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Abstract

At the end of 2005 it was decided that a numbane&surements performed in the dc Low
Frequency (dclf) Laboratory of the CSIR NationaltMdégy Laboratory (CSIR NML) could
benefit from automation. The measurements idedtifiere typically highly repetitive, and
being performed using measuring instruments that lm&a connected to a computer with
relatively little effort.

A number of commercial instrumentation automatiofivgare packages were evaluated, but
these packages were found to be too expensivenéoptirposes of a National Metrology
Institute, given the programming experience avéélab the dclf laboratory. The software
packages described in this paper were all writteBarland Delphi. To date, the following
measurements were automated: calibration of digitdtimeters up to 6.5 digits; capacitance
measurements of a single standard capacitor an@ddecapacitors; and ac power
measurements of single and three phase sourcesetads.

The following measurements are in the process aigbautomated: RLC measurements
(inductance, resistance, and capacitance); ac-fferatice measurements and resistor
calibration result analysis. The approach followesdftware structure, validation and

implementation of the software will be discussed.thAese software packages automatically
calculate the uncertainty of measurement, some witidoe spent on the algorithms used for
this purpose.

1. Introduction

The CSIR NML is the custodian of the national measient standards for South Africa. In
the dc Low Frequency (dclf) laboratory of the CSMRIL the following parameters are
maintained: dc voltage, dc resistance, impedandg aifference, ac power and energy.

Many of these measurements are performed using medern measuring equipment, the
result of extensive capital investment in recemtrgeThese measurements are still performed
in a mostly manual fashion, using manpower thatacba applied much more efficiently.

Given the nature of most of these instruments apdsurement, it is easy to see how the
laboratory could benefit from automation. A cobehefit analysis showed that the benefit in
manpower savings far outweigh the cost of softwdevelopment. This lead to the
automation tasks reported here.
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2. Software strategy

Having decided that automation of the measuremgstesis in the dclf laboratory was a
priority, a strategy to achieve this objective ire tmost efficient way was formed. This
included the evaluation of commercial measuremetdraation software packages, interface
strategies, and other factors. It was found thatctimmercial software available for the task
was prohibitively expensive, weighed up against khgh level programming language
experience available to the laboratory. Even thestnamlvanced of these packages still
requires the setting up of measurement or caldmafiles, and post processing of the
measurement data.

Once the decision was taken not to use a commengakurement package, a choice had to
be made between the two packages that had theaxpstience available in the laboratory.
These were National Instruments Labviéwand Borland Delphi. Although Labviéw has
many usable features available as pre-packagedaviristrument (vi) modules, the choice
was made to use Delphi as Labviéewdoes not have the powerful low level control
possibilities of Delphi. A quick “showdown” programing exercise in the laboratory
adequately proved this point.

The next step in the project was to decide whiclasueement to automate first. Part of the
first project included the development of a comnmrrface for the automation software to
be implemented. This will enable the metrologisisthe laboratory to easily familiarise

themselves with the different automated measuresystéms.

The strategy also included a common structure ® ghftware, common data output
structures, and common validation strategies. Ammomdocumentation and version control
system is used for the software. The validatiopegormed by comparing results obtained
using the software with results obtained usingrifagmual methods. Validation of uncertainty
calculations are performed by comparing softwargputs with manually calculated values
using the same inputs. All possible scenarios eatuated during validation, as far as this is
possible. The detailed validation report is théedfiwith the software.

There is no paperwork associated with any of thgeldped software packages; all
information is available from within the softwafart of the strategy also includes training
of laboratory personnel in the use of the softwanel active participation in testing and using
the software.

