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CERN does not have a unique approach

CERN has about 100 groups of its own, plus 400 so-called user groups,
totalling more than 12000 scientists.

Classical EMC-solutions are only partially used, becatise
scientists tend to impaort the traditional knowledge of
electronics in physics

Reducing EMC to "grounding
and shielding" deprives
research of the rich experience

EMC engineers can offer. . This talk will cover things that

[ consider interesting for

students who are ready for the
challenge of EMC



Of course some CERN groups follow the ideal path

where possible

The picture is taken from the internal website of the CERN power
converter group.
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Reality outside the industrial part, however, haunts the ideal path:

* Millions of highly sensitive measurement channels

* Economic solutions for power conversion, harmonics compensation, cabling

* Dislocated power supplies far from load

* Political reality of an international organisation (need to buy in certain countries, including
countries outside EU)



The great CERN divide:

Physics and Electrical Engineering

Electronics, detector construction and cabling in physics follow traditional principles that
are bred in the various physics institutes. There is neither a standard nor a common
approach. The situation is similar to the ISS where the Russian part is powered with an
insulated 28VDC, whereas the other parts runs 117VAC grounded.

CERN infrastructure, electricity distribution, cryogenic compressors, tunnel ventilation,
electrical network, alarm and security installations follow the standards and are mostly
done by companies under contract. EMC is NOT the primary issue.

The accelerators are in between:

They need pulsed power in the MW-range, precise magnet currents, power radio frequency
installations, a perfect vacuum system and precise beam monitoring.

They also need a fail-safe protection, including quench protection and a safe energy
transfer.

EMC is organised centrally by the biggest polluters, namely the power converters. The
other groups solve their EMC-problems in very different ways.

In the accelerator tunnel there are, experimental areas excepted, about 15 different groups
representing different professions but all using electricity as the only power source.
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CERN's generates its noise itself

- 100m underground there is no noise other than CERN ’s.
Z%é accelemtér‘tunnels aré even a nozsé absorblng én‘vlronmen
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Compatible with the environment:

CERN respects EN 55011 (CISPR11)

CERN must not radiate anything into the environment.
This dogma is respected for both ionising and non-ionising radiation.
“At the fence” and above our premises EN 55011 is fully respected, in spite of
many Megawatts of pulsed RF-power up into the microwave range.
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~ This accelerator is NOT
underground.

The closed-circuit RF is
interlocked against
leaks.




Internal Limits because of power electronics

Internal limits are required because the internal electromagnetic pollution is handled in
peculiar ways, depending on the technology of the accelerators active at CERN.

CERN’s (now) oldest accelerator, the Proton Synchrotron, runs 256
magnets connected in series, supplied with high voltage pulsed DC. At the
time of its inauguration CERN had a moderate 18kV supply network that

could not absorb Megawatt-cycles spaced only by seconds. Compatibility
with the network was achieved by a 46MVA (96M VA peak) synchronous
machine that accelerated and slowed down synchronously with the
particle pulses.

Meanwhile the machine, still operational, has been replaced by a high-
tech powering scheme using HV-capacitors and DCDC-converters.
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The SPS
Thyrlstor phase control technology
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The Super Proton Synchrotron runs
warm magnets (i.e. water cooled conventional low voltage)
supplied by thyristor rectifiers. It was decided to
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and to install two separate high voltage networks.
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Compatzbzlzly with the network was achleved originally by a fi xed
compensator that a few years ago got replaced by a fully automatic
150MVAr static-VAR compensator that provides a sinusoidal load to the
400kV networtk.




The LHC — the superconducting machine

The LHC needed less power but higher precision and,  For protecting the LHC CERN built a

above all, switch-mode power converters and a fail safe  quench protection that successfully
energy transfer system because of the stored magnetic ~ checks the 100mV safety limit across
energy in a virtually lossless system. the EACH COIL in a very noisy place.

Internal limits exceed the classic EMC range because ripple on the high
current DC lines would introduce unwanted beam modulation.
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Internal EMC Limits: Electrical Engineering
Power Converter group, extension below 9kHz

CERN Frequency Reference Gabarit/Levels
CERN gabarit is historically based on IEC-478-3 Curve C (replaced by [EC-61204-3), with extension down to 2kHz.

e [2kHz..10kHz] range is out of standard EMC equipement range (impedance and measurement capability) and should be treated following CERN
recommandations.

® Quasi-Peak Measurement required, even if peak could be used (saving time) initially to point at possible issues to be later studied more carefully.
A Peak measurement below limit confirms entirely the compliance with Quasi-Peak limit. The more noise signal "duty cycle" reduces (its
frequency of apparition) the more Quasi-Peak Measurement result differs strongly from Peak one. Converter noise (by nature) typically generates
less than 6dB of difference between Q-Peak and Peak.

V [dBuV] we CERN (Q-Pk) [dBuV]
100
95
90
85
80
75
70
65
60
55
50 | | |
1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08




Internal EMC Limits: Electrical Engineering
Power Converter group: extension down to 10Hz

CERN Reference Gabarit/Levels
CERN gabarit is based on IEC-478-3 Curve C, extended for low frequencies (magnet current ripple constraints).
e [10Hz..10kHz] range is out of standard EMC equipement range (impedance and measurement capability) and should be treated with adequate

material (bandwidth issue on 1500 Ohms probe for example, with a 35dB rejection for frequency higher than 10kHz usually).
e Atime domain reference level V. i neqx measured with 100 MHz bandwidth capability should always be performed in parallel to this test.

e Reference gabarit is given (strong line) for a DC output voltage of less than 50V. Dashed line shows an hypothetic level for a higher range /
purpose ! topology application. This limit level is defined from final user requirements.
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Internal EMC Limits for Physics Experiments

Many groups, no common approach

Common points:
Insulation of measurement entities against each other

*Bad equipotentiality

*Expensive shielded cables with arbitrary shield connections

*No more analogue outputs

*Software EMC (workarounds by computing/processing data)

*The only driving force 1s the impeccable physics measurement
*EMC engineer talks to a majority of physicists who consider EMC as
"grounding and shielding"

Today CERN (and most physics groups from around the
world) does not have any commonly applicable EMC
procedure or limit for all physics installations.



