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Po3eumox emanonie Ha 0CHO8I K8AHMOBUX echexmis, 30Kpema cum-
me3amopis 3MiHHOT Hanpyeu, NOKU W0 He 00360J1€ BUHAMAMU MEMPO-
JI02IMHI XAPAKMEPUCMUKY 3AC00I68 BUMIDIOBAHHS 3MIHHOI Hanpyau 00
1000 B uacmomoro do 1 MIy. Tomy nopisHanvHull anaiz MiXcHAPOOHUX
36ipets HAUIOHATLHUX eMAJIOHIE 00360.1UE NIOCYMYBAMU MOIHCIAUBOCH
Memponoziunozo 3ade3neuens i3 3acMoCY6aHHAM emasioHie nepemeo-
PeHHst IMIHHOT Hanpyau Y nocmitiny.

IIpogeoeni ananimuuni ma excnepumenmanoti 00Cai0NHCEHHS datOMb
nidcmasy KoHcmamyeamu 6UHAUANGHUIN 6HECOK HAUIOHAILHUX MEMmPO-
JI02IMHUX THCMUMYmMie Y POPMYBAHHA CYHACHOZ0 PIBHS eKBI8ATIEHMHOCMI
emanonie nepemeopents 3minnoi nanpyeu y nocmiiny. Iopienanvruii
ananiz 00cAa2HYmoi nposiOHUMU HAUTOHATLHUMU MEMPOTLOIMHUMU THCHIU -
mymamu HeeUIHAMEHOCHI] BUMIPIO8AHL 00360JIUE GUOLIUMU HALIMOYHI-
WUl Mun mepmonepemeopiosaua Hanpyeu Ha 0CHOGL Cepii NOCaiI006HO
3’conanux mepmonap. Taxuii 3acié 6umiproanis 00360J1€ 6UMIpIOGamMu
PI3HUUI0 NepemBOPeHHs 3MIHHOI HaNpYau Y NOCMILIHY 3 HEBUIHAMEHICMIO
Menwe 1 mxB/B y neenux mouxax dianazony.

Posensd moxcaueocmeti mpancnopmosanux emasionié 3adesneuy-
eamu cmaobinvHe 6i0MEOPEHH PIZHUYT NEPEMBOPEHHSL IMIHHOI HANPY-
2u Y nocmitiny 3ac6i0MUE Nepesazy mepmonepemeopo8aia nonepeoHso
8103HA1eH020 Muny 6i0HOCHO THWUX 3ACMOCOBAHUX Y 36IPEHHAX 3ACO-
oie nopienanns. Pospaxynox xoedivicumie cmaoinvrnocmi ons ema-
JIOHIG PI3HUX MUNié NOKA3Aé NPUOIU3HO 060PA306Y Nepesazy Mmepmo-
nepemeopioéaxié Ha 0CHOGI mepMonapu npomu 6azamoodianaszoHHux
mepmoxomMnapamopie Ha O0CHOBL CEHCOPY CepeoHbOKBAOPaAMUUHOT
Hanpyeu. Pezynvmamu posensnymux 36ipenv noxazanu 6iocymmicmo
nepeeazu 0yoo-aK0i 3 BUKOPUCMAHUX TAOOPAMOPIAMU CXEM BUMIPIO-
8aHHsl, OCKINbKU He BUABTEHO 36 A3KY MIJC 3A516J1€HOI0 HEGUIHAMEHICMIO
BUMIPIOBAHHS T CXEMO10.

Pesyavmamu oyintoeanns 6naugy uacmomu 6xioHOi Hanpyeu Ha
Koegiyienm nepedasanns 3acodié KOMNApPYEaHHs 3MIHHOL U nocmii-
HOi Hanpyau 060X Munie 0aromsv NIOCMALY 3HEXMYEAMU KOPULYBAHHAM
6HECKY Ub020 Oxcepesa HesusHaueHocmi. 3anpononosanuii nioxio 0o
BUMIPIOBAHHA PI3HUUE NEPeMEOPeHH IMINHOT Hanpyau Y nocmilny 3i 30e-
PEHCEHHAM 36 A3KY 3 NPAMUM BUIHAUEHHAM 00360.15€ GLIbUL 00CMOBIPHO
OUIHIOBAMU 110 MEMPOII02IMHY XAPAKMEPUCIUKY 6 084 COCOOU

Kaniouosi cnosa: 36ipenns, mepmonepemeoprogau nanpyeu, nepe-
MEOpeHHs Hanpyeu, MpParcCnOPpmMoeanull emanomn, He6UIHAUEeHICMb
BUMIPIOBAHHS
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1. Introduction

With the introduction of the scientific discovery of the
Josephson Effect into the applied metrology, the research-
ers reached the quantum accuracy of reproduction of a
direct voltage of up to 10 V [1]. Such reproduction systems
have a good capability for metrological support of solid
state DC voltage standards, for example, on the basis of Ze-
nner’s diode, with an uncertainty of measurements (UM)
less than 1 pV/V. In order to improve the operational prop-
erties and implementation in a wider use by many laborato-
ries, experts continue to search for sources of uncertainty
and ways to reduce these sources [2]. In recent years, the
validation of the engineering design development of the
standards on the basis of the mentioned quantum effect has
been performed. It showed the level of equivalence of the
two standards with different methodological approaches at
the level of 10 nV/V [3].

The possibilities of using standards based on the Joseph-
son Effect are not limited to direct voltage. Also, high-pre-

cision synthesizers of periodic signals for 1 V voltage have
been created, the urgency of which is due to the presence of
a huge number of precision meters of the alternating voltage
[4]. The results of the comparison of two standards of the
alternating voltage unit on the basis of the quantum effect at
1 V voltage at a frequency of 100 Hz, when a level of equiva-
lence of less than 0.1 uV/V was achieved, have been recently
published [5].

To date, in the field of high-precision measuring of alter-
nating voltage, the persistent work on improving the metro-
logical support of a higher level continues. The current sum-
mary of this work shows the relevance of the use of precision
voltage converters as the basis of national standards (NS)
for the vast majority of countries [6]. The range of amplitude
and frequency of reproducible voltage synthesized by appa-
ratuses based on the Josephson Effect does not allow them
to be used for metrological support of the entire spectrum of
measuring instruments (M1) of the alternating voltage. As a
result, international key comparisons of such standards have
not been carried out by this time.




