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=prL  Power Electronics for Fusion Power Plant

Some definitions

U. Siravo, 04.03.2025 ]

= Power Electronics: application of solid-state electronics to the control
and conversion of electric power, applying switching techniques

= Power Supply: an electrical device that supplies electric power to an
electrical load, may be intended as a synonym for (power) converter

= Power Converter: a device that transform the voltage or/and the current
between the grid and the load, e.g. AC/DC or DC/DC converter

= Power Supply (sing.): electricity delivery via electric power generation,
distribution networks, and power converters

= Power grid or mains electricity, utility power, domestic power, etc:
distribution network that provides electric power to customers via
alternating current (AC) and voltage
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=prL 1. Introduction

U. Siravo, 04.03.2025

Bl Swiss
Plasma
Center

Fusion and Industrial Plasma Technologies, EPFL Doctoral Course - Spring 2025



=prL  Benefits of switching techniques

U. Siravo, 04.03.2025 L

= Linear AC/DC (1980s) = Switching AC/DC (2020s)

o« 24\V//1.2A 30W e 24\V//12.5A 300W

e 12.5x10x6cm 40W/dms3 e 10.5x6x6¢cm 800W/dms3

L + 1.2kg 25W/kg + 0.3kg 1000W/kg
Contor « 50Hz transformer » 150kHz transformer
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=pcL  Power converter design

= Today, a power converter design results from an optimization process
= An iterative algorithm performs a swept of various selected parameters

= Starting from the selection of a possible topology, it takes into account
» Design modularity and redundancy
* Integration of storage energy, if required
« Sourcing of power semiconductors and other devices
« Passive components realization (inductance, transformer, DC link, etc.)
« Efficiency constraints, power factor, EMC/EMI aspects
« Complexity of the control system
» Volume, surface and weight
» Losses removal

= Usually a figure of merit is constructed to help selecting the best design
= The selected solution should be located on the Pareto front
 Beema = Nevertheless, final cost might be the only relevant factor

Center
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=pcL  High current and high voltage converters for Fusion

0, 04.03.2025 ~

= In fusion technology, there are two main categories of power converters
« High Current/Low Voltage — magnet power supplies typ. 1kV/50kA
» High Voltage/Low Current — additional heating systems typ. 50kV/100A

U. Sirav

= High Current is obtained by parallel assembly of semiconductors
= Very inductive load (current source) — low dynamics
= \Voltage margin is needed for ramp-up — low power factor

= High Voltage is obtained by series assembly of semiconductors
= Resistive or capacitive load (voltage source) — high dynamics
= No need for current margin (if resistive load) — good power factor
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Active power,

g reactive power,
apparent power &
power factor

Active Power [kW]

PF =
Apparent Power [kVA]|




=pcL  Active power, apparent power, etc.: definitions

= u(t) = UV2sin(at + o) + 2UV2 sin(Rat + a) + ...

U. Siravo, 04.03.2025 ©

l@a_clgBo;x___l = i(t) = 12 sin(et + £) + 2112 sin(Rat + ) + ...
ift) |
— |
u(t}i | | = Ugms=sqrt(tU? + 2U% + -++), lgus=sqrt (1% + 212 + ---)
—% |
e P =active power = % - fOTu(t) ~i(t)dt, with T = 1/f = 2w

S = apparent power = Ugys-lrus

Q =reactive power = sqrt(5? — P?)

PF = power factor =P/S

If u(t) = 1U2sin(at), PF=1/lLy,s-cos(¢), g=angle(*U,11)
* PF= cos(¢), only in absence of current harmonics

Bl Swiss
Plasma
Center

Fusion and Industrial Plasma Technologies, EPFL Doctoral Course - Spring 2025



ury
(=)

ur vz

=peL  Apparent power & power factor: example

Ul: sinus AC voltage

200

o

U2: smooth DC voltage

[ ]
U. Siravo, 04.03.2025

-400

|1 rises when U1>U2 #
1 has harmonics 0

-10

12=U2/R 20

W2=U2-12>-2000Whase diode rectifier

= S1~2500VA
Viul I1 .
TEN
o \E/' . 1000mH %
= PF%’O8 @ 320V o @)UZ
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=p=L  Active power & apparent power: Power Factor Control

