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Introduction e s

This talk intends to

= Describe the design of a up to 500 Gy power converter in the context of the
current 60/120A re-design of converters

= Give some hints of our learnt lessons from previous design
= Describe some important design paths in the coming process
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Previous R2E-Converters: installed in LHC @ LS2 i i
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Context

From Radiation levels to Converter Project Data,
optimizing Design Effort
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Context — Radiation Levels in LHC

Radiation levels (HL)
= 600A / kA already renewed

= 60A / 120A highly exposed
= |n the range of [120; 300] Gy
= 72 units in the tunnel (60A)
= 92 units in RR1/5 (120A)

Design Target
= 60A/120A
= Set in [400; 500] Gy range
(ELDRS + margin.)

Insert Foot R c e
03/02/2021
1MeV n-eq. E>20MeV HE
Are D G
a ED (R [nb/(cm?2.year)] [/(cm2.year)]
08x 12L/R2y/<10
Tunnel gy 121(1/4): <10 <1E11 <1E10
R2E-HL-LHC60A-10V 72 units | (g 19R(1/8): <03 3E10 3E9
48x 14/16-L/R : 1.5
Tunnel
LHC60A-08V (678 - 72) units
R2E-HL-LHC60A-10V 72 units 0.5 3E10 3E9

RR13/17
R2E-HL-LHC120A-10V 36 units
R2E-LHC600A-10V 28 units
R2E-LHC6LA-08V 26 units
R2E-LHCGLA-08V 04 units

RR53/57
R2E-HL-LHC120A-10V 36 units
R2E-LHCG600A-10V 28 units
R2E-LHC6kA-08V 26 units
R2E-LHC6kA-08V 04 units

RR73/77
R2E-LHC600A-10V 48 units
R2E-HL-LHC120A-10V 20 units
R2E-HL-LHCG600A-10V 02 units

UL14/16
R2E-HL-LHC120A-10V 16 units
R2E-LHCG600A-10V 02 units

UA/J(s), TZ76, UJ33,
UR15/57

Some local exception in Point 6

"sea level" expected (Th. n. excepted)

leve
level

leve
level

0.01 close to US15/17

0.10 in UL14/16 pigqie
1.00 close to UJ14/16

0.01

level-0: 7E10
level-1: 7E10

level-0: 7E10
level-1: 7E10

4E9

2E8 close to US15/17
1E9 in UL14/164q0

1E10 close to UJ14/16

[3E6; 2.5E7]

level-0: 1.0E10
level-1: 1.4E10

level-0: 1.0E10
level-1: 1.4E10

2E8

2E7 close to US15/17
1E8 in UL14/16piqq1e
1E9 close to UJ14/16

[1; 5]E6
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Context — (60;120)A Joined Optimized Design |

Converter redundancy

= Generalization of redundancy concept to new (<120A) R2E versions.
= HL-LHC availability target (radiation or not induced impact on operation)
= New R2E-HL-LHC60A & R2E-HL-LHC120A will be redundant

Optimization of Design effort
= 060A converters =2 x60A in/l (n+l1l=1+1)=2.0 x installed power
= 120A converters =3 x60A in/l (n+1l=2+1)= 1.5 x installed power

= Designing 60A & 120A converters:
= One 60A Power Source only to design which can operate in /] for redundancy


http://sy-dep-epc-lpc.web.cern.ch/general.stm

60A / 120A Block Diagram setFoot 8 | e

Converter Control Loops
= |Inner Current Loop (sharing current load)

L 4 j=3
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Project Data: One Common 60A/120A project B |

Project Owner & Involved People

= Project owner(s): Thurel Yves | project leader
Benoit Favre | pwr elec. designer
Jeremie Clar | radiation expert | fellow | 2020-09
Jeanne Milovanovitch | pwr elec. Designer | fellow | 2020-09

Project Main Purpose

= Provide & manage the delivery of highly reliable & radiation tolerant - redundant
— 60A & 120A converters for LHC (R2E) & HL-LHC (nhew units), for LS3.

Project Main Deliveries
= 144 R2E-HL-LHC60A-10V
= 128 R2E-HL-LHC120A-10V
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Lessons learnt from previous designs [/ projects

With new challenges put in perspective
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Lessons learnt from recent R2E project B |

Context

= A power source can be designed with standard elementary components, not
requiring high complexity integrated devices (devoted to FGC in R2E-EPC).

