89 International Comparison

9.1 Introduction

Dueto the increasing demands for smaller uncertainties
in the calibration of ac-dc standards at the national standard
laboratories, CCE and EUROMET has decided to perform
an international comparison of ac-dc transfer standard. The
international comparison has started from the PTB asthe pi-
lot laboratories at April 1994, and 20 national |aboratories
has participated in the comparison.

The main purpose of the comparison is to confirm the
international agreement on ac-dc transfer standard at the ba
sic voltage (3V) and at the basic frequency (1 kHz) from
which the traceahility chains start. All the participating labo-
ratories are requested to perform the calibration at their low-
est possible uncertainties (<1 ppm).

The participating laboratories are as follows;

Physikalisch-Technische Bundesanstalt.
(PTB), Germany.

National Physical Laboratory.
(NPL), UK.

Ingtituto Elettrotecnico Nazionale.
(IEN), Italy.

NMi Van Swinden Laboratory.
(VSL), The Netherlands.

L aboratoire Central des Industries Electriques.
(LCIE), France.

Technical Research Centre of Finland.
(VTT), Finland.

Sveriges Provnings-och Forskningsinstitut.
(SP), Sweden.

Office féderal de métrologie.
(OFMET), Switzerland.

Bundesamt flir Eich- und Vermessungswesen.
(BEV), Audtria

Ingtituto Naciona de Engenharia e TecnologiaInd.
(INETI), Portugal.

Centro Espariiol de Metrologia
(CEM), Spain.

National Research Council.
(NRC), Canada.

Nationa Institute of Standards and Technology.
(NIST), USA.

National Measurement Laboratory.
(NML), Audtrdia

Korean Research Ingtitute for Standards and Science.
(KRISS), Republic of Korea

National Physical Laboratory.
(NPL), India

National Metrology Laboratory.

(NML SA), South Africa
Center for Measurement Standards.
(CMYS), Taiwan.
Instituto National de Technologia Industrial.
(INTI), Argentina.
Nationa Institute of Metrology.
(NIM), China

The comparison has been carried out by the Round-Raobin
method using atraveling standard. ETL was the 16th par-
ticipant in the comparison, and the cdibration was carried
out at October 1995. The results of the calibration of the
traveling standard with respect to the primary standard of
ETL arereported in section 9.3.

The ac-dc transfer difference of the traveling standard
was also evaluated using the FRDC method. The HF-TVC
was used for the determination of the frequency dependence
of thetraveling standard. The results of the evaluation using
the FRDC source and the HF-TV C are reported in section
9.4.

9. 2 Testing scheme

Since the most accurate measurements are requested for
each participating laboratory, a Multijunction thermal con-
verter (MJTC#4) made by PTB[13] hasbeen used asthetrav-
eling standard. The specifications of the traveling standard
areshown intable9.1. Testing voltage is specified as 3V
which isthe nominal input voltage of MJTC#4.

The testing frequency of 1 kHz is selected because both
the low-frequency effect and the high-frequency effect are
estimated to be smaller than 0.1 ppm at 1 kHz[13]. In addi-
tion to 1 kHz, three other frequencies (20 kHz, 100 kHz, 1
MH2z) were selected as an optional testing point. Since the
high-frequency effect becomes dominant at those frequen-
cies, it was requested to specify the type of connector used as
the tee connector in the comparison measurement.

Table 9.1 The specifications of the traveling standard
(MJTC#4), a Multijunction thermal voltage converter
made by PTB.

Input voltage 284V
Output voltage 100 mV
Input resistance 183 Q
Output resistance 765 Q

TC of sensitivity -120 ppm/K
Time-constant 3s
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9. 3 Calibration by the primary standard

The traveling standard (MJTC#4) was calibrated using
the primary standard of ETL (TO4R11). TheTO4R11lisa
10V thermd voltage converter composed of a10 mA single-
junction thermal converter and a1 kQ range resistor. The
TO4R11 has been calibrated three times (1992, 1993 and
1995) by PTB. The uncertainties at the k=2 confident level
were 2 ppm, 2 ppm, 3 ppm and 30 ppm, respectively, for the
test frequency of 1 kHz, 20 kHz, 100 kHz and 1 MHz. The
results of the three calibrations are listed in the upper part of
table9.2. Thelatest cdibrated value (1995) at 1 MHz dif-
fered from the former two values (1992 and 1993) by about
50 ppm. While the difference was larger than the specified
uncertainties, no change in the 1 MHz value of the TO4R11
was observed relativeto the other reference standard (10V01)
in ETL. These dataindicated that the former two values
have better reliability than thelatest calibrated value. Hence,
themean value of thethree cdlibrations (1992, 1993 and 1995)
was used as the more reliable value for the TO4R11 at the
time of the calibration (1995) for the traveling standard
(MJTCH4).