More than a quarter of the century has passed from the
beginning of defining and comparing the calibration and
measurement capabilities (CMC) of the national metrolo-
gy institutes (NMI) from different countries of the world
with the help of thermal converters. This process began
with the comprehensive reporting of the Australian and
German NMIs in the mid-90s of the last century. During
this time, six international key comparisons were carried
out (designation K6.a). They were coordinated within the
framework of the projects of the Consultative Committee
for Electricity and Magnetism (CCEM) of the Interna-
tional Committee for Weights and Measures (CIPM) and
the Regional Metrology Organizations (RMO) — SIM,
EURAMET, COOMET, and APMP. At this time, the lead-
ing, most technically and economically developed countries
were able to achieve the degree of equivalence of NSs at the
level of several tenths of uV/V [7].

The three fundamentally different types of thermal
converters were used as a travelling standard. Single-junc-
tion voltage thermal converters based on one thermocouple
(SJVTC) have a low level of an output signal, and by this
time are still used in many calibration laboratories [8]. Pla-
nar multi-junction thermal converters (PMJTC), consisting
of connected in series thermocouples, have a more conve-
nient output signal to measure [9]. Finally, the multi-range
thermal comparators are based on the use of a sensor of the
input root-mean-squared (RMS) voltage and have the high-
est magnitude of the output signal and the least expressed
short-term drift [10].

2. Literature review and problem statement

Nowadays, more than 50 countries of the world have
declared and confirmed during the audit and international
comparison their CMCs in the field of the alternating volt-
age measurement [11]. This calibration service of the highest
precision provides metrologically three categories of MIs in
the directions: AC voltage ratio; measurement and reproduc-
tion of alternating voltage; direct and alternating voltage
transformation (AC/DC voltage transfer).

The latest scientific and engineering developments in
the field of precision measuring of alternating voltage using
the quantum effect ensured the ability to measure alternat-
ing voltage with magnitude from 0.1 to 7V and frequency
from 1 to 500 Hz with standard uncertainty from 0.2 to
8 uV/V [12]. Determination of the metrological character-
istics (MC) of the thermal converter was performed using
a Josephson alternating voltage synthesizer and a buffer
amplifier, and the level of the measurement results (MR)
concordance with the traditional standard did not exceed
1 uV/V [13]. The results of the first bilateral Dutch-Cana-
dian comparison of Josephson alternating voltage standards
in the range from 12 to 100 mV in a frequency range from
2.5to 100 kHz were published in 2012, and it showed a level
of equivalence of 1 pV/V [14]. Specialists from the Swiss
NMI studied the possibility of determining the AC/DC
voltage transfer difference of the thermal converter using
a Josephson alternating voltage synthesizer in the range
from 0.1 to 1 V at a frequency of 1 kHz. At this time, it was
possible to achieve measurement uncertainty, which did not
exceed 1.2 pV/V [15].

Despite the significant progress in such developments,
the use of non-quantum measurement methods for alter-

nating voltage does not cease to be actual. Comparison of
the methods of calibrating the source of the alternating
voltage from 0.5 to 5 V in the frequency range from 0.001 to
100 Hz confirms the possibility of reaching UM at the level
of about 1 uV/V [16]. Among the methods, which provide
the metrological support of the MIs in the widest range of
voltage and frequency, comparing the output signals using
the voltage thermal converter is the most widespread. Such
standards are an important link for ensuring the metrologi-
cal traceability of the MRs of the alternating voltage to the
Josephson’s constant.

Just the thermal converters were chosen to compare
the CMCs of the NMIs in the field of measuring the alter-
nating voltage in order to achieve the highest level of MRs
concordance [7]. The experimental part of the CCEM-K6.a
key comparison was completed in 1999, and the reference
value was determined with UM of 0.4 uV/V at a frequency
of 1 kHz and 6.7 pV/V at a frequency of 1 MHz. At the same
time, the maximum UM of the degree of equivalence was
2.7 uV/V at a frequency of 1 kHz, and 100 uV/V at 1 MHz.
During the comparison, two travelling standards were re-
placed due to damage, all of them were multi-junction ther-
mal converters based on the thermocouple.

The second largest by a number of participants was the
comparison in the Pacific region from late 2000 to almost
2004, and the results were linked to the first key compar-
ison. UM of the deviation from the reference value of the
first comparison was 9.0 uV/V at a frequency of 1 kHz and
79.1 uV/V at a frequency of 1 MHz. At this time, a sin-
gle-junction converter based on the thermocouple was used
as a travelling standard [17].

In this comparison, the Fluke 792A precision thermal
comparator, manufactured in the USA, on the basis of an in-
put voltage RMS-sensor was chosen as a travelling standard.
The reference value was calculated with UM of 1.2 pyV/V
at a frequency of 1 kHz and 12.4 pV/V at a frequency of
1 MHz. At the same time, the maximum UM of the degree
of equivalence was 11.3 uV/V at a frequency of 1 kHz and
62.4 uV/V at a frequency of 1 MHz [18].

Another international comparison in this area took place
in 2013-2014 within the framework of the RMO — COOM-
ET project. A single-junction thermal converter based on
the thermocouple was selected as a travelling standard in
this comparison, and the reference value was calculated with
UM of 3.5 uV/V at a frequency of 1 kHz and 31.8 pV/V at
a frequency of 1 MHz. The maximum UM of the degree
of equivalence was 24.3 pyV/V at a frequency of 1 kHz and
51.1 uV/V at a frequency of 1 MHz [19].

Given the differences in the design of the travelling
standards, the question arises of the absence of influence of
this factor on the results of comparisons. The differences in
the complex of applied MIs and methods for determining
the AC/DC voltage transfer difference (AC/DC difference),
which also probably influenced MRs, should be added to
this. Particular interest is aroused by the opportunity to
assess the advantages and disadvantages of using standards
of different design and operating principle.