) g
.1 12 2
- e . . =
I A & = Passive rectifier g
Ul 11 20mH 5
. ; *n ntrol of vol
%‘? (&y—rerm | — o control of output voltage
320 . =) vz * no control of apparent power
SUHz L a700ur
il JF 20 2

r N o
AN——(B) = Active rectifier
Qo 11 20m8 EES ;ljx = - Control of output voltage
" 320v | o oour |- @°U21°°°mﬂ§ « Power Factor Control (PFC)
LSOHZ , 20nd - § « Can work at 1p=[-90°..90°]
J ] 20 = Stated as lagging or leading
: ﬁzg i * Requires U and | measurements
m giss - * Requires control device (typ. FPGA)
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Semiconductors history

U. Siravo, 04.03.2025

PCT/ DMode

Bipolar - t‘l v

PCT: Phase Controlled Thyristor

Technolosine GTO 1[;'-:.' T SCR: Silicon Controlled Rectifier
: A - GTO: Gate Turn-Off (thyristor)
BJ1 BJT: Bipolar Jonction Transistor
v IGCT: Integrated Gate-Commutated Thyr.
MOSFET MOS: Metal Oxide Semiconductor
MOS Based |mp » o FET: Field Effect Transistor
echnologies IGBT IGBT: Insulated-Gate Bipolar Transistor
. o |IEGT: Injection-Enhanced Gate Transistor

Ge — Si L
1950 1970 1980 1990 2000 2010
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=prL  Present competition between Si-SiC-GaN
IGBT vs SiC MOSFET vs Si-MOSFET vs GaN HEMT

10M

jury
(]

U. Siravo, 04.03.2025

Silicon (Si)

» Targeting voltages ranging from 25 Vto 1.7 kV
» The mainstream technology 1M
» Suitable from low to high power

Silicon carbide (SiC)

100k
» Targeting voltages ranging from 650 V to 3.3 kV

> High power from moderate to high switching
frequency

10k

Gallium nitride (GaN)

» Targeting voltages ranging from 80 Vto 650 V
» Medium power at highest switching frequency

1k

p fo [HZ

10M
1) PV = photovoltaic inverter
2} OBC = on-board charger
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=prL  [Infineon] IGBT modules vs SiC MOSFET

(Si) IGBT (SiC) MOSFET

e
'y

U. Siravo, 04.03.2025
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=prL  [Behlke] New design opportunity

Model Series HTS - LC2

U. Siravo, 04.03.2025

Up to 150 kVDC / 400 Amps

www.behlke.com

MOSFET (Si and SiC) integrated in series-parallel assembly to be used e.qg. for
.  Auxiliary HVPS for additional heating with high-speed/low-frequency switching
B Swiss . .

Plzsma  High-voltage/low-current repetitive short pulse for plasma DBD
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=prL 2. Comparison between ITER, TCV and Demo

ury
-2

U. Siravo, 04.03.2025
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et TGV PS system e
HE 5
= PPEN: 1 generator ; Z
(no pony motor) ‘: ;
=TF: 1 PS
= OH: 2 PS " -_,
= PF: 16PS | ;,»
-VS: 1 PS L =

078

v | Auxilia %Heatm\gj PSs)

- EC: 3 MHVPS r Zlicvels))
= NBI: 2 AGPS C
D\ 085 | L
. | 7 T |
o B
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e TGV vs ASDEX Upgrade PS system

20KV 50Hz mvAa Pulsed Power Supply
l i | |

7| EZ2 /.| EZ3 /.| EZ4
EXCIT. SFE FILTER
§th
RO (o g m&wh =2

U. Siravo, 04.03.2025

4. 5MVar
I 167 MVA, 1514 MJ 144 MVA, 544 MJ 260 MVA, 724 MJ
[ g 10 KkV. 11085 Hz | High Current High Voltage
. Power Supply Power Supply
il 1 v, 11
gen.: motor: motor;
200A | 440..350A 0..120Hz J
2500V

