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Structure

> Why long pulses?
> Where are long pulse modulators used?

= Basics
= RF-Station
= Klystron

> Modulators

= Passive components

= Active components

> Connection to the mains
> EMI aspects
> Next developments
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Why long pulses?

> At DESY the start of investigating long pulse
modulators began with the R&D of
superconducting cavities in the early 90th at the
TESLA Test Facility. (Superconducting linear
accelerator facility).

> Since the cavities cannot withstand this this power
in CW the machine is pulsed.

> The cryo system is not able to cool this down.

> The pulse duration is determined by:

| €2
= The modulator voltage has a rise time of 200 — 300 ps !

= A superconducting cavity has a loading time of about
500 ps.

= The bunch train of particles should be around 800 ps.
> The design aim was defined to be 1.7 ms.
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The first modulators built by FNAL

Tek Run: ZSOI(SI’SH_ Sample

Tl 71 N DT - VT R v 200;.15 RN =7 30my 26 Jun 2000
Wik S00mV Chd4 S3S00mVy 15:14:03

First modulator was commissioned in 1994

FNAL Modulator at TTF
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Basics of modulator

> The units producing the pulsed power are called modulators.

> The modulator takes power from the grid and delivers HV-pulses to the
load.

> The modulator is part of an RF-station.
> During the pulse the power is up to several MW

> The average power of a modulator is low in comparison to the pulsed
power.

> Pulse width is up to several milliseconds (e.g. XFEL 1.54ms, ESS
3.5ms, SNS 1.35ms).
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Where are modulators used?
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XFEL RF Station Components
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> The modulator is part of an RF-Station

> The usual load is a klystron.

> The Klystron is a linear-beam vacuum tube. It is used to amplify RF-
signals.

> Low RF-power is introduced, high RF-power is taken from the klystron
to feed the cavities
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Klystron Principle
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*The cathode is heated by the heater to ~1000°C.

*The cathode is then charged (pulsed or DC) to several
100KkV.

*Electrons are accelerated form the cathode towards the
anode at ground, which is isolated from the cathode by the
high voltage ceramics.

*The electron beam passes the anode hole and drifts in the
drift tube to the collector.

*The beam is focused by a bucking coil and a solenoid.
By applying RF power to the RF input cavity the beam is
velocity modulated.

*On its way to the output cavity the velocity modulation
converts to a density modulation. This effect is reinforced by
additional buncher and gain cavities.

*The density modulation in the output cavity excites a
strong RF oscillation in the output cavity.

*RF power is coupled out via the output waveguides and
the windows.

*Vacuum pumps sustain the high vacuum in the klystron
envelope.

*The beam is finally dumped in the collector, where it

generates X-rays which must be shielded by lead.
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Typical data of available klystrons

> Klystron today

Frequency Range: ~350MHz to ~17GHz
XFEL 1.3 GHz
Output Power: CW:. upto~1.3MW

Pulsed: up to ~200MW at ~1us
up to ~10MW at ~1ms

Klystron Gun Voltage: DC. ~100kV

Pulsed: ~600kV at ~1us
~130kV at ~1ms

m Hans-JOrg Eckoldt] CERN Accelerator School Baden| May 2014 | Page 10
The CERN Accelerator School



Electrical behavior of a klystron

> The relation of current to voltage is

3
[=uP U2
. The pperveance is a parameter of the klystron gun. This is determined by the
geometry and fixed for the klystron, U= klystron voltage, I is the klystron current

> Beam power

Ppeam = WP * U/
> RF power

Prr = MPgeam

. n is the efficiency of the klystron
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Multi Beam Klystron THALES TH1801 (1)

for further examples the data of this klystron is taken

Electrical data:

Cathode Voltage: 117kV
Beam current: 131A
uPerveance: 3.27

Electrical resistance: 893 Q0 @ 117 kV
Max. RF peak power. 10MW

Electrical power: 15.33 MW

RF Pulse duration: 1.5ms (1.7 ms max
Repetition Rate: 10Hz

Efficiency: 65 %

RF Average Power: 150kW
Average electr. power : 230 kW
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Electrical behavior of the klystron

Characteristic line of the Characteristic line of the
klystron klystron
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In a simulation this can be simulated as a resistor with a diode in series at the
working point, or better as resistor with the characteristic line
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Arcing of a klystron

> During operation of a klystron arcs inside occur. In this case the HV
collapses to the burning voltage of the arc.

