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Abstract— The control of resistive-wall- mode (RWM) 
instabilities can be realized with a dedicated active control 
system based on in-vessel sector coils. Each coil is fed 
independently by a dedicated fast inverter. Due to the 
outstanding dynamic performance required, new insulated-
gate bipolar transistor modules based on silicon carbide 
technology (SiC) is adopted. Switching at 30 kHz these 
components, together with a fast control system, allow 
reaching the required high dynamic. This paper gives an 
overview of the final design of the RWM-PS, its special 
features and the solutions implemented to satisfy the critical 
requirements. The issues related with the high switching 
frequency and the peculiar nature of the load will be 
treated in detail. 

Index Terms— Insulated gate bipolar transistors, plasma 
stability, power supplies, pulse-width modulated power 
converters. 

INTRODUCTION 
One of the main objectives of these power converters is the 
control of the instabilities called resistive- wall modes 
(RWMs) in order to reach the desired plasma performance and 
confine steady-state high-beta plasmas [1]. To this extent a 
dedicated active control system based on in-vessel sector coils 
(RWM control coils) has been devised. The standard active 
control of the plasma instabilities is normally implemented in 
the experiments but the peculiarity of the RWM-CC is that they 
can be placed on the plasma side of the stabilizing plate, just 
behind the tiles of the first wall and around the ports, 
therefore, due to the plasma proximity and the low shielding 
effect of the surrounding passive structures, they can efficiently 
generate fast magnetic fields if properly driven. The strategy is 
to succeed in controlling RWMs when their amplitude is still 
low, so that low magnetic field components and relevant 
current to produce them are sufficient. To achieve the highest 
flexibility, each coil will be fed independently by a dedicated 
converter, which has to follow in real time an arbitrary 
reference generated by the central controller of the tokamak. 
The required coil current and dynamics have been estimated, 
the results were a current peak of 275 A, a closed-loop 
bandwidth of 3 kHz and a latency between reference and output 
lower than 50 µs [3]. To exploit the simple and compact H-
bridge topology, a switching frequency higher than that 
sustainable by standard silicon insulated-gate bipolar 
transistors (IGBTs) is necessary, semiconductors based on 
silicon carbide (SiC) are used to satisfy the requirements. 
 

I. LOAD DESCRIPTION 
The load of the RWM-PS is represented by the  
RWM-CC.  

VOLTAGE REQUIREMENTS 
The voltage across the RWM-CC necessary to achieve 
the required current with the specified bandwidth has been 

calculated on the basis of the impedance characteristic 
achieved through the finite-element (FE) analyses carried out 
in the past years. The rated peak current and voltage at the 
inverter output are set at 300 A and 240 V, respectively. 

 
II. DESCRIPTION OF THE RWM-PS 

The following section describes the design of the Power 
Supplies 
 
A. Block Diagram 

The block diagram of the RWM-PS is shown in Fig. 1 . 
The system is composed by AC disconnector, step-down 
transformer, AC/DC rectifiers, water-cooled fast inverters, and 
a local control cubicle (LCC).  
The fast inverters are divided in two groups, each fed by one 
ac/dc converter, fed in turn by a dedicated secondary winding 
of the step-down transformer. 
 
 
 
 
 
 
 
 
 
 
     Fig. 1.  Overall block diagram of RWM-PS. 
 
B. Fast Inverter Module 

Each fast inverter, with its dc-link filter, capacitor bank, and 
output filters, is enclosed in a self-contained compact module, 
as shown in Fig. 2. 

 
 

                                     Fig. 2 . Overall view of the RWM-PS 
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Fig. 1. Typical set of three RWM-CC at the same toroidal angle
(carbon tiles not shown) (left). Cross section of JT-60SA (right).

critical requirements. After a brief description of the load,
the design of the RWM-PS is treated in detail and some
conclusions on the present achievements are given.

II. LOAD DESCRIPTION

The load of the RWM-PS is represented by the
18 RWM-CC. These coils are arranged in three rows in the
poloidal direction by 6 in the toroidal one. A set of three coils
is represented in Fig. 1. Their dimensions are variable, but
typically the side length is about 0.7 m. More technical details
on RWM-CC can be found in [6]. Each coil is connected to
the RWM-PS with a feeder passing through the cryostat and a
coaxial cable. Presently, it is foreseen to install the RWM-PS
along the north wall of the JT-60SA experiment building; this
allows limiting the cable length in the range 55/88 m (depend-
ing on the coil). The length is such that a reasonable volt-
age drop can be achieved with the selected cross section
of 100 mm2. When not in use or in case of maintenance, each
RWM-CC can be isolated from the RWM-PS with a dedicated
disconnector (DCDS).

