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ABSTRACT

The design and development of the sensor excitation and read back chassis was driven by the requirements for the monitoring and control
of two conduction-cooled superconducting magnets in Hall B for the 12 GeV accelerator upgrade. The torus and solenoid superconducting
magnets require extensive instrumentation. Sensor selection was accomplished by applying Jefferson Lab’s (JLab) risk mitigation process,
which employed a failure modes and effects analysis approach. The goal was to accommodate all sensor types for monitoring and control and
to develop a generic multisensor excitation low voltage chassis that would be used across both magnet systems with a reduced set of functions.
The chassis has been deployed in experimental Hall B at JLab and has been performing successfully since July 2016.

https://doi.org/10.1063/1.5127460

I. INTRODUCTION

As part of the Jefferson Lab (JLab) 12 GeV accelerator upgrade,
the Experimental Physics Hall B detector system requires two
superconducting magnets—a torus and a solenoid." We describe
the philosophy behind the instrumentation selection and control
and data acquisition design, which accounts for several somewhat
challenging working conditions. The magnet instrumentation sys-
tem consists of a Jefferson Lab-designed multisensor-excitation-
chassis that incorporates a Field Programmable Gate Array
(FPGA).

Configuration, monitoring, and alarm handlers for the mag-
net systems are provided via an Experimental Physics Instrumen-
tation and Control System (EPICS) interface. Failure Modes and
Effects Analysis (FMEA) and the requirement to monitor criti-
cal parameters during operation guided the selection of instru-
mentation and associated hardware.” The successful commission-
ing and subsequent performance of these magnets demonstrates the

robustness of the design and implementation approach that was
adopted by the Jefferson Lab team and serves as an excellent guide
for future projects of this size and complexity.

Both magnet systems were subjected to a detailed Risk Assess-
ment and Mitigation (RAM) process.” The process was used to
evaluate the overall magnet system design as well as the robust-
ness of each individual subsystem therein, including the instrumen-
tation and control (I and C) subsystems. One critical component
identified within this subsystem was the instrumentation readout
electronics.

Guided by the system requirements and the need for high reli-
ability, commercial off-the-shelf (COTS) readout boxes are available
but usually possess only a limited number of channels. Further-
more, the multifunctional capability of these devices usually means
that these devices are expensive. The torus and solenoid magnet
systems require a wide variety of sensors and, therefore, require
dedicated instrument readout boxes that can take up a lot of phys-
ical space in instrumentation racks. Additionally, we also needed
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to provide a fully synchronized interface (for both hardware and
software) for the programmable logic controller (PLC) and EPICS
subsystems and having to address multiple readout boxes might add
to the complexity. The 12 GeV Project encouraged Controls and
Instrumentation team to explore other alternative solutions. The
secondary motivation was to extend the design to allow it to be made
available for any general purpose measurement and services in the
future.

We opted to develop a multisensor excitation low voltage
(MSELYV) chassis concept (Fig. 1). The concept design uses a fast
FPGA-based system to accommodate up to 56 channels per chassis.

The development of the MSELV required that we addressed the
following criteria for use within the experimental hall:

(a) Measurement quality—defines uncertainty, repeatability, res-
olution, and stability in comparison to a standard commercial
readout box (for the identified sensors).

(b) Design of experiment—defines the operating range and con-
trol parameters.

(c) Installation and replacement—overall cost, ease of installa-
tion, ease of use, reliability, ongoing maintenance, support,
and upgradeability.

In order to test and qualify each of the six torus coils for oper-
ation at cryogenic temperatures, the engineering team at JLab set
up a test facility to allow each coil to be cooled close to 80 K.’ This
provided the team with an excellent opportunity to qualify most of
our instrumentation for the coils as well as the first version of the
MSELV.

The entire torus cold mass is supported by 3 axial supports (i.e.,
in the beam direction), 4 vertical supports, 2 lateral out-of-plane
supports (OOPS) at the hub, and 24 coil OOP supports™” (Fig. 2)
mounted on either side of the torus Coil Cold Mass (CCM). The
vertical supports take the gravity load for the 25 ton cold mass,
while the axial supports react to any loads in the beam, pitch, and
yaw directions and also support seismic loads. The OOPS assembly
includes a room temperature load cell to monitor the out-of-plane

ARTICLE scitation.orgljournal/rsi

FIG. 1. MSELV—(a) the front panel of the chassis and (b)
the back panel of the chassis (each D-connector consists of
2-channels).

force, while the axial and vertical supports are stainless steel links
with strain gauges (SG) mounted near the warm end. The load cells
(LC) and strain gauges mounted on the magnet’s structural elements
were interlocked to the magnet power supply for a controlled run
down via the PLC control system if any of the preset load thresholds
were exceeded. The FMEA approach used also recommended that
the loading on the cold hex beams and the hub should be monitored.
The torus magnet was also extensively instrumented with multiple
and redundant temperature sensors on the CCM and on the thermal
shield at key locations.

Any sensor selected for use either on the magnet itself or within
the cryogenic subsystem needed to be capable of operating reliably
and repeatedly at cryogenic temperatures, in vacuum and in the
presence of magnetic fields. These were the key drivers and led to
the selection of the sensors listed in Table I (torus and solenoid).
All other instrumentation (e.g., coil voltages, pressure, and cryogen
levels) used a different set of electronics.”

Torus: each upstream hex beam contains 2-Cernox (CX) sen-
sors (1 on the hex beam metal and 1 mounted to the coil splice
inside the hex beam) as shown in Fig. 3. Each CCM has 11 Cernox
sensors attached to the copper-cooling sheets potted with the wind-
ing [Fig. 4(a)], and each CCM also has 5 PT100 sensors attached to
the thermal shield (4 on the back and 1 on the front), as shown in
Fig. 4(b), in order to monitor the temperature distribution across
each CCM.

Both the magnets within experimental Hall B are instrumented
extensively, and readings are processed through their respective data
acquisition subsystems (DAQ), to enable monitoring of the magnets
and control their operation based on the data acquired.

Il. DESIGN PRINCIPLE

The design of the sensor read back chassis was based on the
requirements of the instrumentation for the torus and solenoid
magnet systems, which in turn were guided by the output of the
employed risk mitigation strategy."