3. Work to date
3.1. Multimeter calibration.

The first software package to be written was fer ¢alibration of multimeters. The software
was written very generally to interpret a text fdentaining calibration instructions. The
software can at present only perform calibratiometers having General Purpose Interface
Bus (HPIB) interfaces, but it is planned to inclsg#gial interfaced instruments (RS232, USB,
etc.), and manually controlled instruments in fatufrhe interface for this package is shown
in figure 2, the physical measurement setup inrég, an extract of a calibration file in
figure 3, and an extract from a results file irufig 4.
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For this software package, a pseudo-language wasageed for interpretation of calibration
commands. It can contain comments, instructionsh&é user of the software, calibration
commands, wait commands (for stabilisation aftemnestion changes) and GPIB
instructions for the instrument under calibrati®his significantly reduces the complexity of
the main calibration program, and allows excepfidiexibility. It also allows for the easy
modification of a calibration sequence for spepiaiposes. The use of the software removes
the influence of the operator from the calibraticdhus improving the measurement
uncertainties.

e i
i ]|
Calibrator detail (standard): Fluks 57204 ID: FLUKE 57204, 77302031 4+8+* 11:0%:36 - 5TB: 16
Last IEEE command to Fluke: OPER ESA: 0
Manutacturer: Fhike UUT responze: -1.00002380E+01
Model: “aiting for 000 s
Senial number: Measurement result:
Unique number: 3%: -10000.0000000 —-2599.0000000 10000.9000000 0.0000000 0.0000000 23.EE75L3E@.
Cable uzed: |5en 3s: =10000.0000000 0.0000000 10000.0000000 0.0000000 0.0000000 Z2B.867513%
100 Chm four wire zerc offset verification, REAR
z i £ - z T 40: -0.0040000 —0.0004074 0.0040000 0.0003182 Q.0001008 0.0000z28:
Callbratlon IOD InfOrmEl‘tIOn. 1 kChm four wire zern offset werification, REAR
Metralogist: 41: -0.0100000 —-0.0001780 0.0100000 0.0002605 0.0000824 0.000288"
Jobrumber 10 kOhm four wire zero offset verification, HEAR
2 42z -0.1000000 —0.0024200 0.1000000 0.0028224 0.0008525 0.00zaBest
Date of calibration: 100 kOhm four wire zero offset verification, REAR
Ehaer 43: -1.0000000 -0.0233000 10060000 0.0476423 0_0150658 0_028867
;‘—“"—',_ > % 1 MChm four wire zero offset werification, RERR
denpsialus.|: EC 44: =10.0000000 —0.0630000 10.0000000 0.4500876 0.1423302 0.288675:
Humidity, 145‘ © %M |10 MChw four wire zero offset verificetion, RERR
- 1 45: —=100.0000000 -0.6200000 100 .0000000 3.944278% 1.2472304 2.B886751!
Unit under test: 100 MOhm four wire zerc cffset verification, REAR
o . 46: -10000_0000000 -16&.0000000 10000.0000000 a.0000000 a.0000000 2B.867513¢
PR DC Voltage gein verification: 100 mV
Manufacturer: 472 0.0993315 0.1000028 0.1000085 0.0000002 0.0000001 0.000000¢
oC 1 £ R
Model / Type oC Voltage gain verificstion: 1V i
48z 0.5555530 1.0000278 1.0000470 0.0000004 Q.0000001 0.000000:8
Serial number: DC Voltage gain wverification: 10 V E
Unique number: 45: 5_.95%6000 10.0002448 10_0004000 0.0000010 0.0000003 0.000002¢ 2
DC Voltage gain werification: -10 W |
Previous certificats: E
]
| Customer: |05 E i 1l B
. Comments: Software wersion number.
| I~ Geteate taw data faryalidstion 1208
| o
| Calibrate D Akort
|

Figure 1: Multimeter calibration interface.

Figure 2: DMM calibration system setup.
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MODEL: HP / agilent 34401A

STBCH: 16

CMENT: -- - This 1is a comment, and is ignored by the software -
CMENT: - COmMENTS can be placed anywhere AFTER the first two rows.

MESSG: This is the "FULL PERFORMANCE VERIFICATION"! For a gquick performance verification, use {
MESSG: The Timits contained in this file is taken from the Agilent 34401A Service manual, Edit]
MESSG: Ensure ambient temperature is stable and within 18°C to 28 °cC.

MESSG: Ensure relative humidity is below 80%RH.

MESSG: Ensure that UUT has warmed up for more than two hours.

MESSG: Use only copper connections to minimize thermal offsets.

MESSG: Cables should be as short as possible.