AC

Mains -* iPower Part
Supply !(Voltage Source)

" Voltage amplifier
' Magnet Protectlon

Cooling ICaATGI R T B -
B i

Y A ‘I

Cervices

Avrays Ensures

Digital Electronic % - Current
# Volt. Source Control =2 g Transducers
= High Prec. Digitalloop | © z head &

CERN = Com. with LHC Control | § [ = I, electronl-:
Central z—= 1.B -
Control " I
Ethernet E B

-1 ref - Ssrvices

Pox

Magnet Protection Detection system & General Interlock Controller
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Lessons learnt from recent R2E project - Radiation |

Radiation Event Mitigation / Risks
= Single events can be very well managed with gold simple rules
= Dose degradation (TID, DD) must be considered very seriously above 50 Gy

= Component Testing effort versus radiation
= Should be focusing on critical components (more than verifying known expected behaviour)
e Single source (PWM), integrated ones (current sensors), very sensitive (optocoupleur)
= Whole Converter Testing effort versus radiation
= |s a key point, and address some failures mechanism difficult to control / predict
= Gives an opportunity to test many components in one go, in their specific use conditions!
= Reinforces the trust in design, before installation.
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13 sy-epc-Ipc

Lessons learnt from recent R2E project - Radiation e 03/02/2021

Management of COTS component purchasing process highlight

= All semi-conductors purchased by CERN to be sent to external producing
companies... was a tough taks, certainly not justified for most of them.

= Sensitive COTS must be carefully treated, others addressed in std way.

i 'l' i : f . l L i & v A
[ = ; o - o
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Lessons learnt from recent R2E project - Integration S L e

LS2 R2E new Converters were ... “almost” like old ones
= “almost” already created over-cost + headaches during LS2!

4 4+

Old design +/- busbars Busbars Polarity updated!
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Lessons learnt from recent R2E project - Integration |

New R2E60/120A converters integration needs even more care attention
= 60A converters are now (1+1) 60A converter

Need to
install twice
initial power

IS not almost
the same

@)

7


http://sy-dep-epc-lpc.web.cern.ch/general.stm

sy-epc-Ipc

Lessons learnt from recent R2E project - Integration |

New R2E60/120A converters integration needs even more care attention
= 120A converters comes with 3 converters a rack versus 4 in initial old design.

. = e
From 4x

— converters to
m::;m 3x converters

Sid in installed

-1 rack is not

almost the

o same
Old design New design

1rack=4cvs 1rack= 3cvs
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Lessons learnt from recent R2E project - Integration |

New R2E60/120A converters integration needs care attention
= 120A converters comes with 3 converters a rack versus 4 in initial old design.
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Design

Highlighting paths for success
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Path-1: Component Selection T

A fine selection of all required components is under process

Chaee | Clas | Tove o Manuf.  Case eoms | Seiect | B2 0| i |  Components process
1 1 ® power IGBT gév%r;ls (I;LIKZE BHG, Infineon TO247 E f E / ° S ortin g can d | d ates
* Electrical data
1 0 @ Pwr SiC MOSFET Isl\g.‘lf‘;lli%?&‘g’gllu ;:::::s““ / TO247 E f E / e R2E-re ports (If exits)
. . .
e Smmewmorm S £ z| - S”;‘t”'z“od”(g“g‘:e'
° anaar -Gy
1 1 @ Med. Pwr MOSFET | TPDG00ON25N3-G Infineon DPack E 00 E 7 . R2E (5 00- Gy)
1 1 ®LowPwrMOSFET  povuciic'zvunioaorr | Dicdestnr | SOT23 z | E| ~ * Easy access (web)
* Data summarised
(1] (1] @ PNP Transistor BCP53-16 Philips SO0T223 ::T ) ::T .
" = F£IE| 2 for designers / check
] ] @ NPN Transistor BCP56-16 Philips SOT223 E J’ E / ° S h ari n g our c h 0 | ce
0 0 ® PNP Transistor FMMT591 Diodes Inc. | SOT23 E f E / for discussion
0 0 @ NPN Transistor FMMT491TA Diodes Inc. | SOT23 > f > /
0 0 @ Bridge Rectifier 26MT160 Vishay D-34A E J’ E /
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Path-1: Component Selection T A

