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Design and prototyping of
the heater supply board
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The cryogenics crate




ICS Crate

The cryogen

The Electrical Heater (EH) card

The cryogenics crate
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The electrical heater card

The Electrical Heater (EH) card

Purpose
« Deliver power to resistive loads by 0-60 VDC or 230 VAC PWM (Pulse Width Modulation).

* Provide measurements of V., Ipc and thermocouple protection.
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PLC - EH card communication

PLC FEC

EN/ICE
BE/CO

Ethernet

CM

Control loop logic




Theory of operation - Existing

Load

Operator/PLC FEC/CIET EH Card (Typ. 100 Q)
A A A A
| \l M | [ |
<25\ 0-50 VDC, - OP AMP [
Setpoint | DAC 0-60 VDC !
Setpoint —> |
0-500W AC, R |
\l, >25W | %PWM Setpoint | |~ 0-100% PWM, 230VAC metal #1 metal #2
500W is the MAX power junItion

(230VAC to 100Q) load)
Measurements)of V., Ipcand ThC

* Provide DC/AC power
« Calculate ThC, Vc and I
» 2 ldentical channels (Top/Bottom)
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Theory of operation - Measurements

Input voltage

Reference voltage Sallen-Key

Low pass filter

9 Fc:159Hz, Q=0.5, { =1
e b A N R I a(i?‘ C

n:; N _ — . o ADC

_=,=1J- i - J e 1024 samples

Remevas L per position (40msec)

1. Offset, common mode errors
2. Gains & gain errors
3. % of radiation effects

Simultaneous measurements of ThC, V- and Iy
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Existing design issues & Consolidations




Communication lost - Existing

PLC FEC

CM

On PLC/Ethernet error:
ZERO setpoint is sent after 60 secs

In case of failure,
The EH cards operates
with the latest setpoint

ACIDC power card

Analog signals fan-out card #2

Analog signals fan-out card #1

PRbrammable voltage card #1

rack
al e mmable e cal
(ch ach
““‘Ih"lu"n.
15 mm et Sink
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Communication lost - Consolidation

A watchdog high/low signal
to the EH card

FEC

Ethernet

CM

ACIDC power card




Thermocouple - Existing

N N

O 00 O O

H

[IEY

Soft interlock (Instrument specialist)

-300 500

Blue: ThC correct polarity
Red: ThC inverse polarity

Output voltage in mV

DR

u
o © 00 ©o U,

NN

Temperature in °C

* Uncontrolled heating during LHC installation (April 2007)

* Due to a combination of tests on the CIET-FEC and not
properly wired thermocouple protection (inverse)

* Not attributed to a problem of the communication

QOQBLIIL1C' collector_02.04.2007_10AM




Thermocouple - Consolidation

Upper hard interlock (On EH card)

Soft interlock (Instrument specialist)

Output voltage in mV

Lower hard interlock (On EH card)

e Blue: ThC correct polarity
Red: ThC inverse polarity

« The soft interlock is set by the instrument specialist through the communication card
« The hard interlocks are set on the EH card




Auto Enable Mode - EXxisting
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With hysteresis
(Feature not used)
Consolidation request:

* Provide INTERLOCK functionality
* Provide ENABLE/DISABLE functions




Interlock — New

EH card to support 2 modes of operation:

>
Auto £
Enable £ 3 0, 100 300 500 51 .
g 2'I'otlemperature in °C § -
A Tim: © : -
Manual £g ( \’ ( ) Manual «_
Enable =7 / Disable % ) [
§I \—/ Time . \/ Tim;
Operator ENABLE command after Operator DISABLE command to

a reset/startup and interlock protection deactivate and disconnect the load




AC/DC mode - Existing

*Per channel

DC mode

230VAC N

0-60VDC GND

AC mode
230VAC N
/‘\ °
Solid state \’
relay 4
[ ]
0-60VDC GND

No relay failure identification exists.
On failure, card destruction may occur.
Load is connected to either DC or AC.
Power calculations only in DC.

Solid state relays are not rad-tol and
will stop operating (be always OFF)
after dose accumulation.

Works without problem in protected
areas.