Rev. Sci. Instrum. 90, 124701 (2019); doi: 10.1063/1.5127460
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sets the excitation current or voltage for a sensor and provides read
back, presently configured via a serial port. The data read back (in
terms of voltage) would then be routed to a National Instruments
Compact Real-time Input Output (NI-cRIO) unit (cRIO-9074 for

The primary goal was to be able to read all the sensor types
identified in Table I, which could then be fed to the control sys-
tem for both magnets. These requirements led to a Jefferson Lab-
designed and developed FPGA-based MSELV chassis. The chassis
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FIG. 5. Global architecture of the torus and solenoid magnet interlock system (MSELV—6 chassis for the torus and 2 chassis for the solenoid).

solenoid and cRIO-9030 for torus), also known as the slow DAQ sys-
tem, which would in turn pass data to the PLC for the control of the
various subsystems and interlocks (Fig. 5).

Prior to designing the MSELV system, a smaller FPGA-based
system had been developed earlier for superconducting radiofre-
quency (SRF) cavities at JLab using analog-to-digital convertors
(ADCs) and digital-to-analog convertors (DACs). With some mod-
ifications to this smaller version, a development MSELV unit,
with a limited number of channels, was built for the 80 K test
for the torus coils.” With the experience gained from the 80 K
test, a more complete chassis accommodating all 56 channels
was designed to suit the needs of both the torus and solenoid
magnets.

Typical magnet instrumentation wiring and termination dia-
grams for the torus magnet for OOPS load cells, strain gauges,
PT100, Cernox sensors, and magnetic field Hall sensors are shown
in Figs. 6 and 7.

EPICS screenshots showing actual temperature readouts (Cer-
nox and PT temperature sensors) and load cells for the torus and

solenoid magnets prior to magnet energization are shown in Figs. 8
and 9.

1. HARDWARE

The MSELV chassis consists of different boards for temperature
sensors (both 4 K and 77 K), load cells, and strain gauges and covers
the following:

(a) Voltage-in voltage-out board along with a voltage-in current-
out board with current output range of 200 nA-20 pA is used
for Cernox (CX) sensors and is based on a precision voltage
to current converter application.

(b) Voltage-in and current-out board with current output range
between 1 mA and 5 mA is used for PT100 (Platinum-100)
Sensors.

(c) Voltage-in and voltage-out board is used for Strain Gauges
(SG) and Load Cells (LC).

Table II shows the sample range of the resistance values
of different Cernox sensors at four different temperatures from

Rev. Sci. Instrum. 90, 124701 (2019); doi: 10.1063/1.5127460
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FIG. 6. Typical torus instrumentation wiring and termination details for the out-of-plane supports (OOPS) and Hall field sensors.

Lakeshore®. The maximum power dissipation allowed across the
Cernox limits the temperature rise to no higher than 1.0 mK, as
recommended by the sensor manufacturer.” A maximum allow-
able excitation current is thus calculated for each sensor at defined
temperatures and is given in Table II, where the exciting current
can vary from 380 nA to 141 pyA. As the accuracy of the mea-
surement from room temperature down to liquid nitrogen is little
flexible (+0.5 K < 100 K to +2 K > 100 K), an excitation cur-
rent of 20 yA was selected for this range. As we get closer to the
4.2 K point, accuracy becomes more important (x50 mK) and so
the excitation current range at lower temperatures was selected to
be 200 nA to 20 yA. Software running on the cRIO continuously
calculates the power dissipation and adjusts the excitation current
accordingly.

Error mitigation - The algorithm would encounter an unknown
state when switching between different temperature ranges. To miti-
gate this effect, the excitation current below 10 K was fixed to 400 nA.
The excitation current calculation was thus simplified, and there
was no subsequent concern about exceeding the maximum allow-
able power dissipation limit as the resistances of all the Cernox
sensors on both the torus and the solenoid fell within the required
range.

The boards for strain and load measurement and PT100 tem-
perature sensors use the same printed-circuit-board (PCB) design
with a few changes to the values of resistors. This approach sim-
plifies the design, avoids having to design two different boards,
and also makes future maintenance and upgrades easier, thereby
complying with a key requirement for the 12 GeV upgrade
project.

The circuit for voltage read-back used instrumentation ampli-
fiers.” All design variations adopted by JLab are based on appli-
cations of operational amplifiers, ADCs, and DACs. The DAC
(DAC8568) and ADC (ADS1258),” both from Texas Instruments
(TT), are used to drive voltage/current and voltage read-back across
the sensors, respectively, together with an operational amplifier. The
circuit shown in Fig. 10 is a modular design for the prototype mod-
ule designed and tested using INA2141 with fixed gains on this
instrumentation amplifier (fixed to either 10 or 100) used for read-
ing the voltage from a sensor.” In order to add flexibility to the
production version, different gains are required for different sen-
sors (e.g., 51 for Cernox, strain gauge, load cells with 1 kQ resistor,
and 6 for PT100 with 10 kQ resistor) and also the variation in gain
due to the internal resistor. The INA2128 instrument amplifier has
been used during the production of the MSELV. Both INA2128 and
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FIG. 7. Typical torus instrumentation wiring and termination details of one torus magnet coil—strain gauges, PT100, and Cernox sensors.

INA2141 instrumentation amplifiers are pin compatible, hence, no
design changes were needed. An instrumentation amplifier with a
common mode rejection filter is used because this circuit makes
sure the lead resistance is canceled out for the differential mea-
surement. Output of the amplifier is fed to the input of an ADC
for reading through the FPGA. A test point is added on the board
at the output and is used for debugging the board or for looking
at a signal using an oscilloscope. The gain of the instrumentation
amplifier is set based on the type of sensor. Gains are selected in
such a way that only the PT100 circuit has a different gain from
all the other sensors. This also helps when assembling the board,
since all the boards are modular, and minimal changes are, therefore,
needed.

A commercial FPGA board’ is used for communicating with
the ADCs and DACs. This FPGA communicates with the NI-
cRIO, which is a real-time embedded industrial controller based
on a FPGA by National Instruments via an RS232 interface. A
PCB was designed by JLab to route signals to the different boards
via RS232 communication with the NI-cRIO. All the boards were
prototyped and underwent extensive test cycles including testing
with multiple-sensors and different types of sensors in various
combinations before going into a full production cycle. This final

design of the chassis was based on the experience gained from
extensive testing at 80 K and subsequently at 4.2 K during the
development process at JLab. A total of six chassis for the torus and
two for the solenoid are employed for the overall instrumentation
and control subsystems.

