. How-
ever, nearby the coil local field disturbances associated with
the winding configuration may occur that require more detailed
models.

Such description may be implemented using arcwise curves.
The PF1 winding can be described as a combination of 1572
arcwise and straight elements with a square cross-section. This
enables better computational accuracy.

Also, the improved model provides more accurate field simu-
lation in the plasma region (e.g., at the surface q = 2 [5], Fig. 1)
that can be applied for validation of previous assessments [5],
[6], [11], [12] of error field associated with possible fabrica-
tion/assembly deformations of PF1

This paper presents the study aimed to:
1) development of an advanced magnetic model of the PF1

coil that reflects the winding configuration in details;
2) comparative field simulations with the simplified and

advanced models;
3) assessment of the CCL position for different models
4) validation of estimated error field for PF1.

Fig. 4. Simplified winding schematics for (a) lower and (b) upper layers of
double pancake lettered as L and U. Dashed lines indicate three inter-layer
joggles, identical in (a) and (b). 1, 2 – turns 1, 2; 3 – two inter-layer joggles
forming turn 1-turn 1 and turn 2-turn 2 transitions; 4 – inter-layer joggle forming
turn 1-turn 2 transition; 5 – outer terminals; 6 – non-conducting filler turns;
7 – turn joggles.

Fig. 5. Computational model of double pancake. 1, 2 – turns 1 and 2,
3 – two inter-layer joggles forming turn 1-turn 1 and turn 2-turn 2 transitions,
4 – inter-layer joggle forming turn 1-turn 2 transition.

III. ADVANCED COMPUTATIONAL MODEL OF PF1

The advanced geometrical description (Fig. 3) describes PF1
as a stack of 8 double pancakes varying in their configurations:
five pancakes (DP2, DP3, DP5, DP6, DP7) are identical, while
pancakes DP1, DP4, DP8 are all individually configured. All
double pancakes except for DP4 are wound similarly. The last
turn of DP4 has an extra 40° toroidal length to eliminate overlap
with an inter-layer joggle. The conductor ends are brought out
of the top (DP8) and bottom (DP1) pancakes to connect to the
busbars.

Every double pancake (DP) consists of two plane layers
(Fig. 4). Each layer is formed with two conductors (turn 1 and
turn 2 in Figs. 4–5) wound simultaneously by the “two-in-hand”
winding scheme. The conductors have an identical square cross-
section; their CCL is described through arcwise elements. Each
conductor is first bent to the initial radius around a semicircle,
then is shaped arcwise to make a turn joggle (Fig. 4, pos. 7), and
another semicircle is wound to another radius. The turn 1 and
turn 2 alternate forming one layer of the double pancake.
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When the both layers are completed, they are stacked thus
forming a DP. Six of the eight ends of all conductors are con-
nected by three interlayer joggles (dashed lines in Fig. 4). The
two remaining ends (the terminals of turn 2 of the lower layer
and of turn 1 of the upper layer, see Fig. 4, pos. 5), are used
either to connect neighboring DPs in the assembly (Fig. 3) or to
form coil outputs.

Two interlayer joggles (Figs. 4–5, pos. 3) are located on the
inner diameter of the DP connect turn 1 with turn 1 or turn
2 with turn 2 located at different layers. The third interlayer
joggle, located on the outer diameter of the DP (Figs. 4–5,
pos. 4), connects the turn 1 of the lower layer with the turn 2 of
the upper layer.

The pancakes are stacked in a cylindrical coil with a 40°
shift in a toroidal direction relative to each other. As the DP4
conductor has the extra toroidal length, DP5 is rotated by 80°
with respect to DP4.

The model also describes the vertical run of an unpaired bus-
bar between the coil terminals (Fig. 3). The paired busbars to
the coil are omitted because they are designed bifilar and pro-
duce fields perturbations at the plasma region by a 1.5 order
lower [24], [25] as compared to those due to the coil wind-
ing irregularities described above. The same model is applied
for the coil quality control on the base of magnetic measure-
ments when twisted current leads are used for energizing the
coil.

Every double pancake has 31 turns and a transition region
over a toroidal length of 40° connecting two DPs. Seven 40°
DP-to-DP transitions including the unpaired busbar between
the coil terminals and a 80° transition between DP4 and DP5
gives an additional full turn of the coil winding. So, the total
number of turns in the PF1 model is taken as 31 · 8 + 1 = 249.