> In case of an arc only 10 — 20 J are allowed to be deposited in the
klystron. More energy would damage the surfaces in the klystron.

> The modulator has to protect the klystron.

= The energy supply has to be interrupted.

= The energy that is stored in the devices has to be dissipated by the help of extra
equipment.

> The model of the arc is a series combination of a voltage source of 100
V and a resistor for the current depending part. This resistor is assumed
as 100 mQ.
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Electrical equivalent circuit of the klystron
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Definition of the pulse

> Rise time time from the beginning up to the flat top,
often it is defined as 10% to 90 or 99%

> Flat top time when the pulse is at the klystron
operation voltage, variations lead to RF-
phase shifts that have to be compensated by
the LLRF. The flat top is defined as +/- x% of

the voltage
> Fall time Time the modulator voltage needs to go down
> Reverse voltage undershoot allowed neg. voltage (about 20%)

> Repetition frequency Frequency of pulse repetition

> Pulse to pulse stability Repetitive value of the flat top.
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Definition
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Flatness of the pulse

Curve Info
J TR
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Modulator basics
start with the pulse forming unit
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Direct switching

D3 S3

R1 31
W ~ M - =
0.090hm ’ S3 AM8
.1 C1
. A/ ok
—_— .52
115kV .
0.10hm
+
100V
O
VM5
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Series switch modulator

Advantage

> Simple design on
schematic

> Only few components

The CERN Accelerator School

Disadvantage

> High voltage at Cap-bank

> Very few suppliers of
switches

> Has to operate under oill

> High stored energy
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Size of Capacitor

Pulse-Flatness = 0.5 %, exponential decay, XFEL requirements
_t
U = UO * e RC

AU = 0.5% = 0.005

t
0.995 =e RC

In(0.995) = —t/RC
C = —t/(R1n(0.995)

With U,= 115 kV, R=900 Q, t=1,7ms

C =377 uF
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Pulse energy simplified to Stored energy in the capacitor
rectangular wave form

1
U? Estorea =E*C*U2
Epulse=U*I*t=?*t

1
115 kV? Estorea = 5 * 377uF * 115kV?
Epulse — 9000 x 1,7 ms

Esroreq = 2491,8k]

Epuise = 24,98 kJ

This is nearly 100 times of
the required pulse energy.
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Direct switch realized

e.g. DTl design for ISIS front end test stand

Capacitor Bank Modulator

: =

110 Y| 110 kv % Dump

- - ) l% Relay
= 2 =

*/ 204 *A zoa N

ﬂL J’ i

Ry =
S o s %
‘JT [

Parameter Modulator Specification :T
Cathode Voltage  -110 kV
Cathode Current 45 A ‘Powes Supply
PRF 50 Hz o
Beam Pulse Width 500 uys to 2.0 ms
Droop 5%
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Modulator with pulse transformer

TFR1P2W1 b3

[ ] /
* AMS8
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S1 _—
1 C1 39 Dk
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-
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2H
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12 100V
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Series switch modulator with pulse transformer

Advantage Disadvantage
“ >Work on lower voltage > Additional pulse
level transformer
= At DESY 10 - 12 kV > |Leakage inductance
>Switch is much easier decreases rise time

>No oil in modulator, but = /Additional stored

in the transformer tank energy that has to be
dissipated in case of an

arc

>More stored energy
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Equivalent circuit of a pulse transformer

> Transformer introduces
additional inductances

> |n case of an arc the
energy that is stored in

TY Ty the stray inductances
2O W O MAE and in the main
Lol e Inductances has to be
§ 2 dissipated.
> The Rsec should be

taken into account for
dissipating the energy Iin
case of an arc
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Stored energy in the transformer

> Stray inductance > Main inductance

= — - . 2 E =—xL x] 2
EstoredLs = 2 ¥ L * Igport circuit stored LM — mag.