A DE0-Nano’ board from Terasic with an Altera Cyclone IV
FPGA is used to communicate with the ADC and DAC using a Serial
Peripheral Interface (SPI) protocol. The NI-cRIO acts as a master
and communicates with the FPGA over RS-232 that sets the excita-
tion voltage or current required and reads the voltages back, which
subsequently are converted into engineering units.

The design philosophy behind the chassis is to make the system
for easy access and readout in EPICS by having

1. aFPGA module and program,

2. readout modes for the Cernox based on versatile logic of power
(as commercial manufacturers do),

3. strain gauges and load cells test and readout, and

4. common/modular schematics/program for easy trouble-

shooting.

The function of the modules and ports in MSELV are shown in
Fig. 11 as follows:
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Beam Direction
o CX VinVour—reads up to 16 channels, sets the voltage to CX LT1167" in Fig. 12, and a precision voltage-to-current
Vinlout to generate excitation current, ADS1258 (ADC) for converter.
reading, and DAC8568 (ZX DAC) to set the voltage. o PT Viulous—same PCB as CX VinVou and two resistor
e CX Viulou—generates the excitation current based on changes to make the board generate excitation current.
the input voltage, precise and low drift circuit from o SG Vi Vou—same as CX Vin Vout.
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TABLE II. Required maximum excitation current for the three types of Cernox sensors for temperature measurement.

Resistance of the Cernox (Q)

Max. current Cernox: Max. current

Max. Cernox: Max. current Cernox:
Temp (K) Paiss (W)  type 1 (HA) type 2 (uA) type 3 (uA)
300 1 50 141.00 100 100.00 150 81.60
77 1 500 44.70 800 35.40 1000 31.60
10 0.1 1500 8.16 8000 3.54 15000 2.58
4.2 0.01 3500 1.69 20000 0.71 70000 0.38

o LC Vi, Vour—same as CX Vin Vout.
o Power supply, as shown in Fig. 13, provides +12 V and +5V
to the power filtering and breakout board.

The circuits for setting up the excitation current for PT100 and
excitation voltage for the other sensors are shown in Fig. 14. The
modular design of the circuit is used to provide output that can
be set to either voltage or current by changing resistors, providing
the flexibility in design for all sensor types. Since the operational
amplifier is used in the feedback, any changes across the cable/sensor
are compensated for, and the sensor gets only the applied/requested
excitation voltage or current (Figs. 15 and 16).

A DAC is used to set the excitation voltage and current,
as shown in Fig. 17, with operational amplifiers. Since the DAC
alone cannot provide enough excitation power to all the sensors,
additional operational amplifiers are added.

Cernox sensors require very low excitation currents, of the
order of nanoamperes, so selecting the appropriate current-driving
circuit is critical, as illustrated in Fig. 12, which generates currents
of about 200 nA. This uses the voltage output from the CX Vi, Vout
board and drives the input to generate the required excitation cur-
rent. The return current signal from the sensor is fed back to an
operational amplifier. Voltage output of the operational amplifier,
equivalent to the excitation current, is then fed to an ADC (Figs. 15

Note:
| 1. Shown schematic is from the prototype version using INA2141 only used with two gains (10 or 100).
C147 = 2. INA2128 has been used (zoomed inset) in the place of INA2141 for production version to have higher gain
. oaue = GND accuracy and more flexibility with gain-setting using an external resistor (R185 as shown in the schematic).
12V u26c Gain of 51 for Cemnox sensors with 1 kQ resistor and a gain of 6 for PT100 with 10 k< resistor are used in
91 vs v. B8 the final configuration of the production version.
C146 -2V
0.1UF %
INA2141U K
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Gi_'D 2 CIRCUIT 16-SOIC Z
il 021
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FIG. 10. Typical modular circuit used for reading channel voltage.
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FIG. 11. Typical layout of the board configuration inside the MSELV chassis.

and 16). In doing so and by monitoring the voltage output, any dis-
continuities in the cable can be easily detected. Presently, this func-
tionality has not been included, but the system hardware has been
prepared to allow future adoption. Both firmware and software will
require some level of modification in order to add this functionality.

IV. IRMWARE/SOFTWARE

Basic function read back all sensors - The excitation voltage for
strain gauges and load cells can be adjusted from 0.5 V to 10 V.

This feature was useful during the debugging/commissioning phase
to verify that the readings were linear with increasing excitation
voltage. Once the debugging and the verification was completed,
excitations were set to 2.5 V for strain gauges and 5.0 V for load
cells.

All the read back channels are used with an analog filter oper-
ating at 200 Hz, and the voltages are sampled at 2 kHz. Filtering
and sampling were fixed at these values. The analog filter can be
modified, and the sampling frequency can be increased up to a
maximum of 23 kHz per channel, adding flexibility to the system.
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This helps in combining different types of sensors into one chas- can be connected to any computer, which then allows for the offline
sis, which is often required for a system (e.g., magnet instrumenta- analysis of the data.
tion). The FPGA handles the setting of the excitation current and The NI-cRIO is used as the bridge between the MSELV and the

the read back from the channels with a simple RS232 interface that PLC. The hardware consists of both cRIO controller and NI-9780

TP10

v VR +SVIS0_1 +5vIsol w
Liviv  vour |5
3 BYPASS |5
c ONGFF QXD 1 cize _| c1a deis | ci
e T IPIANESD - o T ToauF TuF Toaur
4.7UF 4.7UF
@ = = w7 =
= L o 2 @D
GD e LOAD CELL R DVDD
i [ TOADCELL fluT=a AN GP100 [t
LP2992 Micropower 250-mA Low- TOAD CHIT [OAD CELL AN &0l
Noise Ultra-Low-Dropout Regulator | LOADCELL ji e 30| ADN GPI02
| LOADCELL [OABCET 0] AV GPIO3
B CELL LOAD CELT AINS GPI
[ LOADCELL v 20| AING GPIOS faiz— v
| LOADCELL [OAD CEIT 7] A7 N SV
ELL 9 ) [OAD CELL 1T 5] ADNS GPIQT fags— v
\D CELL 11 = - AIN9 cs (<3|
\D CELL 107 Tola o o—a SCLK SaK
12 T 15 3| ANIL DIN ADC DIN 1KEI% R
[TOADC = = 226 ANI2 DOUT jo KEI% R167
LOAD ¥ 3 AINI3 pe— 1KEI%
X = ANI4 START (o
LOAD LOADGRIL 14 AN :T—?
ROQ AINCOM RESET oy
R70 —AAN MUXOUTN  CLKSEL fays
— AAA MUXOUTP CIXIO o — =
XTALL o
o] ADF o XTAL v @D Sss
b L z
L cis — v R ———
2200PF 371 Avss &' pep -2 7
l : 1 32.7680 P
™ @D 1 c2 L cx o
3 T arPF Taer G0 =
- D =
- e L G ADSI2SSRTCL L 02207 GD
1l o -2 i1 “25V_E 1
—e T - ]
3 —_
Cct |_C132 e
L_ca0

it
:

100F T oawr @D
Texas Instrument 24-bit, 125kSPS, 16-ch delta-sigma
Go

ADC with fast channel scan and automatic sequencer

el

FIG. 15. Typical wiring layout for the instrumentation amplifier and outputs to the ADC.
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serial modules. The LabVIEW graphical programming language is
used as the development environment to program the cRIO. The
software is compiled as a real-time application and deployed on the
cRIO to run on startup to do the following:

1. initialize the MSELYV serial port;
setup the sensors connected to the chassis:

(a) type of sensor,

(b) initial excitation voltage, and

(c) serial number;

3. readout all the sensors on the chassis based on type, e.g.,

(a) load cells—interpolation based on calibration data for
each individual load cell identified by serial number,
strain gauges,

PT100 sensors: convert resistance to temperature based
on calibration data for each individual sensor identified
by serial number,

Cernox sensors: differential readout, interpolate tempera-
ture based on calculated resistance from calibration table
for each sensor identified by serial number and calculate
new excitation, and

(e) Hall effect sensors;

4. send sensor data to PLC via EtherNet/IP.

(b)
(0)

(d)

Steps 3 and 4 are in a loop that runs at 1 Hz.

The cRIO system’s primary function is to convert the read-
ings from the MSELV to values with units based on the sen-
sor type and pass that data to the PLC. The following reasons
guided our choice to use the cRIO—(a) difficulty in communicat-
ing with multiple serial ports on the PLC, (b) the need to allow
for parallel development, and (c) NI cRIO systems are already
used successfully and extensively across JLab. However, there is
no reason that it has to be a cRIO system. Therefore, one of the
upgrades available to the FPGA board is a newer model that is
pin compatible and features a System-On-Chip (SOC) that runs
Linux, which will allow the MSELV to directly communicate with
the PLC via EtherNet/IP.'" There are many implementations of
this protocol (Python packages, OpENer, etc.) available on Linux.
Deploying the upgraded FPGA would allow the elimination of the
cRIO system, which would remove one potential point of failure,
while also opening up additional feature sets (integration into stan-
dard IT system monitoring, advanced logging, etc.) due to running
Linux.

V. MEASUREMENT PRINCIPLE AND EXPERIMENTAL
SETUP

The test setup to enable the verification of the measurement and
calibration using the development MSELV (beta-system) chassis was
performed as follows:
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1. Beta/development
test.

Test Cernox and PT100 in LN and Liquid Helium (LHe).
Tests at 4.2 K (Cernox) in vertical test facility (VTF).

Load test carried out on the supports.

Load and strain tests carried out with a strain gauge at LN,
temperature.

system test—Liquid Nitrogen (LN3)

Al

Verification of Cernox sensors - Two separate tests were carried
out on the sensor by cooling it down very rapidly and very gradu-
ally from room temperature to liquid nitrogen temperature. Verifi-
cation was performed by comparing the output from the MSELV
against a standard Lakeshore 216 temperature readout box. This
test was carried out with multiple sensors mounted on a copper
board (Fig. 18). This was repeated at least 5 times to verify the sta-
bility of performance. The circuit used for testing the Cernox was
used across different chassis during the final test prior to proto-
typing. This circuit was finally used during the cold test of all 8
torus coils (6 actual +2 spare) from room temperature to 80 K. Fol-
lowing the results, test and verification was carried out at 4.2 K
(in LHe) in one of the vertical test facility (VTF) dewars at JLab.
The VTF has liquid helium at 4.2 K where multiple Cernox sen-
sors were slowly lowered into liquid helium. The readout from the
MSELV was recorded at different levels of excitation currents and
was shown to have a variation better than 50 mK. The range of sen-
sors that were selected for the test varied between 20 kQ and 70 kQ

at4.2 K.

Verification of PT100 sensors - PT100 sensors were sub-
merged in liquid nitrogen, cross-calibrated against a calibrated
Cernox sensor, and the values were read and recorded using
both the MSELV and a Lakeshore 216 temperature readout
box.

2 x PT100 in one block

ARTICLE scitation.orgljournal/rsi

Verification of strain gauges and load cells was carried out in
two steps. First, a known load was applied to the load cell, and
the output was read out using a commercially available calibrated
Futek® instrument.'” The same procedure was then repeated using
the MSELV as the readout box. The values read out by Futek and
MSELV were reviewed, and the error between the readings was
deemed to be acceptable.

VI. CALIBRATION AND TEST

Each production MSELV chassis underwent stringent tests and
calibration procedures before being released for use in the hall. The
tests included

(a) measuring predefined sensors to confirm the accuracy, stabil-
ity, and repeatability of the measurement;

(b) a review and examination of potential failure modes;
and

(c) a comparison of the output from the chassis with another
standard calibrated measuring instrument.

The required sensor accuracies are provided in Table III.
The accuracies used for the overall system measurement with
the MSELV are based on the end value as monitored (which
includes measurement, conversion, with all inaccuracies/errors,
etc.).

Most COTS individual measuring instruments have speci-
fied accuracies, which are better than that required in order to
achieve the overall accuracy required for the whole interlinked
system. For the requirements specified within the experimen-
tal hall, for the identified applications, the MSELV is primarily
required to provide readings reliably and accurately (i.e., for overall

Copper 101 crate (hold
temperature sensors for
calibration)

Calibrated Cernox
sensor as reference

FIG. 18. Copper crate (housing) to hold temperature sen-
sors (both PT100 and Cernox) for 4-wire calibration.