5.2kV/10.0kY

]
P 17 HC 28 HV
@ 4 5.2kV modules modules
up to up to
ganeratnr 45 E % +/-45 kA 140 kV
kv, 220MVA $ i
| |

v, 2K/ 1. 3kV 100 A
1200z 3600rm, 1.9MVA 1.8% :Z 10's SZ 10s
800kNm {Tem)

I I
, 10KV 120.96Hz | 1oV Toroidal Magnets Ohmic Heating Poloidal Magnets Additional Heating
l i ¢ l ¢ L ¢ (TF) (OH) V) (NBI / ECRH / ICRF)
i §§§8§¢8 : ASDEX Upgrade
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=pr.  Gomparison between TCV, ITER and Demo

N
wW

U. Siravo, 04.03.2025

Major radius 0.89m 6.2m 9.0m
Plasma current 1.2MA 17/MA 18MA
Toroidal field 1.54T (copper) 5.3T (NbTi, Nb3Sn) 5.9T (Nb3Sn)
Energy stored in TF 19MJ (16 coils) 41GJ (18 coils) 161GJ (16 coils)
Pulse duration 2.6s (4s ECCD) 1000s 7200s (burning phase)
Fusion power Nill 500MW 2000MW
Power generation Nill Nill 500MW
Power grid 20kV, 5SMVA 400KV, 670MVA 400kV, 650MVA
FW generator 10kV, 220MVA, 300MJ N/A N/A
Power peak 150MVA >1GVA ITER-like: >2GVA
" Pera  RPC&HF Passive, ~30m? 250Mvar, ~12'500m? [ ITER-like: ~40'000m?

Fusion and Industrial Plasma Technologies, EPFL Doctoral Course - Spring 2025



=pr.  Gomparison between TCV, ITER and Demo

n
=

U. Siravo, 04.03.2025

TF coils 78kA/630V (16 coils) 68kA/900V (18 coils) 75kA/~900V (16 caoils)
CS coils 2x 31kA/1400V 6Xx 45kA/1350V 5x 45kA/8000V
PF coils 8x 7.7kA/630V 14x 55kA/1350V 6Xx 55kA/10kV
8x 7.7kA/1250V
VS coils N/A 2x 22.5kA/1350V TBD
CC N/A 3x 10kA/450V TBD
6x 10kA/90V
IVC 2kA/560V (IGBT) 80kA/2.3kV (TBD) TBD
ELM coils N/A 27x 15kA/200V (TBD) TBD
ECRH MHVPS 3x 85kV/80A 12x 55kV/110A TBD
NBH AGPS 1x 40kV/50A 3x 1MV/40A TBD
1x 60kV/50A
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ITER coil power su

Operation phase 2
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[PMS |

PF | PF |{ PF |—

FDU PF H PF H{ PF |
W

]' e , l&——1 Operation phase 2
Imsl

Push, Lo Dynamics improvment
PF4 -|

FDU PF H PF H PF |
Yav— — Protective Make Switches

PF ) )
P60 |-+ PF | PF || PF PS protection during quench

DC busbar + junction box + feeder line
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=p=L  Power supply of a Fusion Power Plant (EU Demo) .
= Tokamak as a power plant looks like a large electromagnetic device, ;
composed by several magnetic coils with additional heating systems, i

to produce heat which shall be turned into electricity by a steam turbine ¢

PLANT ELECTRICAL SYSTEM

soouw: | [l

I HIGH VOLTAGE ELECTRICAL NETWORK GS&’E:II\'#(E)R : Tﬂ;s:lwi
500 MW
g é é é@—h 650 MW -T—e@__
see I

soe
QRECIRCULAHON

Z5b|Mw o
]

ELECTRICAL N!
EMERGENCY POWER SUPPLIES

|

|

|

|

|

|

|

|

|

| o 1
| {www}-|| B0 || OO B
I e ps |- ps
|

|

|

|

|

|

|

|
|
~ |
| wveoaro |-~ [ mvsoaro | || 1350MW to be V8.|U€d2 ||
. f I
|
|
PS |- PS |
| |
— “’“°:‘“'° = | | SR Serem - : (
sarrenes | LMoo - 50% I
MEDIUM AND LOW VOLTAGE :
|
f

A

B Swiss e e
E'::t”e"ra 1 Refer to Time-dependent power requirements for pulsed fusion reactors in systems codes, J. Morris & M. Kovari in Fusion Eng. Des. 2017, 124, 1203-1206.