MESSG: Use shielded twisted Teflon insulated cable to minimize high resistance errors.

MESSG: After hand'l'ing connections, a waiting period of 5 minutes will commence to allow for thy
MESSG: UUT will now be reset to obtain default configuration.

SETCD: ®RST

CMENT: --—--- Front Terminals ZERO Offset verification -----

MESSG: ApE'Iy a four-wire short accross the FRONT input and sense terminals - refer to page 67 1

MESSG: Make sure that the FRONT terminals are selected.
MESSG: A waiting time of 5 minutes will now commence.
WAITT: 300

CMENT: --- 10 mA DC Zero offset verification, FRONT --—-

PARAM: 10 mA DC Zero offset verification, FRONT
SETCD: CONF:CURR:DC 0.01

SETCD: CURR:NPLC 10

CALPT: NONE 0 -2E-6 2E-6 0 1E-8

READC: READ?

CMENT: --- 100 maA DC Zero offset wverification, FRONT ---
PARAM: 100 mAa DC Zero offset wverification, FRONT
SETCD: CONF:CURR:DC 0.1

SETCD: CURR:NPLC 10

CALPT: NONE 0 -5E-6 5E-6 0 1E-7

READC: READ?

CMENT: --- 1 A DC Zero offset verification, FRONT ---
PARAM: 1 A DC Zero offset wverification, FRONT

SETCD: CONF:CURR:DC 1

SETCD: CURR:NPLC 10

CALPT: NONE 0 -1E-4 1E-4 0 1E-6

READC: READ?T

CMENT: --- 3 A DC Zero offset verification, FRONT —--
PARAM: 3 A DC Zero offset wverification, FRONT

SETCD: CONF:CURR:DC 3

SETCD: CURR:NPLC 10

CALPT: NONE 0 -6E-4 6E-4 0 1E-5

READC : READ?T

Figure 3: Multimeter calibration file extract.

"gefore the set of 10 readings are recorded, five readings are taken to ensure instrument stability before da
"Al1l the values are reported in the appropriate SI units.”

"start date and Time: 2006-05-23 16:16:15"

No:", "Lower Timit", "Average wvalue upper limit", "standard deviation”,"EsDmM"”, "Resolution”, "lyr spec(95%)/2",