Lmain XFEL transformer 5 H
Ls XFEL transformer = 200 pH

Uxt
1 IMag = I
Estoredrs = E * 200uH * 200042
U= 10 kV, t=time of arc 0-1.7ms
Estorears = 400/ Inagmax = 10“2*;'7”18:3.4 A

1
EstoreaLm = 5 ¥ S5H * 3.4A%=
28.9J

Stored energy =428.9 J
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Additional discharge network to dissipate the energy

TFR1P2W1 b3 =3
|\\\| /. <L
o L1 .
L = AM8
o1 51 ™ S| 7
. ‘ ) N/ Dk
— ®52
0.00148farad  RVAr .
12000V «1 C3| = R8 — .
Th s
1e+018chm :
0 dh07 et 6 1761onm () +
12 ) 100v
L
VM5
The energy is stored in a capacitor and dissipated in the parallel resistor
[ 4

m Hans-JOrg Eckoldt] CERN Accelerator School Baden| May 2014 | Page 29
The CERN Accelerator School



Bouncer Modulator

Bouncer circuit near ground (Fermilab design, later built by PPT)

The CERN Accelerator School

;3; Klystron

L1 10 kV S1
CHARGING | — ¥
3H }g
+
70kJ == 1400 pF I []
Ug
19% c2 L2
U +
<2 2mF == 330 pH
N s AU, 1%
\<;y‘°/ L [

L

1:12 Pulse Transformer
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Voltages of Bouncer modulator

XY Plot 1 PPT_modulator_mit Crowbar_mit MBKlystron3.3 MQ;"
—— 1269
[ 1050
Curve Info
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Flat top voltage

XY Plot 2 PPT_modulator_mit Crowbar_mit MBKIlystron3.3
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Bouncer modulator

Bouncer in the high voltage path (DESY design, built by PPT)
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Stored energy in bouncer modulator

Pulse energy simplified to Stored energy in the capacitors

rectangular wave form . .
Malin capacitor

UZ 2
Epulse=U*I*t=?*t

Estorea = E * Cain * U

1
= — 2
115 kV 2 , Estorea = 7 * L4 mF x 10kV
ms

E = * 1,
putse 2004 Estorea = 70 kJ

Bouncer

Epuise = 24,98 kJ

— 2
Estorea = E * Cpouncer * U

Estorea = 3 * 2 mF * 2kV?

Estorea = 4 kJ
[ 4 Estored total = 74 K] =5 * E_pulse

m Hans-Jorg Eckoldt|] CERN Accelerator School Baden| May 2014 | Page 34
The CERN Accelerator School



Bouncer modulator with pulse transformer

Advantage Disadvantage

> \Work on lower voltage leye| = Additional pulse transformer

> Leakage inductance decreases rise time
= At DESY 10 - 12 kV

> Additional stored energy that has to be

i i ) dissipated in case of an arc
> Switch is much easier

> No oil in modulator, but

pulse transformer > Timing dependent bouncer
switching
> Much lower stored
energy > High current in the bouncer
circuit
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Bouncer modulator with separated primary of the

transformer proposed by JEMA
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Pulsforming with series RL
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Voltage of RL modulator

XY Plot 1 PPT_modulator_mit Crowbar_mit MBKlystron3.3 &

Curve Info
=»< ClV
TR

=>e VM4V
TR

Y2 [kv]

Time [ms]
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RL modulator with pulse transformer

Advantage Disadvantage
> Work on lower voltage level > Additional pulse transformer
= At DESY 10 - 12 kV > Leakage inductance decreases
rise time

> Switch is much easier
> Additional stored energy that has

N . e .
No oil in modulator, but pulse to be dissipated in case of an arc

transformer
> Much lower stored energy

: . > Lower flexibility than bouncer
> Passive pulse forming
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Pulsforming by series RL

picture Scandinova, RL-Modulator also by PPT

————————————————————— ‘ 2x 2x
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Active voltage correction to replace LC-bouncer

> Instead of using passive components active power supplies can be
introduced.