III. VOLTAGE REQUIREMENTS

The voltage across the RWM-CC necessary to achieve
the required current with the specified bandwidth has been
calculated in [6], on the basis of the impedance characteristic
achieved through the finite-element (FE) analyses carried out
in the past years. To these values, the voltage drops across
cable and feeder have been added. Assuming some margin,
the rated peak current and voltage at the inverter output are
set at 300 A and 240 V, respectively. In [6], it has been
pointed out that the load impedance increases dramatically
with the frequency while it is only few tens of megohms in
dc operation, due to the low number of coil turns (only 8).
Therefore, also at low constant voltage, the current increases
very rapidly: this might represent a concern for the current
control system.

In case of fast transients of the plasma current, electromotive
forces (EMFs) can be induced in the RWM-CC. The maximum
value and duration have been estimated through FE analyses,
resulting in 170 V for 15 ms, keeping a significant margin [6].

Fig. 2. Overall block diagram of RWM-PS.

The RWM-PS shall be able to timely react to this voltage
in order to limit the output current overshoot within 90 A,
to avoid overstressing the RWM-CC.

To avoid damages on the insulating material of the
RWM-CC, the maximum transient peak voltage and the volt-
age slope at coil terminals have to be limited to ±550 V and
20 MV/s, respectively. These values have been derived from
coil design and experience, with additional margins.

IV. DESCRIPTION OF THE RWM-PS

This section describes the design of the RWM-PS, which
has been developed on the basis of the specific requirements
of this application.

A. Block Diagram

The block diagram of the RWM-PS is shown in Fig. 2.
The system is composed of an ac disconnector, a step-down
transformer, two ac/dc rectifiers, 18 water-cooled fast inverters,
and a local control cubicle (LCC). The fast inverters are
divided in two groups, each fed by one ac/dc converter, fed
in turn by a dedicated secondary winding of the step-down
transformer. The latter is connected at the primary side to the
ac disconnector, which in turn is fed with 6.6 kVrms, 50 Hz
through a vacuum circuit breaker (VCB not part of the RWM-
PS), which can be opened in case of severe faults.

The dc-link capacitor bank is distributed among the
inverters. The combination of nine fast inverters with their
dc-link capacitors and the respective ac/dc converter consti-
tutes a subsystem called power conversion cabinet (PCC). The
ground reference of the system is provided separately for the
two PCCs, with two resistors connected to the dc link.

The choice of dividing the system in two PCCs has been
dictated by the layout constraints, as shown in the following.
It guarantees also higher system availability and flexibility.
A step-down transformer with two secondary windings has
been adopted to separate the common-mode (CM) voltages of



 

Common-Mode Output Filter 
 

The chosen modulation technique (unipolar PWM) produces 
large CM voltage oscillations at the output. In order to 
reduce the risks associated with electromagnetic emissions a 
CM filter has been introduced. The scheme of the inverter, 
including the common-mode output filter is shown in Fig. 3, 
and the reduction of the CM voltage amplitude is presented in 
Fig. 4. 

 

 
Fig. 3.  Simplified scheme of a fast inverter module 

 

 

 
Fig. 4. Voltage measured between one inverter output terminal and negative 
rail of dc link (left). Prototype of CM filter inductor (right). 

 
C. Main Parameters 

The main parameters of the power supply are listed 
in Table A. The maximum operation duty corresponds to the 
maximum duration of the plasma flat-top that was estimated. 

 

 
D. H-Bridge 

The H-bridges represent the heart of the RWM-PS. In 
order to guarantee the required dynamic performance with a 
single H-bridge per inverter, a switching frequency of at least 
30 kHz has to be adopted, with unipolar pulsewidth modulation 
(PWM), fast hybrid Si–SiC power modules have been adopted 
(Infineon FF600R12IS4F). As shown in Fig.5 the measured 
latency time matches the required <50 µs. 
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Fig.5 Measured latency time, positive and negative step 
 
CONCLUSION 
In order to perform a smart and effective control of  the 

RWMs, a very compact, flexible, and efficient power supply 
(RWM-PS) has been designed, comprising a certain number 
of independent inverters, each one driving control coil. The 
very demanding requirements (current bandwidth: 3 kHz, 
latency 50 µs) are satisfied thanks to the adoption of high-end 
control hardware, advanced software control, and mostly SiC 
power IGBTs. This solution has been already tested and 
installed for site experiments this year, 2025. 
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Fig. 4. Simplified scheme of a fast inverter module.

