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esign  of  rotating  resonant  magnetic  perturbation  coil  system  in  the
TOR-M  tokamak
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 i g  h  l  i  g  h  t  s

Static  RMP fields  were  successfully  produced  in  STOR-M  by  an  (l =  2, n  =  1)  helical  coil.
A  new  RMP  system,  consisting  of  sets  of saddle  coils  powered  by  an  AC power  supply,  is  being  designed  to generate  rotating  RMP  fields.
The  total  magnetic  field  produced  by  the coil  system  was  calculated  at the  q = 2 surface.
The  saddle  coils  generate  a  dominant  (2, 1) mode  with  sideband  (2,  3) and  (2, 5) modes.
An  H-bridge  circuit  will  be utilized  to drive  an  AC  current  through  the  saddle  coils.
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a  b  s  t  r  a  c  t

The  interaction  between  resonant  magnetic  perturbations  (RMP)  and  plasma  is  an  active  topic  in  fusion
energy  research.  RMP  involves  the  use  of radial magnetic  fields  generated  by external  coils  installed
on  a tokamak  device.  The  resonant  interaction  between  the  plasma  and  the  RMP  field  has  many  favor-
able  effects  such  as suppression  of instabilities  and,  under  certain  conditions,  improvement  of discharge
parameters  in  tokamaks.  The  RMP technique  has  been  successfully  implemented  in the  STOR-M  tokamak.
A  set of  (m  = 2,  n =  1) helical  coils  carrying  a current  pulse  was  used  to study  the  effects  of RMP  on magnetic
okamak
TOR-M
esonant magnetic perturbation
addle coil

islands,  plasma  rotation,  and  other  edge  plasma  parameters.  A  new  RMP  system  is  being  developed  for
the  STOR-M  tokamak.  The  system  consists  of a number  of  external  saddle  coils  distributed  in the  poloidal
and  toroidal  directions  and  powered  by  AC  power  supplies  to generate  a rotating  RMP  field.  Numerical
simulations  have been  carried out  to  calculate  several  parameters  for the new  RMP system  such as  the
magnetic  field  and  the  dominant  modes  generated  by the coils.  The  dominant  mode  generated  by  the
new  RMP  coil  system  may  be tuned  to (2, 1) with  significant  contributions  from  (2,  3)  and  (2,  5)  modes.
. Introduction

Resonant magnetic perturbations (RMP) [1] have drawn a great
eal of attention through their favorable effects on tokamak plas-
as. RMP  have several well-established applications in tokamaks.

hese applications include edge localized mode (ELM) mitigation

2], error field correction [3], edge transport modification [4], tear-
ng mode suppression [5], runaway electron mitigation [6], and
lasma rotation control [7].

∗ Corresponding author.
E-mail address: sae411@mail.usask.ca (S. Elgriw).
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920-3796/© 2017 Elsevier B.V. All rights reserved.
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RMP  involves the use of static or rotating radial magnetic fields
generated by external coils installed on a tokamak device. One  of
the attractive features of RMP  is the mode stabilization which has
been successfully demonstrated in many tokamaks. Mode stabiliza-
tion leads to a significant reduction in frequency and amplitude of
tearing mode fluctuations. It has been found that applying a current
pulse through a set of pre-configured coils with the same helic-
ity as the magnetic islands in a tokamak plasma suppresses the
magnetic fluctuations, provided that the coil current is below the
mode-locking threshold [1]. However, if the applied RMP  field is

too large, the islands in plasma will grow and mode locking may
occur [8].

The RMP  technique has been successfully implemented in the
Saskatchewan Torus-Modified (STOR-M) tokamak. The RMP  fields
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re generated in STOR-M by driving two static current pulses with
qual magnitude and opposite direction through two sets of heli-
al windings with an (l = 2, n = 1) configuration, where l denotes the
oloidal number of helical windings and n is the toroidal mode
umber of the external windings. The two helical windings are
oloidally separated by 90◦ and installed against the outer surface
f the vacuum chamber at a radius of 17 cm.