In the simplified models the fields are described with known
analytical formulae [26]. Expected field maps can be simulated
with adjustable accuracy using electromagnetic computer codes,
such as [27]–[29]. These codes solve the magnetostatic problem
using the integral formulation. In the context of a simplified
configuration of the current-carrying elements modeling the coil
the FE or finite-difference methods is also convenient to use.

The advanced PF1 model implements the winding descrip-
tion as a set of elementary arcwise and straight conductors to
accommodate for the realistic geometry. The PF1 field has been
evaluated in analytical calculations with the code KLONDIKE
[28] that utilizes the integral formulation for magnetostatic prob-
lems. The field is calculated for every conductor. This enables
smooth solution and accurate construction of influence func-
tions reflecting the PF1 response to parametric variations. The
description of turns can be adjusted by local modifications of
the coil model.

However, the use of the FE representation is much more com-
plicated in this case. To provide desired computational accuracy,
the 3D FE mesh should have a complex topology and high dis-
cretization over both the coil and its surroundings. A possible
solution is the use of a combined computational technique [28]
that implies decomposition of the total field into the “solid” and
“air” contributions. The FE meshing is applied to the ferromag-
netic components, while the field in the space around the coil

Fig. 6. Normalized difference ΔB in field obtained with advanced model and
simplified massive round coil model. Observation points are taken circumfer-
entially above coil top. Curves 1, 2, 3 correspond to Br , Bϕ , Bz , respectively.
(a) – single DP (Fig. 5), (b) – entire PF1 coil (Fig. 3).

is calculated analytically over an arbitrary set of observation
points. This eliminates the need to model boundaries of every
turn and significantly reduces the mesh.

IV. VALIDATION OF ADVANCED PF1 MODEL

Validation of the advanced model of PF1 coil included calcu-
lation of the total coil current J using Ampere’s law. The current
in elementary conductors was taken equal 10 A, thus the total
coil current capability was Jtot = 2490 A·turns.

Integration was made over 36 2 m × 2 m closed contours
at ϕ = const planes located around the coil with a constant
step 10° (one of them, ϕ = 0◦, is shown in Fig. 3). An inte-
gral over every contour was calculated for 3 sets of observa-
tion points (80, 800, and 8000 points) using the trapezoidal
rule. The observation points were taken uniformly along the
contour, the minimal step was 1 mm. The resulting 36 se-
quences of values convergent to Jtot can be represented as
2488.6420 ± 0.0017 A, 2489.9859 ± 0.0018 A, 2489.9993
± 0.0018 A, where “±” means the standard deviation. An er-
ror of about ±0.0018 A (±7 · 10−7 relative to Jtot) is asso-
ciated with inaccuracy of the turn description in the detailed
model. The obtained estimate is justified by analytical calcu-
lations with the simplified model of a massive ring coil that
yield 2488.64196669943 ± 3 · 10−12A, 2489.98641965773 ±
3 · 10−12A, 2489.99986419657 ± 3 · 10−12A. The value ±3 ·
10−12A corresponds to the calculation error of ±1.2 · 10−15

with respect to Jtot .
Fig. 6 illustrates normalized differences ΔBr = (Br −

Bra)/|B|, ΔBϕ = (Bϕ − Bϕa)/|B|, ΔBz = (Bz − Bza)/|B|
between the field obtained with the use of the massive round coil
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Fig. 7. Absolute difference ΔB in radial (r) and vertical (z) fields at plane
ϕ = 0 obtained with simplified and advanced PF1 models on magnetic surface
q = 2 (Fig. 1): curve 1 – massive round coil model; curve 2 – thin single-turn
conductor model, radius of 3955 mm; curve 3 – thin single-turn conductor
model, radius of 3959 mm.

and the advanced (subscript “a”) model, respectively. The field
was evaluated at observation points taken at a circle with radius
R = 3.955 m 25 cm above the top plane of the coil. A constant
field magnitude |B| = (B2

r + B2
z )1/2 (Bϕ = 0) of the massive

round coil at the circle was taken as the norm. The plot for a
single double pancake (Fig. 6(a)) demonstrates local field distur-
bances near the turn joggles (Fig. 4, pos. 7). These disturbances
are caused by the change in the turn radius at turn-to-turn transi-
tions within one pancake layer over a short toroidal length. The
field variations associated with the inter-layer joggles are much
less.

Similar plots are presented in Fig. 6(b) for the entire PF1 coil.
8 double pancakes stacked with an angular shift to each other
generate a different field pattern. As expected, the higher har-
monics are dominant, while the amplitudes of field disturbances
are lowered by five times.