\

AC/DC mode - Consolidation

*Per channel
230VAC

Cj}
0-60VDC GND

mm lwa EWI [sos0]

5 Sk

\ /=N

Contact positional monitoring
« Use of isolation digital couplers

PCB Relay with forcibly guided contacts
according to EN 50205 type B

» Double connection is not possible

AC mode is rad-tol
* Use of rad-tol NMOS power MOSFETS

Vac & l,c measurements

Requirement for Beam Screen Heaters:

provide AC power up to 200W with beam OFF
(Provide DC power up to 25W with beam ON)
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Rad-tol AC mode

230VAC 230 Mains
L
¢ Neutral
<« eutra
Pha
60VDC
Y
[1sos0] 142 vac
| 5 @) ) Load
—
V(5V) 0-10v
J‘ 100k
L Af —
= -
75 kHz square pulse " I—
from FPGA

*AC/DC relays not shown

« 2 power MOSFETS for AC mode
* Isolation from the EH card digital circuitry using a PCB transformer (5V to 10V)
« A step-down transformer will be used to reduce the AC voltage (142VAC -> 200W max)
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Rad-tol AC mode — Qualification (1)

MOSFET Types Tested

T1: FCA36N6ONF 600V, 36A, 0.095Q
T2: STFIIONK60Z 600V, 10A, 0.65 Q
T3: FDP7N60NZ 600V, 6.5A, 1.25 Q

From each type:
« 30 in passive mode
« 8 in active mode (connected to 230VAC & 130Q)

T1, T2, T3: No failures in passive mode
T1 only: No failures in active mode

LHC conditions:
AC mode to be used with beam OFF
MOSFETSs to be operated at 142VAC

CNRAD: 701.8 Gy, Neutrons: 6.94 e!2, Hadrons: 4.89 e12 LHC at crate locations 2-100 Gyly




Rad-tol AC mode — Qualification (2)

30 x FCA36N60N
20pco§ @ 701.8 G

11

~ 30pcs @ 0 Gy

10pcs @ 347.5 Gy

8 x FEAEENEHN

701. 8 Gy
\~ 0 Gy

CNRAD: 701.8 Gy,
Neutrons: 6.94 el2 Hadrons: 4.89 el2

9)

N/



AC supply to load - Consolidation

The 230VAC of the load is

common to the crate AC supply
230VAC

\

Existin
sting In the past, overcurrent of 230VAC has led to:

« Crate and full rack (3 crates) power loss

230 Mains
142VAC/230VAC —

Neutral
Phase

Consolidation

The 142VAC/230VAC from an independently protected supply  visv 0-10v

EH T3
i
75 kHz square pulse % L

from FPGA




Measurements on AC - New

e
To support V- and |, &
W
% 0
f’ A\ f\ if/ A ;f( AY
; : / \J YA/ \ :
AC signal Filtering

rectification




Analog switches — In evaluation

Existing version New version

6 simultaneous measurements 10 circular measurements

(Vpe» Ipes ThC) x 2 Channels (Voer Ioes Vacs lac, ThC) x 2 Channels
— 3

—> | Analog
—> | ASIC OpAm ADC
PAMP —> | Switch

— X6 —> | Analog
—> | Switch OpAmp | | ADC

—> | ASIC OpAmp ADC _
—> | Analog
- Ref #1 —> | Switch

Ref#2 —>

Use of analog switches:

« Component reduction: (approx. 9 ADC, Op amps, ...)

* Reduced power consumption, thermal dissipation, space, ...
« ADC weakest point (up to 500 Gy, 10 fold current increase)
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Analog switches - Qualification

Name/Manufacturer SWO06 (Analog Devices) HS-201HSRH (Intersil) RHD 5920 (Aeroflex)
Type Quad SPST JFET analog switch Quad SPST CMOS analog switch 16-Ch analog mux
RadHard Tech No Yes Yes

Cost per card 7.55 (3 x 2.55) 234.95 (3 x 78.39) 3405 (1 x 3408)
Dose 3000 Gy 10.000 Gy

CNGS: Testing the Analog Devices SW06

18 in active mode

(72 channels)

6 in passive mode (24 channels)

Dose: 347.5 Gy, Neutrons: 3.44 el?, Hadrons: 2.42 e!?