A fine selection of all required components is under process

2 0 ®cCurrentSemsors | NA NA NA 3 ), 20 -3 Focusing on
_ . _ * Current sensor
B © o st-FwM | NA M A r |8 = * Opening the Black-Box
with producer company
© 0  ®op Ampliiers Tloszaco o | T sos | B 3 * Already done on former
0 o | ®comparators LM339D T sos T ¥y R2E projects.
0 0  ®volReference | NA Na NA T T ° PWM

* Converter “Heart”
* Not many choices

v
[E)

% % % % % % % % % %
1

BAV70, BAV99, . = N =
0 0 @ signal Diodes B AWSé Philips S0T23 = D = .
(phase shifted techno)
0 (1] @ Zener Diodes BZV55 Philips SOD80C
. : 1 DPack, = =
0 0 @ Med.Pwr Diodes ES1DHE3 A/H Vishay DO-214AC = . £
DSS2x111-008A, -
. DSS2x101-0154, Ixys, s .
o 0 ® power Diodes MBR2X100A100, GeneSiC SQ1227 = =
DSA240X150NA
= N =
0 o @® TVS & Varistors NA NA NA = =
= A\ =
o 1 @ opto-Isolators NA NA NA = D -
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Path-1: Component Selection

Capitalizing on Known Components

Yves Thurel

sy-e
03/02/2

21

Component Family Operating Rating
Manufacturer Reference Case Code Status | 1=keep Reason for ch ing the or Radiation Testing
If Any If Any 3=drop
ON Semiconductor | BCPSIIETIC SOT-223 | [B63BCPSSI6TIC | Acive 1 |Already used in previous design, already tested, | papp | sparm
good behaviour under radiation.
ON Semiconductor BCP56TIG SOT-223 | [B63BCPSETIC | Acive 1 'l;‘fs'?gﬁq”“’a'e”t OfBCPS3. Already used in R2E PsI
Nexperia BCB817-25 SOT-23 771-BC817-25-T/R | Active 3 Do not use, perfer FMMT491TA instead. [ ] 2 3 4 g8
Diodes inc FMMT491TA SOT-23 | |52ZFNINITASITA | MAGiive 1 uiﬁ;ﬁ;ﬁ;'{’)’\:‘g;’xgg;"er BCB17. Plus it can 1 2 | radwg
Diodes inc FMMT591TA SOT-23 522-FMMTS91TA | Active 1 PNP equivalent of the component above. 1 2
But also focusi (SiC)
Displacement
Component Famil Max Pulsed Rati Theoretical TID effects on (up to 500 Single Event
fac g Topology T Ve T Ves Thax VS o DrainCurrent|  Case Status 1:ke:gp Comments Radiation Testing & . " e
It Any IfAny ] E=bukIv] g==buEIv] [A 3=drop 5 =
vgs Threshold | Tumn-On Delay Fall ime VQ’;;:X "‘:"‘;E
~ ~ ~ ~ - - 2
Infineon IMWI20R140M1H |  Sic Trench To247 | BEtNEEnalprereted 1 ?ﬁiﬁf:;;‘. fﬁﬁggﬁ;ﬁ:ﬂ:ﬁ&ms
ST Microelestronics SCT10N120 sic Planar HiP247 Active 2
ST Microelectronics SCT20N120 Sic Planar HiP247 Active 3
‘ON Semiconductor  (NTHLIG0NI20SCY Sic Trench TO-247 Active 3
‘ON Semiconductor  [NWHL1G0N120SCL| Sic Trench TO-247 Active 3
37 gen ROHM recommended by Corinna ™|
Martinella because of double trench design
ROHM SETEIE0KLGEM | sic | Trench TO-247 Recommended L e e e
lother selected SIC MOSEET.
ROHM SCTHEOKIAE | Sic | Trench TO-247 Recommended 2
ROHM SCTEI0SKIAR | siC | Trench TO-247 Recommended 2
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Path-1: Cpt Selection — Highlight on known critical ones Gl I,