> These have the same function as a bouncer, but have additionally the
possibility to adjust during the pulse to achieve better flatness.

m Hans-JOrg Eckoldt] CERN Accelerator School Baden| May 2014 | Page 41
The CERN Accelerator School



Active bouncer converter

Proposed by Davide Aguglia CERN

Ideal voltages waveforms
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Active bouncer converter

power supply in capacitor branch

TFR1P2W1
™~ Pl

S2 -V

®s2

°
10kv °

2H %
0.194mH
DrOOp 1e-007H M 3 0.10hm
. l1le+018ohn
Compensatlon 42.9mOhm
6.17910hm C) +
-12 _ 1oo0v
. @

VM5

o] C1 | Dk

T T
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Modulators with active components
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Pulse Step Modulator (PSM)
design by Ampegon
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PWM in PSM
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Ampegon modulator for XFEL

Mains Input 690V 20 Switching Modules Low Pass Cable Matching Pulse
+ Standard Configuration Filter 4x28 ohms Network Transformer
Transformer <1700 m +

Klystron

= =L

ii_Ll]
7
S
g
H

|,

i

|

({1
11

imn

Szt

4 Module Pairs
2-Quadrant Configuration
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Ampegon modulator for XFEL

Waveforms of modulator

Flat top 30 Vpp

200ps

¥ 1.01792ms

1M Pkte.
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500MS/s

@ s

550mv

28 Okt 2013
18:54:34

AUX

L]
OFF L]
Warning
Warning
Errors
Trip
Fault

Fault Reset

> Messages .~ User Management

Timestamp D Equipment Category | Descriptor  Message
2013-102317:12:48.145 | M0O06S PSM | warning Gone
2013102317:12:13.109 | M006S PSM | Warning Come

Sync WARNING - Sync Frequency Out of Range
| Sync WARNING - Sync Frequency Out of Range
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o Modulator Control System + x
Modulater ID Output Voltage Ref.  Pulse Energy RHVPS Average Kiystron Average
RW-02 A M p E E D N 12000 V 38.259 kJ 11.971 kv 0.0 kv
Contral Location Event Counter AVG Power 1941.59 A 0.0 A
Local m 237665 191.3 kW 23,243 MW
State Traces - Pulse| > Cooling > MCB| > State > PM Data > PM Overvie C- Settings > Log| > IBS (> Factory PS (= Factory SCI
Trace Selection Trace of Event Number
V_ouT = 237665




H-bridge Converter/Modulator @ SNS
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SNS-Modulator

Provides up to 135 kV, 1.35 ms pulses
at 60 Hz to amplify RF to 5 MW

Powers multiple klystrons up to 11 MW
peak power

Multi-phase H-bridges driving step-up
transformers

Switching frequency of the IGBTs is 20
kHz

Currently there is up to a 5% pulse
droop operating in open-loop, requires
feedback loop

Slide courtesy of D. Anderson
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Solid State “Hybrid” Marx Modulator

Modular, redundant variation of traditional Marx
Incorporates “nested” droop correction (buck converter) shown in light blue

S ! r I B :
500 Moo h
-1000
s
=-1500 .
[-+]
£-2000 - i i 4 b ;
S

cell #N = 2500 et b e e
j=%
R 11 J | SO ORI WA S S ORI SR — S—
é
-3500 - i i b A
4000 ik P NP SIS S B -
-4500 1

00 02 04 06 08 10 12 14 16 18
Time (ms)
cell #2
cell #1

@) Kemp, et al., “Final Design of the SLAC P2 Marx Klystron Modulator”, |IEEE

PPC, 2011, p. 1582-1589. ‘_QL~\
Slide courtesy of D. Anderson Hans-Jorg Eckoldt] CERN Accelerator School Baden| May 2014 | Page 51