During previous experiments in STOR-M, it has been observed
hat tearing modes [9] can be controlled by the RMP fields. The
earing mode stabilization is characterized by a significant reduc-
ion in amplitude and frequency of magnetohydrodynamic (MHD)
uctuations. In more recent experiments, it has been found that
he mode stabilization is accompanied by a substantial change in
he toroidal plasma flow [10]. The modification of toroidal flow has
een studied at different magnitudes of RMP  field. After application
f RMP  with moderate current amplitude, the toroidal flow veloc-
ty of impurity ions slows down in the plasma core region. Flow
eversal has also been observed at higher RMP  currents.

The current RMP  system in STOR-M creates only a stationary
agnetic field that does not rotate with the magnetic islands.

herefore, a new RMP  system is being developed to generate rotat-
ng RMP  fields. The advantage of producing a rotating RMP  with
ariable phase and frequency is to stabilize the targeted magnetic
slands without mode locking which is one of the main causes for
lasma disruptions. AC RMP  coils with mode-locking prevention
eedback systems have been successfully utilized in several toka-

aks such as TEXTOR [11] and J-TEXT [12] tokamaks.
This paper is organized as follows. Section 2 provides an

verview of the proposed design for the new RMP system. Section
 highlights the results of numerical analysis of the magnetic field
enerated by the new saddle coils. The mode spectrum produced
y the new RMP  coil system is presented in Section 4. The circuit
nalysis and considerations for the RMP  system are discussed in
ection 5. A summary is given in Section 6.

. Conceptual design

A new design of RMP  system is currently being developed for
TOR-M. The new system consists of a power supply, an H-bridge
ircuit, and saddle coil system. The saddle coil system consists of 4
ets of external saddle coils installed at different toroidal location
n STOR-M. Each coil set is comprised of 4 poloidal saddles placed
n top, bottom, low and high field sides at a radius of 17 cm from
he plasma center.

Fig. 1 is a top view of the STOR-M tokamak with the saddle coils
nstalled on it. The top and bottom coils are identical and chosen
o be isosceles trapezoidal. Furthermore, the saddle coils located
t low and high field sides are two rectangular coils with different
izes. This coil arrangement will be able to target the (2, 1) tearing
ode which is the dominant MHD  mode in STOR-M.
The dimensions of the saddle coils, listed in Table 1, are deter-

ined based on the space available on the vacuum chamber of
TOR-M. The geometric parameters a and b are the lengths of two
djacent sides of the trapezoidal coils and � is the acute base angle.
imilarly, for the rectangular coils, a and b are the lengths of the
ides and all angles are 90◦. These parameters will be used for the
umerical simulations in the upcoming sections.

The coil system will be powered by the DC power supply of
he existing RMP  system. The power supply consists of a 50 mF,
50 V fast capacitor bank (for fast current ramp-up) and a 480 mF,

00 V slow bank (for maintaining the current flat-top). An H-bridge
ill be used to produce an alternating current from the DC power

upply. By switching the voltage across a resonant load (i.e., the
nductive saddle coils and a capacitor) at its natural frequency, from

 to −V, the current through the load will alternate. Driving an
Fig. 1. Top view of STOR-M showing the location of the saddle coil sets.

AC current through the saddle coils will generate a rotating RMP
field with variable phase and frequency. The operational frequency
of the new system will be in the range of 10–30 kHz which is the
typical rotating frequency of MHD  modes in STOR-M.

As mentioned earlier, the saddle coils will be installed externally
on the vacuum chamber of STOR-M, which is made of stainless
steel (304L alloy) with a thickness of 4 mm and cut-off frequency of
11 kHz. As a result, the radial RMP  field generated by the coils will
be attenuated by the skin effect. The skin depth at the operational
frequency of the new RMP  system (10–30 kHz) is between 2.4 mm
and 4.2 mm,  resulting in a field attenuation in the range of 60–80%.
This attenuation will be accounted for by either installing in-vessel
saddle coils or driving larger AC current through the coils.