Case of Very High Occurrence in the desigh = Low Power Mosfet

<
Fast Abort Signal
s15v 15V
IC58
3 »
é ﬁ a
c'. . . .
AR Y188 FC e A Locp 1 e Holding the contactors +24V while the PA loop is ok
) | El‘ié
a 1 | = 5
& —H R
L TCSA 165C
10 RESETD ———
ALK
g
[ DIM_FAST ABORT.
ND = OK
OPEN = FAULT
= FAST PA_MEM 1
0PEN’= FAULT
Goes to Subconverter Fast Abort Laop 2| uo 6
Normally terminated with s GND _*y §‘ §*
1[PC_FAST_ABORT OUT= : 2|
WA 2 icic 35 o
§ * 3 ) ID!IAEDHBJ JD !AnDllaz
o AV ilénvs!
f RLIA RLZA
1[]e L1 (e
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Path-1: Cpt Selection — Highlight on known critical ones i 03/02/2

Case of Very High Occurrence in the desigh = Low Power Mosfet
= VGS threshold starts to be critical above 400 Gy | Robust candidate needed.

05 Vth = f(Dose)

— 2N7002BK

—BSS316N

—_— BSS670S2L

o ——BST82
—— DMNB01K
MGSF1N02
>
o
©
c
7]
L
S
o)
()]
T
©
> |
IS
v m o \-e }\- B OB O OB OB O OB O W N W O W
N ~ ~ ~
~ -
~ KRS ~ ‘: N
SN AN
~
\\ \\\\
=~ ™

0 100 200 300 400 500 600 700 800 900
Dose (Gy)
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Path-2: Simulating Radiation Effects |

Any Converter Sub-System | Sub-Part is described in detail in web pages

= Any converter part is treated Model/Unit description Schema | ppyg | Link | Link || Link | [TSp.
= Doc = SpreadSheet + Report +  High Frequency dC-DC. r | C &
LTSPice MOdE' + PresentatiOn IGBT/MOS Phase Shifted Driver. 3 B Vas
. - Inverter High Freq. C t (I) Meas. z 3 e
= Design traceability for future debug " T T R T r | g i
« Understanding Issues from field Input Power Filter y | B o
= Easier Possible Internal Reviews
. . Pwr Mod. Aux Power Supplies ) ez
* With Electronics Expert
Ctrl & Prot. Aux Power Supplies E m Yoz
Shared Sources Control E Yoz
Power Mosfet Linear Driver Z Yoz
Current Source (Mosfet-based) E Yoz
Earth Leakage Detection System 3 Yoz
Current Leads Monitoring System z Vo4
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Path-2: Simulating Radiation Effects Yves Thurel 25

Goal: Very Accurate Simulation

gL Vignd Vi,

Il
Al
]
=

= Systems & components are simulated up to o]
a quasi-perfect match vs real board. :