The CERN Accelerator School



Connection to the mains
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Bouncer Modulator

---------- 1
1
Sicet '
1
DkI stron |
i ‘. o |
1
Ruiystron '
U Smaincontactor CmOdUIator:: Fmmmmmmmmmmm e - i
48‘0\/ POWER Unnodulator Signitron ! e !
~  Scircuitbreaker SUPPLY ' Louncer Cbouncer__i kIyStron
1 —
| |
1 1
1 1
1 1
1 1
:Dbouncer Thouncer | 1
1 1
v ! | ] i
[
bouncer circuit
UCIoadA

Ue=Ucloadmax

Ucloadmin

te Tioad 2T 0ad t
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Disturbances to the mains

> The amount of allowed disturbances is defined in the German standard
VDE 0838, IEC 38 or the equivalent European standard EN 61000-3-3.

> No energy consumer is allowed to produce more distortions than 3% of
the voltage variation of the mains.

> For low frequencies in the visual spectrum this value is even more
restricted. The low frequencies are called flicker frequencies. The
human eye is very sensitive to changes in light intensities in this
frequency domain.

> Itis defined as voltage changes per minute.

> This is not to be confused with the frequency since a change is from top
to bottom and vice versa

voltage changes / min = 2*frep [1/s]*60 [s/min]
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Allowed disturbancies to the grid

according to DIN EN 61000-3-3

DIN EN 61000-3-3 (VDE 0838-3):2014-03
EN 61000-3-3:2013

10
—\T Fur Grenzwerte in diesem Bereich siehe Abschnitt 5
3 ks .
\\\
TN Operation point of
g ~L , ESS 14 Hz, r = 1680
> - 7 - _A=0.34%
T~ J >
—~ / Pz
‘\\ //
N . .

03 N Operation point of
XFEL 10 Hz, r=1200
d=0.28 %

0,1

10~ 100 10° 102 10° 104

Anzahl der Spannungsénderungen je Minute
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Disturbances to the mains

d= ?S AU _ 9289

SC n

d= allowed distortion of the voltage
AS = variation in apparent power
Ssc = short circuit power
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DESY mains and specification

> At DESY the intermediate voltage is 10 kV.

> The short circuit power of the mains station to which the modulators
are connected to is 250 MVA.

= 250 MVA * 0,28%=700 kVA

> The first assumption for the XFEL was that max. 35 modulators could
be in operation.

= Budget of 20 kVA/Modulator

= This budget was cut by two since other components in the machine are assumed
more critical than the human eye

= 10 kVA per modulator
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300 kW-Switched mode supply for constant power

developed by N. Heidbrook

—>
Lf IB
Sl A D1
Cf i
UN —_— - UB L_> -
-
S2 T |1&xD2
\ 4
e I~
G
) ” CIoad |
O——pO
UCload

L0

The CERN Accelerator School

UCload

IBt1

Rectifier

supply current

primary current of the transformer
voltage of the resonance capacitor
output voltage to the switch of the
Klystron

current ig at the time t1

primary stray inductivity of the
transformer

resonance frequency of the resonant
circuitof L and C

gear ratio of the transformer and
rectifier

period time of the switching frequency
of S1 and S2

resonance capacitor

supply voltage

line voltage

filter capacitor

filter inductance

Hans-Jorg Eckoldt| CERN Accelerator School Baden| May 2014 | Page 58



Series connection of buck converters

Isolation 12kV DC

. 16x in Rei
3x400V E[ : 6x in Reihe
! Bx ca 750V AC IGBT
S (O A ‘ Bt . g 0. +12kV
: T E*i
K2 = T L Tl <3 PWM 1
L2 ol et .:J L L T -
N II bl . = IGBT =1 | (16x 0..750v)
o e TR | N S i i - L "
K4 L L
N Camuf  f I Tl <3 PWM 16
1
1 H e T . ov

-~
| —
i » Bx A ca. 750V AC
PE C ! A P
! LWL A LWL

e 1L Uf-Messung
Regelung PWM
(Leistungsteil)

