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Technical Note

ProDAQ 6131 Calibration

The ProDAQ 6131 is a 32-channel isolated precision RTD input instrument. It also provides two monitoring analog outputs per
channel (64 in total), which can be configured to output a 0—10 V signal linearized to temperature.
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Figure 1 — Input Channel Block Diagram

The ProDAQ 6131 measures resistance ratiometrically. The excitation current flows through the sensor and a precision resistor,
Rr, which provides a precise reference voltage, Vr, to the ADC. The exact value and stability of the current are not critical,
because any variation in the excitation current due to tolerance affects both the sensor voltage and the reference voltage
equally.

Reference
Voltage

Figure 2 — Ratio-metric resistance measurement scheme
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The instrument is calibrated and adjusted by Bustec during production, but this can also be done in the field. The commands
required to configure the instrument before calibration and adjustment, apply the calculated values, and store them in the
EEPROM are described in detail in the User Manual. This document provides a description of the in-house procedure.

Since the excitation current value does not require adjustment, the only components subject to the procedure are:
e the analog signal path of each input channel, including the ADC’s PGA
e the signal paths of the monitoring outputs and their associated DACs.

1. Input channels

To cover all possible instrument configurations, the procedure must include all channel settings that affect the measurement.
These settings are:

e PGAgain,

e  Excitation current output setting (affects ADC Vret),

e ADC Data Output Rate (affects ADC input impedance and internal filter).

The PGA gain and excitation current are not explicitly selected by the user. Instead, they are set according to one of fifteen
range & excitation presets, as listed in the table below. The highest excitation options per each range are factory-calibrated.
Others may be calibrated upon request.

The channel range & excitation option is set with the CONFigure:RANGe SCPI command. The following table lists all options
available for the 6131-BA. The highlighted options are not factory-calibrated by default. It is possible to order an additional
service to have them calibrated.

Channel range ADC gain ADC excitation

1000 pA
0..60 Q 32 500 pA
250 pA
1000 pA
0..125Q 16 500 pA
250 pA
1000 pA
0..250Q 8 500 pA
250 pA
1000 pA
0..500 Q 4 500 pA
250 pA
1000 pA
0..1000 Q 2 500 pA
250 pA
750 pA
0..2000 Q 1 500 pA

250 pA

Only the PGA gain and excitation current pairs as defined in the table can be stored in the EEPROM. Other combinations can
be calibrated and applied only at runtime via client software (for advanced use, should this be needed). The SCPI commands
required to do this are: CONFigure:RANGe:CUSTom:GAIN and CONFigure:RANGe:CUSTom:EXCitation. The available PGA gains
are: 1, 2, 4, 8, 16, 32, 64, and 128, while the excitation currents are: 250, 500, 750, 1000 and 1500 pA.

The ADC Data Output Rate (DOR) is the speed at which the ADC completes a full conversion cycle. It is automatically selected
by the instrument firmware based on the requested sampling rate and the sampling options (EMF cancellation, excitation
current off time, and settling time). The firmware selects the lowest DOR that satisfies the required configuration to ensure
optimal measurement quality.
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The ADC’s DOR affects both the effective input impedance and the absolute input current. The following table is reprinted from
the ADC datasheet.

DOR Absolute Input Current Effective Input Impedance
5,10, 20 +(0.5nA+0.1 nA/V) 5000 MQ
40, 80, 160 +(2nA+0.5nA/V) 1200 MQ
320, 640, 1000 +(4nA+1nA/V) 600 MQ
2000 + (8 nA+2nA/V) 300 MQ

To cover the full sampling rate range, all ADC DOR groups should be exercised during the calibration process. There is no need
to exercise all possible DOR values and this is also the case when the adjustment values are stored to instrument’s EEPROM.
Bustec has determined that DOR 1000 should also be handled separately, therefore the actual DOR groups are as follows.

DOR
5,10, 20
40, 80, 160
320, 640
1000
2000

The current ADC DOR can be read using the command CONFigure:SCAN:RATe:DOR? after the scan configuration has been set
(scan rate, EMF cancellation, excitation off time, and excitation current settle time extension).

Calibrating and adjusting the input channel requires the use of a specialized RTD simulator instrument. All four wires (signal
and excitation) must be connected to each channel, either by manually reconnecting the harness or via a remote-controlled
multiplexer device, as is done at Bustec.

During calibration the excitation current off time should be set to 0. While this setting minimizes self-heating of the Pt resistive
probes, this is not the case with the RTD simulator. The SCPI command for this is: CONFigure:SCAN:RATe:EXCitation:OFF.

During calibration, if wires shorter than 2 meters are used, the settling time extension can be set to 0. The relevant SCPI
command is: CONFigure:SCAN:RATe:TSETtle.

EMF cancellation should be enabled. The relevant SCPI command is: CONFigure:SCAN:RATe:EMFCancel.

With both settling time extension and excitation current time set to 0, and with the EMF cancellation option enabled, the
suggested sampling rates for all DORs are listed in the following table. Each measurement should capture several samples,
which are then averaged (1 or 2 seconds acquisition each, at 50Hz power-line frequency, or the 1.2 and 2.4 seconds for 60 Hz).