Immunlty testlng in CERN's EMC-Lab |
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Noise generation inside physics experiments

u{nnuiic CISPR ENl maosurseeiitl

=P [ F: G- 8 |
18,88 MHz 5.8 dB(uY) *ELF (not on picture)

The noise threats are:

% *Common Mode on random path
*RF background from particles and electronics

” . . .
| *Digital signals

Il *Badly terminated fast links
’ : : : *Asymmetrically operated twisted pairs
20 : *Discharges

' ' ' : Bk w | -General lack of immunity to E-fields
Typical H-field noise plot. <[ack of immunity to network transients

inside a running *Common ground interference
physics experiment.
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Often suspected to generate noise and “disturb measurements”:
Remotely located power supplies; transmitters (!!); the magnet; the LHC and its
powerful systems; the power network; neighbour apparatus.
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CERN needs to be compatible with standards
CERN tries to convince researchers not to follow the religions of
equipment insulation, separate earthing, broken Faraday cages, wild
cabling, open loops and fear of ground currents.

CERN's problem 1s its
TECHNICAL IEC physical size.
REPORT 61000-5-2 A physics laboratory is not
et able to follow such
199711 guidelines throughout

50km of tunnels,

intersections and
experimental areas.

In spite of good

engineering practice the

Part5: o . EMC teams are never out
Installation and mitigation guidelines -
Section 2: Earthing and cabling of work.

Electromagnetic compatibility (EMC) -



Metal conductor versus soil (=earth) resistivity
The graph used when equipotentiality is put in doubt
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Derive yourself the usefulness of independent earthing...
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Part 6 Cabling and Consequences

e Cable “mechanics™

 Parallel Cabling

e Cable Screens

* Cable geometry vs. EMC-behaviour
e Connectors

e Termination



Cable “mechanics” and EMC

Improved EMC by
a) cable bending radius within manufacturer’s specifications

b) mating connectors AND 360 degree screen connection

¢) physical separation of signal & power

d) Reeling & S S,
¢) sharp bends or squashing e, =~ = %
f) disconnected screens ; et ~

g) wide area loops 1n circuit g8

ot
I

Diminished EMC by




Coupling impedance

~1 D2
cabies pick up /Wh,’f;
/ diaie noi3e, .I:’/,_)b |
7 nverszons.

B¢
Cables leak,
~onvert noise, ra : .
e erforming

of it by P

1: single mesh

la: optimized single mes

2: Aluminium/Mylar foil

3: massive copper

4: double mesh

3: optimized double mesh

Sa: triple mesh

6: double mesh plus

‘ single g-metal layer
7: triple mesh plus

double g-metal layer

At low frequency all cables
are fairly equal because
ELF penetrate deeply into
the cable and cause CM to
&l DM conversions.




Once you have a given cable:
the geometrical configuration determines
how well external fields may be attenuated.
Don’t forget about conversions...
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Leads of symmetric cables (twisted pair)
should have equal impedances to ground.

Note:

Below 10 MHz

shield currents and
asymmetry dominate
over geometry.
Above 10 MHz

the difference
disappears.
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Twisting has its limitations, entails some cost and does not
solve everything. Lower frequencies remain problematic...

Curves are
applicable
under the
assumption of
perfect
symmetry.
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Coaxial and Triaxial

Coaxial only when you know how much noise current at
which frequency will challenge the screens

a. Coaxial Cable Outer Insulation
jacket |
b g Center
Shield l conductor

Alternating "' ¢
magnetic near HRh S
fields:
None of the two
cable types is able b. Triaxial Cable _Oul'ier Insulation Insulation

jacket ;
to suppress these. t Outer | Inner Center
Allow for standing shield shield conductor

voltages in the ELF
domain.




BNC (and all single ended coaxial connectors)

Grounded or insulated:
Screen and signal return use the same path

Screen currents (wherever they come from) mix with the signal return.

CM to DM conversion because screen impedance different from centre conductor

impedance

a. Configuration

Shield~_ =
Center
conductor

b. Connections

,— Center conductor (HI)

g

“—— shield (LO or ground)



Triaxial Cables and Connectors

Grounded or insulated:
Screen and signal return are now separated

Screen currents (wherever they come from) cannot mix with the signal return.

a. Configuration

Outer
. . ~ Slot (1 of 3)
CM to DM conversion is muss shield \ ~ %)

less dominant.

inner -

shield
Guard shield configuration :
L. enter
eliminates leakage. conductor

b. Connections

,— Center conductor (HI)

Inner shield (LO or GUARD)
[

\____ Outer shield (chassis ground or LO)



lonisation
chamber
with and
without
Guard

Circuit below
compensates
cable leakage.
Attention:

One cable screen
is on high voltage.
EMC:

Guarded
configuration is
more robust
against ambient
noise.

a)'Un'g'dard'e:d::lbnization Chamber

Guard
" Connection

S

Equivalent Circuit
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Part 7 Physics Experiment
EMC Applications

Switch Mode Power Supplies (SMPS)
Physics Experiments

Air & spacecraft, Cars

Linear power supplies

System layout basics



Unfortunately many physics
apparatus are built using
< "subdetectors" insulated
& XX from each other
galvanically.
& This approach makes

earth star pomt—as much metal as poss1ble practically all experiments

<-- 1| -->detector area very sensitive to noise.
I
I monitoring —

power supply locatio

A new phenomenon in
RS physics is software EMC,
RN

sense : ;
220%50 / 1.e. the cancellation of
> - Siml unwanted parts of a signal

. =1nF
maing
—i through extensive

#
/ DC out processing, or through
relative measurements at
‘1H — |

very high sampling rates.
Zmains Zsuppl Il

Zqround G L

Zmonitoring
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How to establish the CBN?