The advanced PF1 model enables assessment of field non-
axisymmetry due to curved turn transition regions (joggles). For
this purpose the computations were carried out for the magnetic
surface q = 2 (Fig. 1) typically used to evaluate anticipated error
fields [5]. The field was computed at observation points given
at this surface (Fig. 1). The total current of PF1 was taken as
J = 8.873 MA that corresponds to the SOF state of the reference
15-MA DT scenario [1].

Fig. 7 shows the absolute difference between fields obtained
with the use of two simplified models and the advanced PF1
model.

In the design the PF1 CCL is described as a thin current ring
of the radius R = 3.955 m. The field at the vertical axis Z of
such ring lying in the plane XY is known to be reduced to a
single component Bz = (μ0R

2J) / 2(z2 + R2)3/2 [26], where
J is the current in the ring. The vertical field at the coil center
evaluated with the use of the advanced PF1 model allows a
more accurate estimate for the equivalent CCL radius as R =
(μ0J) / 2Bz . This relation is applicable for all operating modes
PF1 if no effect of material non-linearity takes place. From
our computations, the equivalent CCL radius was found to be
3.959 m (0.1% difference if compared to the design radius of
3.955 m). Fig. 6 presents fields obtained with the thin ring model
with the adjusted radius of 3.959 m and the advanced PF1 model.

The plot demonstrates that field calculations at surface q = 2
with the adjusted thin ring model of the radius of 3.959 m agree
better with the advanced PF1 model than the massive ring coil
model.

V. ERROR FIELD EVALUATION

Axial asymmetry of the poloidal field, or error field, in the
plasma region is primarily caused by deviations of the TF and
PF coils from their ideal geometry. The error field in ITER is
evaluated using the “3-mode” criterion [5], [6] or the “overlap”
criterion [11], [12].

With these two approaches, error fields were calculated for the
PF1 winding asymmetry associated with the presence of joggles.
The error fields are obtained in the dimensionless form as a
share of the toroidal field Bt0 = 5.3 T at the tokamak magnetic
axis [1].

The “3-mode” error field at the magnetic surface q = 2
(Fig. 1) for the SOF state of the reference scenario [5] was
evaluated as 4.17 · 10−6 · Bt0 . This value is by an order of mag-
nitude below the allowable error field level of 5 · 10−5 · Bt0 [8].

The “overlap” error field was evaluated for 3 fiducial ITER
plasmas, called Plasma 1, Plasma 2, Plasma 3 related to the
ideal response of plasmas to magnetic perturbations [11]. The
expected error fields were found to be 1.14 · 10−6 · Bt0 for
Plasma 1, 0.99 · 10−6 · Bt0 for Plasma 2, and 0.38 · 10−6 · Bt0
for Plasma 3. These values are more than by a factor of 40
below the present Locked Mode limits [31]: 7.9 · 10−5 · Bt0 for
Plasma 1, 4.7 · 10−5 · Bt0 for Plasma 2, 1.5 · 10−5 · Bt0 for
Plasma 3.

VI. CONCLUSION

The advanced computational model is proposed that reflects
the actual configuration the ITER PF1 coil winding. A high level
of detail enables accurate field simulations in the region near the
coil surface. The computational model of the coil describes all
basic current-carrying components, including turn-joggles and
inter-layer joggles.

The model has been validated in comparative simulations
with the simplified models and analytical calculations based on
Ampere’s law. The results have proved that the advanced model
is capable to provide desired computational accuracy.

The detailed modeling of the coil turns allows refined assess-
ment of the error field due to the winding asymmetry of the
PF1 design. The evaluations obtained show low levels of the
anticipated error fields.

This model is planned to be applied to the quality control of
PF1. The proposed quality inspection technique implies mag-
netic measurements at room temperature and an excitation cur-
rent much less than the rated operating current. This allows
inspection of the coil at manufacturer’s premises without cool-
ing the coil down to operating conditions that gives a substantial
cost saving. The drawback is that the generated field is also low,
and measurements are carried out close to the coil. Then, to
ensure reliable comparison of a measured field of the real coil
and data calculated for the ideal coil shape, the computational
model should guarantee accurate field map nearby the coil. The
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work devoted to test measurements of PF1 Dummy DP is under
progress now.

The approach utilized in the PF1 coil model is quite gener-
alized and flexible that makes it applicable for the modeling of
other coils of the ITER magnet system.

ITER is a Nuclear Facility INB-174. The views and opinions
expressed herein do not necessarily reflect those of the ITER
Organization.
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