Steuerung
Potentialtrennung

{Solifistwerte)

Externe Ansteuerung

Constant power regulation was done with an analog circuit
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Ampegon Power Module

Power Module Control
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Variation of the mains current

Ampegon modulator

und des u und des L2 d des L3
T T T
400} 400 - & n 400 -
%00 1 - CIT T [ = !
Maximum des Effeltivwertes = 313 6A Maximum des Effektivwertes = 313.6A Maximum des Effektivwertes = 310.5A
200—‘ 200 200 | |
100}] 100 ] : { 100
0 < 0 £ 0
-100 100 H i | 100
200 200 : ; | -200 ]
Minimum des Effektivwertes = 312A Minimum des Effektiviertes = 311.5A Minimum des Effektivwertes = 308.2A
TR AT 2 R R
-300 Schwankung des Effektivwertes = 0.5253% 300 :Sct:v:mr;(:mgl be; lEﬁlell‘ﬁv:”‘en.els ='6_s7'24% o -300 Schwankung des Effektivwertes = 0.7168%
400 400k ‘1‘ 200 b {f- -
1 i 1 I i i L
[ 005 01 015 02 025 03 035 04 0 0.05 01 rETS 02 05 03 T 04 045 0 0.05 0.1 0.15 02 0.25 03 035 04 045
s : : s
s

The 10 Hz reprate is suppressed very well. The value of specification would lead to

AS 10kVA
Al = V3xU ~ \/3%690V 8.4 4,

Measured result
Al = 2.5 A beeing AS=3 kVA
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Curve forms taken at commissioning

__Getriggert

Mm.oms 1.00MS/s 5 Mzg Okt 20131
10.00 % 100k Pkte. 1.02v |10:36:32




EMI effects
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Example for EMI thinking

Mains Input 690V 20 Switching Modules Low Pass Cable Matching Pulse
+ Standard Configuration Filter 4x28 ohms Network Transformer
Transformer <1700 m i
S —— e r:'] Klystron
) 5 iy -
E—i

g [

LT
11

11

4 Module Pairs
2-Quadrant Configuration
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Example for EMI thinking

Mains Input 690V 20 Switching Modules Low Pass Cable Matching Pulse
+ Standard Configuration Filter 4x28 ohms Network Transformer
Transformer <1700 m &
e [ r:'] \ Klystron
pR— [ ]
CEEE AL I % Y nl
= - w
I —

HE = T ! Schematic of the entire RF-station
— s ﬁ Thomson modulator

L ! i + just a few parasitics

;

1]

[= ]

B
4

[ i
ﬁ

AFS—I% -

4 Module Pairs L
2-Quadrant Configuration
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Example for EMI thinking

Mains Input 690V 20 Switching Modules Low Pass Cable Matching Pulse
+ Standard Configuration Filter 4x28 ohms Network Transformer
Transformer <1700 m &
I - [T . Klystron
Y o) R R =T =T |
[
== 1At 111 -
I ' j L |
(]
.
— - ? : 1~ I =
— T T ij
= —— |
T [EERTAT —

Schematic of the entire RF-station
Thomson modulator

(1
AL

el

11}
- |
o
%T!
-

T
L

I + just a few parasitics

1]
B
L_

For understanding EMI
=7 o JNne should look at these

4 Module Pairs L
2-Quadrant Configuration
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Bouncer Modulator with pulse cables

r N NN . - I
c4 c2 I |
2.1m 0.4uF Reem, I |
I I AM1 M2 AM3
D4 P « 11158k o R2 40u H . | Innen/Ausserisiter .IA _@ kiston
4@\} ’ AN — I(EA} (YA}
< z S Dl ! TFR1P2W2
N | CTRLES L1 I 118.50 ohrm] | [ .
T TS V| 8BEm |1 Rl
CTRL = ziindung 992 Fim 3.3
| 0 S/m | .
Rvar, PoRn | et vt [ =2
¥ Aussenleiter/Schirm
R T LS1:=0.194 mH
. . LS2:=0.1uH
= Ci + RFE := 1.0e+018 Ohm
e @ VM2 @VMS — . RCU! := 19 mOhm
ey RCU2 := 2.27 Ohm
: KTR =12
8uF
Cl ==
625u Ohm/m
57.5n Hm
0 S/m
-+ 0.193n Fim
I |
I N NN . - - l
In the inductances the rise time of the current is transformed in voltages.
-
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> With the availability of new semiconductor devices new topologies can
be chosen.