9. 3. 1 Measurement

The schematic diagram of the cdibration isshown in fig-
ure9.1. Theoutput EMF of the TO4R11 isabout 0.5 mV at
theinput voltage of 3V. Sinceitisvery difficult to obtain an
uncertainty of the order of 0.1 ppm for thislow output EMF
voltage, aworking standard (10V01), which can produce 2
mV output at 3V input, has been used as an intermediate
standard.

The cdlibration of the traveling standard (MJT C#4) was
performed using the ac-dc difference comparator of ETL at
the test frequency of 1 kHz, 20 kHz, 100 kHz, and 1 MHz.
The results of the calibration are summarized in the lower
part of thetable 9.2.

Inthetable, the data specified as“ TO4R11(10V) by PTB”
represent the mean value of the calibration of the TO4R11 by
PTB at the voltage of 10V. The data specified as“10V0Ll/
TO4R11(10V)" show therelative ac-dc transfer difference of
the 10V 01 with respect to the TO4R11 measured a 10V. The
type N-TA-PPP connector was used as the tee connector.

The data“10V01(3V)/(10V)" represent the voltage de-

TO4R11

0V

10vo1

3V
MJITC4

Figure 9.1 The schematic diagram of the calibration of
traveling standard (MJTC#4) using the primary standard
of ETL (TO4R11). The TO4R11 isa 10V thermal voltage
converter calibrated by PTB with the uncertainty of 2
ppmat 1 kHz. Since the TO4R11 can produce only 0.5
mV of EMF at the input voltage of 3V, a working standard
(10V01) was used as an intermediate standard.

SJTC
(calibrated by PTB)
[1992, 1993, 1995]

Working Standard
(SITC)

Traveling Standard
(MJTC from PTB)

Table9.2 Theresult of the calibration of the traveling standard (MJTC#4) using the primary
standard of ETL (TO4R11). The data specified as* XXX/YYY" show therelative ac-dc transfer
difference of XXX with respect to YYY. The data specified as“ 10V01(3V)/(10V)" represent
the voltage dependence of 10V01 measured using the FRDC source. The values specified as
“ZZZ by PTB” represent the calculated ac-dc transfer difference of ZZZ with respect to the

standard of PTB.
Date 1kHz 20kHz 100kHz 1MHz
TO4R11(10V) by PTB 1992 Feb. 11 12 -0.3 -61.1
1993 Apr. 0.6 0.1 -23  -644
1995 Dec. 0.8 0.5 -15 -110.2
T04R11(10V) by PTB  (average) 0.83 0.60 -1.37  -7857
10V0L/TO4R11(10V)  1995/10/16 -0.02  -0.19 -0.04 36.88
10V01(3V)/(10V) 1995/10/21 0.49 0.49 0.49 0.49
10vV01(3V) by PTB 1.30 0.90 -092 -41.20
MJTC#4/10V01(3V)  1995-10/24 -0.16 1.09 892 14474
MJTC#4 by PTB 114 1.99 8.00 103.54
(in ppm)
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pendence of 10V 01 between 3V and 10V. The voltage de-
pendence was measured using the FRDC source. Theval-
ues specified as“10V01(3V) by PTB” represent the calcu-
lated ac-dc transfer difference of 10V 01 with respect to the
standard of PTB. The data specified as “MJTC#4/
10V01(3V)" show the relative ac-dc transfer difference of
the M JTC#4 with respect to the 10V 01 measured a 3V. Since
the MJTC#4 has a type-GR874 connector, and the 10V 01
usestype-N connector astheir input, aspecia tee connector
made by PTB wasused. The connector was offered from the
PTB for the CCE comparison. Finally, the values specified
as“MJTCH4 by PTB” represent the calculated ac-dc transfer
difference of MJT C#4 with respect to the standard of PTB,
calibrated viathe primary standard of ETL (T04R11).