PT100 (#131)

PT100 (#132)
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TABLE II. Acceptable tolerances in measurements.
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Sensor type Normal value Tolerance

Cernox® 4.2-325K 0.05K (4.2-10 K) and 0.1-1 K (>10 K)
PT-100 50-400 K 0.5-2 K (50-400 K)

Load cells-FSH02239 0-2000 Ibs +10 1bs (2.0 mV/V)

Load cells-LCM307 0-10 kN +50 N (2.0 mV/V)

KMR300 kN 0-165 kN +50 N (2.0 mV/V

Hall sensor HGCA-3020 0-3T 1.00 mV/kG (at 298 K)

accuracy) as detailed in Table III. Based on the measurements car-
ried out, empirical equations with an estimated error bar were
developed.

A. Strain gauges

Cryogenic strain gauges (CSG), type-CFLA-6-350 compatible
at 4 K operation were used throughout the system."”” CGS were

Strain Gauge #1

Lead resistance
Lead resistance
Lead resistance
Lead resistance
Lead resistance
Lead resistance

employed for both 4 K and room temperature measurement on
the vertical and axial supports in the torus magnet. The stainless
steel axial support (to support loading in the beam direction due
to misalignments or seismic motion) and vertical support links (to
support the gravity load of the cold mass) were used to connect
the cold mass to the vacuum jacket. A Wheatstone bridge circuit
chassis is used upstream of the MSELV chassis for strain gauge
measurement. It incorporates the strain gauge element on one arm,

Strain Gauge #2

Lead resistance
Lead resistance

FIG. 19. Wiring schematic showing the

(o]
E. E,
o0— o0—

E, = Excitation voltage (V)
R, = Precision bridge resistor (Q)
= Precision bridge pot resistor (Q)
AE = The differential unbalanced voltage measured
Note:
* All resistors have tolerance < 0.1 %
* 3-wire measurement (prepared for 4 wire wiring)
» 2 strain gauges across 1 x 9-pin -D connector in MSELV

dual strain gauge (3-wire configuration).
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with the other arms utilizing high tolerance resistors as shown in
Fig. 19. The system is passive, and all required excitation voltages
are provided by the MSELV. The MSELV chassis works in con-
junction with an ADC to only allow positive voltage values, thus
forcing the bridges to always be balanced high, thus ensuring that
all the read backs are always positive. The gauges are preassembled
on the supports and calibrated prior to the installation as shown
in Figs. 20 and 21.

A detailed test was carried out to evaluate MSELV perfor-
mance under extreme conditions with strain gauges when exposed
to (a) LN2 and (b) breaking force at room temperature. A typi-
cal test setup is shown in Figs. 22 and 23. A section of an epoxy-
potted superconducting coil wound using actual Rutherford cable
soldered into a copper c-channel was subjected to an increasing can-
tilevered load, and coil failure (cracking) was visually monitored

 Cryogenic series 350 Q (CFLA-6-350)
On both sides (opposite to each other)

Stainless Steel
Axial support \
“} — — —

ATy

%
4_; Copper thermal:

intercept

Stainless Steel
Vertical support’
Room temperature strain measurement
Stainless Steel
Vertical support

\\ Copper the 13
intercept &

FIG. 20. [(a) and (b)] Strain gauge mounting on torus vertical and axial supports
and (c) bend test vertical support.
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0.150
0.135 ~
0.120 -

& Calib_Futek_mV,

© MSELV_mV/V :
0.105 1+ A MSELV with Bridge Chassis_mV/V
0.090 - ; ; ; ; ; ;
0.075 -
0.060 -
0.045
0.030 -
0.015 - ; : i i : ; ! ]
0000 &

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Applied load in Lbs

Measured mV/V

FIG. 21. Cross calibration of MSELV for load and strain gauge readout on axial
support (having 2-CLTS strain gauges) against a standard calibrated readout box
from FUTEK.

and correlated with collected data from the strain gauges (Figs. 24
and 25).

B. Load cells

Load cells were evaluated “live” in the system during commis-
sioning and an engineering run prior to the start of the actual physics
experiment. A worst case scenario involving a solenoid magnet fast
dump was fully evaluated.

Load cells on the radial and axial supports of the solenoid
magnet system were monitored during these tests. No signif-
icant changes to the load cell readings were observed during
the 19 fast dumps from varying magnet current levels. How-
ever, an increase in the solenoid magnet load cell values was
observed with increasing current in the torus magnet. With the
torus at full field, all load cells read ~400 lbsf higher than
when the torus is not powered, as expected from magnet-magnet
interaction."

VIl. RISK MITIGATION AND APPROACH

Due to the requirement that any in-house developed piece of
electronics had to be equivalent to or better than similar commer-
cially available off-the-shelf electronics, a Failure Modes and Effects
Analysis (FMEA) process was used to guide and drive the devel-
opment and final design of the MSELV. FMEA is a tool used to
eliminate or mitigate known potential failures, problems, and errors.
A failure mode here is defined as the way a component could fail
while operating.

JLab utilized the FMEA methodology to identify the high-
est risk aspects of the MSELV design. The methodology iden-
tifies risks and ranks them using a Risk Priority Number
(RPN).

This process is limited to failure mitigation from a technical
perspective, driving designs that will achieve safe operation of the
magnet system employed for the CLAS 12 GeV upgrade in Hall B at
JLab.” The primary focus has been on system reliability and its ade-
quacy for the proposed design. The criteria of evaluation is based on
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FIG. 22. Two strain gauges and a PT100
temperature sensor mounted on a super-
7 : conducting coil piece. (a) Diagram show-
Copper fingers > N ing the locations of sensors on the test
(cooling strips) NV section. (b) The test section is wired for
hooking up to the trial version of MSELV
at room temperature. (c) The test section
is immersed in LN2. (d) The test piece
is removed from LN2 and warming up to
room temperature.

Strain gauge#2 is vertical
(to measure layer to layer delamination)

Strain gauge#1 is horizontal
(on top of an epoxy bond to measure
longitudinal debonding)

NbTi-Rutherford Cable soldered into
a C-copper channel (Cut out section
epoxy potted coil section)

FIG. 23. Strain gauge mounted on an
epoxy potted solenoid coil section for
strain test using a cantilevered test
setup.

Load cell located

Stiff press used to clamp
specimen

Cut out section of a CDT101
epoxy potted coil section

Aluminum Bar holding
the specimen
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Stiff press used to clamp
specimen

Strain gauge#1 - Cracked

Strain gauge#2

NbTi-Rutherford Cable soldered into
a C-copper channel (Cut out section
epoxy potted coil section)

FIG. 24. Cracking and crack propagation on the coil section
specimen during the cantilever test.