Fig. 5. Fast inverter module.

This facilitates the replacement of the unit, if necessary.
Each module is connected at the input to the dc busbar via
two fuses, and at the output to the coaxial cable. It has
hydraulic connections to the cooling water manifold and signal
connections toward the LCC.

A simplified scheme of the module is shown in Fig. 4.
Its main components are described in the following.
Fig. 5 shows the first fast inverter module manufactured and
ready for the factory tests.

E. DC Link

The dc-link capacitor bank of each PCC is divided into
nine modules, one for each fast inverter, each connected to the
dc busbar through a decoupling RL filter. This solution, with
respect to a concentrated capacitor bank, gives the following
advantages: reduced stray inductance between capacitors and
inverters, due to their close proximity; symmetry of the
aforementioned stray inductances among the inverters; and
reduction of the total number of fuses. Each module consists
of six electrolytic capacitors in parallel, each rated for 10 mF
and 400 V. The RL filter has the main aim of increasing
the damping factor of the dc link, in order to reduce the
resonance effects among the capacitor modules. In paral-
lel to the electrolytic capacitors, a couple of 220 µF and
800-V low-loss polypropylene film capacitors is installed very
close to the fast inverter. Most of the high-frequency current

Fig. 6. Internal temperature of a fast inverter power module with air cooling.

generated by the switching of the H-bridge circulates on these
film capacitors through a low-inductance path guaranteed by
laminated busbars. The lower frequency harmonics will instead
circulate mostly on the larger electrolytic bank. This allows
reducing the electromagnetic emissions due to the inverter
switching operation and guarantees a stable dc-link voltage
at the H-bridge terminals.

F. H-Bridge

The H-bridges represent the heart of the RWM-PS.
As described in [7], to guarantee the required dynamic
performance with a single H-bridge per inverter, a switch-
ing frequency of at least 30 kHz has to be adopted, with
unipolar pulsewidth modulation (PWM) [9]. This is possible
with the technology available today, by adopting fast hybrid
Si–SiC power modules, in this case a couple of Infineon
FF600R12IS4F. Each of these devices is composed of two
silicon IGBTs (1200 V and 600 A), each with an antiparallel
SiC diode (1200 V and 360 A), realizing an inverter leg.
The SiC diodes, thanks to their reduced reverse recovery
effects, show reduced power losses and commutation time;
the latter aspect makes it possible to drive the IGBTs with
gate resistances of smaller values with respect to conventional
Si devices, thus reducing the IGBT switching losses too.
Moreover, the dead time can be shortened, thus reducing
its negative impact on the converter linearity. Deeply tested
with the previous inverter prototype [7], these hybrid com-
ponents showed high reliability and allowed fulfilling all the
dynamic requirements at reasonable cost, thus they have been
selected also for the full RWM-PS. Solutions based on full-
SiC power MOSFET modules have been considered too, to
achieve further space saving and lower power losses, but
finally disregarded, due to: higher cost, lower maturity, and
lower current rating.

Fig. 6 shows the temperature measured by the internal
negative temperature coefficient thermistor of the hybrid IGBT
during three pulses (duration 100 s) performed by the previ-
ous air-cooled inverter prototype [7], with sinusoidal current
reference (300-A peak) at different frequencies. Given the
estimated power losses of the H-bridge (1.9 kW), the tem-
perature difference between junction and heat sink has been
calculated (16 °C for both IGBT and diode). Combining
this value and the experimental data, the expected maximum
junction temperature is about 80 °C with ambient temperature
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Fig. 7. Power dissipated on the damping resistor of the DM output
filter, without and with rate limiter on the sinusoidal current reference
(by simulation). Rate limiter set to 6 A/µs.

of 40 °C, well within the limit given by the supplier (125 °C).
Similar performance is expected in the final RWM-PS with
water cooling cold plate.

G. Differential-Mode Output Filter

A differential-mode (DM) output filter has been introduced
in order to reduce the resonances on the long output cable
triggered by the steep voltage gradients at inverter output,
to reduce the output current ripple, to reduce the current
slope in case of short circuits, and to make uniform the load
characteristics despite the different cable lengths (more details
can be found in [7]). The filter design adopted in the previous
inverter prototype has been confirmed also for the final system;
the main modification is the new steel grid damping resistor,
now rated for a 100-s pulselength. In order to avoid over tem-
peratures on this component in case of input references with
frequencies well over the bandwidth, the current control of
the first inverter prototype has been improved by introducing
a limit on the reference slope. This helps in reducing the power
dissipated on the resistor (as shown in Fig. 7), still fulfilling
the required bandwidth. Another benefit of the rate limiter on
the current reference is the limitation of the voltage slope at
coil terminals within 20 MV/s, as required.

