THESIS ON INFORMATICS AND SYSTEM ENGINEERING C40

Development of National Standard for Voltage Unit

Based on Solid-State References

ANDREI POKATILOV



Faculty of Information Technology
Department of Electronics
TALLINN UNIVERSITY OF TECHNOLOGY

Dissertation was accepted for the defence of tigeedeof Doctor of Philosophy in
Engineering on September 22, 2008

Supervisor: Prof. Toomas Rang, Faculty of Informaflrechnology, Tallinn
University of Technology, Estonia

Reviewer: Dr. Toomas Kibarsepp, Metrosert Itd, &sto

Opponents: Prof. Albrecht Zur, Kiel University opplied Sciences, Germany
Prof. Igor Zakharov, Kharkov University of Radieetronics,

Ukraine

Defence of the thesis: October 24, 2008

Declaration: Hereby | declare that this doctoradsih, my original investigation
and achievement, submitted for the doctoral degreelallinn University of
Technology has not been submitted for any acaddeatgcee.

/Andrei Pokatilov/

Copyright: Andrei Pokatilov, 2008
ISSN 1406-4731
ISBN 978-9985-59-852-8



INFORMAATIKA JA SUSTEEMITEHNIKA C40

Pinge mootuhiku riigietaloni arendamine Zener-taupi

etalonpingeallikate baasil

ANDREI POKATILOV






Contents

PIEFACE .. ..ottt 6
LISt Of PUBIICAtIONS i 7
AULhOr's CONHDULION || oottt 8
I OAUCH ON 9
1. Representations of voltage Unit .. ............cccccoeeueerreeerenernernerans 10
1.1. Josephson effect voltage standard.______ . 10
1.2. Secondary voltage standards . 11
2. Realization of scale of direct voltage. ..............cccccoecueeereecreerrncrnne. 14
2.1. Maintenance of the volt 14

2.2. Investigation of metrological characteristi€¢solid-state voltage

standards 18
2.3. Uncertainty estimate for national represeotatif the volt 29
2.4. Interlaboratory comparison between SPl andddett 32

2.5. Measurements of direct voltage in range fr&® mV to 1 kV 35

Conclusions 38

References 39



Preface

The present work was carried out at the EstoniatioNa Standards Laboratory
for Electrical Quantities operated by Metrosert bdtween 2004 - 2008. | thank
the Director of Metrosert Itd, Mr Ain Noormagi faroviding me the opportunity
to conduct these studies.

I am most thankful to my supervisors Professor Ta®mnRang (Tallinn
University of Technology) and Dr Toomas Kibarsepetfosert Itd) for their
continuous guidance and valuable support during yiisrs of this interesting
research.

This work has been supported by several foundatmassources. | appreciate
the financial support of the Information and Telmoounication Doctor School,
the Estonian Information Technology Foundation aiggr University.

The kind assistance and fruitful help of my collegudrom Metrosert Itd are
greatly acknowledged. Special thanks to Taima Aelelnd Toivo Kiibus for their
contribution to the design of measurement procedanel analysis of the results.

I am thankful to Dr Gintautas Ambrazevicius frone thithuanian Electrical
Standards Laboratory of the Semiconductor Physisstlite (SPI) for arranging of
the intercomparison described in this thesis.

Finally, my greatest and warmest thanks belong % family for their
continuous love and support within all these loagrg.

Andrei Pokatilov
Tallinn, September 2008



List of publications

A. Pokatilov, T. Kibarsepp, (2008) “Traceability \@bltage and Resistance
Measurements in Estonia.” — Transverse Disciplinas Metrology:
Proceedings of 13th International Metrology Congyr&07 - Lille, France.
London: ISTE, pp. 577-585.

A. Pokatilov, T. Kiibarsepp, (2006) “EstablishmehtNational Standard of
Voltage Unit in Estonia,” Proceedings of 10th BimhrBaltic Electronics
Conference BEC2006, October 2—4, 2006 Tallinn, iitatorallinn: Tallinn
University of Technology, pp. 157-160.

A. Pokatilov A, T. Kubarsepp, (2006) “Development Automated
Measurement Setup for Standard Resistors,” Proocgedif 10th Biennial
Baltic Electronics Conference BEC2006, October 2006 Tallinn, Estonia.
Tallinn: Tallinn University of Technology, pp. 16162.

M. Pikkov, T. Rang, A. Pokatilov, (2006) "SiC Sctigt Diode for Use in
Power Converters,”Proceedings of 10th Biennial Baltic Electronics
Conference BEC2006, October 2—4, 2006 Tallinn, iatorallinn: Tallinn
University of Technology, pp. 245-246.



Author’s contribution

The research work presented in this thesis has berducted at the Estonian
National Standards Laboratory for Electrical Qui#egi Included publications are
the results of a fruitful team work, where the authad a well-defined role.

For Publ. I, the author performed the measuremantsyzed the measurement
results and estimated major sources of the measutaimcertainty.

In preparing Publ. Il, the author developed a metfts maintenance of solid-
state voltage standards, performed the measurenardl/zed the measurement
results and estimated the measurement uncertainty.

For Publ. Ill, the author had a major contribution construction of the
measurement setup, developing software, performiimg measurements and
analyzing of the measurement results.

For Publ. IV, the author did a part of work in ayzahg of the measurement
results and preparation of manuscript.

The author was the responsible person in prepattig manuscripts for
Publications I, Il and III.