9. 3. 2 Uncertainty

The uncertaintiesin the cdibration of the traveling stan-
dard (MJTC#4) are summarized in table 9.3. The TO4R11
has been calibrated by PTB with the k=2 confident level of 2
ppm (1kHz), 2 ppm (20kHz), 3 ppm (100kHz) and 30 ppm
(IMHz), respectively. In the table, the values listed in
“T04R11(10V) by PTB” represent the uncertainty (1o-
equivalent) for the calibration by the PTB. Thevaueslisted
in*“10V01 by TO4R11(10V)” represent the uncertainties as-
sociated with the comparison of the 1001 and the TO4R11
at 10V. Eachvalueiscaculated asthe RSS of type A com-
ponent and type B component of the measurement uncer-
tainties. The values“10vV01(3V)/(10V)” represent the un-
certainties associated with the evaluation of the voltage de-
pendence of 1001 between 3V and 10V. Thevdueslisted
in“MJTC#4 by 10V01(3V)" represent the uncertainty asso-
ciated with the comparison of the MJTC#4 and the 10V01 at
3 V. Finally, the uncertaintieslisted in “MJTC#4 by PTB”
are the total uncertainties calculated as the RSS of the four
sources of uncertainties described above.

The type-A uncertainties were determined by measured
standard deviation of the 10 sets of measurement sequence
[AC, DC(+), DC(-),AC]. Thesourcesof type-A uncertainty
are asfollows;

(a) Instability and noise of the voltage source.

(b) Thermal noise due to the output impedance of the

thermocouple.

(¢) Input-equivalent noise of the detector (Keithley 182).

(d) External noiseinduced in the input or output circuits

of theTC.

The sources of type-B uncertainty, as described in sec-
tion 3.3, are asfollows;

(e) Frequency characteristic of the TC-input circuit.

(f) Effect of external noise.

(g) Temperature drift of thermal converters.

(h) Non-linearity of DVMs.

(i) Effect of the off-time.

In the case of measurement for CCE comparison, the to-
tal type-B uncertainty was eval uated to be 0.3 ppm, 0.3 ppm,
0.6 ppm, and 5 ppm, at the test frequencies 1 kHz, 20 kHz,
100 kHz, and 1 MHz, respectively. ThetypeB uncertainties
for the voltage dependence using the FRDC source are de-
scribed in section 8.4.

9. 4 Measurement based on FRDC

The‘intringc’ or ‘frequency-independent’ ac-dc transfer
difference of athermal converter results from the thermo-
dectric transfer difference. The thermoelectric transfer dif-
ference may be evaduated using aFRDC source, as described
in previous chapters. At the testing frequency of 1 kHz, at
which both the low-frequency effect and the high-frequency
effect become negligibly small, the ac-dc difference of the
traveling standard can be evaluated by the FRDC method
with an accuracy of 0.1 ppm level.

Table 9.3 The uncertainties in the calibration of the traveling standard (MJTC#4) using the primary
standard of ETL (TO4R11). Thetotal uncertainties are calculated as the RSS of each uncertainty.

1kHz 20kHz 100kHz 1IMHz

TO4R11(10V) by PTB 1.00 1.00 1.50 15.00

10v01 by TO4R11(10V) 0.33 0.34 0.62 5.00
Type A 0.14 0.16 0.14 0.12
TypeB <0.3 <0.3 <0.6 <5.0

10VO01(3V)/(10V) 0.31 0.31 0.31 0.31
Type A 0.08 0.08 0.08 0.08
TypeB <0.3 <0.3 <0.3 <0.3

MJTC#4 by 10vV01(3V) 0.44 0.52 121 5.44
Type A 0.32 0.42 1.05 215
TypeB <0.3 <0.3 <0.6 <5.0

MJTC#4 by PTB 1.18 122 2.05 16.73

Values represent one standard deviation in ppm.
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At thetest frequencies of 20 kHz, 100 kHz, and 1 MHz,
the ac-dc transfer differences are dominated by the high-fre-
quency effect due to skin-effects, dielectric loss, and leakage
inductance and capacitance in the input circuit of athermal
converter. Hence, the high-frequency-standard TV C (HF-
TVC) has aso been used as areference standard. The struc-
ture and the frequency characteristic of the HF-TVC are de-
scribed in section 2.4.

9. 4.1 Measurement

The schematic diagram of the cdibration isshown in fig-
ure9.2. Atthetest frequency of 1 kHz, the ac-dc difference
of the MJTC#4 was directly evaluated using a FRDC source
(SN95A007). The FRDC-DC difference of the MJT C#4 was
measured to be less than 0.1 ppm, as listed in the data
“MJTC#4 by FRDC".