The analysis showed that the appropriate level of repro-
duced voltage by means of such standards for the metrolog-
ical support of laboratory MIs has not yet been achieved,
despite the significant progress in the development of pri-
mary standards on the basis of the Josephson Effect. Since
the middle of the ’90s of the last century, international
comparisons of NSs still remain the only benchmark for the



assessment of CMCs of a particular country. It is evident
that the study of metrological peculiarities of existing NSs
is actual for today as there are still countries that did not
declare their CMCs in Key Comparison Database (KCDB)
[11]. In addition, the transfer of an alternating voltage unit
through calibration laboratories requires the dissemination
of the experience gained by leading NMIs to rectify the un-
certainty budgets for the measurements carried out.

3. The aim and objectives of the study

The aim of the study is the analysis of the results of
international comparisons of many countries in the field of
measurement of alternating voltage and extraction of the
metrological peculiarities of the application of various AC/
DC transfer standards. There is also an urgent need to con-
sider the question of measuring the AC/DC transfer differ-
ence with respect to the generally accepted definition of this
characteristic. In our opinion, the procedure should contain
a description of the method of determining the applied input
voltage.

The following objectives were set to achieve the stated
aim:

— conducting a comparative analysis of the results of
international key comparisons of NSs in the part of the ref-
erence value formation for these comparisons;

— determining the reference thermal converter, by which
it is possible to reach the lowest level of UM in determining
the MCs of other precision thermal converters, and the
travelling standard, capable of providing the best MC for
long-term stability;

— conducting a comparative analysis of methods and
measurement circuits for the determination of the AC/DC
difference at a voltage of 1.5 V or 3 V in the frequency range
from 1 kHz to 1 MHz;

— estimating the influence of the frequency of the input
voltage on the transfer coefficient of a planar type voltage
thermal converter on the basis of the thermocouples con-
nected in series and a thermal comparator based on the
sensor of the input RMS voltage.

4. Methods of studying the comparisons of national
standards and ensuring the correct measurement of the
AC/DC voltage transfer difference

Using comparative analysis, it is advisable to distinguish
NSs of NMIs that played a leading role in the formation of
the reference values of key comparisons, and that defined
independently the values of UMs when researching the
reference thermal converters and that provided the smallest
UMs of MRs. During the analysis, three variants of measur-
ing circuits were worked out, depending on the method of
comparison of output signals of thermal converters. Three
variants of mathematical models were made and the sources
of uncertainty were compared with taking into account the
sequence of the applied voltage. Travelling standards and
stability assessment results were compared, as well. There
was considered NSs modernization between the comparisons
when comparing UMs given by NMIs. Since some NMIs
used different working standards to determine the AC/DC
difference at different frequencies, this was also taken into
account. Besides, attention was paid to the experimental

study of the absence or presence of frequency influence on
the final MR of the output signals of comparable thermal
converters.

When analyzing the measurement schemes of labora-
tories, due to the lack of measuring information about the
input voltage, a question arose about the degree of influence
of the non-ideality of the transformation coefficient of the
thermal converter. The transformation coefficient in the
periodic signal applying depends on the values of the reac-
tive elements of the thermal converter, including parasitic
elements. Since the reactive resistance varies with the fre-
quency change, then the change in the output signal should
not be the same. It is necessary to study experimentally this
aspect to check the hypothesis of a noticeable level of the
frequency impact.

Forming the output signal of the Fluke 5720A calibrator
in the range of values corresponding to the AC/DC differ-
ence change of 1, 5, 10 uV/V, it is necessary to observe the
readout of the Agilent 3458 A multimeter when applying the
input direct or alternating voltage. Also, an attention should
be drawn to the difference in dependencies when applying a
voltage of different frequencies.

The nominal input voltage is 1.5V for the PMJTC pla-
nar type thermal converter manufactured by PTB/IPHT
(Germany). The input voltage for the Fluke 792A thermal
comparator was also selected the same, i. e. 1.5 V. It was cal-
culated that the change in the input voltage to 1 pV/V for a
nominal voltage of 1.5 V is 0.0000015 V, to 5 pV/V is 7.5 pV,
and to 10 pV/V is 0.15 uV. It was decided to observe the
magnitude of the change in the output signal at frequencies
of 1,20 and 100 kHz.

Having determined the relation between the changes in
input and output signals, one can calculate the increase of the
input signal by measuring the output of the thermal electro-
motive force (thermo-EMF), thus ensuring a connection with
the direct definition of the AC/DC difference. Fig. 1 shows the
dependencies on the input voltage for the output thermo-EMF
of the thermal converter on the basis of the thermocouple.
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Fig. 1. Dependence on input voltage of output thermo-EMF
for thermal converter on the basis of thermocouple

It is necessary to consider the sequence of measurement
operations in order to achieve the correctness of the measure-
ment procedure in relation to the generally accepted defini-
tion of the AC/DC difference. At the first stage of one cycle of
determination of the AC/DC difference, measurements of the
output signals of the reference Ej,. and calibrated E ., thermal
converter (points A and B in Fig. 1) are performed when ap-
plying the input alternating voltage V,. of required frequency.



At the second stage, the output signal E,,, is measured when
applying an input direct voltage of a positive polarity (point C
in Fig. 1), and then the same for the negative polarity. Finally,
the direct voltage MRs should be averaged.

