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Structure

General information about the pulse
cable

EMI problems and solutions

Test with new bouncer modulator
More EMI problems and solutions
Thomson modulator

Constant power power supplies
Grounding Iin civil construction
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View of the XFEL Tunnel

o—— 2100m ® 1200 m ®
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Technical data of the modulator for TESLA
max. klystron gun voltage:

max. klystron gun current:

Primary Voltage

Primary Current

high voltage pulse length:

pulse repetition frequency:
max. pulse power:

average power:

Number of Modulators in XFEL:

MKK

Technical data of modulator with MBK

120 kV

140 A

10 kV

1680 A

1.7 ms for test,

1,57 ms XFEL operation
10 Hz

16,8 MW

app. 300 kw

27
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Requirements

* No significant delay for the pulses

* No distortion of the waveform

* No “electro smog” ejected into the tunnel
 Low losses

« Radiation hardness

« Good fire resistance due to the large amount of burning
material

* Very high reliability
« Good price
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Tunnel Design

Pulse cables
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Construction drawing

A LEGEND

A. 75mm?’ STRANDED BARE COPPER CONDUCTOR
(19 WIRES). COMPACT DIAMETER: 10.6mm

B. SEMI-CONDUCTING LAYER: EXTRUDED EPR
THICKNESS: 0.7mm — DIAMETER: 12.0mm

C. XLPE INSULATION, MINIMUM AVERAGE
THICKNESS: 4.0mm - DIAMETER: 20.2mm

D. SEMI-CONDUCTING LAYER: EXTRUDED EVA
THICKNESS: 0.6mm - DIAMETER: 21.4mm

E. SWELLING SEMI—CONDUCTING TAPE,
THICKNESS: 0.3mm — DIAMETER: 22.1mm

F. 75mm? STRANDED BARE COPPER

(47 WIRES OF 1.45mm). DIAMETER: 25.0mm
G G. SWELLING SEMI-CONDUCTING TAPE, (@]

THICKNESS: 0.3mm — DIAMETER: 25.7mm -y
H H. XLPE INSULATION, MINIMUM AVERAGE 5

THICKNESS: 2.6mm — DIAMETER: 31.1mm =
I I. SWELLING SEMI—CONDUCTING TAPE, THICKNESS: 0.3mm JZ>
J J. NON CORRUGATED COPPER FOIL 0.2mm THICKNESS, 1=

LONGITUDINALLY APPLIED & STUCK TO THE OUTER SHEATH. . |~

K K. FLAME RETARDANT & NON CORROSIVE JACKET. ;
MINIMUM AVERAGE THICKNESS: 3.0mm —DIAMETER: 38.9mm *

i <
WEIGHT OF CABLE: 2770 kg/km = ?f/o/#g

MINIMUM BENDING RADIUS: 520mm -
MAXIMUM PULLING TENSION: 750daN ="

THIS DOCUMENT AND THE INFORMATION CONTAINED IN IT ARE THE PROPERTY OF DIELECTRIC SCIENCES, INC AND SHALL

REVISIONS NOT BE REPRODUCED OR COPIED OR USED AS THE BASIS FOR THE MANUFACTURE OF APPARATUS WITHOUT PERMISSION.
REV ECO NUMBER APPD |  DATE UNLESS OTHERWISE SPECIFIED | ZBUAMBERT GUMARD2 DIELECTRIC SCIENCES.INC
- RELEASE DRAWING JAG | 04MARO2 DIMENSIONS ARE N INCHES TACGOLDLUST | OdMARO2 CHELMSFORD, MASSACHUSETTS 0182+
APPROVED DATE
DECIMALS ANGLES | JA GOLDLUST | 04MARO2
Rl | WA CABLE: TRIAXIAL PULSE

m?&“"mm"“ms ZE Fsscagoog lmuo. 2263 Jm

ALL WACHINE SURFACES 125 PNISH A
DO NOT SCALE THIS DRAWING SCALE I [snm oF
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The existing cable
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Transport of the cable MKK

drum with 3000 m
R T A
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Installed pulse cable
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“tricky” installation e
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First tests have been done in 2004
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Measurement of voltages/ currents

f +— U Klystron

I | I Klystron

S Srins 3 | Modulator
h! : s +— U Modulator
1 Ch1 1.00 V [Ch2 100mV M| 100}15 AI Ch1 J' 1.74 V