At the test frequencies of 20 kHz, 100 kHz, and 1 MHz,
the HF-TV C was used to determine the frequency character-
igtic of the ac-dc transfer difference. Since the MJTC#4 has
atype-GR874 connector which does not match with the type-
N connector of the HF-TVC, the 10V 01 was used as an in-
termediate standard. The comparison between the 10V 01
and the MJTC#4 was carried out using the special tee con-
nector made by PTB.

The results of the evaluation are summarized in table
9.4. Inthetable, the data specified as“HF-TVC” represents
the calculated value of HF-TV C (#393). The data specified
as" Fdep(10VOY/HF-TVC)” show thefrequency dependence
of relative ac-dc transfer difference of the 10V01 with re-
spect to the HF-TVC measured at 3V. Here, the high-fre-
quency effect isassumed to be zero at 1 kHz for both the HF-
TVC and the 10V01. Thedataspecified as*Fdep(MJITC#4/
10v01)” show the frequency dependence of relative ac-dc
transfer difference of the MJTC#4 with respect to the 10V 01
measured at 3V. Though the high-frequency effect of
MJTC#4 is estimated to be lessthan 0.1 ppm at 1 kHz, re-
sidual effect was evaluated using a curvefitting of the data

around 1 kHz, assuming a linear frequency dependence of
MJTC#4 around 1 kHz. Using the assumption that the high-
frequency effect of 10V 01 is much smaller than MJTC#4,
the residual high-frequency effect of MJTC#4 was evalu-
ated as 0.05+0.01 ppm at 1 kHz. At higher testing frequen-
cies (20 kHz, 100 kHz, 1 MHz), the data represent measured
relative ac-dc transfer difference of the MJT C#4 with respect
to the 10VO1.

Combining the high-frequency effects and the thermo-
dectric effects, the ac-dc difference of the traveling standard
was determined, as shown inthelist “MJTC#4 by ETL”.

9. 4. 2 Uncertainty
The uncertainty associated with the measurements are
summarized in table 9.5. Thevalueslisted in “HF-TVC”

FRDC

Thermoel ectric Transfer Difference

MJTC4

Frequency Dependence
HF-TVC 10vol

Figure 9.2 The schematic diagram of the calibration
using FRDC and HF-TVC. The frequency independent
ac-dc difference of the MJTC#4 was evaluated using a
FRDC source. The HF-TVC was used to determine the
frequency characteristic of the ac-dc transfer difference
at the test frequencies of 20 kHz, 100 kHz, and 1 MHz
Since the MJTC#4 has a type-GR874 connector which
does not match with the type-N connector of the HF-TVC,
the working standard (10V01) was used as an
intermediate standard.

Table 9.4 The result of the calibration of the traveling standard (MJTC#4) using the FRDC
method and a HF-TVC. The data specified as* Fdep(XXX/YYY)” show the relative frequency
dependence of XXX with respect to YYY. The data specified as* MITC#4 by HF-TVC” represent
the frequency dependence of MJTC#4 evaluated by the HF-TVC. The data specified as
“MJTC#4 by FRDC" represent the frequency-independent part of ac-dc difference of MIJTC#4

evaluated by the FRDC method.

Date 1kHz 20kHz 100kHz 1MHz

HF-TVC 0.00 0.00 0.08 7.70
F-dep.(10VOUHF-TVC) 1995/10/25 0.00 -0.07 -0.02 -34.65
F-dep. (MJTC4/10V01) 1995/10/24 0.05 1.30 9.13 14494
MJTC#4 by HF-TVC 0.05 1.23 9.19 117.99
MJTC4# by FRDC 1995/10/20 0.00 0.00 0.00 0.00
MJTC#4 by ETL 0.05 123 9.19 117.99

(in ppm)
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Table 9.5 The uncertaintiesin the calibration of the traveling standard (MJTC#4) using the FRDC
method and a HF-TVC. Thetotal uncertainties are calculated as the RSS of each uncertainty.

1kHz 20kHz 100kHz IMHz

MJTC#4 by FRDC(3V) 0.30 0.30 0.30
Type A 0.04 0.04 0.04 0.04
Type B <0.3 <0.3 <0.3 <0.3

HF-TVC(calculation) 0.10 0.10 7.70

F-dep.(10VOL/HF-TVC) 0.74 5.02
Type A 0.41 043 0.44
TypeB <0.3 <0.6 <5.0

F-dep. (MJTC#4/10v01) 0.01 1.26 5.45
Type A 0.55 111 2.18
TypeB 0.01 0.13 0.60 5.00

MJTC#4 by ETL  0.32 150 10.69

Values represent one standard deviation in ppm

Table 9.6 Summary of calibration for the traveling standard by ETL. Values in the upper column
represent the result of calibration using the primary ac-dc transfer standard of ETL (T04R11) which
has been calibrated by PTB. Valuesin the lower column represent the result of calibration using a

FRDC source and a HF-TVC developed at ETL.