2 In Lausanne area (250’000 ppl.), 1/3 of the buildings are connected to a central heating plant of 85MW, so such FPP should be installed in a city of 3 millions ppl.
Fusion and Industrial Plasma Technologies, EPFL Doctoral Course - Spring 2025
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=prL 9. Power Electronics basics
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=prL  [ransistors for Power Electronics

= Transistors in Power Electronics are used as switches

= |deally only 2 states: ON (conductive) or OFF (nhon-conductive)

= Device selection is primarily based on losses minimization

= Conduction losses (I (Votrs1p) of Rpson'lp?)

= Switching losses depending on switching speed

= Soft switching (zero-voltage or zero-current) to reduce switching losses

U. Siravo, 04.03.2025

§ § % § Turn-ON Turn-OFF
= :E i ? — Voltage — Current
@R % 25 @S _1 time
- S Bipolar MOSFET IGBT Ideal Hard switching principle
Plasma Transistor Switch

Center
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Basic topologies and control

W
=]

@vl 2 oy @ %
4"®7, o
" - i
V) 2 L 1 .‘Ué:
() @ i 5
JJP %}
1
Buck i Boost
(step-down) (step-up)
Half-bridge control
{d)
B
| = e D=
_ dead time
(Vv1 12 va2 (v
Iz VZ T L

270

\
Full bridge inverter
(DC/DC (4Q) or DC/AC)

EEI—!@%

]

@@

= =8,

Full bridge rectifer

) ) ( 1 -lphase boost converter) )
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=pr. MOSFETSs series and parallel connection

[TJ [TJ [’i_l 14T ' ﬁi‘nﬁ g
b b PP P 4
+ L +
O = - - ! Q= I i
= Voltage balancing must be managed = Current balancing to manage temp.

to avoid destruction due to overvoltage

= Static balancing depends on device leakage For a device. deviation of R is low
current; ensured by parallel resistor ’ DSON

: L Dynamic balancing depends on V

= Dynamic balancing is influenced by many y _ J daep _ GS(th)
factors, including time delays of gate signal * Vgstny Mismatch can be important

= Simplest solution is using a RC snubber

= Static balancing depends on 1/Rpgop

More the branches worst the dynamic

(snubber capacitor C to nullify the mismatch in device output balancing, means higher dissipation,
B Swiss capacitances, and resistance R such that RC time constant is low SAnit : :
el enough to discharge the snubber capacitor during ON time) so limiting the switching frequency

Fusion and Industrial Plasma Technologies, EPFL Doctoral Course - Spring 2025



=pr.  Power converter built with power modules

w
N

= Instead of connecting transistor in series and/or parallel, converter ratings
can be improved by connecting sub-converter in series and/or parallel

= These sub-converters are usually called Power Modules (PMs)

= PMs series connection is possible only if they are isolated from each other
that’s to say they are fed through individual power transformer

= PMs parallel connection is possible only if the total output current is well
balanced. This can be done by control and/or thanks to passive elements

= In both cases, sub-converters improve the output quality in terms of ripple,
accuracy, slew rate, etc. so that a single converter cannot reach

U. Siravo, 04.03.2025
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=p=L  HVPS built with series connected power modules

&
S
8
Ua A é;
8
Ua # . /N D 4 ;’
’3/ 3
2
Ua é /N D 1
S
n/ »
t
Ua # T o
S
o
Ua @ ZS D
S
o
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=prL  Interleaved Pulsed Width Modulation (i-PWM)

Modulation technique used in Pulse Step Modulator (PSM)

U. Siravo, 04.03.2025

Ua A

3
yd N
// 1 g
/=0 U t
= PSM control knows continuously the value of each LVDC-voltage

= Same duty-cycle applied on each module
« Same switching losses on each module
* Power load is equally shared between modules