Stiff press used to clamp
specimen

Crack seen on the face opposite
to the strain gauge mounting

Load - Strain plot at room temperature
(Specimen 5-1)

15000 PN o mm e fommm e m oo
A A Strain Gauge #1
@_ 10000 | L ‘ @ Strain Ga}lge #2
< A ; FIG. 25. Strain gauge plot for both strain gauges 1 and 2
s | | | | (from Fig. 24).
» 5000 |- """"" KZ Strain Guage#tl cracked @744 Ibf ~— 7T
(used to evaluate the stress)
0 Y'Y o\
 EDees cnvan o
\ Strain Guage#2
'5000 T T T 1‘ 1‘ ‘! T 1
0 400 800 1200 1600 2000 2400 2800

Load in Lbs
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potential failure modes, potential effects of failure, potential causes,
and controls that could be put in place together with recommended
actions.

A full Failure Modes and Effects Analysis (FMEA) regarding
the performance of the MSELV was carried out and a summary of
the results is shown below. The FMEA process uses a scoring scale
for severity, occurrence, and detection”” and broadly follows the
steps below:

1. For each failure mode, list the possible effects assuming pro-
tection devices or logic fail to prevent the failure.

2. Rate the severity of each potential effect. How significant is the
impact of the effect, scale 1-6?

3. List the potential causes of the failure mode including failure
of the protection device/logic as a cause.

4. Rate the likelihood of occurrence of each cause, scale 1-5.

5. For each potential cause, list the main method for preventing
the cause from occurring, detecting that the cause has occurred
and/or preventing the failure from continuing from the point
that the effects are realized, scale 1-6.

6. Rate the merit of the detection/preventative measures, based
on how well do the measures prevent or detect a cause and pre-
vent it from continuing to the point that failure effects will be
realized.

7. To calculate the Risk Priority Number (RPN), the highest rated
effect that is a logical outcome of each cause and multiply
that severity by the likelihood of occurrence and the merit of
preventative measures.

8. The failure modes were grouped into three levels by these
RPNs: low risk <18, moderate risk <45, and high risk >45.
For any cause where the RPN is greater than 18, recommend
actions to eliminate the cause and/or enhance the prevention
and detection.

The risks identified are grouped into four key areas (firmware,
hardware, software, and control) and are summarized in Fig. 26. The
cumulative RPN (in Fig. 27) is simply a summation of all the RPN
for each individual identified risk and provides a top level view of
the potential effect of the suggested risk mitigation activities put in
place.

One of the highest risks identified was the failure to provide
excitation current to the 4 K sensors where the readings are frozen
under certain operational and failure modes. A sampling of the
identified failure modes is presented in Table I'V.

The analysis highlights the changes required in order to
make things more reliable and to find the limitations of the
MSELV in its present form. This study suggested that the flex-
ibility available with hardware and software to read out many
channels quicker (say, 2 kHz) was advantageous and could be
used for the fast data acquisition of voltage tap data from the
magnet coils and other critical elements such as coil splices.
During a magnet engineering run, we encountered a situation
where all Cernox sensors on an entire chassis were not respond-
ing. The cause of the failure was traced to a failed capacitor
on the current source and sense board (QO0131) in the chassis
(Fig. 28).

The failed capacitor was a 22 yF, 35 V used for filtering the
12 V-DC input power. When the capacitor failed, it shorted to

ARTICLE scitation.orgljournal/rsi

Segregation of risks by component
(After risk mitigation)

®» Hardware = Software Control

FIG. 26. Segregation of key risks identified (after mitigation/corrective action put
into place).

= Firmware

ground causing the onboard fuse to blow. With multiple boards
failing in the same way, a detailed study was carried out to see
how the sensors would behave with the capacitor removed from the
board.

The results are presented by Lemon et al.'® (Table V) and sug-
gests only a 5-6 mK difference between the minimum and maxi-
mum values and about 2 mK for the average between two board
configurations. This is considered to be insignificant with regards

Cumulative Risk Priority Number (RPN)

|

m Before Mitigation/Corrective action
m After Mitigation/Corrective action

Software Control

Cumulative RPN

Hardware

Firmware

MSELV system Component

FIG. 27. Cumulative risk priority numbers (before and after mitigation measures
are put into place).
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to the absolute temperature measurement and accuracy and con-
Board Q0131 g s firmed that the capacitor could indeed be eliminated from the
; circuit.

As mentioned previously, a total of six MSELV chassis were
used to read data from CX, PT100 temperature sensors, load cells,
strain gauges, and Hall sensors for the torus magnet system. All the
MSELYV chassis were connected to two NI-9870 RS232 modules in
an NI cRIO controller (LV or slow DAQ cRIO), running LabVIEW.
After commissioning and during the engineering run, an unusual
problem was observed while reading Cernox sensors, where the tem-
perature reading would suddenly jump to 325 K and remain there.
This only happened when the magnet was cold at 4.5 K, as shown in
Fig. 29.

Many empirical solutions were tried and tested with 22 errors
recorded, as summarized in Tables VI and VII. In order to deter-
mine when the 325 K error occurred, indicators were added to the
program to monitor the hexadecimal currents sent to Cernox sen-
sors, hexadecimal voltages read from Cernox sensors, and the cal-
culated resistance. The error was discovered, when the two voltages
read during a single DAQ loop from a single Cernox were equal.
This caused the calculated resistance to be 0.0 Q and the interpo-
lated temperature to be 325 K (set as default) as in steps 2-8 of
Fig. 30.

The error occurred in the version of the LV-cRIO program
where the algorithm used to determine Cernox excitation currents
targeted a fixed power. The program was modified so that the
algorithm instead targets a voltage of 15 mV, i.e., a Fixed Voltage
Solution (FVS) as illustrated in Fig. 30 instead of a fixed power

FIG. 28. Board Q0131, with the failed capacitor in the red box.

TABLE V. Summary of the temperature reading from the MSELV chassis: (i) with capacitor and (ii) without the capacitor.