Ollrce

EMC on PMT:
* Signal=current source
e Noise=current source

* Magnetic fields
influence electron
th)tocathode Anqge Cascading

—HV R~ 100 kQ
C~0.1pF

Electronics far from PMT:
a) Establish local ground planes

b) Connect continuous shield WHICH
IS NOT THE SIGNAL RETURN




No apparent CBN

internal quartz-glass
PMTs feed-through

WOr

wire planes Greinacher
circuit

pre-amplifiers

Miraculously internal
bonding occurs through
the PCB-ground-planes.
However, there 1s neither
RF-immunity nor any

tolerance to support ELF
magnetic near fields
(induction).

-l Bonding would make the
J setup more robust, safer,

cheaper and more

reliable.



A crowded experimental hall

In terms of EMC:

a random collection
of apparatus.

No metal sheets on
the floor, no proper
high frequency CBN.

Fortunately there
are metallic cable

CERN recommends local ground planes and as much shielding as possible

Leakage is measured and cured because it would affect all measurement apparatus




.

Frofess

CERN can only give hlnts to phys1cs experlments.
* CBN (includes multiple bonding of all massive metallic parts);

* DC powering: know ripple feedthrough, CM and load dynamics;

* DC powering: Do not use noisy power supplies

* Separate screens, signal returns and power returns;

* Avoid star grounds outside the detector;

* Cancel out power network transients when immunity cannot be had.
* Measure leakage and immunity;

* Provide measurement outputs in the signal processing chain;

* Use cables appropriately (symmetric, coax, triax, flat cables, links)

,ﬂ?/ G E




Examples of EMC solutions
in High Enerqgy Physics Apparatus

(CERN jargon: "Detector", "Experiment")

UA1 matter-antimatter-collisions

RDb5 muon puchthrough in
magnetic field

NAA48 Charge parity violation

ATRAP Antihydrogen Trap

CMS Compact Muon Solenoid

and many others of lesser importance



UAIl Matter Antimatter collisions

Analogue readout, bandwidth 100 MHz,
dynamic range 107

Task: Make readout chain free of noise because it directly defines calibration and
measurement accuracy of a Nobel Prize experiment. Noise was 32dB above limit.

1 open general shield for low frequency, close it for high frequency

2 insulate very low voltage supply lines from earth

3 let individual screen become part of the individual earth system (guard shield)
4 terminate signal line symmetrically 5 improve RF symmetry of receiver

6 let general shield act such that it carries the least amount of current

7 make driver truly symmetric (see next slide)

general screen

HVE—1- G) individual screefr Zl/,a_
7Zd  [7.| |amplifier /i
with 7.
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UAIl Matter Antimatter collisions

Analogue readout, bandwidth 100 MHz,
dynamic range 107

Due to the 70m long twisted pair cables and rather low impedance towards ground the
common mode induced by the 600Hz fringe field of the huge 2000 ton-magnet (600V, 10kA,
12-pulse thyristor rectifier with some residual ripple) altered the operating point of the
driver transistors, thus causing common-to-differential conversion.

The effect is well known but it is very difficult to discover and determine in situ.

Transistor Data ch ith . . . .
lr{:::ﬁ:ffgquzn‘zvc Ffl:;?:s::rlc Solutions: Design change or higher ground impedance

Normal curve traces 300 mYV RF base to emitter 3 V collector to emitter
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After extensive analysis and measurements the solution was a simple repair of a

cable screen causing not only common-to-differential conversion but also
radiating out to neighbour channels.
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UAI Matter Antimatter collisions

Oscillating muon chambers

Readout chain with 70ns
discriminators/shapers on
the chamber, 70m of twisted
pair cabling NOT DRIVEN
SYMMETRICALLY, i.c.
one lead on ground and one
lead on single ended driver.

Such systems have a strong
susceptibility in the range of the
shaping time (70ns—> 14MHz).

The system is conditionally
stable.

When enough sensors trigger the
entire system is triggered by
auto-interference and runs as
oscillator. See image.

N A T =
. =T > §
A m— U |
|" \\ ';I ‘
11 1




NA48 charge parity violation experiment

with analogue readout in liquid argon vessel volume 60m below ground

‘ shaper/
N | 7 ADC driver
NG 100 Q
amphﬁer N low L
monopola.r frequency | Uout
symmetrl - twisted Z
‘ pa:lr | Zc 5
inner sh.leld detector side inner S\hiell( A
' control rolom side LVrec

shield receiver side

1) oscillations of all amplifiers exhibiting
extremely narrow spectral line
2) strong susceptibility to RF noise

1) common mode to differential mode
conversion on cable and shaper (RF asymmetry)
) bad shielding against RF in spite of Faraday

cage around detector
} Combination (also} yields oscillations

rofessional measures against noise:
1) Improve Faraday cage by creating RF guard shield
2) Improve receiver of shaper for better RF symmetry
nd termination



Experiment ATRAP — Magnetic field interference

EMC Lab was called for determining influence onto the precision
magnet determining the path of antimatter in an antihydrogen trap.