H. Common-Mode Output Filter

The chosen modulation technique (unipolar PWM) produces
large CM voltage oscillations at the output. In order to
reduce the risks associated with electromagnetic emissions on
JT-60SA, especially considering the proximity of the output
cables and RWM-CC to sensitive diagnostics in the tokamak
building, a CM filter has been introduced. (The scheme is
shown in Fig. 4.) A prototype has been already built and
successfully tested, showing a great reduction of the CM
voltage amplitude (Fig. 8).

I. Input Stage

The ac disconnector is air insulated, rated at 7.2 kV and
630 A, and manually operated. Its mechanical life is 3000
cycles, which is sufficient for its purpose, being operated only
in case of maintenance.

The step-down transformer has two secondary windings,
star and delta connected, each rated at 290 V (no-load). It is
enclosed in a dedicated box and natural air cooled.

Fig. 8. Voltage measured between one inverter output terminal and negative
rail of dc link (left). Prototype of CM filter inductor (right).

Fig. 9. Simulation of dc-link voltage with the worst load transients.

Each ac/dc rectifier is composed of an incoming three-
pole switch fuse, a thyristor rectifier module, a dc-link choke,
a surge suppressor, and a dynamic braking resistor (DBR).
The fuse provides protection against short circuits and a
mean to isolate each PCC from the incoming ac supply. The
rectifier module, rated at 350 A, is a six-pulse air-cooled
thyristor bridge, based on 1600-V, 216-A power modules
IXYS MCC200-16IO1. The current rating has been chosen
considering that the maximum output active power of each
inverter is 9 kW, which occurs when operated at 3 kHz, with
peak current equal to 300 A–3 dB, and loaded with the typical
RWM-CC. At the output of each ac/dc rectifier, the 1-mH
dc-link choke has the aim to limit the fault current in case of
short circuit across the dc link and to reduce the dc current
ripple.

The DBR, rated at about 300 A, is a sort of chopper
composed of a switching module (containing an IGBT and a
voltage clamp circuit) and a braking resistor. Its main purpose
is to speed up the discharge of the dc link, in order to: reduce
the dc-link overvoltages, facilitate the return into the regulation
range, and enhance the capability to cope with repeated events
that cause overvoltage (e.g., EMF induced on the RWM-CCs).
However, the dc-link capacitor bank is sized so that, also
without DBR, the dc-link voltage remains within the specified
regulation range of Table I in both normal and abnormal
conditions. The DBR is also used to completely discharge the
dc link in a few seconds whenever required. However, the safe
short circuiting and grounding of the dc link is guaranteed by
electromechanical contactor.

Fig. 9 shows the result of a simulation demonstrating the
capability of the input stage, with its voltage and current
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TABLE I

MAIN PARAMETERS OF THE RWM-PS

the two PCCs such to reduce the electromagnetic interference,
to reduce the harmonic content of the ac input current, and to
avoid mutual couplings of the ac/dc rectifiers through the ac
input voltage.

The control system, which supervises all the plant, is inter-
faced with JT-60SA central control system. In particular,
it receives the voltage/current references and sends the mea-
surements to the MHD controller, which is in charge of
elaborating the real-time algorithms to control the plasma
MHD instabilities. In addition, the LCC is interfaced with the
power supply supervising computer (PS-SC), internal protec-
tion system (PS-IPS), and safety interlock system (PS-SIS) of
JT-60SA, and with the VCB (to command its intervention and
monitor its status).

B. Main Parameters

The main parameters of the power supply are listed
in Table I. The maximum operation duty corresponds to the
maximum duration of the plasma flat-top foreseen in JT-60SA.
The power rating of the step-down transformer is 300 kVA
for 100 s, which is more than enough for the active power
to be dissipated on the loads at full current (300 A–3 dB)
at 3 kHz. The reactive power exchanged with the load is
provided, instead, by the dc-link capacitors. The nominal dc-
link voltage has been chosen so that at 85% of this value,
the output voltage required to achieve 300 A–3 dB at 3 kHz
can still be produced (considering the maximum duty cycle
and the voltage drops on IGBTs and output filters).

Fig. 3. Overall view of the RWM-PS (top). PCC, with the details of two
fast inverters and their internal components on the right (bottom).