Ch3| 500mV |Ch4| 500mV | 1Jul 2004

i+ [295.200us | 14:39:30
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Goal reached 128 kV
14.07.04 11.45

Tek Run: 250KkS/s Sample

R S T I e T I T e e 140 1.048 ¥
:@:—1.036\!

{ ©Chl Low

1 —-1.032v

Ch1 Min

-1.040 V¥

R 200mv  Chz 100V M 200ps Chi v —388mV 14 Jul 2004

11:42:23

MKK
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Conclusion in the year 2004

The pulse cables behave in the way it is
foreseen.
The functionality is now proven for XFEL
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Conclusion in the year 2004

The pulse cables behave in the way it is
foreseen.
The functionality is now proven for XFEL

Shortly after this conclusion:

A lot of problems occurred with
EMI



DESY Experience pulse cable, EMI, power, grounding
Hans-Jorg Eckoldt

Disturbances due to the cable Mxk
location of components

D=
e b

TH] oo gorces = F

NN

Elektronik PM

Modulator 5
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Disturbances due to the cable in the signals df'tke
photomultiplier

(assumingly common mode problems)

[Vj!)-8 GUN Photonultiplier [V%-S PM coupler 8 TTF2.RF/CPL.ADC/C8.ACC5/CHOO.TD
0.6+ 0.6
0.4 ' 0.4
0.2+ 0.2+

-0.2+ ‘ =052+

0.4+ -0.4

-0.6 1 -0.6

— O 2o 1] e W] e | S | 5y | S |y S | Sy | | o= 0043 | P S Sy S S A S 0y GO 0 SR

1600. 1640. 1680. 1720. 1760. 1820. 1600. 1640. 1680. 1720. 1760.  1800.
Res= 1,Buf=11 [ us] Res= 1,Buf=11 L 1
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Disturbances in the signals of the photomultiBI'fé(r
without to the cable

[v] GUN Photonultiplier [\6]25 PM coupler 8 TTF2.RF/CPL.ADC/C8.ACC5/CHO0.TD
0.8 L
0.2+
0.6
0.15
0.4
0.1
0.2 0.05
_0__
...0__,
-0.05 +
=052 0.1
=015
-0.4
=022
-0.6
-0.25+
== () 11| 0 O | | Sy | ey S 3 Sy | S | S| e T B B Ry Ay A Ry | Iy GO [y S Sy

1
1600. 1640. 1680. 1720. 1760. 1820. 1600. 1640. 1680. 1720. 1760. 1800.
Res= 1.Buf=14 [ usl PRes= 1,Buf=>5 [ 1
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166 kHz-current in the vacuum chamber

(Measurement by L.Schreiter)

L 1
B o S i"“sm"‘ i

308
1@ —14¢

A [E==)
IAD 24.0mv
1@ 129mv
Toowiy mos ouiy s omun Sy 9 PA 6.40us
E i i : i 1@ 13.0ps

Ch1 Ans N A
1 385.9 i :
: Klemsilg WY ) .
amplity_§ L I )
: Ch1A:m'-»~;-E~5---;---

! . : : : 4 Ch1 Anstieg
b e SEL AL BN Gl B B B 180.7ns
: ; | : 2 i Kleinsignal—
) : ! ; b amplitude
4.00n | i : j ; j

= Ch1 Ampl
; 27.0mv

[ 50 0mve ‘ : ‘

H|10 0ps A| Ch1 7 68 0mv

16 Jun 2005
ii+v|43.6000us | 12:27:23
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New current probe

« Rogowski-probes have been
bought

 Potential free measurement

« Large measuring head that can
be opened in order to be
connected to larger objects

* Frequency from 0.1 to 20 Mhz
* Current 120 A, 60A
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The 166kHz current flows as
indicated.