The next step is providing such a positive direct voltage
when the output signal E,4 will coincide with E,,. (point D),
simultaneously it is necessary to fix the readout of the Esz.»
output signal meter of the reference thermal converter at
the point E. Then the difference (Vysc0—Vige1) must be calcu-

and ten of them were double-compared, but German NMI
(PTB) — even triple-compared. Since the thermal convert-
ers, which were used during the first key comparison, had
the nominal voltage of 1.5 or 3 V, then the next comparisons
also were with an application of the similar nominal voltage
(four comparisons were with a voltage of 3 V and one — with
1.5 V). The results of the comparative analysis of mentioned
comparisons of the AC/DC transfer standards are summa-
rized in Table 1.

lated taking into account the difference
(Esgc2—Esqcr)- In this case, the AC/DC
difference of the calibrated thermal con-

Table 1

Main characteristics of key comparisons of AC/DC transfer standards

verter must be determined as
Organi- Pilot Travelling Level of NI{/III}piiCtE(if— Traceability
V.. -V zation laboratory standard input/output | to NMI
SX — 65 _ _sdc2 sdel , (1) erence value
Voom NPL, IEN,

' ' 3-d MJTC NRC, NIST, | PTB, VSL,
where 8 is the AC/DC difference of the | o\ PR S pMjTC | 28V/100mV | NPLL - |NIM, VNTIM,
reference voltage thermal converter; V,on pieces 1.5V/100 mV | CSIRO, PTB, | NPLI, NIST,
is the value of the input voltage for de- VSL NRC
termining the AC/DC difference of the (1 MHz)
calibrated thermal converter. APMP NMIA SJTVC holt 4V (3V)/7 | NMIA, PTB, II\I\II\I\/flIIAYI\P;gI}?,

An alternative approach for determin- model 11 mV (4 mV) NMIJ NJ};LI '
ing the AC/DC difference with respect
to the direct definition requires an addi- SIM 1 CENAM | Fluke 792A 3V NISI;{’IIT\IIRC’ PTB
tional measurement of the input direct

. SIM 2 INMETRO| PMJTC 180-3 | 1,5V/86 mV LNE PTB

voltage and corresponds to the following
sequence of operations. In this case, the EURAMET| PTB Fluke 7924 3V PTB' ' PTB
reference thermal converter must be pre- | cOOMET | UMTS  |SJTVC PNTE-6| 3V/5my | AllPartic fprp iy
viously calibrated with the help of sources pants

of the alternating and direct voltage with
UM of several tenths of pV/V. In the first stage of one mea-
suring cycle, two signals of the output thermo-EMF of the
reference and calibrated thermal converters are measured for
the given input alternating voltage of the required frequency
(points A and B in Fig. 1). After that, the voltage Vi1 is
applied and its value must be measured in the center of the
tee-connector, as well as the output signal Egq of the refer-
ence thermal converter (point C in Fig. 1) which should be
equal Ey,. Further, the direct voltage Vi is applied so that
the output thermo-EMF of the calibrated thermal converter
would be equal to the value at point B and the value of the
input voltage must be noted.

After eliminating the drift of the output signal of the
thermal converter, the AC/DC difference can be calculated as

Vi (A1+38)
V

xde

8, = 1. 2)

Thus, both of the above-discussed approaches for deter-
mining the AC/DC difference allow us to provide a connection
with the direct definition of this characteristic. The only dif-
ference is that in the first variant multiple investigations of the
transformation coefficient during maintenance are required,
and in the second — the measurement of the input voltage.

5. The main results of the study of
the AC/DC transfer standards

5. 1. Research of main characteristics of key compar-
isons

The six key comparisons were conducted from 1996
to 2014, with a total number of participants equal to 50,

The pilot laboratories chose the travelling standard and
performed an estimation of its stability. It should be noted
that multi-junction thermal converters were applied for
two times during these six comparisons, the single-junction
thermal converters were used twice, and the Fluke 792A
transfer standard was applied twice. In the case of applying
a single-junction thermal converter, each NMI had to pay
particular attention to ensure the resolution (at least 1 nV)
of the meter of the low-voltage output signal to reduce UM
of this factor.

For all comparisons, the measurement of the AC/DC
difference was performed in accordance with its direct defi-
nition that requires applying the input voltage in the center
point of the contact tee-connector. The impact of the input
tee-connector on MR was estimated and this value was used
as an adjustment for NMI results depending on the applied
device in the second comparison [17].

Regarding the reference value, at least one NMI was
chosen for a calculation of this value in each key comparison
in the way where UM of NMI provided a significantly lower
level than the other NMIs. It is important that the reference
thermal converter must have an absolute independent im-
plementation. According to these features, the data of eight
NMIs were used in the first comparison and in the second and
in the third comparisons the number of such NMIs was equal
to three for each one. The data of NMIs, which participated
in the first comparison, were used in bilateral comparisons
to determine the reference value in order to link the results
to the first comparison. It was decided to use the data of all
NMIs during the comparison which was conducted in the
framework of COOMET project. The linking of MRs to the
first comparison was carried out through the data of VNIIM
(Russia) which also participated in the first comparison [19].



The metrological traceability of all participants can be
divided into ten directions to ten NMIs (Table 1). Moreover,
nine NMIs participated in the first comparison. Thus, at this
stage of the analysis one can distinguish the nine leading
laboratories of the world in the first approximation. These
laboratories have reached the highest accuracy and confi-
dence in calibration capabilities and external recognition
due to obtaining the AC/DC difference value by the NSs of
the less experienced laboratories of other NMIs.

A more meticulous analysis allows us to distinguish the
main laboratories among the nine leading NMIs in the direc-
tion of measurement of the alternating voltage. According to
the results of the analysis, one could conclude about the pre-
vailing contribution of the four following laboratories in the
formation and determination of the reference value and the
linking of MRs of the comparisons around the world: NRC
(Canada), NIST (USA), NPLI (India) and PTB (Germany).
The leading positions of these NMIs were provided, first of
all, due to the application of relatively independent AC/DC
difference standards that were implemented by these labora-
tories earlier than other labs. But it is not worth considering
these achievements of the NMIs only from the technical
point of view because the personnel’s scientific potential of a
particular laboratory plays a prominent role in the develop-
ment of the standard base of each NMI.

The AC/DC standard can be considered to be a relative-
ly independent one in the case of applying the research data
of other organizations during the implementation of this
complex of MIs. Examples of such partially independently
created standards are NSs of metrology laboratories of IEN
(Italy), NPL (United Kingdom), CSIRO (Australia) and
NIST (USA). The developments of NRC, NPLI, and PTB
can be considered to be fully independent AC/DC transfer
standards. These laboratories have their own standards
across the whole working range with some degree of external
organization participation during standard creation. NIM
(China) and VNIIM (Russian Federation) were not chosen
as the core NMIs. The reason for this was a significant UM,
a presence of significant deviation of the results when com-
paring or an absence of MRs.