T s . ""‘

Solution:
The field was disturbed
by the presence of iron \\..
(magnetic material) |
moving across the

".,o“/

experiment: 2 ey
. | x — i
The overhead tmvellmgg A\~
y —
crane. .

There was no
electrical
interference.



Experiment CMS — 30mT fringe field interference with

induction motor

A coolant circuit pump motor (P=30kW) had to be replaced several
times after only a few days of running below nominal load.

The 20—1 00m Tfl’inge / Contactor

Ll —~ it Tl
field of the CMS H /
magnet, the biggest 1 = . r2(  Induction
worldwide, a \ motor
constantly induced L3 | T— I3

voltage in the L -
squirrel cage of the
induction motor.

— Contactor

Transformer

Background:
St%tic fields brake an

R

Hence the bearings indluction motor and
overheated. Braking circuit copvert power to heat.




0
CMS PIXEL Detector with DCDC-converters




Cabling and cooling of the DCDC-converters

In the centre of this
detector is the beam tube
(not on picture). The beam
current (i.e. the particle
bunches) is only
centimetres away from the
electronics.

In principle the electronics X
is completely shielded. :

i g 7 : N -
The cabling geometry is farﬁf \ R :
from being optimal and [ . O QESH &~
also varies from quadrant

to quadrant.



Millions of CCD's are powered with 2.5VDC

Supply voltage 2.5 VDC. No transients above 4 V.
Significant power line noise feedthrough, plus
pickup from sensors. No analogue output.

f = 1/(2n-50nsec) 3
| = 3.2MHz L MUX gain
low noise S |
Charge 50 ns CR-RC . ]
pre- ampllﬂer shaper T 1 ( ([ 128:1
,ﬁl 0 ’J r ﬁ’i MUX differential current
mverter | L 192 analogue 1l output amplifier
1 . pipeline cells I e
signal ~ |~ ——— = B | Pae—
input Eﬁ# i '4*{ 2 7 F P =
&3 S 3 APSP ' >




EMC of the radiation hard DCDC-converter

11VDC to 2.5VDC Challenge: The converters were partially or totally destroyed after
DCDC-converter with n-  the accelerator changed its bunch structure and yielded higher peak

filter at input and output.  currents. It was urgent to find a solution.
There also are an "enable"” : : : : !

line without any protection ] 21 vss our_s .8
MountingHole_0.80mm1.10mm ouT L3 L2 W osonzsv
at all, plus a status output ) - - n,
vss . .
Ipower gOOd”. MountingHole_0.80mm1.10mm |c8 e _|er |cs R o {5
Tea Taou Taou e o e
The designers tested all I | pons pona 2
28 27| )
components, then the our 5 " our ] "ond Pom]
our [ % our _ ¥ = Pend vasnr (& {
ks.*ystem, then 'the system T o R vss dl. 2 Lk = L
implementation. T Gl | e ea i w Jo
Vs YD = [nv_Enable GND 5 VS5
vss [ 13 vss S ] I
2 11 —{ Halfsw PGood =
. " R | zzz - T z:z i o 1 Rl vss
The chip is supplied via N o VT 7| Vo Al A
. vin_ [ © 5l vin 2 = £ & 5
120m long cables with 2R el Y e ffif¢s¢s?
]] VDC, and the enable line FTE-116-03->(§:1-DV-ES_MaIe - F2 L1 F\‘ N ; ) il |m . m
- ; = -
is a 130cm long twisted o o exdie Vs
R N VIN ouT C1 Cc2 C3 Ca
pair with one lead on L L Lo L
- 10u 10u 10u 10u
R3 R5
ground (!!). ” re vss
Enable P_Good
P_Good Digital R5=390K / R6=1M PIX V13A |Release 1.0
P_Good Analog R5=390K / R6= N.A. A
R4 R6 Eﬁatz)lg LO\?/aA?(?ive R3=N.A. / R4=330k / R8=0R 11-Marz-2014
330k M Enable High Aktive R3=1M / R4=330K / R8=N.A. Page l1of1
R7=243K Uout=3.0V
= = RizszaKe Boumzav |. Physikalisches Institut




DCDC-converter technical data plus filters

Switching frequency: 1.3MHz
Chip needs “enable” logical signal and hands back “power good” logical signal

“AMIS2_PIX_V4*“:
Chip: AMIS2
Vg < 12V
Board layout with {? ur = 34 ble (3.3V)
| N ouT Programmanie (s.
radiation tolerant chip in Switching frequency fs = 1.3MHz
the centre

PCB:

2 copper layers a 35um

Air-core toroid:
Custom-made toroid, & ~ 6mm,
height = 7mm, L = 550nH, Rpc = 90mQ

PCB

Input and output T-filters |~ |
L =12.1nH, C = 22yF




Noise comparison in-house to commercial version

Setup and arrangement are not standard EMC measurement approach but anyway the noise
measurements differ significantly between commercial and CERN version

1
L _ lom th Icm 21 -
Power R
el [ UsN | L 4y (EEEN Load
uppy (— D L a - p
- -
LISN = Line Impedance ipelctrum
Stabilization Network HayEack
;:fL 60:— Plx_v4 ‘ Sum of squares: 37.26dBuA | %
B ?\1\ Vin = 10V 1. Peak: 32.70dBuA ©
2 NS _ 2. Peak: 31.45dBUA E
8 F Vout = 3.3V 3 peak: 15.30dBuA e
a 40— £
BN )
30:_ | 1 Y
20
10
of
A0
= 1 1 1 [ |