Bl Swiss
Plasma
Center

Fusion and Industrial Plasma Technologies, EPFL Doctoral Course - Spring 2025



=pr.  PWM control of a buck converter

35
1o}
S
N
[s2]
©
~
o
g
Uout  Ue = g
@Ul 2
7 S S =]
> QES L Tout
aaat (B
2
T
n® Lec . out

lout __IIL1)

100 (- ----------- e eens e b e S— ;, __________ _—
......... AU A AR A A A
80 '“Iﬂf”f”F”F”H’HHHHHHW ; ?

f [ ol J;I:[:@iﬁ::I:ﬁ:ﬁﬁ:]

Mmmmmm

ul=100V 20 |----- F BT e T S TTRLETR EEEES. 5 5 5 0 SR LA R R S A
freg=32.1kH=
File | pA+=100e—9 [ B R T R T
Lf=20uH - - - - - - - - -
B Swiss =2 5F 0.2 04 0.6 0.8 i ; (ms) 1.2 14 1.6 1.8 2
Plasma

Center

Fusion and Industrial Plasma Technologies, EPFL Doctoral Course - Spring 2025



=prL  Interleaved buck converter

W
<

U. Siravo, 04.03.2025

LOAD

= Here: parallel input and parallel output
= But all alternative are possible
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=prL Interleaved buck converter (8 branches)

W
-~

= Example of a high-speed current power supply for the TCV DNBI
connected to the arc-discharge plasma source of the ion source

= Specs are 400A/100V, di/i<0.5%, ramp-up/down <100us, no overshoot

Ignit
Phase = 0
(Vha .
o l ® e fowe 25D
4%: TN R e s . klﬂﬂ

U. Siravo, 04.03.2025

L
Id L + *+
1 ! T . R:r@—vv ¢
|| -
l j T =—=0C !
i B Fhase = 45
Tension max = Umax 100
Courant max = 4320A I2 £
! - B =
Puiszance max = 60kN vt
|||—
T

= Control system has to manage 16 synchronized gate signals
= Current balancing is improved with 8 independent control loops
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=prL  Interleaved buck converter (8 branches)
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=rrL  Interleaved buck converter for DNBI on TCV

39
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P Rack for 8 half-bridge module Home-made inductors
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=prL 4. High voltage power supplies for aux. heating

0, 04.03.2025

U. Sirav
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Gyrotron power supply set

éﬁ&%ﬁggaa§§§gg§
= [

HH o H o T
J _+ @ +|—<._._. 4: .
ne (NI TR

B Swiss AC AC aAc A e

Plasma APS  FPS MHVPS BPS
Center
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=prL  Triode type electron gun and depressed collector

BPS

U. Siravo, 04.03.2025
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B Swiss ac [ | |ac |40
Elasma APS FPS MHVPS BPS
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Typical gyrotron power supply set (present design)

Lo
wW

Gyrotron Power: ~1.2MW, 1.+ = 50 % (ITER target) BPS
Main HVPS (MHVPS), typ. 50kV, 2x50A PSM

* Provide all the power to the gyrotron (RF power + collector losses) ‘
* Provide the whole current of the electron beam C
* Provide part of the acceleration voltage (or beam voltage)

Body Power supply (BPS), typ. 40kV/50mA
* Provide the second part of the beam voltage
* Provide no current to the electron beam — mainly capacitive load (cables)
* Allows improving the overall efficiency from typ. 30% up to 50..55% (?)

Anode Power Supply (APS), typ. 40kV/50mA

» Control of electric field on the emitting cathode — capacitive current only

U. Siravo, 04.03.2025

+ \/

v

« At ITER: only JA-GT, HVDC source with HV series switches (I1!) * +
Filament heating PS (FPS), typ. 40V/25A (1kW) () () )
» Heats up the emitting cathode; output voltage is referred to cathode +

* HV isolated COTS DCPS (EU) or HV isolated AC/AC converter (RU)

MPS APS FPS

Fusion and Industrial Plasma Technologies, EPFL Doctoral Course - Spring 2025
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=prL  |TER EU EC HVPS (Building 15, Level 1 and 2)