Yellow one direction, red
return

There is no current on the
grounding of the racks just on
the cable trays

Modulator
PM-electronic racks
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*Current in the racks
of the photomultiplier

*Yellow one direction,
red return
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The current can be
traced down into the
electronics

The return current is
carried via the racks
and the cable trays

MKK
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New test with modulator separated from
the transformer
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What has been done and why?

First test installation

* In the first test installation the pulse cable was installed between an
existing combination of a modulator and a transformer due to the

lack of a test modulator.
 This had a few draw backs:
— The cable was introduced as a 1.5 km long loop between
modulator and transformer
— Due to the short distances between start and end EMI currents
could bypass the cable easily
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New construction of the modulator

« The concept of the bouncer was changed

The bouncer was put into the HV side

The connections of the current leads have been constructed with
a sandwich construction of the bus bars. This decreases the
stray impedances within the modulator and improves the EMI
behaviour

The grounding point was put directly at the output of the
modulator.

The series inductance was put at the output of the modulator.
This additionally dumps higher frequencies. It is no longer an air
coll but is an iron powder core.
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New Modulator

200m Chm
L1 i C_Bounc ,
330u H 1 .
1500 V =
THI 7 2mFE c4
D2 D3
5 ZS ) LTRA1 TFR1P2WA
L+ g 0
| Lot |
100m Ohm 20uH | o040
CTRL ‘= zuenden CTRL :=51 R3 <hu ZS R ‘= 158u Ohm/m . .
R2 2z L-=66nHm LEN:=1500m cadk S F T -
G'=0Sm LTRA2 .
s ? Ra|] LS1 =0.194fn H e KLYSTRON1T
C=07onFEm Jﬁa—m‘ > _
C_Speicher Zot =0.1uH
iR P R = 450u Ohm/m
et L™ L] 160 Ohm L :=33n Him
Varistpr AME G =0S/m
C=14mF CH := X¥Varistor VAL ! C:=1.68nF/m ) vms o :E 4n
— h 1.5k
- R LEN := 1500 m
WO = 118kY i K¥Varigtor p .

e AMT

FILE := resistor_ssh__XYVaristor.mgdx

2u Ls .
R := 900u Ohm/m
L :=45n H/im
4u
o G:=0S/m
- C = 0.05n Fim
LEN := 1500 m
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Modulator in gy~ = e
Ha.” 2 #lr 3 / 94 “ = /’/’ »

------
SN 1
£ CHMIT
AN‘;‘AJE KABELTANLLE
(400w BREITE KAREL ~
% PRI TSEHEN
LANGE o, AS0/

N Veid

Pulse cable .
Parallel to FLA

PULS KA BELVERLE g0y i

DURCH, FLA LeH {‘Eﬂx%sﬁ)

BR 4K PARALLEL | o
1589006

20 2 e — Lo I
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Cable Iin the Gun-Area
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Cable in the Bunch Compressor-Area

g ‘l
i
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Cables near Kryomodule
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Warm Beaml!,_vne

MmN e

Distance to beam: 0.8 m
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Old PPT-Modulator MKK

Tek Run | f — ] Getriggert =p~ [EmmD

= U Modulator = 10,8 kV [T
= Old PPT-Modulator

Ch1] 500mv [@iF 200mV  H[20.0us A Chl 5 —830mvV|

Ch3| 100my 1 Feb 2007
i+ [38.5600Ms 14:14:42
Kanal 1: dunkelblau: Hauptstrom in AN-Schrank 500A/V
Kanal 2: hellblau: Strom im schirm (Hinter AN-Schrank) 100mv/A