0
Frequency [MHz]

60

50

40

30

20

10

-10

|l|||IIIIIII||||||I|II||||I[||II|-’_¥—A’|II

AC2
" Vin = 5.5V
Vout = 1.25V

[

™

| Sum of squares: 11.67dBpA

1. Peak: 8.36dBuA
2. Peak: 7.44dBpA
3, Peak: -4.19dBpuA

Plus additional
pi-filter

TR T T I BT |

Frg(?uency [MHZz]



Measurements for minimising RF-radiation

Extensive three dimensional H-field measurements
to find best configuration and to identify hot spots

Emitted field is
measured with a
pick-up probe and
spectrum analyzer
[height of 1. peak]



Measurements for minimising RF-radiation

Various different inductor versions were placed onto the DCDC-converter PCB

0 : 2
X [mm] X [mm]



Windings were simulated and optimised

Perfect
windings

Realistic

Extra
twisted




Noise measurement through physics readout chain

Typical for physics measurements: Statistic sum of no-signal ADC counts determine the noise
Problem: All time and frequency information lost, all noise in the bandwidth mixed together

--- Conventional powering
2.8 w 15[
2o --- AC2 £ F
: ot - - : 2
g --- AC2 + pi-filter 3 140
2.6} : "
é I --- AMIS2_V2 (sim. to PIX_V4) § 7 A
— B l = :
2 24 J 2 10
22, / e 10—
c = E
2.2 E
6
2 4:_ |

1.8 2:—

lll l!l!lll Illl!l ojlllllllllll

200 300 400 500 1 2 :

Strip number Strij



An attempt to cancel some noise by re-injecting it out of phase

» 128 APV inverter stages powered from 2.5V via common resistor (historical reasons)
= mean common mode (CM) of all 128 channels is effectively subtracted on-chip

» Works fine for regular channels which see mean CM
* CM appears on open channels which see less CM than regular channels
* CM imperfectly subtracted for channels with increased noise, i.e. edge channels

pre-amplifier inverter
V250
| V250 R (external)
V125
strip | Vem

e L Pty

1 Vout = “Vin

[

Node is common to
all 128 inverters in chip

VSS




The problem was CERN-wide, potentially affecting

core measurements and accelerator schedule

Because of the importance of the project and the enormous workload and
operational impact that goes along with installing new DCDC-converters
(There are 1200 installed) CERN mobilised its entire EMC engineering

force to find a solution.

In such cases it is
important to get hold of
professionals that

1) are not biased by previous work,
measurements, political implications

2) have a different background and/or
point of view when approaching problems.



Findings and measurements done by the EMC Lab

which is run together with the CERN RF-group

The entire power
setup was rebuilt and

set up at the EMC
lab.

The cooling,
normally dry ice, was
replaced by fans.

The chip needs a
number of control
input that needed
either to be simulated
or set up by
additional hardware.




Assumption: The DCDC-converters are being destroyed by
transients on the 120m long DC-supply cables, or transients

from the control lines, or by RF coupled in from the beam
current (RE spectrum up to GHz-range)

Tests included FFT on all lines, overvoltage, undervoltage. EM-fields up to 200V/m

None of the tests was conclusive because

1) No chips COULD be destroyed.

2) The more aggressive the tests the less they mirrored reality

3) The original load could not be connected because of the risk to
destroy a silicon detector of very high value.



Separate testing of the DCDC converter board and its components

lesting of circuit
and components:

Calibrate VNA, use high
quality coax lines and of
course a CoOntinuous
metal sheet ground,
separated from the
circuit by a kapton foil.
Some traces of common
mode from the VNA are
reduced by toroids.




The "variable" filter capacitors

First surprise:

The high density SMD filter
capacitors operate rather
on constant energy and not
on constant capacitance

The capacitance drops with
the voltage applied.

Capacitance[uF]

-
N

-
o

DC bias characteristics

10 20
DC Bias|[V]

30



The filter capacitors resonate at DCDC-operating frequency

B prise: Frequency Characteristic|Z|
According to the datasheet 1k
the filter capacitors have a
series resonance at the 'g‘ 100
operating frequency of the e
DCDC-converter 2. 10
Q
O
= 1
Purpose of the n-filter: ©
1) Attenuate incoming
noise from the cable, and -§_ 100m
supply peak current for — 10m
switching -
2) Attenuate noise 1m | | | | | '
produced by the converter 100 1k 10k 100k 1M 10M100M 1G 10G
3) Do not radiate off too

Frequency[HZ]

much of this noise



S
Series resonance of the 10uF’ capacitor

£ E5071C Network Analyzer
1 Active Ch{Trace Response 3 Stimulus 4 Mkrfanalysis S Instr State
P S21 Log Mag 10.00de/ Ref 0.000dB

0.000

1 1.5000000 MHz -32.353 dB
>2  10.461080 MHz -60.534 dB

. Abort Printing
No surprise:

Printer Setup...

Invert Image
ON

Indeed the biased capacitor Bump

resonates just above 1 Mhz T

Multiport Test Set
Setup

Misc Setup

Third surprise: Backiiht

ON

Firmware
Revision

Problems were found but
nothing was able to
reproduce the damage seen
in the circuits installed next
to the particle beam.