Cernox® sensors

(i) Summary of temperature in K with capacitor (over 86 764 samples)

21 22 16 71 12 13 14 15 17 18 19 20
Minimum 4.655 4.627 5.260 4.748 4.731 4.669 4.666 4.616 4.707 4.636 4.614 4.687
Maximum 4.791 4.747 5409 4.852 4.890 4.814 4.801 4.733 4.851 4.765 4.744 4.793
Average 4.733 4.688 5341 4.799 4.817 4751 4.743 4.683 4.785 4710 4.689 4.749
Sigma 0.023 0.016 0.024 0.014 0.026 0.023 0.023 0.020 0.022 0.020 0.022 0.018

(ii) Summary of temperature in K without capacitor (over 92 373 samples)

Minimum 4.660 4.630 5.265 4.744 4.736 4.677 4.673 4.621 4.718 4.645 4.621 4.693
Maximum 4.791 4.761 5424 4.858 4.894 4.815 4.801 4.734 4.855 4.773 4.749 4.797
Average 4734 4.689 5343 4.798 4.818 4.752 4.745 4.685 4.788 4712 4.691 4.750

Sigma 0.023 0.017 0.025 0.014 0.026 0.024 0.023 0.020 0.022 0.020 0.023 0.018
Overall summary
Absolute difference of temperature (mK) between data samples in (i) and (ii) Min. Max. Avg. Sigma
Minimum 5 3 5 4 5 8 7 5 11 9 7 6 3 11 6 2
Maximum 0 15 15 6 4 1 1 1 4 8 4 4 0 15 5 5
Average 1 1 2 1 1 1 2 2 3 2 2 1 1 3 2 1
Sigma 0 1 0 1 0 0 0 0 1 0 0 0 0 1 0 0

Rev. Sci. Instrum. 90, 124701 (2019); doi: 10.1063/1.5127460 90, 124701-24
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FIG. 29. MyaPlot EPICS plot showing a Cernox sensor (TR817B8) jumping to 325 K and staying there until the cRIO program was manually restarted.

solution. This new algorithm is automatically deployed when the
MSELV-cRIO starts its initialization routine.

After the FVS was deployed for testing, three instances of a Cer-
nox jumping to 325 K and resuming normal operation after a second
were observed. Later, Cernox TR817F9 jumped to 325 K but then
resumed normal operation after a second. Constant monitoring of
the MSELV-cRIO’s program indicated that TR817D3HBI1 jumped
to 325 K and then resumed normal operation. However, this error
and recovery were not recorded in EPICS, and therefore, it was not
decisive that the FVS was successful. Later, Cernox TR817D3HB1
again jumped to 325 K and resumed normal operation after a sec-
ond (Fig. 31), confirming that the FVS prevents Cernox sensors
from being stuck at 325 K. The most likely cause of the error can
be attributed toward fixed power-limited excitation applied across
all Cernox sensors that have a wide range of resistance values at
~4 K. The problem was mitigated using the best possible solution
that allows an automatic recovery using FVS (not exceeding the
recommended power) for the excitation rather than a fixed power
excitation as recommended in Table II. These results suggest that
the LabVIEW program containing the FVS will successfully deploy
automatically any time the cRIO is restarted, thus providing a viable
solution.

VIIl. SUMMARY AND DISCUSSION

This FPGA-based MSELV Chassis is designed to fulfill the
requirement of reading multiple sensors accurately and simultane-
ously. With the implementation of hardware logic modules with a
hardware description language, each control module works inde-
pendently in a parallel mode, so monitoring and control are sig-
nificantly improved. By modifying the signal sampling method for

sensors, the measurement speed and accuracy are also significantly
improved. The proposed monitoring and control system has been
successfully applied on the Hall B torus and solenoid supercon-
ducting magnet systems at JLab. The use of the MSELV chassis
allowed us to replace multiple racks of equipment, to accommo-
date various types of readout boxes, and also enabled easier syn-
chronization of the time-stamping of data. We estimated that the
use of individual commercially available readout boxes, to accom-
modate the variety of different sensors, would cost about seven
times as much as utilizing the JLab in-house developed MSELV
chassis.

A. Cost/economics

A cost comparison was carried out to evaluate the impact
of using commercially available off-the-shelf modules/chassis (e.g.,
temperature readout for Cernox, PT100 sensors, load cell, strain
gauge, and Hall sensors) instead of the MSELV, per channel for a
typical configuration as shown in Table VIII. The reduction in cost
per channel employing the MSELV chassis (consisting of 56 chan-
nels per chassis) has been evaluated to be about 7 times compared
to using standard readout boxes with the necessary interfaces to
PLC/EPICS.

B. Brief summary of MSELV

1. This instrument readout box is capable of measurement and
control (if deployed) for multiple sensors and replaces multiple
readout instruments that are normally used to read different
sensor types for multiple applications.

2. Read out multiple channels in a synchronous manner.
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TABLE VL. List of tasks performed to identify and resolve the error.

ARTICLE scitation.orgljournal/rsi

Hall B—Torus

all channels/sensors with a maximum available readout fre-
quency of 23 kHz.

Used as a current and voltage source excitation can be pro-
vided from nanoamperes to few 100 mA and voltage supply
from millivolts to volts with an accuracy better than 1% in the
lower range and better than 5% at the upper range.

Date (log entry No.) Description Result

2/2/2017 3454964 Developed a procedure for connecting computer to  Manual procedure used to clear error until automatic
cRIO and manually restarting the cRIO program, recovery solution was found.
which fixed the error.

2/10/2017 3457453 Added sub-VT that looks for any Cernox temper-  Did not allow the Cernox sensor to recover automat-
ature >325 K and runs the initialization algorithm ically. The program indicated that the reinitialization
just for that sensor. The algorithm attempts to force  algorithm was running in every DAQ loop iteration,
voltage read from Cernox to be between 0.028 mV ~ when Cernox was at 325 K, but Cernox reading was
and 0.032 mV by varying next iteration’s excitation  not affected by the algorithm.
current. After five iterations, Cernox continued its
normal operation.

2/20/2017 3460573 Swapped LV cRIO module No. 1, NI-9870, with  Additional errors after swapping the module indi-
spare. At this point, all errors had been in the MSELV  cated that the module was not the cause of error.
chassis read by module No. 1 so attempted to elimi-
nate the bad module as it was the cause of error.