R.transfo.prim R.transfo.sec Positive rail voltage
inAdd a polyswitch in series in real RS, Klplsl Tel+ 'Dj (ns1/npl) x Vin Vpos
| -8v-
2 ESID
Lik
R14 10y R1 BCPS6-16] R
buty cyde 20 . BaseTe Clambing voate poe by~
{0->D] saMtocth Clamp limiting Voltage on 2 X load (toff) K to Zener voltage e liel 2
a primary and secondary, £ =53 o e Rgate .o e
s E = but limitating D.max § =14 i &E [c8 R3
S [ 29, =
s H {pithiransolsat) =2 T 330 470 22010k D6 Goimnn  |c3 W3
S e & c7 =& is Cboost Lgate R9 = i gy ™ o ot ot 200 2ot
s> g _lw E 2 ZE Too i = donger BZXB4CLIVL 9
a Cl vin 5% N 10k
i ] v 100p ol xe I 9 D5 < 100k
B = {vedy BCPS3-16|
s = ™ | 82x84C3Va] N
8 g mid ek Prevy L]
= = R8 D1
& i Dynamic
B ) & e negloader 2k
S = “ 1y M1 TsT 7
=~ Ve L) = vdrive 8] Clamping Vgate.neg
§<> < s T 3 o A R10 to Zener voltage
- = ©
= S = g
B = 7 5@ R loading during (¢ 577, :
2 = = &5 pull down if discong| > et ZR6 wegative rail . .
- £ £ 59 Costs P (ton+toff) To.2u< 10k voltage load
o & £ EZ Highly critical value W
= 3 = S (load + non-ringing turn off)| N
Z 3 = 83 : :
@ 2 £ ] Danping, wsful? 4
= s K D
= 2 Izl Vneg
& Kt
& Esip  Negative rail voltage : :
s - depends on Duty cycle : .
- or continuous flyback related 2 — i :
~ & =1 L
T 1.5.mag (reconstruction) 8.mag (reconstruction) = ECaIculanons
- :
S | soo :
= cs
E V(TsL- = Np 5
T C R V=V(Ts1+)-V(Tsl-) I=1(LPmag) *Np*AL/ Ae c
e Ri2 8 221
LPmag Y 1 =
2 (Ns'Ns -
= (Np*Np*AL} i m
T p*Np ISecundaryMag Bmag S
Specific Models & 40V 40,045 2.50G5/s I :
model BZX84C3V3L D(Ls=1.5n Rs=.5 Cjo=185p nbv=3 bv=3.3 Ibv=1m Vpk=3.3 mfg=0nSemi type=Zener) - ‘
model BCPS3-16 PNP IS=6.1530E-14 NF=0.9911 ISE=1.382E-16 NE=1.089 BF=150.8 IKF=1.225 VAF=105.4 NR=0.9965 ISC=6.480f NC=1.022 BR=8.074 [KR=0.3627 VAR =18.20 RB=2 IRB=1E-06 RBM =2 RE=5.562E-02 RC=0.14: 4.00v L+70.000000 5 10M points 4.48Y 9 Mar 2020
model BCPS3-16-500Gy PNP [5=6.1530E-14 NF=0.9911 ISE=1.382€-16 NE=1.089 BF=30 IKF=1.225 VAF=105.4 NR=0.9965 1SC=6.480f NC=1.022 BR=8.074 IKR=0.3627 VAR=18.20 RB=2 [RB=1E-06 RBM=2 RE=5 562E-02 RC= High Aay 16:33:02
model BCPS6-16 NPN 1S=8.811E-014 NF=0.9954 [SE=1.113E-014 NE=1.52 BF=146 IKF=0.465 VAF=8 NR=0.9943 [SC=2.266E-014 NC=1.361 BR=35.83 [KR=1.8 VAR=81 RB=10.4 IRB=0.0011 RBM=2.5 RE=0.0864 RC=0.1173 X :

model BCP56-16-500Gy NPN 1S=8.811E-014 NF=0.9954 ISE=1.113E-014 NE=1.52 BF=30 IKF=0.465 VAF=8 NR=0.9943 [SC=2.266E-014 NC=1.361 BR=35.83 IKR=1.8 VAR=81 RB=10.4 IRB=0.0011 RBM=2.5 RE=0.0864 RC=0.1 Lo -9.68 Y
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Path-2: Simulating Radiation Effects |

Goal: Very Flexible Simulation — Radiation Effect Included!

= From component fine analyse, a 500 Gy model is injected in simulations

EDMS document: https://edms.cern.ch/document/2437567/
One model intends to represent the degradation of the component under irradiation
revision date:2021-01-25 - VBE degradation added

2020-11-10 - creation

H* H B

# 500Gy model:

# > HFE degradation: 125 vs 75 BF = 30 (see EDMS 1583310 - High IC. & EDMS 1171985)
# > VCE sat increase: 170 mV vs 155 mV XX = XX (see EDMS 1583310 - High IC. & EDMS 1171985)
# > VBE degradation: none XX = XX (see EDMS 1171985 page 4)

.MODEL BCP53-16 PNP IS=6.1530E-14 NF=0.9911 ISE=1.382E-16 NE=1.089 BF=150.8 IKF=1.225 VAF=1
BR=8.074 IKR=0.3627 VAR=18.20 RB=2 IRB=1E-06 RBM=2 RE=5.562E-02 RC=0.1449 XTB=0 EG=1.11 XTI
TF=8.666E-10 XTF=1.231 VTF=3.008 ITF=0.4581 CJC=5.264E-11 VJC=0.6591 MJC=0.4533 XCJC=0.4401
FEegr S 2T eee=3¢=Tenating=1 MFG=Philips