Service Menu

-100.0

1 Start 10 kHz IFBWY 300 Hz Stop 100 MHz !
Meas | Stop| ExiRef| Sve | 2018-04-08 18:16]




S
Slow discovery of the real problem

Upper track red:
Inflicted noise from
fast transient
generator via a toroid
around the input lines - . " e

leCroy WueveRemrner 104MXi-A 1 GHz Oscilloscope 10 GS/s "f;g‘ss ) ‘/sA““;"r.m'ﬁ
: jSEp
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repetition frequency wdabibi: | | E 3
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(1145 m Irage  CAEB)
5.008//d] S.00W/div. | 0/s/dIV [Normal” 11,20 % Type

A
It
230\(0(?& =345V ofal 1100kS ZDU MBIs! Edge Positive

the integration of the 1 B e . . ..
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. \‘: = O / o
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372012018 2:04:00 PM
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S
Fast transients severely disturb inner functions

Lower track red:

Inflicted noise from

fast transient

ifgi,';??;fevﬁzp‘i iz " leCroy T ————

Autc =
13753 o

Soman, ——
Upper track yellow: Sl ™
Level
internal auxiliary | P
voltage of 3.3V. i sidng O
Deviation and shifting | [Pomentity
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"™
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Much detail but no directly useable result yet

Screen continuity:

During measurements a general lack of screening
was detected. Over a broad frequency range E-fields
heavily disturbed the converters.

Equipotentiality

Major parts of the system were not interconnected:

Screening elements against each other, cooling plate to printed
circuit board, ground of DC-circuits to anything.

Cabling

DC cables are screened but screens were left open

Twisted pairs for control purposes as well as for all short power
runs from converters to the actual sensor electronics are not
used in any way symmetrically but rather as interconnection
wires. All ambient noise freely coupled in and out.

Converter destruction
All tests could not, even at this point, reproduce the precise
damage scenario of the converters failing inside the setup.



The extensive tests revealed an abnormally

high E-field susceptibility

Due to the non-existence of a local common bonding

network, or a large ground plane, E-fields entered the

circuit from all sides. Together with thm’ that Example picture for useage of
several conductive elem of the syste d the ESD gun.

converters were not int nected, and two even ne
connected at all, the chip destruction could alﬁ @ Ny
from discharges. N S

Using an ESD Pencil Generator we
tested the circuit against ESD (1kV
pulses) and managed to destroy the
DCDC-converter in the same way as it
appeared during operation with nearby
particle beams.




Measurements after absorbing ionising radiation

Finally the original design group measured the E-field destruction level against the
absorbed dose, with the result that with increasing dose the chip withstood less
ESD attacks, which was the final scientific explanation why the chips failed only
after a certain time under certain particle beam conditions.

New design:
EMC became a decisive factor for improvements

Such complex EMC engineering effort touches all fields of
electrical engineering and needs the view of several experts for
achieving robust results. In this case much preventive EMC was

done but ground continuity and ESD sensitivity were not
considered.



CMS experiment, different subdetector

Electromagnetic calorimeter with crystal detectors

Task: EMC immunity measurement on prototype
Bias supply lines were tested with ca. 1uA of common mode up to 100MH?,

which is an assumption of the required immunity.

Preventive discovery of wrong component choice cured at prototype stage:
The original HV-filter was a double RC filter with carbon resistors that are capacitors in the

MHz range. The filter was modified as on the picture. Immunity now sufficient for CERN

AAAAAAAAAAAAAAAAA 4

HV
[] MGPA 4-channel ADC Two 8 ch

l__‘ (AD41240) LVDS RXx
[l] Preamp Gain LVDS -

N\
s—[|ADC
N\ P g 12bits (0| |@
N = s ADC> ) Logic g =
%% 8 2 bits |~ o
D%

>hoto detector
APD/VPT  (jsitize once every 25 ns the energy in all crystals

—

A

ADC




Experiment ALICE: Small experimental setup:
only two PMT's and a counter

Two PMT's were connected via a few meters of RG58
cable to a preamplifier/discriminator lying on top of a

crate in the rack.
Many earth connections were tried out, external fields

(transmitters) were suspected to influence the setup.

The rack issued some electromagnetic radiation, namely
alternating magnetic near fields in the kHz range. The
missing CBN caused cable screens to carry both signal
return and noise currents because of cables creating loops.

Solution:
Install u-shaped broad metal plate between rack and PMT.

Make sure there is good connection the rack. Lay all cable
onto this plate in order to minimise pickup and coupling.



Remarks on powering physics apparatus

Most EMC problems in physics result from remote
powering. Power supplies are located up to 150m from

the load.
Multiple power conversions cannot be avoided when

radiation tolerance, efficiency and tight space need to
be matched.

The following slides are a summary of problems that were
experienced at CERN, with, where possible, solutions.



Electrostatic screens inside
(separation) transformers

Certain transformers have an ES
winding.

The ES winding breaks the winding-
to-winding capacitive coupling and
allows to route HF-common mode
back to its source, usually via
ground or via metallic structures.

Product

Product




The linear power supply
also conveys noise

5

L

> : Vie

I ..

Linear power supply: Common Mode transfer occurs via mains power transformer

100Hz 300 1kHz 3 10kHz 30 100kHz 300 1MHz 3 10MHz 30 100MHz
200F i 200

1 A =CM Rejection 180

B =DM Rejection
160 C =CM Rejection of an ordinary 160
A unshielded transformer (P =300VA, .
140¢ 1| Prim-Sec. capacitance =1 - 3nF) 140 Linear regulators of
P; . . .
o 0 hlgh quality reject
- quite some low to
. )
100 =C = 100 medium frequency
- 1 ! CM but much less
S % pwMm.
m 6v - = - o m
4 T 40
—_— - '
20 B 20
0 i {1} Mo dB
100Hz 300 1kHz 3 10kHz 30 100kHz 300 1MHz 3 10MHz 30 100MHz

A,B curves: CM & DM rejection for screened xformer C curve: CM without screen



Switch Mode Power Supplies and UPS
are common mode generators

SMPS generate some DM (ripple) and CM (ground currents). EM radiation is generally small.
CM transfer is smaller compared to linear power supplies because of the screening efforts

and the smaller capacitances. However, CM generation can be a real problem.