CNGS: SW06 Seems to be OK.
Tests planned at PSI, Zurich (24t FEB 13)

Use of COTS SWO06 switch will result in savings of ~450CHF




FPGA utilization — Existing (1)

2 FPGAs per channel
Part: Actel/Microsemi antifuse A54SX72A-PQ208

FPGA #1 FPGA #2

T e

[

Il

N 2A00
- 1 ]

Watchdog § Watchdog
6% = 6%

2 : ThC meas —

Setpoint - etpoint

Comm ; = Comm
activity = = activity
4.3% == == 4.2%

DC drive || = AC drive
2. 50 = 8.8%

Rest i == Rest
3.7% = = 6.9%
s is——————————————————

T e

Utilization Utilization
100% FFs, 75% gates 69.7% FFs, 53% gates




FPGA utilization — Existing (2)

FPGA #1 FPGA #2

TOP
channel

BOTTOM
channel

Utilization Utilization
100% FFs, 75% gates 69.7% FFs, 53% gates




FPGA utilization — New

with analog switches

HUHHEHRG e e e en e e e e e

Watchdog
> 6%
—; @Cﬁ'gﬁ ADC meas
—> 39.8% Comm
activity
? | j 4.2%
: 2 x AC drive 2 x DC drive StateM
17.6% 5.0% X%
=
—> | Analog ==| 2 x Setpoint Rest AC Rest DC
Ref#1 —> Switch == 8% 6.9% 3.7%
Ref#2 =——>
MUX Y% STATS Z%

LT

DODOEOOE D0 | DR R R R RO R R N R RO )

Utilization (Estimation)
91.2% FFs, 80% logic +X,Y, Z%
A small-size FPGA might be needed




FPGA utilization — New

without analog switches

FPGA
ADC ADC ADC HUHHE R e e e nn e e e e e e
AR RAAA
<
:B $ $ = Watchdog
= 6%
[t = ADC meas
ADC <> ¢ = S 39 8(y Comm
: = B .070
FPGA as E activity
ADC | €<—> Multiplexor E 4.2%
1= ZUEPIn
4 - 2 x AC drive 2xDCdrive || StateM
ADC <> = 17.6% 5.0% X% =
= | 2 x Setpoint Rest AC Rest DC ||f ;
ADC > E 8% 6.9% 3.7%
MUX Y% STATS Z%

UL AN
U R R R R R D R R RO R RO R R R

Utilization (Estimation)
91.2% FFs, 80% logic +X,Y, Z%




Data exchange with comm. card

*Data per channel

Available commands

/

Byte
name

bit within
byte

Identifier

AC mode DC mode

Varl

BO

bit 7

Byte | bitwithin Identifier Byte \dentifier
name byte name
AC mode | DC mode AC mode DC mode
bit7 ]
= : BO E Heater
bis Hysteresis — voltage
varl bf“ 5| g
B0 bit3 Cycle B1 =
bitz Period ]
= = Voltage
::3 oo B2 = reference
bit6 . =
bits AC PWM | Set Point
Varl bit4 i
o bt Set Point B3 = Heater
bi2 current
bit1
: B4
Byte | bitwithin g
ol R Identifier BS —h—
=

bit 7

bit 4 10 bit 7 AC/DC mode

Data sent to
an EH channel
Limited signals

Electronics Overheating Protection

Data received from
an EH channel

No ThC protection feedback

ycle
bit2 Period

bit1

bito

bit7 DC

W ACPWM | Set Point
bit4 Set Point

AC/DC mode

Data sent to
an EH channel

Byte Identifier
name AC mode ) | DC mode
BO Heater

voltage
B1

Voltage
B2 reference
B3 Heater

current
B4
B5

OverTemp Protection / Failure

B6
B7

Data received from
an EH channel }

!

Existing

Consolidation




Data exchange — Diagnostics (firmware)

Byte | bitwithin Identifier Byte Identifier
name | byte AC mode DC mode name AC mode ’ DC mode
bit 7 =
. a o
o BO Heater
varl Diagnostics selection voltage
BO B1
o2 Period Voltage
bit1
bito B2 reference
bit 7 DC
| ACPWM | Set Point
Vs:rll bit 4 Set Point B3 Heater
bit3
bit2 current
bit1
bit0 B4
Byte | bit within e
name byte Identifier B5
w7 1st Ch. High/Low Watchdog
2nd Ch. Power cycle

OverTemp Protection / Failure
B6

B7

bit 4 to bit 7 AC/DC mode

Diagnostics selection can be used for cycling/multiplexing diagnostics data




Diagnostics (hardware)