It is enough to calibrate only for one DOR setting in each group, as shown in the table below. However, the user is responsible
to write determined adjustment values for all DORs within the group. l.e. if adjustment was done for DOR = 160, then user
should write the same adjustment values also for DOR =40 and 80.

DOR Scan Rate (S/s)
5 2
5l 10 4
(L)
20 9
40 18
g 8o 36
(L)
160 70
320 120
G3
640 200
G4 1000 300
G5 2000 500
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The calibration and adjustment algorithm is as follows:

1. Setthe sampling options (EMF cancellation, excitation current off time and settling time extension). Disable the filter.
Reset all input channels’ calibration settings to neutral values
3. For all channels (1-32) do
3.1. For all ranges (60, 125, 250, 500, 1000 or 2000) determine the actual ADC gain and excitation current option and do
3.1.1. For all required sampling rates (to cover all groups of DORs) do
3.1.1.1. Perform offset calibration
3.1.1.2. Perform gain calibration
3.1.1.3. Apply the same offset and gain values to other DORs within the same group (if not running calibration for
all DORs separately)
4. Perform verification of the adjustment
5. Store to EEPROM

N

Taking measurements

The measurements can be performed entirely using SCPI commands, without opening a TCP/IP data stream connection. To do
so, first disable Direct Read using CONFigure:DIRectread. Then, set the number of scans to capture with CONFigure:SCAN:POST,
configure the start trigger with CONFigure:TRIGger, and arm the acquisition with MEASure:ASYNc, wait until finished by polling
SYSTem:STATe?. Finally, read the data using MEASure:FETCh.

Calibration reset to neutral values

For all (or selected) channels, their DORs, ADC gains and excitations; set offset = 0 and gain coefficient = 1.
CALibration<channel>:IN:COEFficients:HVALue <ADC gain>,>,<ADC excitation>,<ADC DOR>,<offset>,<gain coefficient>
A convenient command for resetting all calibration values (for both, channel inputs as well as analog outputs) to their neutral

state is: CALibration:NEUTral.

Offset and Gain Adjustment

The ProDAQ 6131 uses a 24-bit Sigma-Delta ADC per channel. Sigma-Delta ADCs are extremely linear by design. Hence, if two
points on the line are determined the offset and slope of the line can be determined. The process consists of applying two RTD
simulator resistance values (one low value and one high value) to a channel and determining the offset and gain adjustment
factors. These factors are stored in EEPROM and used during measurement to determine the actual input resistance. For the
M631 the lowest possible set resistance is 15Q. Bustec uses 20Q as the low value for all ranges and a high value of ~95% Range.
The actual values are not critical; the important point is to cover most of the range. The following sequence is performed for
any range or scan rate on each channel in turn.

1. Setthe M631 to Rint = 20Q).

2. Record the measured resistance Rmz.

3. Set the M631 to Rinz2 = High Value. For example, for the 60Q range set the M631 to 55Q.
4. Record the measured resistance Rwma.

5. Calculate the intercept, c and line slope, m, as follows:
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RMZ - RMl

m=
RIZ - Rll

c = RMZ - mRIZ

6. The value of ¢ = Rorr is the Offset Error in Ohmes.

7. The ProDAQ 6131 takes the internal gain into account when reporting measured values and thus m is close to 1. The
ProDAQ 6131 stores the Gain Factor (GF=1/m), in order to avoid division when determining the input resistance.

8. By solving the above equations an unknown input resistance Ri is given by

R; = GF(Ry — ROFF)

The Offset Error in ohms shall be applied using the CALibration<channel>:IN:COEFficients:OFFSet:HVALue SCPl command.
When the instrument is operating, this value is subtracted from the measurement to correct for the offset error.

The Gain Factor shall be applied using the CALibration<channel>:IN:COEFficients:GAIN:HVALue SCPI command. When the
instrument is operating, this value is multiplied by the offset corrected measurement to determine the actual resistance.

Verification

To verify the proper operation of the ProDAQ 6131 and the quality of its acquired samples, an RTD simulator can be used to
simulate either an RTD temperature or a precise resistance. The measured values should be compared with the expected
values. When simulating temperature, the samples acquired by the ProDAQ 6131 must be converted using the appropriate
formula.

Verification of the resistance measurement is performed at Bustec after instrument’s input adjustment. Measurements are
taken with the ProDAQ 6131 for all channels and ranges, and for selected sampling rates, verifying at least two resistance
values set on the RTD simulator. The measurement error is:

Em = |Rm —R|

Where Rm is measured mean resistance value and R is the expected resistance. The uncertainty of this measurement is:

Vn

Uy =
Where s is standard deviation of the measurement and n is number of acquired samples.
The RTD simulator’s standard uncertainty depends on accuracy armsim of selected resistance being simulated, as specified in
the simulator’s datasheet.