. PNP IS=6.1530E-14 NF=0.9911 ISE=1.382E-16 NE=1.089 BF=30 IKF=1.225 VA
BDR=0.U/4 IRR-U.50Z7 VAR=18.20 RB=2 IRB=1E-06 RBM=2 RE=5.562E-02 RC=0.1449 XTB=0 EG=1.11 XTI
TF=8.666E-10 XTF=1.231 VTF=3.008 ITF=0.4581 CJC=5.264E-11 VJC=0.6591 MJC=0.4533 XCJC=0.4401
FC=0.9427 Vceo=80 Icrating=1 MFG=Philips

Specific Models
model BZX84C3V3LD(Is=1.5nRs=.5 Cjo=185p nbv=3 bv=3.3 Ibv=1m Vpk=3.3 mfg=0nSemi type=Zener)
model BCP53-16 PNP IS=6.1530E-14 NF=0.9911 [SE=1.382E-16 NE=1.089 BF=150.8 IKF=1.225
model BCP53-16-500Gy/PNP [S=6.1530E-14 NF=0.9911 [SE=1.382E-16 NE=1.089 BF=30 [KF=1.225 VA
model BCPSA-16 NPN TS=8.811E-014 NF=0.9954 [SE=1.113E-014 NE=1.52 BF=146 [KF=0.465
model BCP56-16-500Gy/NPN [S=8.811E-014 NF=0.9954 [SE=1.113E-014 NE=1.52 BF=30 [KF=0.465V
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4

PAPER HOTHING BEATS
BEATS ROCK ; ' T ¥
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Path-3: Testing / Qualifying Cpt to Systems |

Nothing beats a full system passing a CHARM test!
= Project already includes up to 10 units for radiation test @ CHARM

Power Converters Irradiation Test Results VThurel-padocs 2018 | 26 | N Keeping only One
project milestone?

Level successfuﬂy reached

LHC “When Converter is
Dose [6v] ugv‘;;u;n;ns validated vs radiation

; o 3.4E12 <<1 %

= e dead unit
3 412 4.0E12 @ 20 years
4 2.9E12 (420 Gy ~ 140 years)

Level successfully reached _

(A") >20 MeV Hadrons (p/cm?) @ 90% confidence

[8kA-8V] -1 _quadrant A" 4.7 E12 < 1 S-Eo /
60 units 26 years
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Conclusion
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Co nc I us i ons Yves Thurel 30 ;;;Zs /Cz-,(?;

Success in R2E design is & stays based on

= Understanding where | what are the threads
= Relying on reliable projections of radiation levels in the machine

= Gold design rules

= Experience and knowledge at CERN is now very high. Rely on / Share it!
= Well defined robust & rigid (design & qualification) process

= Clear & strong steps are required for a smooth path to success
= Focusing on /| Choosing /| Qualifying the right components

= Co060, CHARM, PSI availability is a key point

= Testing final systems
= Nothing beats a full system having pass CHARM test!


http://sy-dep-epc-lpc.web.cern.ch/general.stm
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60A | 120A Block Diagram Insert Foot 3

Power Modules Arrangement

= Power Modules operating in /I

= Still, control & protection module not redundancy

sy-epc-Ipc
03/02/2021

= Limited to minimum function, requiring high reliable & safe design
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Project Data: Deliveries Summary e s | 2o | )

Project Deliveries

Reference Unit Qty? Date Circuit Use /| Name

R2E-HL-LHC60A-10V 1448 LS3 Tunnel 144:72 units

Op Pwr Conv. incl. rack + rotation cell12/14/16 Pt1[5[2+72 urlItSrot. -

R2E-HL-LHC60A-10V 5454 | S3 URISIUR17  004:2x[02u I :4.1KA|

Op. Pwr Conv. incl. rack

‘crowbar

HL/Qla] |

RR13/RR17 036 :2x [18 units] -
RR53/RR57 036 :2x [18 units] -
5&_%3:-&';::'&}\%8’?; clkov 124 LS3 RR73/RR77__ 020 :2x [10 units] -
UL14/UL16 016 :2x [08 units] -
USC55/UL557 016 :2x [08 units] -
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