Taking into account the number of items of reference
thermal converters developed and manufactured with the
direct participation of PTB, one can consider the German
NMI as an undisputed driver of the formation of a modern
level of equivalence of NSs all over of the world [7]. When
calculating the results of the first comparison obtained by
the laboratories that worked with the MJTC4 and PMJTC
230 type of the thermal converters, the values proposed by
PTB were taken as the basis of the highest confidence with
the consent of the participants of the comparison.

5. 2. Measurement accuracy of comparison in deter-
mining AC/DC transfer difference of different types of
thermal converters

The several leading NMIs that participated in more than
one key comparison and provided significantly less UM than
the other labs were selected for comparing. First of all, it was
PTB (took part in the three comparisons), NRC and NIST.
It is advisable to add NMIA (Australia) [20] and INMET-
RO (Brazil) to these three NMIs. The latter labs improved
their own NSs and significantly enhanced the standard com-
plement and UM. It is also advisable to add LNE (France)
and TEN as NMIs that used more sophisticated methods
based on bridge measurement schemes.

Comparing the MCs of travelling standards was made
using the values of UM indicated by NMIs in the key com-
parisons reports. Comparing the UM achieved by the indi-
cated NMIs, one can conclude about the degree of suitability
of a specific type of thermal converters for use as a working
standard for the determination of MCs. UM of the results
of the AC/DC difference determination of the travelling
standards, chosen from the reports for the indicated NMIs
depending on the frequency, are given in Table 2.

Table 2

Measurement uncertainty of results of AC/DC difference
determination of travelling standards

Nwr | Travelling oyl o0 ki | 100 kiz | 1 MHZ
standard
NRC 0.4 1.2 2.0 13.0
NIST 0.9 1.3 2.0 21.0
PTB 0.4 1.0 2.0 24.0
NMIA | PMJTC 15 2.2 46 24.0
INMETRO 2.2 2.2 5.1 12.1
IEN 0.6 08 2.0 13.0
INE 1.0 2.2 46 41.0
NRC 1.2 2.8 7.2 17.0
NIST 3.2 3.2 8.5 17.2
PTB Fluke792A 20 20 30 ~
INMETRO 4.0 4.0 5.0 32.0
PTB STC 0.8 08 2.8 25.0
NMIA 0.8 1.9 5.0 18.0

It is seen in Table 2 that the lowest level of UM using
three types of measuring circuits was achieved in determin-
ing the MCs of PMJTC thermal converters. This is probably
due to the fairly high level of an output signal, predictabil-
ity of drift, low level of internal noise, and also due to the
small degree of complexity of the structure of such reference
standards. These aspects allow calculating the MCs of the
thermal converters. However, the question about the rela-
tively high UM for a frequency of 1 MHz, provided by PTB
with the help of the differential measurement method, still
remains.

Unlike the previous type of thermal converter, the Fluke
792A transfer standard has a complex design, internal active
elements that require a separate power source, a higher level
of internal noise and scattering of the output signal. These
circumstances lead to a higher UM in determining MCs of
this MI, even though there is a significantly smaller short-
term drift of this thermal comparator. The decrease of the
level of UM, obtained by NIST, is, perhaps, due to the im-
provement of UM evaluation methodology when using the
reference standard of this laboratory [21].

The change in the reference standard of INMETRO,
as can be seen when comparing the reports of multilateral
North American [18] and bilateral American-European [22]
comparisons is also worth noting. This factor, probably, af-
fected MRs of MCs of the PMJTC thermal converter in the
direction of increasing accuracy. Obviously, the latest NMI
noted the disadvantages of using Fluke 792A or analyzed
CMCs of NMIs of the world and decided to implement the
PMJTC as the reference standard. This circumstance raises
further doubts when taking into account the MRs of this
NMI. However, in spite of this, the latest laboratory received
one and the same level of UM for a frequency of 100 kHz.



With regard to the SJTC, it should be noted that a
work on improving the reference standard of NMIA com-
plicates the formulation of the relevant conclusion. But the
first problem is the low level of the output thermo-EMF
(about 4-5mV), forms additional requirements for the
measurement. The higher accuracy obtained by NMIA in
the second participation should be considered to be a result
of improving the reference laboratory base [20] according
to the results of the first comparison. This is also indirectly
evidenced by the predominant deterioration of UM obtained
by the PTB lab relatively to the first key comparison.

Thus, the comparative analysis showed the possibility
of achieving the lowest level of UM in the application of
PMJTC comparing with other types of AC/DC transfer
standards.

5. 3. Comparison of long-term stability of travelling
standards

In order to analyze the data about the long-term stability
of the travelling standards, one must consider the results
of the repeated determination of the AC/DC difference by
pilot labs of the key comparison.

Such analysis can prove expediency of the implementa-
tion of one or another thermal converter as a part of NS. The
four reports of comparison of AC/DC transfer standards
contain information about the stability of the travelling stan-
dards within a comparison. The results of 14-years studying
MCs of NS of the alternating voltage unit, which have been
kept at SE “Ukrmetrteststandard” (Ukraine) since 2002
[23], should be also used as an information source.

Table 3 summarizes the results of the determination of
stability of the travelling standards of the different types
within comparisons yielded by the pilot labs. The maximum
intervals between MRs fixed during researching the stabil-
ity of the Fluke 792A AC/DC transfer standard, which is a
part of NS of the alternating voltage unit of Ukraine, are also
shown in Table 3.

Table 3 shows that thermal converters based on one
thermocouple or few thermocouples connected in series
have the best stability coefficients. Obviously, the com-
plexity of the process of the analytical evaluation of MCs
of the investigated subject directly depends on the design
complexity. This statement can be applied with regard
to the thermal converters that contain one or more ther-
mocouples. But in the case of a multi-junction item, this
complexity is compensated due to the improvement of the
operating properties, in particular by the increased level of
the output signal. This rule can be spread on Fluke 792A
which consists of a large number of electronic components
inside, and each component has own features of change of
the internal properties for a lasting time. In order to pro-
vide more objective comparing, a calculation of the ratio of
the maximum interval between MRs to UM was yielded in
a stability estimation of the travelling standards, since UM
of the pilot labs varies (ten times as much in some points). A
range of the received values of the stability coefficient was
divided into two areas, and the relative numbers for each
area points were defined (Fig. 2).