_ Qrrpsim

u, =
V3

The combined standard uncertainty, where k is coverage factor (k=2 for 95% confidence) is:

U=k

The instrument passes calibration if, in all cases, the measurement’s absolute error en plus uncertainty U are within the
specified limits.
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Store to EEPROM

All values set using the CALibration<channel>:IN:COEFficients commands are applied only to the instrument’s volatile memory.
They are used during acquisition, but to preserve them permanently, they must be written to the instrument’s EEPROM using
the SCPI command CALibration:STORe.

The values are read from the EEPROM whenever the instrument is rebooted or reset. This can also be triggered using the
following SCPI command: CALibration:RELoad.

For clarity, please set the same determined offset and gain for all DORs within each DOR group. The CALibration:STORe

command stores the values associated with the lowest DOR of each group in EEPROM. The CALibration:RELoad command sets
the adjustment values for all DORs in each DOR group.
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2. Analog outputs

Each input channel has a corresponding pair of analog outputs used for monitoring (designated A and B), which are available
through a connector on the rear panel of the ProDAQ 6131 instrument.

All 64 outputs are driven by 16-bit DACs that are fully controlled by the hardware logic to minimize latency. The output voltage
(0-10 V range) is defined by a user-provided look-up table (LUT) and may therefore be linearized to temperature rather than
to resistance. Each channel pair has its own LUT, allowing the use of individually characterized RTDs (e.g., those specialized for
cryogenic temperature ranges).

A precision DMM (at least 6.5 digits) is required for the calibration. It must be connected to each analog output individually,
either by manual switching or by using an automated multiplexing device, as employed at Bustec.

The adjustment algorithm is as follows:

1. For all channels (1-32)
1.1. For both monitoring outputs A & B
1.1.1. Set DAC to a low value and measure resulting output voltage (e.g. 1.5% of range)
1.1.2. Set DAC to a high value and measure resulting output voltage (e.g. 95% of range)
1.1.3. Solve to find a linear transfer function and calculate DAC code for 0 V and for 10 V (full scale), apply the values
2. Perform verification (optional)
3. Store to EEPROM

During the adjustment process, the DAC outputs can be controlled using the CALibration:AO:SETDaccode SCPl command.
To avoid potential nonlinearities near the limits, the two calibration points should be close to the lower and upper DAC

boundaries. The recommended DAC codes are DACL= 1000 and DACx = 62000, respectively, for which the corresponding
voltages VL and Vi should be measured using the DMM.

Solve and apply

Once the measurements for the two points are complete, the linear transfer function characterizing the DAC and the
corresponding analog signal path can be determined. It is given by:

V(DAC) =a-DAC + b
Where:

V-
%= Dac, - DAC,

b = VL —-a- DACL
Using this transfer function, the DAC codes corresponding to 0 V and 10 V (full scale) can be calculated. These values should be

applied to the instrument using the following SCPI commands, respectively: CALibration:AO:COEFficients:DCOFfset and
CALibration:AO:COEFficients:FULLscale.

b
DAC, = ——

10—-5b
DAClO =
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Verification

To fully verify the proper operation of the monitoring outputs in combination with the channel inputs, an RTD simulator can
be used to simulate a specific resistance or temperature. Measurements are then taken both by the ProDAQ 6131 and by a
DMM, connected to its analog monitoring outputs. In case of verification with simulated temperature values, engineering unit
conversions are required for both measurements: for the ProDAQ 6131 samples, from resistance to temperature; for the
monitored analog signal samples, from voltage to temperature.

The analog outputs operate only during an active acquisition and must first be properly configured using the CONFigure:AO
subsystem commands (enable, LUT, and limits). For linear resistance-to-voltage conversion, the following set of SCPI
commands should be used:

CONFigure:AO:ENABIled 1
CONFigure<channel>:AO:LUT 0,0,<range>,<range>
CONFigure<channel>:AO:TMIN 0
CONFigure<channel>:AO:TMAX <range>

Verification of the resistance measurement that is driving the monitoring output is performed at Bustec after full instrument
calibration. Measurements are taken with the ProDAQ 6131 for all channels (both outputs: A and B), for one selected sampling
rate and one range and selected resistance values set on the RTD simulator. The measurement error is:

& = |V0_Vm|

Where V; is voltage measured with the DMM on channel’s monitoring output, while Vi is the expected voltage for range r and
resistance Rm measured by the ProDAQ 6131:

R
Vn = 10V - —=

The combined standard uncertainty of the measurement, where k is coverage factor (k=2 for 95% confidence) is:

U=k- ’um2+u02

Where u, is the measurement uncertainty of the DMM for the selected voltage range, um is uncertainty of measurement at the
input channel of ProDAQ 6131 and n is number of samples being transferred over that period.

U, = 10V -

SE

The instrument passes calibration if, in all cases, the measurement’s absolute error &, plus uncertainty U are within the
specified limits.

Store to EEPROM

All values set using the CALibration<channel>:AO:COEFficients commands are applied only to the instrument’s volatile memory.
They are used at operation start to initialize the hardware logic accordingly. They must be written to the instrument’s EEPROM
using the SCPI command CALibration:STORe.

The values are read from the EEPROM whenever the instrument is rebooted or reset. This can also be triggered using the
following SCPI command: CALibration:RELoad.
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