Freguency 1kHz

20kHz

100kHz 1IMHz

Cadlibrated by
TO4R11
(Ref. PTB)

1.1+ {2

2.0+ 12

8.0+ 2]0 103.5+ 16.7

Calibrated by
FRDC
& HF-TVC

0.1+ Q013

1.2+ QI8

9.2+ 15 118.0+ 10.7

The uncertainty represent one standard deviation in ppm.

represent the uncertainty in the frequency characteristic of
the HF-TVC (#393), asevduated in section 2.4. Thevaues
listed in “Fdep(10VOLHF-TVC)” represent the uncertainty
associated with the evaluation of high-frequency effect of
the 10V 01 using the HF-TV C(#393) as the reference stan-
dard. Each vaueiscalculated asthe RSS of type A compo-
nent and type B component of the measurement. The uncer-
tainty dueto the use of N-P plug asthe part of tee connector
was estimated to be less than 0.1 ppm at 100 kHz and less
than 1 ppm at 1 MHz. Since the high-frequency effect is
assumed to be zero for both the HF-TVC and the 10V01 at 1
kHz, no uncertainties are attributed to 1 kHz data.

The data specified as“ Fdep(M JTC#4/10V01)" represent
the uncertainty associated with the evaluation of frequency
dependence of the MJTC#4 with respect to the 10V01. The
vaue for 1 kHz represents the uncertainty in the evaluation
of the residud high-frequency effect of MJTC#4 by the use
of curve fitting.

Thevaueslisted in “MJTC#4 by FRDC(3V)” represent

the uncertainty associated with the measurement of FRDC-
DC difference of the MJTC#4 using the FRDC source
(SN95A007) at 3V. ThetypeA uncertainties are calculated
from the 5 sets of 10 times-repeated measurement (total 50
measurement). For the standard deviation of the mean, V5
timesthe RM S of the standard deviation for each set of mea-
surement isused. The main sources of type-A uncertainties,
as described in section 8.4.1, are asfollows;
(8) Ingtability and noise of the FRDC source.
(b) Thermal noise due to the output impedance of the
thermocouple.
(c) Input-equivalent noise of the detector (Keithley 182).
(d) External noiseinduced in the input or output circuits
of theTC.
The sources of type-B uncertainties, as described in sec-
tion 8.4.2 are asfollows;
(e) Memory effect.
(f) Effect of unmatched dummy resistance.
(g) Interference between the SourcesA/B.
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Figure 9.3 Summary of reported values for the CCE international comparison. The
ETL-value, which was not reported to CCE, was added in the figure as a reference. The
ETL-valueis the independent value based on FRDC and HF-TVC.

(h) Diélectric absorption in the TC-input circuit.

(i) Effect of the off-time.

() Temperature drift of TVC.

Each source of uncertainties has been evaluated to be
smaller than 0.1 ppm. The uncertaintieslisted in “MJTC#4
by PTB” represent the total uncertainties calculated as the
RSS of the six sources of uncertainties.

9.5 Summary

The traveling standard was calibrated using the two in-
dependent basis;

(8) The primary ac-dc transfer standard of ETL cdibrated

by PTB.

(b) A FRDC source and aHF-TVC developed at ETL.

Intheformer method, the ac-dc difference of MJTCswas
estimated by a calculation using a mathematical modeling.
In the latter method, the thermoelectric transter difference
was determined experimentally.

As summarized in table 9.6, the results obtained by the
two methods have agreed within their uncertainty. Theagree-
ment at 1 kHz confirmed the feasibility of FRDC method as
abasisfor ac-dc transfer gandard, and the agreement at higher
frequency confirmed the correctness of the evaluation of high-
frequency characteristic of the HF-TVC. In addition, the
agreement al so assures that the ac-dc comparator of ETL has
been operating properly.

In January 1996, three months after the completion of
the measurement for the CCE international comparison, ETL
decided to stop maintaining the primary standard, and the
results of the measurements at ETL were not reported to the
CCE. Nevertheless, according to the summary of reported
valuesissued by PTB[44], the two values for the MJTC#4
measured at the ETL have agreed with the values reported
by the other countries, as shown in figure 9.3. The agree-
ment confirmsthat ac-dc transfer standard of Japan had been
in accordance with that of the other countriesat 1 ppm level.
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