"-—- 30 mv DC voltage test, SHORT, front panel ---"
l,—4.LE—E,l.?SE—6,4.lE—6,l.58113883008419E—?,5E—8,1E—?,2E—7,2.08166599946613E—7,2?04,2,4.1633319989322?E—7,"
"--- 300 mv DC voltage test, SHORT, front panel ---
2 -5e-6, -4E-6, 5E-6, 8. 92851122176285€- 22,2, 82344315’51433E 22,1E-6,2E-7,3. 511884584284 25E-7,10000,2,7.02376916
l3voc V01tage test, SHORT, front pane1 -
3,-2E-5,-1E-6,2E-3, 3. 1622 66016838E 6,1E-6,1E-5,2E-7, 3.06159000085468E-6, 790.7344,2. 014423762, 6.167339647223
--—- 30 vV DC Vo'ltage Test, SHORT, front pane'l -—
4,-0.0003,0,0.0003,0,0,0. 0001 2E-7,2. 8868206271490’E 5,10000,2,5. 7736412542981 3€e-5," within limits"
“1_-"300 v bC Vo1tage test, SHORT "front panel --—-
3,-0.002,0,0.002,0,0,0.001, 2E-7, 0. 0002886/5203876837, 10000 2,0.000577350407753674, " within limits"”
--- 30 mv DC voltage test, 30 mv input, front panel -
6 0.0299839, 0. 03000018, 0.0300161, 9. 18936583481487E-8, 2. 90593262905496E 8,1E-7,3.1249687497E-7, 3.1516991392550.
--- 300 mv DC voltage test, 300 mv input, front pane1 -—-
7,0.299935,0.2999886, 0. 300065 5.16397779509172e-7,1. 63299316190241E 7,1E-6,1.09995320019€-6,1.14886772198098E
--- 3 v DC voltage test, 300 mv input, front panel -
8 0.29992,0.3,0. 30008, 5. 8513891142945E 17,1.8503717 0 OBSQE—lf,lE—S,L.OQQQQSE—G,3.08922681804984E—6,10000,2,6
3 e V01tage test 1 v input, front pane1 -—-
9 0.99979,1,1.00021,0,0, 1e- 5,2.85E-6,4.05657 901849987E 6,10000,2,8.11315803699973E-6, " Within Timits"
3 Ve voltage test -1 V input, front panel ---
10,-1.00021,-1.00002, -0. 99979 2.3405556457178E~ 16,f.40148683083438E*Lr,1E75,72.850057E76,4.05661906476099E76,
"-—- 3 v DC voltage test, -3 v input, front panel ---
3.00058, -3.00002,-2.99942,4.6811112914356€E-16,1.48029736616688E-16,1E-5, -6.499993333E-6, 7.1121900046594 5E
3 V DC Voltage test 3 Vv input, front panel B
.99942, 3,00004, 3. 00058 4.6811112014356E-16,1.48029736616688E-16,1E-5, 6. 500036666E-6,7.11222960770234E-6,1
AuTOzZero off 3v DC Vo'ltage test, 3 v input, front panel ---
.99939,3.00004, 2. 00061,4.6811112914356€E-16,1. 48029736616688E 16,1E-5,6. 500036666E-6,7.11222960770234E-6,1
AuUtozaro on 3V DC V01tage test, 3 V input, front panel ---
.99942,3,00004, 3. 00058, 4. 6811112914356E 16,1.48029/36616688E-16,1E-5, 6. 500036666E-6,7.11222960770234E-6,1
4 d'lg‘\t d‘ISp-\ay 3v pC voltage test, 3 v input, front panel --—-
. 9993, 3,3,0007,0,0,0.0001,6.49995E-6, 2. 95902464223574E-5,10000, 2 5.91804928447148e-5," within Timits"
3 d1gwt d1spTay 3V bC Vo]tage test, 3 v input, front pame? -—
.998,3,3.002,0,0,0.001,6.49995e-65,0. 000288748303342783,10000, 2, O 000577496606685566, " within Timits"
-—— 5 d1g1t d'lsp'\ay 3v DC voltage test 3 V input, front pane'\ -
lr,2.99942 3.00004, 3, 00058, 4. 6811112914356E 16,1. 48029736616688E 16,1E-5,6. 500036666E-6,7.11222960770234E-6,1
"-—- 30 V DC VU]tage test, 3 v input, front panel ---
18,2.9991,2.99995,3.0009,5 27046276695842E-5,1. 66666666667018E-5,0.0001,6.4998416675E-6, 3. 39611403344301E-5,1

Figure 4: Multimeter results file extract.

The high number of multimeters, especially 6.5 tdigeters, received by the laboratory for
calibration (mostly from internal clients), promgtthe urgency of this project. The standard
used for most calibrations is a Fluke model 572C#Hibcator. A requirement for the

calibration of higher accuracy multimeters (typiga.5 digit meters) exists in the laboratory.
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The software was adapted to enable the use ohattstiandards, typically in cases where the
accuracy specification of the calibrator cannot iméhe accuracy requirements for the
calibration of these meters.

This makes the software ideal for use in a higkllevetrological institute.

The software currently calculates the uncertaintyn@asurement for each measurement
point, and gives an indication whether the instroim@mplies with its specification. The
metrologist must still transfer the measurementltesto the calibration certificate. The
automatic generation of calibration certificateplenned as a future project.

3.2. Capacitance calibration.

The software for calibration of capacitors is veittto use the Andeen-Hagerling model
2500A high precision capacitance bridge. At preskist limits the automatic calibration of

capacitors to a frequency of 1 kHz. (Software fatoanation of the RLC digibridge is

planned that will allow the automated calibratiofi impedance standards at other
frequencies.)

Impedance was the first parameter taken over bwtitteor at the end of 2005, and as such it
was an ideal starting point for automation. Thevgafe has a similar “look and feel” as the
multimeter calibration software, although the fuoality is significant different. The user
interface is shown in figure 5, and the physicabhsuement setup in figure 6. Comparison
with the interface for multimeter calibration shothe similarities.