2/28/2017 3463259 Added indicators and latching indicators for raw  For all the cases of error, raw hexadecimal voltages
hexadecimal voltages read from the MSELV chassis, read from MSELV chassis were equal, which caused
raw hexadecimal currents written to MSELV chas-  the calculated resistance to be 0.0 Q and interpolated
sis, and resistance as calculated in the program, pro-  temperature to be 325 K. The exact cause of identical
viding more information when an error occurs. All  voltages is unknown.
indicators were also network-shared variables that
allowed monitoring without connecting to cRIO.

Latching indicators latched when Cernox jumped to
325 K.

4/11/2017 3469 806 To replicate what happens when the program isman-  Delay and VISA clear had no effect on error. On
ually restarted, a 4 s delay was added after the start-  4/17/2017, delay and VISA clear were removed (Hall
up algorithm runs (see October 2, 2017). During this ~ B—Torus Log entry No. 3470177).
delay, all VISA communication buffers between LV
cRIO and MSELYV chassis are cleared.

4/21/2017 3470593 Added sub-VT for fixed voltage solution to LV-cRIO  Three cases were observed, where cernox read-
program. ing jumping to 325 K and then returning to nor-

mal/actual temperature reading after a second later.
After the third case, fixed voltage solution was deter-
mined to be successful.

6/14/2017 3475869 The LV-cRIO program with fixed voltage solution  Issue considered resolved.
was set as the LV-cRIO’s start-up application. This
allows cRIO to automatically deploy the program
with fixed voltage solution if cRIO is rebooted.

3. Single firmware provides single and/or multiple excitation to 5. Provides current or voltage excitation to multiple sensors

simultaneously.

Capable of providing excitation to changing resistances with
independent excitation and read back. Passive system—
independent of the type of readout and sensor.

Capable of measuring high-speed voltage traces (e.g., event of
a quench)—not configured presently, but can be added.
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TABLE VII. Summary of instances and temperature readout jumping to 325 K (sorted based on the number of errors for each Cernox).

No. of errors MSELV MSELV cRIO cRIO
Cernox Date of error at 325 K Chassis No. connector Module No. channel No.
1/24/2017, 2/9/2017, 2/23/2017,
TR81788 3/27/2017, 4/12/2017 > 4 Je-A ! 3
TR817BR 1/26/2017,2/11/2017 2 4 J1-A 1 3
TR817F2 2/17/2017, 2/20/2017 2 2 J3-B 1 1
TR817F9 3/30/2017, 4/19/2017% 2 2 J6-B 1 1
TR817A2 4/6/2017, 4/19/2017 2 3 J3-B 1 2
TR817D3HB1 5/31/2017," 6/13/2017" 2 3 J7-B 1 2
TR8122A 2/2/2017 1 1 J7-A 1 0
TR8122B 1/20/2017 1 1 J7-B 1 0
TR817B7 1/6/2017 1 4 J5-B 1 3
TR817B2 2/10/2017 1 4 J3-B 1 3
TR817B1 3/31/2017 1 4 J3-A 1 3
TR817FS 4/10/2017 1 2 J1-B 1 3
TR817U5HB2 4/16/2017 1 5 J7-B 2 0

325 K errors where the sensor automatically recovered with the fixed voltage solution deployed.

FIXED VOLTAGE SOLUTION
START {mmmm—mmmmmmmmm—mmm e
Calculate Reypger

]
1 1
1 1
H 1
step1 Read I1[pA] from Previous step 10: Riarget = V1/11 H
loop DAQ Loop : l :
! ' :
: Calculate Ityrger: 1
Step2 Write 11 to and read V1[V] : :
from MSELV Step 11: Farget = Varget! Rearget I
1 1
v : Viarge:= 0.015V I
Calculate I2: [ _l ________ |
Step3 R-12
l Convert I, from [A] to
Step 12 arget
Write 12 d V2[V] ’ ]
e 12 to rea
step4 from MSELV
1 CALSE FIG. 30. Flowchart using the fixed volt-
_ age solution for Cernox sensor excita-
. step13a Trarges <19.9? Targer = 19.9 A
Step 5 tion.
AV=V1-V2
l TRUE
Step 6 Calculate AI: FALSE
ep AI=11-12 Step 13b Itarget > 0.42
Step 7 Calculate R: TRUE
P R=AV/ Al
1 Step 13c¢
Step 8 Interpolate temperature v
P [K] from calculated R Step 14 Set Irapge as I1 for
l P next DAQ loop
Step9 | ConvertIl from pA to A “
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B_TORUS:LHe:TR817A2
B_TORUS:LHe:TR817A3
B_TORUS:LHe:TR817A4
B_TORUS:LHe:TR817A5
B_TORUS:LHe:TR817A6
B_TORUS:LHe:TR817A7

FIG. 31. MyaPlot data from EPICS show-
ing a Cernox sensor (TR817D3HB1)

B TORUS :LHe:TRE17D3HB1 jumping to 325 K and then returning to a
B_TORUS THe: TRGI7UZABT normal temperature after a second when
B_TORUS:LHe:TR817U3HB2 Ut|||z|ng FVS

2017-06-13 2017-06-13 2017-06-13 2017-06-13
14:24:48.00 14:24:49.00 14:24:50.00 14:24:51.00

Y axis: [linear [auto [untiled X axis: [1 second

2017-06-13
14:24:52.00

TABLE VIII. A typical configuration of MSELV readout channels per chassis.

Sensor Type

PT100 Cernox®  Strain gauges

Load cells"/
Hall sensors

Number of 2 2 2 2 2 2 2°
channels 2 2 2 2 2 2 2°
2 2 2 2 2 2 2
2 2 2 2 2 2 2
?Load cells

MULTI SENSOR EXCITATION' AND READBACK CHASSIS

., -

8. Controlled by RS232 or equivalent hardware and power (cur-
rent or voltage) is independent of the external circuit.
9. Significant reduction in cost per channel.

As mentioned earlier, employing cRIO could be avoided with
the upgrade to a FPGA board that runs Linux, which will allow
the MSELV to directly communicate with the PLC via EtherNet/IP.
Deploying the upgraded FPGA would remove one potential point of
failure. This will also open up integration into standard IT-system
monitoring and advanced logging.

A system with the operational MSELV chassis within the exper-
imental hall is shown in Fig. 32.

=

(&N

FIG. 32. MSELV within the experimental
Hall B: (a) the front panel of the chas-
sis, (b) back panel of the chassis hooked
up for the solenoid magnet system, and
(c) all 6-chassis showing the front of the
panel, part of the torus magnet system.
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