Kanal 3: lila: Strom tber 3 Kabel (Anfang des Kabels) 50mV/A
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Old PPT-Modulator MKK
Tek Run | [ =~ i ] Getriggert =~ [EEE)

*UModulator =10,8kV | - = 1o
= Alter PPT-Modulator

12 A peak-peak

2.8A Chil 500mv Ch2| 200mv  |[H[4.00ps E.a.| Chi 7 =g30mv
@iE 100mv | 1 Feb 2007
i+¥ [~11.0400ps 14:13:56
Kanal 1: dunkelblau: Hauptstrom in AN-Schrank 500A/V
Kanal 2: hellblau: Strom im schirm (Hinter AN-Schrank) 100mv/A

Kanal 3: lila: Strom tber 3 Kabel (Beginning of the cable) 50mV/A
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New Modulator
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New PPT-Modulator

MKK
Tek Run [ {1 ] Getriggert -9~ [Emm)

Please look at purple curve j@ 420V

* U Modulator = 11 kV
» new PPT-Modulator
= Shield connected to ground’

-

Ch1[¢ 2.00V  [Ch2 500mv «H 100ps | A Ch1 J 240mv

Ch3/{20.0mv [@®iE] 1.00V . 4 6Jul 2007
11129.20 % 13:02:38
Kanal 1 : Darkblue: Current in shield 100 mV/A
Kanal 2 : Lightblue: Voltage across busbar between middle lead and shield 1/10
Kanal 3 : Violet: Current of pulse cable (Beginning of cable) 50 mV/A

Kanal 4 : Green: Modulator output voltage 1/2000
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= U Modulator = 11 kV
= neuer PPT-Modulator

New PPT-Modulator

Please look at purple curve Bp=7:-

Kanal 1:
Kanal 2 :
Kanal 3:
Kanal 4 :

———————————————————————————————————————————————————————

Chi% 2.00V  [Ch2[ 500mV %H[4.00us A Chl 7 6.44V

Ch3l4{20.0mv [®iE 1.00V 6Jul 2007
11/42.00 % | 13:04:52
Darkblue: Current in shield 100 mV/A
Lightblue: Voltage across busbar between middle lead and shield 1/10
Violet: Current of pulse cable (Beginning of cable) 50 mV/A

Green: Modulator output voltage 1/2000
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Current ripple, Integral current
Tek Stop - e P~ (=]
| g 1@ 65.0mv
WRN‘MWWWM | jEa :
B I
u U MOdUIator - 11 kV e .'...“-.:::J;.-.:.':-'I:; '.“’““‘“,'.:-,"““"“"f‘"“""“"‘“‘"‘.j.“lt:"-‘.:.‘“';\""'“‘“‘"""".
= new PPT-Modulator ' ’
» 12 Q parallel 2,5u THREE TYw - P AN TAN AN S T S
=Final installation YRR B
bl ml..“ . i .-l|* 1! ,1)“] I Current ripple 12.5 Hz < 50 mA
Y "‘1."."4 .' [? 1{1 | £ ll f1 Current after 250 ps less than 50 mA
T | .' ,l ‘ Better resolution is not possible due to

i | .. ..3 . the measuring device

i | 1 [ (i
71 1 . 4 |'| ;

H 100us A Ch2 \ 420mv

Ch3[is. oomv_ & (O 100mV 1 Aug 2007

Ref2 100my 100uMs |1[72.00 % 14:16:16
Ref 1: Gray: current of pulse cable (End of cable) 100mV/A
Channel 3: Violet: Current of pulse cable (End of cable) 100mV/A

Channel 4: Green: current of parallel ground cable cable 50mV/A
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EMI problems due to bad installation
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Different pulse cable supports in the FLASH tunnel

Cables entering tunnel at gun area

We’'ll see in a minute what

difference this makes... Cables behmd ACC module

SwissFEL Meeting, PSI Villigen, November 4, 2010
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« Currents on the beam pipe

Beam tube section before BC2 (z=17 m)

=7

Rogowski coils in action
trigger: 100 mV/A
measure: 50 mV/A

Measurement by H. Kapitza (DESY-FLA)
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current return:

Wrap cables with 0.1 mm Cu foll

and connect through.