0, 04.03.2025

U. Sirav

= MHVPS: 55kV/110A (8 units) = BPS: 40kV/100mA (16 units)
= Plema = Footprint ~15x20m (~6m?/MW) = Footprint 6.0x3.7m (2 units)

Center
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=rr |ITER EU MHVPS +BPS on dummy loads

45
Synchronized operation of BPS and MHVPS with realistic gyrotron voltages (during FAT) §
Y ] | g

C1 Vi_int (20kV/DIV) | | Bt

! l }

C2 Vbi_int (20KV/DIV) |
F1 Vi int+Vb1_int (20 kV /DIV)

P PTees P8...
. (50 ps/DIV) s
= gggﬁa X1e 341580us  AXe 101626 ps
Center

X2= 443 3T5us VAX= 982067 kH:
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=L PSM: block diagram (reference design)
@ —bl—: + - _J_ A. 2 kinds of multi-secondary transformer

il -| P 3 phases secondary winding

U. Siravo, 04.03.2025

6 pulses diode rectifier

LVDC capacitor bank

Transformer
DY

5 ——
. i : PM are sometimes described as SPS
¢ . : ) Switched Power Supply (chopper)

___—1 IGBT output switch

3-Phase
Mains

Bl Swiss
Plasma
Center
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=prL.  EC HVPS requirements for future fusion devices

EU Demo (present design)
= 130MW, 108x 2ZMW gyrotrons
= 54 HVPS, if ITER-like

0, 04.03.2025

U. Sirav

STEP (UKAEA)
= 300MW, 320x 1MW Gyrotron
= 80 HVPS, 8MW each, 3m?/MW

A specific R&D task for gyrotron HVPS would allow to

= Improve efficiency, reduce footprint and weight

= |nvestigate alternative designs based on SiC MOSFET

= Accommodate the gyrotron onto the power supply cabinet, as for klystron ?
" Diems = Integer energy storage inside power supply to smooth load step on the grid ?

Center
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=prL 9. High current power supplies a
for (superconductive) coils

U. Siravo, 04.03.2025
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=prL TGV Toroidal field converter

3
«w

630V / 78KA ===,
i e + A z
@==—=a5
ERE
i
i s
gg
i
- B i
Generator: 5"/ 10' Transformers: TOR Rectifier: Freewheeling: Mechanical switch: TOR magnet:
10kV, 220MVA 10KV / 464V 626V / 2x39KA backup protection disconnectors for series of 16 coils
120Hz, 3600rpm 21% @120Hz  2x10 full bridges in case of a current direction 6.8mH, 4.35m0Ohm
200MJ (700MJ) 2x26MVA with chokes rectifier trip inversion

= 12-pulse parallel thyristor rectifier, unidirectional (2-quadrant)
= s« " Automatic mechanical inversion of toroidal field direction (2016)

Plasma
Center
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U. Siravo, 04.03.2025
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U. Siravo, 04.03.2025
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=prL TGV Central Solenoid converter (OH1 + OH2)

Ide +1400V/+31KkA

=
4 ssl; %ss‘;
Y AR 253‘;

L)
oL
0, 04.03.2025

U. Sirav

[
s

w | %%

AY AY ~Y

[ ~<{))—) I

[ AY TY Y

oL
1
L1
Y
| i
L1

= 12-pulse series thyristor rectifier (8 parallel units), 4-quadrant
= Simultaneous control of both bridges: Ud1=Ud2=0.5Udc

Bl Swiss
Plasma
Center
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=pcL  |TER typical coil power supply arrangement

AC/DC Converter PMS
. / -

@** e

0, 04.03.2025

U. Sirav

= PMS: Protective Make Switches
= SNU: Switching Network Unit (L/R discharge)
= FDU: Fast Discharge Unit (35GJ for TF)

Bl Swiss
Plasma
Center
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ITER Converter typical layout

DC Interconnecting Busbar

U. Siravo, 04.03.2025

DC Reactor

Transformer

Control
Cubicle

CCWS
Manifold

Bl Swiss
Plasma
Center
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=pr.  EXample of ITER Converter

™SS : a4

U. Siravo, 04.03.2025

3 VS: 22.5kA/+£1350V
. = 2 series bridges

Bl Swiss
Plasma
Center
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=prL 0. EXercices
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U. Siravo, 04.03.2025
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=prL  Simple exercises related to a Fusion Power Plant (FPP)

= Considering that ITER is designed to produce 500MW of fusion heat (Q=10),
with a repetition rate of 1h/4h, estimate the electrical energy that would be
produced per year, if ITER would be equipped with a steam turbine generator.