C. Layout

The choice of the installation place of the RWM-PS is quite
unusual and poses some important constraints on the system
layout. To minimize the length of the output cables, the
RWM-PS will be installed in three slots of the porch along
the north wall of the JT-60SA tokamak building (Fig. 3), each
slot being the space between two columns (4.8 m wide). Due
to the limited floor capability, all the cabinets will be installed
on brackets, and attached to the wall. The power and signal
cables will be routed on cable trays on top of the cabinets,
while the water cooling pipes will stay below the cubicles. Due
to the limited available height of the porch (2.3 m), considering
the space required for cable trays and pipes, the maximum
height of the cubicles is limited to 1.8 m.

Given these conditions, the selected solution is the follow-
ing: ac disconnector, step-down transformer, and LCC will
be installed in the first slot, while the two PCCs will be
distributed in two slots, placed aside a fourth slot hosting the
DCDS. This arrangement allows minimizing and equalizing
the length of the cables between fast inverters and DCDS.
Each PCC is enclosed in a set of six cabinets (600 × 600 mm
each): the first contains the ac/dc rectifier and the others host
the nine fast inverter modules. This means that one cabinet
shall contain two fast inverters (and their dc-link capacitors
and output filters), placed side-by-side. The power flow on
each inverter module goes from the bottom to the top: two
copper busbars provide the input dc power on the bottom,
connected to the dc-link capacitor bank; in the middle there
is the H-bridge, while the two filters are placed on the top,
connected to the output cable. The narrow space available in
the cubicles required a careful layout optimization of the fast
inverter modules, resulting in the particular elongated shape
shown in Fig. 3.

D. Fast Inverter Module

Each fast inverter, with its dc-link filter, capacitor bank, and
output filters, is enclosed in a self-contained compact module.

CCM Latency ±100% voltage step, 100% Vdc – Dummy load 
The response of the Fast Inverter in Current Control Mode to a 0 to +100% reference step at the analog input 
is evaluated. Ten tests are executed: five times from zero to 100% of the reference and five times from 0 to 
−100% of the reference. The first two pictures are saved and reported in this page. The latencies are 
measured; the maximum latency is recorded. 

 
Osc. Channel Gain Probe 

CH1: Analog reference 30 A/V Coax. Cable (LCC BNC) 
CH2: FI Output Current 60 A/V DCCT 600A/10V 
CH3: FI Output Voltage 1 V/V Diff. Probe (HZ115, 1:1000) 
CH4: FI Output Current (analog signal LCC/JA A1 IOUT-A) 45 A/V Coax. Cable (LCC BNC) 
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Positive Step  Negative Step 
Test n° Latency 

(us) 
 Test n° Latency 

(us) 
1 29.93  1 29.33 
2 39.93  2 39.13 
3 37.33  3 36.53 
4 40.33  4 42.93 
5 42.93  5 28.93 

 

 

Common-Mode Output Filter 
 

The chosen modulation technique (unipolar PWM) produces 
large CM voltage oscillations at the output. In order to 
reduce the risks associated with electromagnetic emissions a 
CM filter has been introduced. The scheme of the inverter, 
including the common-mode output filter is shown in Fig. 3, 
and the reduction of the CM voltage amplitude is presented in 
Fig. 4. 

 

 
Fig. 3.  Simplified scheme of a fast inverter module 

 

 

 
Fig. 4. Voltage measured between one inverter output terminal and negative 
rail of dc link (left). Prototype of CM filter inductor (right). 

 
C. Main Parameters 

The main parameters of the power supply are listed 
in Table A. The maximum operation duty corresponds to the 
maximum duration of the plasma flat-top that was estimated. 

 

 
D. H-Bridge 

The H-bridges represent the heart of the RWM-PS. In 
order to guarantee the required dynamic performance with a 
single H-bridge per inverter, a switching frequency of at least 
30 kHz has to be adopted, with unipolar pulsewidth modulation 
(PWM), fast hybrid Si–SiC power modules have been adopted 
(Infineon FF600R12IS4F). As shown in Fig.5 the measured 
latency time matches the required <50 µs. 
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Fig.5 Measured latency time, positive and negative step 
 
CONCLUSION 
In order to perform a smart and effective control of  the 

RWMs, a very compact, flexible, and efficient power supply 
(RWM-PS) has been designed, comprising a certain number 
of independent inverters, each one driving control coil. The 
very demanding requirements (current bandwidth: 3 kHz, 
latency 50 µs) are satisfied thanks to the adoption of high-end 
control hardware, advanced software control, and mostly SiC 
power IGBTs. This solution has been already tested and 
installed for site experiments this year, 2025. 
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