SwissFEL Meeting, PSI Villigen, November 4, 2010
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O 2 A in shlelde

d PC b' dIe

ng2 5A

zl7m

0.1Ain b%am tube at

Chi 5 OOmV

44

» The cable shielding (= groffH§K
plane continuation) absorbs > 90 %
of the stray current from the
environment.

» At FLASH the beam pipe is a very
attractive current route.

« Reason: The FLASH tunnel is
composed of isolated concrete
blocks and floor slabs. This makes
a very poor facility ground.

 This is an example for fixing an
EMI problem in a long grown non-
optimal environment.

SwissFEL Meeting, PSI Villigen, November 4, 2010
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Conclusion in the year 2664:

The pulse cables behave in the way it is
foreseen.
The functionality is now proven for XFEL

after this concl
A lot of prob
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Thomson Modulator
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I\/Iessungen qumson Modulator

Noise during the pulse

| 50° 0mv ‘Ch2 50. 0mv H[400ps A| Ch1 =13 omy|
Ch3| 50.0mvV# |Ch4[ 500mV |

Channel 1: Dark blue : Integral current of all Pulsce cable (100 mV/A)
Channel 2: Light blue: Strom im PE-Leiter des Modulator (50 mV/A)
Channel 3: Lila :

Channel 1: Green: Modulatorvoltage V,
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Messungen Thomson Modulator
Loading of capacitances of transformer

o Noise during
switching

For measurement
purpose special pulse
pattern

Channel 2: Light blue:  Current in the Transformer shield (50 mV/A)
Channel 3: violett : Integral current of all Pulsce cable (100 mV/A)
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Mains Input 690V 20 Switching Modules Low Pass Cable Matching Pulse
+ Standard Configuration Filter 4x28 ohms Network Transformer
Transformer <1700 m +
Klystron
ke

Schematic of the entire RF-
station Thomson modulator

4 Module Pairs
2-Quadrant Configuration
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Mains Input 690V 20 Switching Modules Low Pass Cable Matching Pulse
+ Standard Configuration Filter 4x28 ohms Network Transformer
Transformer <1700 m +
Klystron
| G}
= -

i
e

L]
L
=

<

Schematic of the entire RF-
station Thomson modulator

| +just afew parasitics

4 Module Pairs ||
2-Quadrant Configuration

MKK
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Mains Input 690V 20 Switching Modules Low Pass Cable Matching Pulse I I KK
+ Standard Configuration Filter 4x28 ohms Network Transformer
Transformer <1700 m +
r:'] _ Klystron
n I-T177 Tl

Schematic of the entire RF-
station Thomson modulator

| +just afew parasitics

For understanding EMI
one should look at these!

4 Module Pairs ||
2-Quadrant Configuration
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Damping of transformer oscillations with 4

ferrites

Tek Run | - — ] Getrlggert - [Em.p
ih,lq ........ TA: 110mV

) : S : : : - d @ -540mv
T O SO R 1A: 1.40us

' ' ' Lo ' ' ' ' j@:  3.85US

......................................................

......................................................

I L T T T T T T T

Chi SOUm\-" H|1 UU]..l A| Ch1 A" 150\."'|
20 Aug 2009

[ s00mv 1.00us |+~ [3.83200Ms | 11:55:01
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Combination of ferrites and resistors at the

output
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Improved internal grounding

Copper sheet
through the entire
housing
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Coils with closed magnetic path due to

toroidal construction

......"/’/':

L
.'~-~, yy
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What does it mean
putting a pulsed machine to the mains?
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Bouncer Modulator

------------
SIGCT
Dklystron :
1
1
C Ruystron H
U Smaincontalctor mOdUIator__ _____________________
46\‘0\/ POWER Unodutator Signitron | ' e ___1
~ Scircuitbreaker SUPPLY | Lbouncer Cbouncer__: Kklystron
1 —_1
1
1
:DbOU”CET Tbouncer i
1
v

UCIoadA

Ue=Ucloadmax

Ucloadmin

| I
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.