= Compare the above result with the production of a solar field that would occupy
the whole ITER platform (180 hectares), knowing that the solar potential at ITER
is of 1700 kWh/m?2/year, and considering solar cells with 22% efficiency.

= For information, the Swiss Government, in the panic of war in Ukraine, as built in

less than 1 year an emergency power plant of 250MW, composed by 8 mobile
gas turbine generators, that occupies less 10°'000m2,

= Reminding that Lausanne has a district heating network rated 85MW to provide
heat for 1/3 of the buildings in the area (250’000 habitants), in which cities a
1’000MW Fusion Power Plant would ideally be built in Europe?

U. Siravo, 04.03.2025
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=prL  Few small calculations related to electrical power

2
=)

1. Can you demonstrate that P=1U-1l-cos(1¢), when u(t) = 1U v2sin(«t) ?

2. For a passive and equilibrate load, with Ul, U2, U3 sinus and equilibrate,
what is the expression of P(t)=sum(Pi(t)) and S(t)=sum(Si(t)) ?

3. 1f U1,U2,U3 contain third harmonic, what does it for a YyO transformer ?

U. Siravo, 04.03.2025
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=pr. Renew of the TCV fast power supply (FPS)

FPS is connected to G1 and G2 internal coils, for vertical stabilization

= Specs are +2kA on L=60uH, with di/dt > 5A/us
Estimate the appropriate output voltage

Propose a block diagram using a) 1.2kV/2kA IGBT and b) 1.2kV/220A MOSFET,
taking inspiration from DOI 10.1109/TPEL.2020.2988901

Achievable current resolution and current ripple with both solutions?

[ ]
U. Siravo, 04.03.2025

Where to implement an energy storage system? For what the benefits?
Size of the storage system for a duty cycle of 2kA/100ms/5minutes.

f .
—c/ﬂ — : —— "™ 7 o

1j}’fj} J}h Ry Lu
Fht b

. + —l °t . — r
v LV C—) -1 .. 1| Cﬂt.l__ \ load
B Swiss

» i Jﬁ}Jﬂ} =4

c DC/DC converter, split in m parallel branches
enter

1]

Fusion and Industrial Plasma Technologies, EPFL Doctoral Course - Spring 2025



=prL  Alternative MHVPS design for a 1.2MW gyrotron

Implementing cascaded h-bridges and medium frequency transformers

= Consider a 1.2MW gyrotron with 48A beam current and 30% intrinsic efficiency.
What would be the cathode and body voltages to fulfill the ITER requirement of 50%
efficiency? Why is it difficult to exceed 50% efficiency?

= Propose a block diagram for an MHVPS, inspired by the EPFL Power Electronic Transformer
https://doi.org/10.1109/SPEEDAM.2012.6264496

» Estimate the minimal number of power modules for a 24kV grid, using
a) 1.7KV IGBT, b) 3.3kV SiC MOSFET, considering some redundancy

= What are the input and output ratings of the power modules ?

ﬁ_@E o

(=]
et

U. Siravo, 04.03.2025

DC |— DC

AC — DC | ————
Uit
DC i DC ‘
Wi 1
L_‘ AC DC MJA«—JJ
DC DC ——
é . g
) " e

Coseaded mudilovel Parallel-oupa

Medim frequency .\}J
transformer

&

Topology of one cell in the PET, composed of a full-bridge circuit
and a half-bridge LLC isolated resonant circuit.

i Avtive fiont end circuit isadated DCIC circuils
Bl Swiss

g{:g;gf EPFL Power Electronic Transformer (PET)
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