1

Input
Filter

cna

RN gy Lt O S

impedance from terminals to ground
1s slightly asymmetric —

It 1s this asymmetry
that needs to be kept small
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ser ~42.0 ¢2a 4ATTEN @ @B

SPAN 52.00 mu:
SKP 20 msec

VEES B4 30 LRz WV 10 Mz
ref. level — 38 dBm
frequ. 0 - 50 MHz
Switch mode power supply 12V 22 A
negative lead grounded;
SMPSon,I=0A

l(f ~40.0 22a GATTEN @ ¢B

10.2 i

SPAN 52.00 mu:
SKUP 520 nsec

ENTER 25.00 maz
ORES BW 20 kh:z VBN 19 kM2

ref. level — 38 dBm
fregu. 0 — 50 MHz
Switch mode power supply 12V 22 A
positive lead grounded;
SMPSon, I =0A

SPAN 50.08 MHz
SUP 500 nsec

CENTER 25.00 NMHz
ORES BM 29 kM2 SVEN 10 kM2

ref. level — 38 dBm
frequ. 0 - 50 MHz
Switch mode power supply 12V 22 A
negative lLu(l grounded;

4

REF =30.0 dBa OATTEN @ ¢B
PEAK
LC8
0

SFAN 50.00 MmNz
SNFP G00 nue

ENTER 25.00 muz
ORES BN 30 kN2 OVEN 10 kHz

ref. level — 38 dBm
frequ. 0 — 50 MHz
Switch mode power supply 12 V 22 A
no lead grounded; load current
spectrum with SMPSon,. I =10 A




SMPS: comparisons
between different makers

Reference Level: 0 dB
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E.g. for an inductance:

Parametric Coupling |

A sensor where it shouldn't be dt

Sl

Flux Parametric
. . . Coupling Coauplin
Although being rare it has been seen in Term Term

physics
(It is mentioned here for the sake of
completeness):

I I N I YT

Neon tube coupling into preamplifier protection diodes

B T RN EEEE T N

Microphonic Coupling into detector chambers of all sorts
= | [

Alteration of electrical parameters due to mechanical stress
I N S

Vibration of electronics placed in strong magnetic field

CERN experienced all of the above. In all cases the search for the noise
path was confusing and time consuming.



Part 0 Some Prerequisites

Part 1 What is special at CERN?

Part 2 CERN's Internal Limits

Part 3 Equipotentiality

Part4 Conducted Noise, Filters

Part 5 Radiated Noise and screening
Part 6 Cabling, Cables, Connectors

Part 7 Physics Experiment EMC Applications
Part 8 Accelerator EMC Applications
Part 9 Safety System EMC Applications
Part 10 Conclusions




Part § Accelerator EMC
Applications

ne hump
ne trains

ne functional earth

T
T
T
The open cable screens

EMC Systems Engineering



[CHC: Noise from the backup power: source

CERN uses UPS systems up to 1.5 MVA power. UPS produce strong common mode outside the
EMC "legal band" from 9 kHz to 30 MHz, usually just below 9 kHz.

Strong 8 kHz (plus harmonics) common mode signals could be found throughout the LHC.
The LHC found its beam modulated ("beam humps") with these (and other) frequencies.

LHC accelerator beam hump with
interference from various sources,
amongst them the UPS common mode
of certain services.

Collimatorsetup3500GeV_13062010/B2V_083000/detect




[CHE — first attempt to remoye as much as possible; comimon
mode withr an EC=low: pass that fitsimto the restricted space

WITHOUT FILTER WITH FILTER DATA: 3 phase 10uH, 80uF on the output side

Phase L1 to neutral (8kHz (@ 8V)
Battery operation 50% load

Phase L1 to neutral
Operation via bypass (=UPS off)

Neutral to ground (8kHz @ 8V)

Battery operation 50% load

Clearly visible the solicitation of the
ground system as path for the filtered out
common mode




CERN's trouble with the French 1500VDC railway

......... Border
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=— == == Railroad
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bending field [G]

Deviations of accelerator bending field vs time
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Behaviour |
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V|

Drift
Behaviour |
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16:00

18:00

20:00

22:00 00:00 02:00 04:00 06:00

time of day [h]

Deviations of several
10> are observed, with
distinct similar patters
every day.

Scientists started to
look for the path, and
for correlations with
operations in the area.

Most interesting are
the peaks at distinct
times, followed by a
quiet night.



Voltage on rails [V]

Voltage on beampipe [V]

Bending B field [Gauss]

-0012

Meyrin

Zimeysa

0016 fm _______

002

-0024

746.36

74634 |

746.32

746.30

74628

| LEP NMRS

1 1 1 1 I

16:50

time [h]

The afternoon peak
expanded and compared
with field measurements
and train return currents

Because of experience with the
DC tramway SIG pointed out
first that the influence could be
routed to DC stray currents that
theoretically close in an infinitely
wide area.

The comparisons proved that the
assumptions were correct.



Functional Earth

Functional earthing means that earth (ground) is
part of the active circuit.

Functional earthing is not used inside buildings any more

because of the evident common ground interference risk.

Attention:
The term "functional earth" is sometimes used to distinguish between CBN and
power return."Only our company offers functional earthing..."

Outside CERN, low frequency communications:

(used in marine, military, speleology, mine emergency comm's)
The earth 1s part of the circuit, e.g. as counterweight
for an aeral.