3. Magnetic field calculations

Numerical simulations have been carried out to calculate the
total magnetic field in 3D space generated by the new RMP  system.
The magnetic field due to a single saddle coil can be determined
using the Biot-Savart law for a line current as:

B (r) = �0

4�

∫
C

Idl  × r̂
′

|r′|2
(1)

where I is the current, C is the curve describing the wire, and dl is
the tangent vector to the curve C at r′. Eq. (1) uses the thin wire
approximation which assumes that the current is concentrated
at the center of the wire. This approximation is sufficient as the
magnetic field is calculated at locations away from the wire (i.e. a
distance greater than the thickness of the wire).

The calculations of magnetic field are carried out for a single
trapezoidal or rectangular coil in the coil coordinates. After the
magnetic field is calculated, it is rotated and translated into the
torus coordinates (r, �, �). The magnetic field in the torus coordi-
nates at a point r is given by:

B(r) = McBc(M−1
c (r − rc)) (2)

where Mc is a rotation matrix from coil coordinates to torus coor-

dinates, and Bc is the magnetic field calculated in the coil reference
frame, assuming the coil is centered at rc .

The contribution of each individual coil to the magnetic field can
be calculated by Eqs. (1) and (2) and added up to obtain the total
magnetic field. Fig. 2 shows a snapshot of the total radial magnetic
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Table 1
Dimensions of saddle coils.

Isosceles Trapezoidal Coils High-Field Rectangular Coil Low-Field Rectangular Coil

a 0.13 m 0.13 m 0.20 m
b  0.20 m 0.20 m 0.20 m
�  80◦ 90◦ 90◦
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for operation of the driving circuit.
ig. 2. The radial magnetic field produced by the saddle coils at the (2, 1) resonance
urface (r = 7 cm).

eld generated by the saddle coils in the torus coordinates. The coils
re fed by an AC current (±1 kA) and assumed to be located outside
he vacuum chamber at r = 17 cm from the plasma center. The total
eld is calculated at r = 7 cm which is the location of the q = 2 reso-
ance surface in STOR-M as suggested by previous calculations of
he safety factor profile in STOR-M [10]. The peak radial magnetic
eld generated at the q = 2 surface is about 25G/kA.

. Mode spectrum

In order to calculate the mode spectrum produced by the saddle
oils, the radial magnetic field has to be expressed in the same form
s the radial magnetic field of MHD  modes. The radial magnetic field
enerated by the RMP  saddle coils can be written as:

r

(
�, �, t

)
=

∑
n,m

Br0mn cos
(

m�  − n� + ωt
)

(3)

here Br0mn is the amplitude of m and n modes at r0. The magnetic
eld in Eq. (3) can be expressed for poloidal and toroidal modes
eparately. For the poloidal modes the magnetic field for a specific
alue of � and t is given by:

r

(
�, �0, t0

)
=

∑
m

(
Br0m,c cos

(
m�

)
+ Br0m,s sin

(
m�

))
(4)

here Br0m,c and Br0m,s are amplitudes of the cosine and sine coef-
cients (Fourier series coefficients) for the mth mode. Similarly, the
agnetic field for the toroidal modes for a specific value of � and t

s given by:

r

(
�0, �, t0

)
=

∑
n

(
Br0n,c cos (n�) + Br0n,s sin (n�)

)
(5)

The radial magnetic fields at fixed �, � and t are shown in Fig. 3
hich were calculated in Section 3. Finally, the Fourier series coef-
cients for the poloidal modes can be calculated from:
r0m,c = 1
�

2�∫
0

Br

(
�, �0, t0

)
cos

(
m�

)
d� (6)
Fig. 3. The radial magnetic fields in the poloidal and toroidal planes at the (2, 1)
resonance surface (r = 7 cm).