7 AH2500A - Calibration of standard capacitor [2006-08-13_CRN-0010.xt]

AH 2500A: Filename used for results: D:}AHZ500&%\datalZ006-08-13_CRN-0010.txt
GFIE status I:y;an. \1;28 Waiting for: " ]
1309 s
1000.05263 pF 2006-09-28 10:8%:10: C= l000.05260° PF L= 0.00000363 D& V= 1.50 v
0.00000364 DS Z006-09-25 10:3%:20: ©= 1000.05261 PF L= 0.00000363 D& ¥= 1.50 v
Z006-09-25 10:38:29: C= 1000.05261 PF L= 0.00000363 DS ¥= 1.50 v
Capactance accuracy spec: 2006-09-25 10:38:39: C= l000.05261 PF L= 0.00000363 D& ¥= 1.50 v
3,089 ppm 7006-09-25 10:38:49: C= 10O0.05262 PF L= 0.00000364 DS V= 1.50 v
z006-09-25 10:38:58: C= 1000.0526z TF L= 0.0000036% DE ¥= 1.E0 v
i e as amnnel z006-09-25 10:33:08: C= l000.05262 FF L= 0.00000363 DS ¥= 1.50 v
Z006-09-25 10:33:18: C= l000.05262 IF L= 0.00000363 DS ¥= 1.E0 v
| s7ipatic Dt J z006-09-25 10:39:27: C= l000.05263 FF L= 0.00000363 DS ¥= 1.50 v
M latis vl Z006-09-25 10:39:37: C= 1000.05263 PF L= 0.00000364 DS ¥= 1.50 v
arimum Sliowable vollage: v
; - ~ {Ave: 1000.05261700 pF StdDew: 0.00000345 pF
Ayverage exponent: I 3 =
Connecting cable used: Waiting for 1 hour
Calibration job information:
tdetrologist: 3rais
Job number: | 200590072
D ate of calbration: | 20065052
Enviionment:  Temperatire: T
Humidity; |4 %RH
Unit Under Test: Calibration setup: Single standard:
Diescrption: ~Tupe of calibration “wiaifing time between runs:
M anufacturer: | 0oadTeck ™ [e i
2 ,7 Murnber of repeats per paint: Murnber of runs: v
Model / Type: Comments; a ea
Serial numbar:l AB371
Unique number1' iM-001
Previous certificate: |
o - S Software version number:
ustomer: ML t 1.203

Figure 5: User interface for capacitance calibratio
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For the calibration of single capacitors, the usan choose all significant measurement
parameters, such as secondary units, measurentegraition time, number of measurements
per set, number of repeats, and waiting time batwegeats. The software calculates the
statistics per set, and the statistics based oawbrages per set. This allows characterisation
of the unit under test for short and medium teratidity, significantly improving the level of
service provided to customers. The software alétutzies the uncertainty of measurement.
Calculation of the specification of the capacitaneeter is the most involved calculation, and
putting this in place took a significant amountiofe.

Calibration of decade devices is handled in a asimiay, although presently the switches
cannot be turned automatically. The user can ogamahoose all major parameters, such as
number of decades, integration time, number of, satd secondary parameter. The process
still requires a lot of manpower, as the systemtnib@smonitored — the user still needs to
switch the decade switches.

3.3. acPower and Energy calibration.

ac Power and Energy automation software was adbghwice, given the easy automation of
the power source and secondary power standardabletio the laboratory. The high number
of measurements required in a normal power or gneajbration also made this a good
choice for automation.

The instruments currently used for calibration v$tomer devices are a Rotek model 800A
power source and a Zera COM 3000. This softwatbadeast mature of the three packages
discussed in this paper, as can be seen from #reinterface in figure 7. Figure 8 shows a

typical measurement setup. The software reads sureaent instruction file, and interprets

the instructions to perform the measurements.

Since a number of parameters are normally measiuedg the calibration of ac Power and
Energy calibrations, it is possible to combine pasters during a single measurement. For
this software, the data analysis and uncertainkyutations are still performed manually (it
will be automated in a future project), but the urok of work for this parameter is
reasonably low, so this is currently not a sigmificproblem. An update to the specifications
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of the software strategy is planned to bring tro$tvgare in line with the strategy, and
improve its usefulness.