(Half a) Functional Earth at CERN

g CERN kickers use high transient currents
il originating from discharges. Peak currents
reach many kiloAmpeéres

Part of the return current runs through the
(locally copper plate re-enforced) accelerator
CBN.

nearby CBN and cabling. “ >4
For the circuit designers y &
rare transients are difficult
to understand and handle.




Immunity against transients riding the ground system

Most screened cables end up earthed only
on one end

All methods of common mode suppression are used:
optocouplers, transformers, symmetric lines, physical
separation

Nevertheless violent ADDITIONAL transients (e.g. a short
circuit, or an arc in the power system) cause damage




Noise and ground loops

Insulated from  Insulation Mechnical i Umids Temperature
oundwunnel R > 10el5 Vibrations mdity  (aniation

|_Surface
Surface 20V ground ‘ : around

"'Different grounds’ means huge loops
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1 Filter capacitors exchanged

| upgs

16 BLECF to repair

19 channels
11 channels

m@j

_ w 610§ Ta1e0) 2595091

With the input RC network a pulse of 16.5kV needed

Track burns with a 35 Ampere pulse

Test in the labo:




en screen connections are not only an EMC problem
but also a hazard for equipment and personnel
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The same transient also burnt capacitors and PCB traces.



o
LASER lon Source

View of set-up and
capacitor bank of
the 100J CO,
LASER.

A capacitor bank
is charged to

400kV which
supplies the energy '

for the amplifier of |
the LASER which
delivers more than
1GW of power
during the

invisible infrared
light pulse.




Set-up at ITEP Moscow

Detail of the output gun
Please note the single
aluminium screen
bolted to coated iron.




Starting point in Moscow: Fields up to 1 kV/m

[nitial situation during first tests in Moscow

PI’ObIemS: Non-lonising Radiation from LASER Amplifier

Very sloppy cabling 60

u
(@]
4

Screen discontinuity

NN
o

Bad cable selection

Random connections

n
(@]

Electric field [¥/m]
w
o

o

Aggressive waveforms

L 4

s

Manual control 0 10 20 30 40 50 60 70 80

Distance from LASER [m]

o

Auto-interference

Radiation was so strong that the input divider of the handheld battery
powered oscilloscope was not able to divide correctly any more



400kV 20kA pulses: Multiple screening required

Discharge device is in box behind

e ,.“ DL als? 4
p |

Objectives:

1) Protect humans.

2) Keep noise level
outside building below
CISPRI11 values

Building attenuation was \
measured but due to
large holes for cable
ducts the attenuation was

as low as 20 dB for

certain frequency ranges | |‘ L

‘.




Reassembly at CERN using EMC expertise

The cabling of the LASER was entirely redone at CERN.

All classic EMC and high
power switching
knowledge was rigorously
applied, which meant
changing practically all
cabling, improve screen
bolting, common bonding
and placing of apparatus.

Decrease loop sizes and pigtails
Multiple Screen continuity measured
All cables inside iron tubes

Star configuration with strict routing
Improve waveforms

Improve control system

Stop Auto-interference by
cable separation



Resulting Radiation Pattern of LASER

Non-lonising Radiation from LASER Amplifier

A loop antenna was mounted at
3 meters distance inside building,

and a discone outside. /

Field values at 3m from
LASER below 1 V/m

Conducted noise compatible with ¥ e da  edn Wb sol b
° ° Frequency [MHz]
experiment running nearby

Antenna
)
*

[z2¥]
*

Peak Yoltage on Discone

Scientists were amazed by
flawless operation

Very small noise level outside
building

Perfect example of preventive and
successful EMC engineering
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Part 9
Safety System EMC & Incidents

* Current loops are not unconditionally safe

* Hi-Tech systems: service denial upon
perturbation



CERN operates many high
power devices equipped with

\ the required multi-level

interlocks.

-

CERN's interlock systems cover all stages, including a system that
cuts power at the high-voltage level (""AUG"). Many of these systems
use currents loops that run over up to 250 contacts in series.

The safety loops use 48VDC battery backed-up power.

There is a connection to the access system which prevents persons
from entering premises that are exposed to particle beams.



= EMC may be well
: engineered but fitters

\\\ sometimes err. Tests will

not show everything.

-

We talk about a simple current loop that is conceived to be fail-safe.
The installation is made of multi-twisted pair control cables.
One pair was assigned to accommodate the safety loop.

The safety loop is driven by a PL.C and holds closed a 3.3kV power

contactor via 4 contacts connected in series ("wired NOR"):
coolant flow sensor

overtemperature sensor 1

overtemperature sensor 2

equipment emergency stop



A fitter messed up the pairs.
: \ He connected one lead of one
\ pair and one lead of another

pair. A simple cabling error.

-

The immunity of the twisted pair had vanished. The control cable
ran in parallel with power cabling issuing severe harmonics.

When all 4 sensors opened following a cooling failure enough inductive energy was

coupled into the safety loop via stray capacitances and magnetic near fields to
HOLD THE POWER CONTACTOR CLOSED.

Consequence: A 600kW cryogenic piston compressor overheated and was
destroyed, inflicting damage to itself and the building. The EMC team needed
several days to understand the reason of the incident.



The scanner, a commercial
device, is known to react to
microwaves.

CERN access system performs
a scan of the iris

The mobile telephone, when sending packets, disturbs the system
which promptly denies access.

alter the
device
because of
legal reasons.

The EMC
community
might have a
solution...
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Conclusions

CERN Accelerator Complex

In case you want to do EMC business with CERN
you need, just as any EMC engineer, a profound
understanding of the systems 1n operation.

Classic EMC will not suffice.
The challenge 1s open.

CERN does not need (new) rules.

CERN needs solutions for physics.

Thank your for your attention!