Diagnostics connector

Existing front panel

New front panel




Other features

PARAMETER

PRIOR
CONSOLIDATION

AFTER
CONSOLIDATION

Temperature sensor

Thermocouple

Thermocouple or

Resistive (PT100)

Short-circuit protection (AC mode) None Fuse
AC driver over-temperature protection No Yes
Soft reset Yes Yes
Power cycle (Disconnect 9V)* No Yes

1. Random
AC power start/stop options Zero crossing 2. Zero crossing

3. V,cpeak

Additional DC supplies

DC/DC converter

Linear conversion

* Relay driven by communication card




Prototyping

« Climate chamber for ambient tests

« Cards to be tested in our laboratory

« Cards to be deployed in cryo facilities (SM18)

« Automatic testbench to be modified and support
the new EH card




Summary

The new EH card:

« Provides operational backwards compatibility

» Tackles problems of incorrect protection connections

« Rad-tol AC mode, I, and V¢

* Lost W-FIP communication — no thermal overrun

 Interlock and Enable/Disable commands

« Extensive diagnostics available

« Consolidates several issues (Front AC connection, AC/DC
relays, fuse protection)




Questions?
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Theory of operation

IlT x: @. 1.1- ™
13 N Ck2
_'I[=] 14 _\I : /l>__¢\
l ; 16 [_ RBFE asic \,f,',
! = it
ot Vel 12V Juon
RBFE ASIC

1. Direct/Inverse connection
2. Signal/Reference selection
3. Current inversion

- Measurements

ckO| I+ | L | Current inversion
ck1 Rtk Rith { Resistance selection
ck2 [ dir [ v | dir [ irw dir [inw |dir | input voltage inversion

E
2
g
s

Time
Removes

1. Offset errors, Common mode
2. Gains & gain errors

3. Thermoelectric potential

4. % of radiation effects

Result depends on ADC measurement and reference




Sallen-Key simulations
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Safety relays

@ finder 50 Series - Forcibly guided contacts relay 8 A
Features 50.12...1000 50.12...5000
PCB Relay with forcibly guided contacts
according to EN 50205 type B '_Q-.fu_’ ﬂ.'-_‘,
2 CO contocts * e ST B w,
« High physical separation between adjacent g E .ﬁ"l’ 3 E ["l'
confacts UR :,". L’ ‘-‘&_. NL"
+ Codmium Free contact materials ;"\ ™) ~ i
« 8 mm, 6 kV {1.2/50 ps| isolation, coilcontacts
« Flux proof: RT Il >>" }>”

12 14 22 24 12 14 22 24

W| E,AI L\

1

A1DA2A1DA2

Alternative selection of NO and NC
contacts to provide Forcibly guided
(mechanically linked) contacts, in

accordance with EN 50205 (type B).




ADS7807 Electrical specs

ELECTRICAL

At T, =—40°C to +85°C, f5 = 40kHz, Vg = Ve = +5V, using internal reference and fixed resistors shown in Figure 7b, unless otherwise specified.

ADS7807P. U ADS7807PB, UB
PARAMETER CONDITIONS MIN TYP MAX MIN TYP MAX UNITS
DIGITAL TIMING
Bus Access Time R, = 3.3k, C, = 50pF a3 * ns
Bus Relinquish Time R, = 3.3kQ, C = 10pF a3 * ns
POWER SUPPLIES
Specified Performance
Ve Must be < Vs +4.75 +5 +525 * * * \
Voana +4.75 +5 +525 * * * \
IDIG 06 * mA
lana 50 * mA
Fower Dissipation Vana = Voig = 8V, fg = 40kHz 28 35 * * mw
REFD HIGH 23 * mwW
PWRD and REFD HIGH 50 * uw
TEMPERATURE RANGE
Specified Performance -40 +85 * * °C
Derated Performance -55 +125 * * °C
Storage -85 +150 * * °C
Thermal Resistance (8),)
Plastic DIP 75 * “CIW
SOIC 7a * “CIW




ADS7807 rad data

| 1E+02
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y | | | | | il 0.E+400
0 100 200 300 400 500 600 700 sew;

0 100 200 300 400 500 600 700

TD[Gy@) D [Gy@E)

PSI 60MeV proton beam




CNRAD results — Power MOSFETS

Roff (15V) : 170
Roff (20V) : 154

_ Ron:1.12
Dose: 701.8 Gy Roff (15V) : 100 |GO. 25mA
Neutrons: 6.94 e12 Roff (20V) : 15 2om
Hadrons: 4.89 el12 Ron:1.74