Br0m,s = 1
�

2�∫
0

Br

(
�, �0, t0

)
sin

(
m�

)
d� (7)

and the toroidal Fourier coefficients take a similar form. The mode
spectrum generated by the saddle coils can be seen in Fig. 4. The
figure shows the normalized amplitude of each mode calculated by
Eqs. (6) and (7). It is clearly seen that there is a strong (2, 1) mode
generated by the saddle coil system. The (2, 1) mode represents
about 33.17% of the total spectrum amplitude. The (2, 3) and (2, 5)
sideband modes also significantly contribute to the mode spectrum
by 32.9% and 27.86%, respectively. The coil system can be tuned to
generate other modes such as (1, 1), (2, 2), and (1, 2). However, gen-
erating higher (n, m)  modes will require larger numbers of saddle
coils.

5. Circuit analysis

An AC driving circuit is currently being developed for the new
RMP system. An AC current, as opposed to a DC current, is used in
order to vary the phase differences between the coils. The phase
differences will allow the magnetic field created by the saddle coil
arrangements to rotate along with the MHD  modes, thereby more
effectively controlling these modes [12]. As mentioned earlier, the
frequency range of the modes is in the range of 10 kHz to 30 kHz,
and will be the same range of frequencies which will be considered
A common method for producing an alternating current from
a DC voltage source is the implementation of a single phase H-
bridge invertor. A schematic of an H-bridge circuit is shown in Fig. 5.
Switches Q1 and Q4 operate at the same frequency, and are out of
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Fig. 4. Mode spectrum generated by the saddle coils.

hase with switches Q2 and Q3, which also operate in tandem. This
witching causes the voltage across the load (i.e., saddle coils) to
lternate between V and −V at the same driving frequency as the
witches. Subsequently, the current through the load will alternate.
GBT power modules are preferred to be used as switches due to
he high voltage and current ratings.

The RMP  coil system can be treated as a series RLC circuit. For an
nderdamped series RLC load, the driving frequency can be approx-

mated by the damped natural frequency (ωd) of the load which is
iven by:

d =
√

ω2
0 − ˛2

0 =
√

1
LC

− R2

4L2
(8)

here R, L, and C are, respectively, the resistance, the inductance,
nd the capacitance of the saddle coil. The current through the sad-
le coil will decay over time as the capacitor charges. To counter
his effect, the voltage polarity has to be reversed at the point of
urrent zero-crossing. Since, the charge on the capacitor is not zero
t the time when the voltage switches the polarity, the initial con-

itions will be altered and the amplitude of the current will change
fter each zero crossing until a steady state is achieved.

The H-bridge circuit shown in Fig. 5 has been simulated to esti-
ate the current driven though the saddle coil. Fig. 6 shows the

Fig. 5. A schematic of H-Bridge circuit.
Fig. 6. The current waveform driven through the saddle coil.

resultant current waveform through a coil with 100m� resistance
and 15 �H inductance connected in series to a 7 �F capacitor. For
these given values, the damped natural frequency of the system is
about 15 kHz. The current reaches a steady-state value of 1.25 kA
after 2 ms  when the power supply is set at 100 V. It should be noted
that the switching frequency of IGBT modules must match ωd of the
circuit. The system frequency can be tuned by varying the capaci-
tance C.

6. Summary

The STOR-M tokamak is currently equipped with an RMP  sys-
tem that produces static RMP  fields by (l = 2, n = 1) helical coils. The
stationary RMP  field was successfully used to suppress MHD insta-
bilities as well as to modify the plasma rotation and edge plasma
profiles. An improvement on this design is to be able to produce
modes which rotate at the same frequency as the instabilities in
the plasma.

A conceptual design for a new RMP  system is currently being
developed for STOR-M to generate rotating RMP  fields with variable
phase and frequency. The new system consists of sets of saddle coils
installed at different poloidal and toroidal locations on STOR-M. An
H-bridge circuit is utilized to drive an AC current through the saddle
coils.

Numerical simulations were carried out to calculate the total
magnetic field and the mode spectrum produced by the coil sys-
tem at the q = 2 surface. It was found that the saddle coils generate
a dominant (2, 1) mode with a substantial contribution from the
sideband (2, 3) and (2, 5) modes. Circuit analysis was  also conducted
for the new RMP  system to determine the optimal parameters for
the system as well as to calculate the current driven through the
saddle coils.
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