It is shown in Fig. 2 that all of the stability coefficients of
Fluke 792A get the value at the range above 0.375, and the
stability coefficients of the thermal converters based on the
thermocouple were allocated as follows: 58.3 % are within the
area before 0.375, and 41.7 % are within the area above 0.375.

Table 3
Results of determination and analysis of stability of travelling
standards
MC value depending
NMI’ travele Characteristic on frequency
ling standard
1 kHz|20kHz| 0,1 MHz | IMHz
Maximum inx
terval, uV/V 0.3 0.3 0.8 4.0
PTB, PMJTC | UM, uV/V 0.4 1.0 2.0 24.0
Stability | 25 | 030 | 040 | 047
coefficient
Maximum inx
S terval, pV/V 3.8 2.5 5.0 27.0
Fluke 792A UM, HY/V 6.0 6.0 8.0 38.0
Stability 1 63 | 042 | 063 | 071
coefficient
Maximum inx
terval, iV V 0.3 1.0 0.5 5.5
NMIA, SJTC | UM, uV/V 0.8 1.9 5.0 18.0
Stability | 55 | 053 | 040 | 031
coefficient
Maximum inx
NMETRO terval, pV/Vv 0.3 0.4 0.3 6.1
PMJTC UM, HY/V 2.2 2.2 5.1 121
Stability 1 44| 018 | 006 | 050
coefficient
Maximum inx
2.9 - 5.0 20.6
SE “Ukrmetr- | terval, uV/V
teststandard”, | UM, uV/V 4.8 - 11.4 53.8
Fluke 792A cabilit
Stability | 65 | _ 059 | 045
coefficient
Frequenc
- quency )
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0.6 & B8
¥ e
044 L 4 B .7 3
0375 iy
0.2 1 i
=
wn
0

1kHz 20kHz 0.lMHz 1MHz
PMITC or SJTC 4 Fluke 792A

Fig. 2. Travelling standards stability coefficients comparing

Thus, the analysis of the results of defining the stability
of the thermal converters of a different design has shown a
significant superiority of the thermal converters based on
the thermocouple regarding this MC.

5. 4. Comparison of methods of measuring AC/DC
transfer difference

In order to compare the methods of measuring the AC/
DC difference, it is necessary to consider variants of the
measurement schemes used during the NS comparison. One
can distinguish three methods indicated in [7]: differential
measurement; 2-channel measurement; measurement using
equilibrium bridge circuits.

Fig. 3 represents a diagram of the method of differential
measurement, where the designations are: TVCg is a refer-
ence thermal converter; TVCy is an investigated thermal
converter.
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Fig. 3. Differential measurement method

If a measuring circuit is used for measuring the differ-
ence between the output signals of the thermal converters,
then UM of this difference arises. The functional relation-
ship will look like

— AEdc+AV1+(dX _dS)_AEaC_AVZ

)
¥ Esdc+AV1 +d5

3

where AE, is the difference between the output signals of
the reference and the investigated thermal converters during
applying the input alternating voltage of the required fre-
quency; AE,. is the difference between the output signals
of the reference and the investigated thermal converters
during applying the input direct voltage; Ays, Ays are the
corrections to the readout of the direct voltage meters; dy,
ds are the drifts of the output signals of the reference and
the investigated thermal converters during the time between
measurements.

In this method, it is necessary to take into account
the readout corrections of the meters when measuring the
output signal of the reference thermal converter and the
outputs difference, since the values measured have an abso-
lutely different order of magnitude. An additional deviation
occurs in the case where the transformation coefficients and
the degree of dependence of the output thermo-EMF on the
input voltage of the comparable thermal converters differ no-
ticeably. This is due to the disproportionate increase in the
output signals (for example, when the degree of dependence
of the reference thermal converter ng is equal to 2, and for
the investigated thermal converter ny is equal to 2.3). If the
working standard has a small AC/DC difference, then one
can ignore the specified additional deviation in the dispro-
portionate increase in output signals.

Fig. 4 shows a diagram of the 2-channel measurement
method.
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Fig. 4. 2-channel measurement method

If multimeters are used, and one of these MIs measures
one and the same voltage value, then the readout corrections
of the multimeters are not required in determining the AC/
DC difference, since these corrections are reduced both in
the numerator and in the denominator. UM due to the read-
out scattering of the multimeter occurs in any case, and the
functional relationship will look like

— Esac +AV1 Exac+AV2
x Esdc+AV1 +dS Exdc+AV2+dX .

%)

The equation (4) may not contain the drift components
because of excluding these characteristics after the measure-
ments, and the readout corrections can be excluded from the
above expression.

A more sophisticated method for determining the AC/
DC difference is used by NMIs in the application of the
bridge schemes. Fig. 5 shows the features of the measurement
method with the use of the bridge scheme on the example
of the system of the automatic comparison implemented at
LNE [24].
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Fig. 5. Method with the use of bridge equilibrium circuits

Analyzing and transforming the scheme of Fig. 5 with
the application of methods based on Kirchhoff’s laws for
calculating electrical circuits, one can obtain a set of mathe-
matical expressions. It is necessary to convert Ryq2, Rgo0, and
Ry, (internal resistance of the voltmeter V,) with the star
connection into the triangle for the analytical determination
of the potentials at the connection points of the voltmeter V5.
In this case, the values of equivalent resistance Ry, Ry, R3 are
determined by expressions

Rd12 'RVd

R1 = - (5)
Ry + Ry + Ry
= Ryy Ry : (6)
Ry + Ry + Ry
R,-R,,
= Vd d22 (7)

Rd12 +RV(1 +Rd22

After such a transformation, forming a system of equa-
tions according to Kirchhoff’s laws, one can obtain the
following three equations with three unknowns and seven
input quantities in accordance with Fig. 5.

E,=I;,(R,,+R,+R)+I;-R); ®)
V=I;-(R,;+R,+R)+1; R, 9)

AV=I,-R+I,-R, (10)
where I, Iy are the values of the currents through the resis-
tances Ryi1 and Rgoy, respectively; V; AV are the readouts of
the voltmeters Vi and Vs, respectively; Ex is the value of the
output thermo-EMF of the calibrated thermal converter.