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.

It is defined as changes of a square wave per minute.

This is not to be confused with the frequency since a
change is from top to bottom and vice versa = 2**60
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Allowed disturbancies to the grid

according to IEC 38/VDE 0838

3 < Operation point of
| XFEL 10 Hz
~. | d=0.28 %

, /
03 N4z

10! 100 10! 102 10? 104

Bild 5-2; Vertréglichkeitspegel fiir regelméafige rechteckiérmige Spannun gsanderungen
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Disturbances to the mains

_As _Au
S U

SC n

d =0.28 %

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 is 250 MVA.

— 250 MVA * 0,28%=700 kVA

The first assumption 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 to be more critical than
the human eye specified 10 kVA per modulator
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300 kW-Switched mode supply for constant

power (research of a Master thesis)
— —)» G Rectifier
L¢ I i supply current
C i primary current of the transformer
S1 * D1 T E Uc voltage of the resonance capacitor
Uciag  Output voltage to the switch of the
U | L Gl i klystron
NTUTT T |Us —» N ™ current ig at the time t1
— L primary stray inductivity of the
- - transformer
T > f resonance frequency of the resonant
S2 " |AD2 2 luc circuit of L and C
n gear ratio of the transformer and
v rectifier
T period time of the switching frequency
1 ~ of S1 and S2
G C resonance capacitor
I Cioad Us supply voltage
) Un line voltage
© Ucload © Cs filter capacitor

L+ filter inductance
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3x400V d

isolation 12kv DC

16x in Reihe

! Bx, ca, TS0V AC

IGBT

MKK
Series connection of buck converters

FuG solution

L 31——“"”‘"““-'/ ] L el A R - p————fF—{_ 0..+12kV
T
L2 g-uu'-" I gt bt L 5 =~ i PWM 1
B3e P> ” Il I B4 = = + IGBT M (16x 0..750V)
oz =t I B f3- _l
Kd L
N L =i | PWM 16
- = i e |7 N
PE = wa | 8x A ca. 750V AC
i PE
LWL A LWL &~ <§
-M- 1L Un-Messung
Regelung PWM
Steusrung (Leistungsteil)

Potentialtrennung
(Sollfistwerte)

Externe Ansteuerung
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Thomson Power Module

Power Module Control
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Variation of the mains current
Thomson modulator

Phasenstrom und Effektivwert des Phasenstromes L3
T T T T

b |
© Maximum des Effektivwertes = 169.6A

Minimum des Effektiwertes = 160.7A
Schwankung des Effektivwertes = 5.417% 1

- L]
) I | “‘H|H
I
[ N ! ' N Maximum des Efiektivwertes = 183.54 I ' | ! 1
Minimum des Effektiwvertes = 176 64 ]

300 -

. . . . . .
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
tls

The 10 Hz is suppresed. Asuming the max deviation in L3 as symmetric
This leads to S = /3 * 690 V * 94 = 10.7 kVA (worst case)
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Grounding in the civil construction
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Grounding of buildings

+ ,Good old starpoint grounding” is not possible for large
scale plants

 |n modern civil construction all metallic structures are
Included into the grounding

* This is well in combination with the lightning protection

* For pulsed application combined with precision
measurement the grounding should be even improved
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Shaft building with co

To the tunnel
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Interesting:

« Kapitza

 http://xfel.desy.de/project_group/work packages/control
_and_operation/wp 39 emc

« Oftt

— Electromagnetic Compatibility Engineering

— Noise reduction techniques in electronic systems

* Power supplies for TESLA-Modulators by
Eckoldt/Heidbrook TESLA Report 200-36