Active board #1 ¢ 725ma Active board #2




\

CNRAD results — Power MOSFETS

Threshold voltage Vgs
Before Radiation 354Gy
T1:4.1 T1: 2.6
T2: 4 T2:2
13:4.4 13:2.4

Installed on 27/06/12

=

N4

702Gy
Passive

T1:1.6
T2:1.4
T3:1.6

702Gy
Active

T1: 2/2/2/2.4/2.6
T2:1.8/3/1.6
13:2.2




CNRAD results — Analog Switches

Triplicated 5V to £12V
Power supplies with fuses




CNRAD results — Analog Switches

‘ 32'9uA 36uA 34 3uA 83uA 37 3uA 32 5mA-“‘

:
1
1
L
-~ 1

|||ll‘

",53 ZluA ;57 2uA r55:4UA r55:.3UA 54UA 54UA j

Dose: 347.5 Gy
Neutrons: 3.44 el2
Hadrons: 2.42 el2

Typical input current: -2uUA  No increase in power supply




CNRAD results — Analog Switches

Before

\Q:ﬁsy N SW#1 Active

EELER R N I R R

. — SW#2 Active
\bw —
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EH card specifications prior and after consolidation

OPERATIONAL ENVIRONMENT
(To meet all specs)

PARAMETER

CONSOLIDATION

Operating temperature

PRIOR

0 to +40

AFTER UNITS

CONSOLIDATION

0 to +40 °C

GENERAL SPECIFICATIONS

PARAMETER PRIOR CONSOLIDATION AFTER CONSOLIDATION
Load Non-reactive Non-reactive
Number of channels 2 2

Modes of operation AC/DC AC/DC

DC mode of operation

Programmable DC voltage

Programmable DC voltage

AC mode of operation

Pulse Width Modulation

Pulse Width Modulation

(PWM) (PWM)
Feedback on delivered power DC only DC and AC
Temperature sensor Thermocouple Thermocouple or PT100
Over-temperature setpoint resolution Approx. 14°C ~10°C
Over-temperature soft setpoint (FEC, CIET) Yes Yes
Over-temperature hard setpoint (Jumpers) No Yes
DC/AC ELECTRICAL CHARACTERISTICS
PRIOR AFTER
PARAMETER CONSOLIDATION CONSOLIDATION UNITS
AC input/output voltage 20-230 20-230 Vrws
AC input/output frequency 50 or 60 50 or 60 Hz
DC output voltage 0-60 0-60 \Y
DC output current 0-2 0-4* A
AC output PWM duty cycle 0-100 0-100 %
AC output PWM period 1.25,2.5,50r 10 1.25,2.5,50r 10 S
AC output current 0-6 0-6 Arms
Minimum AC output pulse Half grid period Half grid period
1 Random
Power start/stop options2 Zero crossing 2 Zero crossing
3 Vucpeak

Notes:

1. For DC output current >2 A, active ventilation is required.

2. Option selectable by hardware setting.

EH Specs
Page 1/2




EH Specs

POWER INTERLOCK CONDITION® Pag e 2/2
PRIOR AFTER

CONDITION CONSOLIDATION CONSOLIDATION

P —

Start-up None Enabled

Over-temperature (temperature

rises over “high”? threshold) Enabled Enabled

Over-temperature (temperature

drops below “low”? threshold, after Disabled N.A.

having passed the “high” threshold)

Sensor disconnection Enabled Enabled

Thermocouple reversal None Enabled > 300°C?

NOTES:

1. In the consolidated EH Card, if interlock is enabled it can only be disabled by an external command.

2. The “high” threshold is identical to the equivalent soft or hard over-temperature setpoints. The “low” threshold is a
calculated lower setpoint if the hysteresis option is used.

3. Typical value for type J thermocouple.

OTHER FEATURES
PRIOR AFTER
PARAMETER CONDITION CONSOLIDATION CONSOLIDATION
P ——

Short-circuit protection DC mode 2.2A 4.4A
Short-circuit protection AC mode None Fuse

DC driver over-temperature protection Yes Yes

AC driver over-temperature protection No Yes

AC mode is rad-tol No Yes




Front panel & Diagnostics (hardware)
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Diagnostics connector

Existing front panel New front panel
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