For the final determination of the AC/DC difference,
one has to use, as usual, an expression

1 E

6 __ xac
x = .
n nE,+d,

(1



There are additional sources of uncertainty of the bridge
circuit resistance values in this method. Another question is
related to the device for measuring the absence of a potential
difference in the bridge circuit. If the galvanometer detects
zero with an uncertainty of less than 1 nV, then its contribu-
tion is much smaller than the previous measuring circuits.
However, UM due to the other voltmeter remains and the
advantages of such a measuring circuit are lost in the evalu-
ation of the combined UM, as can be seen by the data of the
comparison [7]. The combined UM in the application of the
method based on the bridge measuring scheme is not lower
as can be seen by the data in Table 2.

Consequently, the next conclusion is that there is no
advantage of any of the three measurement schemes used by
different NMIs during the comparison.

5. 5. Investigation of transformation coefficient in-
fluence

Measurement information on the degree of the transmis-
sion coefficient influence on MR of the AC/DC difference
was obtained for the values of this characteristic of 1, 5, 10
and 50 uV/V. MRs of the changes in the output signal of
PMJTC thermal converter depending on the change in the
input voltage is presented in Table 4.

Table 4

Measurement results of output signal change of PMJTC
depending on input voltage change

AC/DC difference depending on relative
Characteristic change in the input signal, uV/V
1 5 10 50

Input voltage, V 1.49900151.4990075 | 1.4990150| 1.4990750
Input change, uV 1.5 7.5 15.0 75.0
Output signal, mV | 86.01802 | 86.01605 | 86.01403 | 86.01196
Output change, pV - - near 1.7 | near 8.3
ff;i;;e;{‘;;{’]“t - - 198 | 985

The changes of the output signal, estimated for frequen-
cies 0, 1, 20 and 100 kHz with UM of about 0.7 pV/V, did
not show the differences in the values of this characteristic.
That is, as can be seen from Table 4, there was approximate
twice the relative change in the output signal regardless
of the frequency. There were significant difficulties in ad-
justing the output signal of Fluke 5720A calibrator at a
frequency of 1 MHz. With regard to UM in estimating the
transformation coefficient, this MC was evaluated through
the scattering of Agilent 3458A meter readout of the direct
voltage, that is, through the standard deviation.

When studying the PMJTC thermal converter, diffi-
culties arose in estimating UM through scattering due to
the presence of the drift. The drift was estimated at about
2.2 uV per minute, and the pulsation of the output signal
was estimated at a level of about 0.1 uV. During the estima-
tion time of approximately 5 s, the output signal changed by
almost 0.2 pV, so the relative standard UM could be taken
as 0.7 uV/V. In general, when fixing 10 observations of the
output signal within 1 s, it is possible to estimate the change
of this signal with a standard UM of 0.4 uV/V and to deter-
mine the change of the output thermo-EMF.

The results of measuring the change in the output
voltage of the Fluke 792A transfer standard are shown in
Table 5.

Table 5

Measurement results of the output signal of Fluke 792A
depending on input voltage change

AC/DC difference depending on relative

Characteristic change in the input signal, uV,/V
1 5 10 50
Input voltage, V 1.4990015] 1.4990075 | 1.4990150| 1.4990750
Input change, pV 1.5 7.5 15.0 75.0
Output signal, V 1.265775 | 1.265777 | 1.265789 | 1.265855
Output change, pV | near 1.0 | near 6.0 | near 12.5 | near 63.2
Relative output 08 47 9.9 49.9

change, uvV /v

The changes of the output signal were estimated for
frequencies 0, 1, 20 and 100 kHz without a noticeable dif-
ference in the value of this characteristic. That is, the same
relative change in the output signal occurred regardless of
the frequency. Concerning UM, in the case of Fluke 792A
application, the scattering of Agilent 3458A multimeter
readout in a direct voltage measurement mode was evaluated
depending on the frequency of the output voltage of Fluke
5720A calibrator, as indicated in Table 6.

Table 6
Scattering of Agilent 3458A multimeter readout

Output frequency of Fluke 5720A
Characteristic calibrator
0 Hz 1 kHz 20 kHz | 0.1 MHz
Scattering, pV 0.7 1.8 1.2 3.1
Standard UM, pV/V 0.2 0.5 0.4 0.9

Table 6 shows that the average value of the relative
change in the output signal of Fluke 792A transfer standard
was determined with UM which did not exceed 0.9 pV/V.

6. Discussion on direct definition of AC/DC transfer
difference in the context of obtaining measurement
information

The direct definition of AC/DC transfer difference is as
follows: “the relative difference of the ac voltage in relation
to the dc voltage at the reference point in the T-connector
for the same output voltage of the transfer standard” [25].
Thus, in the direct definition, the voltage at the input of the
thermal converter must be measured at the tee-connector
point which is usually chosen by its center.

From the reports of all comparisons, it is unclear whether
the potential possibility of using some additional connectors
by any NMI was considered in some way. Applying of such
an additional item should lead to the displacement of the
middle point of the tee-connector. This task was assigned
to each participating laboratory, and the result depended
on the skill and experience of the performers. If some NMI
applied an additional connector to match its equipment, then
a shift of the middle point should have occurred. That is, the
center point should have shifted from the position A to the
position B (Fig. 6) if the resistance changes proportionally
to the length growing.

If the value of the input resistance of the reference and
the investigated thermal converters were significantly dif-
ferent, then an asymmetry of the potential distribution in the



tee-connector should have occurred. The input signal must
be applied to point C from the voltage source, and it is more
convenient to measure this quantity at the same point. If
one does not take special measures, for example, to improve
the tee-connector to achieve the possibility of joining the
meter to point A. But it is difficult to predict all variants of
a connection of a thermal converter in each laboratory, and
therefore the distribution of potential difference is rather go-
ing to be deprived of symmetry. Also, there is an additional
question regarding the measured input voltage. It consists in
the presence of an additional source of uncertainty since it is
necessary to control the output signals of each thermal con-
verter, as well as to measure, additionally, the input voltage.