> Higher switching frequencies are possible.
> The general trend is to lower voltage components

> The large pulse transformer seems to be replaced by smaller HF
transformers
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Hybrid Inverter Marx System with Custom Potted

Transformers
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The Stacked Multi-Level (SML) topology

Proposal by Carlos A. Martins ESS

AIRINSULATED CABINET

OIL TANK
goov, . =" _MM‘M:U L= Transf|;|r:mer1 L
| VL
= cAP., —— _L
! BANK 1.~ 1 C= T
phase, 1 }E *
:Wnﬁr_ﬁ{i _—_—_—_—_—_:rlk‘\/ Module 1 _ KLYSTRON OIL TANK
| : _:J | L= Transformer 2 L E{ ; : % KLYSTRON
| 5 I | o | v E = Q BODY
L& o] PESNE O | 8] |88
| : sl |y L
————————————————————————— KV ! Module 2 ! ’ U_
| !
__________ N |
_H : L= Transt;:mern L : -
! cap, —L— | L | L
: BANK n ™ : n T é{ * T“.
| ~_’1 |
________________ 7 l Module n \\
. . / . . . . I H H I H .
* Sinusoidal current * Precise capacitor * Pulse forming; * Galvanic isolation;
absorption; charging; * Droop * Voltage
* Power factor * Regulation of charging  compensation; amplification;
\ correction; power (flicker free):  Arc protection J
Modulator main functions by sub-system
[ 4
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Ampegon proposal for ESS modulator

Switching at 100 kHz

Oil Tank

Cap. Bank 2 x 9 Resonant Converters

el e T TP W TR [+ ]+ ] o
. e o

Series Parallel Resonant Converter

b
2
¥

|
HF
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s EaniianiiiE
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| ¥ oo h
i i i S
1 3 270 1 1 1
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I o
e TR T [+ [ +10
PE T—%
Cap. Charger Power Supply: t nk: Resonant Converters:
-400V | - Controlled +Discharging - 15kV / 12.5A per Converter
- 4 x 3-Phase-PFC-Buck-Type-Rectifier - 30mF / 400V - d MOSFET
(Swiss Rectifier) - Self Healing - Diode Rectifier — 1 =280 mm
- >96% Efficiency - Metalized PP - Ferrite Transformer
- Dry Type ->95% Efficiency - t =264 mm
— h=212 mm

m t| CERN Accelerator School Baden| May 2014 | Page 71 %

The CERN Accelerator School



Conclusion

> A lot of interesting R&D was done the last few years and different
topologies are available on the market

> There is a lot of development ongoing in the near future which is
possible to new and better semiconductors.

> In the near future several large projects will use long pulse modulators:

= XFEL commissioning

European Spallation Source

International Linear Collider

Project X
CLIC

> Power electronic engineers will have a lot of fun.
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Thank you for your attention

Questions? !
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More values of the modulator

> Irms:\/ ft0+T(l(t))2dt

1
> Irmsz\/; * 102 * T

P *t
pulse
> Pmod out — T
P *t
__ Ppulse
> Pmod in — T *1
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Ampegon modulator prototype

L0
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Ampegon new output filter with solenoid chokes
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PPT Modulator with FuG constant power power supply
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25 MW-SMES modulator

by Jungst, KIT

SMES 237 kJ KLYSTRON Prototype built but has
13U kY not been approved for

DC +—- accelerator use
X S /82
: I |

L Cl

+ - PULSE- —

TRANSFORMER
1:13/1:11.5
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