Determination of Rotek 800A stability using Zera COM 3000

L8993 56E+01
B0Z107E+000
LTETO1TEHDZ
+51569ZE+01
516323 E+01
~A94337E+0E
SO1991E+02
L O09492E-01

L8893 52E+01 9. 993407E+D
50Z145E+00 1.5020584E+0
L TETSZ0E+DZ 2. TETOZ3E+D
+515756E+01 1.5158922E+01
516386E+01  1.516545E+01
LAS43TIEH0E ~1.4945327E4+02
L50Z027E+02  1.501933E+02
L O09506E-01 1.00964 6E-0

[l i e el e R L o]
[l i e el L R L o]

02 1 5O1953E +02 4 S0R001E 0
OOSE4EED

Figure 8: ac Power measurement setup.

4. Planned work

As mentioned in the abstract, the following measumets are next in line for automation:
RLC measurements (inductance, resistance, anditapas); ac-dc difference measurements
and resistor calibration result analysis.

The automation of RLC measurements were startesl ilat2005, but a problem was
experienced with interfacing to the instrument. éwkng to the manufacturer, this is due to
the original purpose of the interface, that beihg tontrol of a sorter for component
selection. This implies that the instrument acta asntroller on the GPIB bus, and since the
PC normally fulfils that function, there is contiemt on the bus. The GPIB interface of choice
used in the dclf Laboratory is the Agilent modalf laccording to the manufacturer of the
RLC Bridge, the National Instruments interface t@nconfigured to work with the bridge.
An appropriate interface was purchased, and wilided to automate this bridge.
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Measurements performed with the bridge include citguace, inductance, ac resistance and
loss. The bridge can also measure at several fnegesein the range from 12 Hz to 200 kHz.

The bridge has to be OPEN and SHORT calibrated a&ftery change in measurement

configuration or frequency, so the software wilV@do interact with the user fairly regularly.

Currently the ac-dc difference measurements ary fltomated. The software used is
however very old (DOS based), and does not allosvuber flexibility in setting up the

measurement in an arbitrary way. The main motivatar rewriting the software is to move
it to a more modern platform, and to add the regliftexibility.

All resistance measurements currently performetiénaboratory are fully automated. There
are two automated bridges with scanners, one forésistance measurements (to 10 kOhm),
and one for high resistance measurement (10 kOhin @®hm). An ultra-high resistance
bridge is used for measurements up to 100 TOhmth&ke instruments are fully automated
to perform measurements, but the analysis of thasmrement results are still a manual
process. It is planned to fully automate this asialyto reduce the manpower required for this
task, and to improve the efficiency of resistan@asurements in the laboratory.

Generating certificates is one of the most manpantensive procedures in the laboratory.
For the automated systems, performing routine mreasents, this should not be the case.
The automatic generation of certificates will bedi@$sed as a future project. The most
efficient way to do this will be to use the RichXxté-ormat (RFT) as the language for the
certificates. RTF can be read by all office apgiarss, and this protects the certificates from
future changes in corporate software policy, arahges or upgrades of office applications.

The generation of certificates will be modularis@dfferent modules will be developed to
generate the different sections of the certificatas will be written to easily accommodate
changes in certificate layouts and quality systeequirements. The software will be
developed using some of the simpler certificates| will slowly be developed further to
accommodate more complex measurement situations.

It is also planned to install a laboratory netwaxith all the measurement computers linked
to one another and to a central printer. The restdin then be shared, and result sheets
printed centrally. A gateway machine for accesthtogeneral CSIR network will be put in
place to protect the laboratory network from intoas, and to enable the CSIR network to
access the data stored on the laboratory machewmsedy. The gateway will also provide
data backup services to the laboratory network.

Disclaimer
The use of specific manufacturers and products ae¢smply an endorsement of these

manufacturers or products by the CSIR NML, nor do@sply that these manufacturers and
products are necessarily the best suited to thicappns discussed in this paper.
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