A B

/

e

Fig. 6. Characteristic connecting points for applied voltage

None of the NMIs used the procedure of measuring the
AC/DC difference according to the direct definition. In any
case, it follows from the reports on key comparisons [7, 17,
18] and other sources that the measuring circuits did not
contain the input voltage meters, that is, comparing of the
output signals of the thermal converters was done. If the
measuring procedure, when comparing the signals, is exe-
cuted without obtaining the same value of the output signal
of the reference thermal converter each time, then the con-
nection with the direct definition of the AC/DC difference
will be lost in the absence of a well-defined transformation
coefficient.

Also, this connection will be lost when the drift of the
reference thermal converter is not well investigated. Con-
sequently, the question arises of the expediency of using
a direct definition. If the NMI loses a connection with a
direct definition, then, probably, it is necessary to give a real
definition. For instance, “the difference between the output
values of the thermo-EMF when the input voltages differ by
the AC/DC difference of the reference thermal converter”.
In the case of the magnitude of this AC/DC difference less
than 0.5 uV/V, one can speak of the equality of the input
voltages. But, in any case, this is not a direct definition. The
definition can be direct in the case of involving the direct or
indirect determination of the values of the input voltages in
the measuring procedure. For instance, when a well-defined
transformation coefficient of the reference thermal converter
is within the limits of the measured AC/DC difference of
the calibrated thermal converter. Then, taking into account
this MC, it is possible to determine the values of the input
voltages through the difference that occurs at the output of
the reference thermal converter.

It is necessary to have the two voltage sources with
uncertainty at the level of 0.1 pV/V in order to determine
indicated MC by direct definition. Such a condition was

achieved at a frequency of 100 Hz [5] on the basis of Joseph-
son’s standards, but today there are still questions about the
values which differ from the voltage of 1 V in the growing
[12] and decreasing [15] direction. Otherwise, it is necessary
to have a calculated AC/DC difference with an uncertainty
of about 0.1 pV/V. But the subsequent dissemination of the
unit size leads to the transition to the use of output signals
to calculate MCs, considering the transformation coefficient
of the thermal converter as a determined characteristic. If
a transformation coefficient of a working standard is well-
defined, then one can measure the AC/DC difference ac-
cording to the direct definition.

When the voltage of 1V is applied to the input of the
reference thermal converter, it is possible to get the AC/DC
difference within several tenths of pV/V. Consequently,
the equivalent change in measuring the input voltage of the
thermal converter by means of a precision meter will be at
the level of the least significant digit. Under this condition,
the AC/DC difference of the reference thermal converter
can be considered absent.

In general, the results of the study allow laboratories,
including NMIs which do not yet have NSs of an alternating
voltage unit, to avoid mistaken steps when selecting working
standards. The conducted studies of a long-term stability of
both the high-precision voltage thermal converters and their
lowest level of UM allows us to make the right choice of such
converters. The detected insignificant influence of the fre-
quency of the input signal on the coefficient of transforma-
tion of the thermal converter allows us to neglect reasonably
this source of uncertainty.

Since the key comparisons considered were carried out
for nominal voltages of 1.5 and 3V in the frequency range
from 1 kHz to 1 MHz, the conducted study has been limited
to the indicated parameters of the alternating voltage. Re-
ducing or increasing the nominal voltage leads to an increase
in UM and a deterioration in the stability of working stan-
dards through the use of the additional scaling elements of a
measurement information.

A certain disadvantage of the conducted study can be
considered a limited number of MRs of AC/DC difference
when estimating the stability of the travelling standards.
This circumstance forms the direction of the further prog-
ress of studying the MCs of the high precision voltage
thermal converters for using in the complement of NSs of an
alternating voltage unit.

7. Conclusions

1. The four laboratories have been identified which creat-
ed the most independent reference standards and had a deci-
sive influence on the determination of the reference values of
the key comparisons. These laboratories ensured the linking
of the results of comparisons through re-participation in
the multilateral and bilateral comparisons around the world
to the first key comparison. The undisputed leader in the
formation of the current degrees of equivalence of national
standards of the world should be considered German NMI
because many participants of the comparisons had metrolog-
ical traceability to this laboratory.

2. By comparing, the type of reference thermal converter
has been defined, which allow us to achieve the lowest level
of the uncertainty of measurements: 0.4 uV/V at a frequen-
cy of 1kHz, 0.8 uV/V at a frequency of 20 kHz, 2.0 pyV/V



at a frequency of 100 kHz and 12.1 pV/V at a frequency of
1 MHz. This type is a thermal converter of a planar type
on the basis of the thermocouples connected in series. The
results of defining the stability of the travelling standards
of various designs have shown a significant advantage of the
thermal converters based on the thermocouple. The analysis
of the coefficients of stability of such thermal converters
showed an almost double advantage over thermal compara-
tors constructed with the use of a sensor of root mean square
voltage. This fact makes thermal converters on the basis of a
thermocouple more attractive for the use in a complement of
national standards.

3. It can be stated that there is no advantage of any of
the three measurement schemes applied by different NMIs
during the key comparisons of the AC/DC transfer stan-
dards. The uncertainties of measurements at a frequency of
1 kHz had practically the same level, about 0.5 uV/V, and it
coincided completely in TEN, PTB and NRC laboratories at
the level of 2.0 uV/V at 100 kHz. As a result, the overwhelm-

ing majority in the implementation of national standards
received the simplest two-channel method.

4. The influence of the input signal frequency on the
transformation coefficient of a planar type thermal con-
verter has been investigated with the uncertainty of
measurement at a level of about 0.7 pV/V. The evaluation
results indicate that the corrections for compensating this
factor depending on the frequency are inappropriate. A
similar result was obtained when evaluating the effect of
frequency on the change of the output signal of Fluke 792A
thermal comparator with an uncertainty of measurements
in the range from 0.2 to 0.9 uV/V. The approach to the
measurement of the AC/DC transfer difference with pro-
viding a connection with the direct definition has been
proposed, and two variants of procedural realization of
such an approach have been analyzed. In particular, it has
been suggested to measure additionally the input voltage or
to determine precisely the relationship between the change
of input and output signals.
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