Introduction

Many national metrology institutes (NMlIs) employethlosephson effect for
maintenance of the representation of the voltage Tihe Josephson effect voltage
standard (JVS) is the most stable and reproducépeesentation of the volt. In
smaller national laboratories the voltage standadsfrequently maintained in
electrochemical cells or solid-state referencescadled secondary standards,
which are less expensive for establishment andtarzmce.

In 2002, an extensive questioning conducted ama@esentatives from
industry and science has indicated the high needscurate calibration services
for electrical quantities with firmly confirmed treability. In order to meet these
requirements the Ministry of Economic Affairs haslehated to Metrosert Itd
maintenance and development of the national stdmafathe volt with the relative
expanded uncertainty of 1 uV/V at the 10 V level.

The targeted uncertainty can be achieved by meiat®mughly characterized
electronic voltage references, which are operatedadcordance with a well-
designed maintenance procedure.

The main goal of the present work has been thelolewvent of a maintenance
method for the Estonian national voltage standardich ensures the relative
expanded uncertainty of 1 uV/V at the 10 V leved. derform the measurement
uncertainty analysis the metrological charactessstif the voltage standards were
investigated. The obtained results have proved that relative expanded
uncertainty less than 1 pV/V is achievable in nenance of the solid-state voltage
standards. This was confirmed by comparison of pghagection of the voltage
output to the latest calibration point.

The measurement uncertainty of the laboratory @ebie with new voltage
measurement standards was evaluated by partigipatio the bilateral
interlaboratory comparison with the standards latwy for electrical quantities of
National Metrology Institute in Lithuania.

The realization of the voltage scale in the rangenf100 mV to 1 kV is
implemented with a long-scale digital multimeterM®), which is used as a
voltage divider. The performance of the DMM is dkest by means of resistive
voltage dividers.

The Estonian national standard for the voltage was appointed by the
Minister of Economic Affairs in 2006.



1. Representations of voltage unit

1.1. Josephson effect voltage standard

The base electric unit of the International Systdrunits (SI) is still the ampere
[1]. The volt, the ohm and the watt are derivedauof the SI. The best realizations
of the ampere are obtained from combination ofizaabns of the watt, the volt
and the ohm with the best relative uncertainty ofea parts in 10 The
realizations of these units according to their miééins are complicated and time
consuming.

The discovery of the Josephson effect (JE) and tquailall effect (QHE)
allowed the ampere, the ohm and the volt to beriahited from measurements of
various combinations of physical constants. Acawydio this approach, the
Josephson constaii; is assumed to correspond to the ratio of the eltang
charge and the Plank constar#/R and the von Klitzing constam is taken as
fundamental valub/ €.

The reference standards for volt and the ohm basethe JE and QHE are
more stable and reproducible than a few parts fn M®wadays, many national
laboratories use the JE and QHE to maintain reptasens of the volt and the
ohm respectively [2, 3].

In 1962, British physicist B. Josephson predictezitain effects in two
superconductors separated by a thin insulating layleen electron pairs (Cooper
pairs) tunnel from one superconductor to anothgrThe dc JE occurs, when a
direct current of Cooper pairs flows through thecjtion with no voltage drop up to
a critical valuelc. If a direct voltageV is applied to the junction, the current
oscillates at a frequenc§ which depends only on the applied voltage and
fundamental constants:

f="x (1)

wheree is the elementary charge amis the Planck constant. During each cycle of
the oscillation, a single quantum of magnetic flid2e) tunnels through the
junction.

If an ac voltage at frequendyis applied to the junction, the current of Cooper
pairs synchronizes with the frequency and stegop$tant voltage are observed at
the terminals of the junction (Figure 1), this edlthe ac Josephson effect:

h
V=n—f 2
26 (2

wheren is an integer (the number of flux quanta transi@ivy each cycleg is the
elementary charge atds the Planck constant.
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After discovery of ac JE the validity of the eqoati(2) was experimentally
verified. It was shown, that the rati@/h is independent of the type and geometry
of the Josephson junction, magnetic field and mwvenae power. For the discovery
of this effect the B. Josephson was awarded theNwize in 1972.

In 1970s many national standards laboratories bégarse the ac JE as the
practical voltage standard. To ensure the conggteri national standards the
conventional value oK; was adopted by international agreement in 189@Q; =
483 597,9 GHz/V [5]. The modern Josephson voltagadards (JVS) consist of
large arrays of Josephson junctions capable torgeneoltages from -10 to + 10 V
with reproducibility better than 1 part in °l[i5]. The results of the comparison of
the JVS-s at different national standards laboiegare shown in Figure 2.

Typically the JVS is operated every 2-6 monthstiine between operation
periods of the JVS, the maintenance and disseramati the volt is conducted by
using of solid-state references, so-called Zenmiteadi [7].

1.2. Secondary voltage standards

Since the beginning of the last century standalid bave been used by standards
laboratories for maintenance of the volt [8, 9]. eTlstandard cell is an
electrochemical cell, which creates an electroneofirce and electrical current
from chemical reactions. Electrochemical cells @ensitive to temperature
changes, vibration and small electrical current.

In the 1960s a new type of the voltage standarddas a solid-state device, so
called Zener diode, was introduced. Zener voltdagedards exhibit higher internal
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noise, but they are mechanically rugged and lessitse to electrical current, as

compared to electrochemical cells. Electronic statiel have also lower

temperature coefficients and can have higher owtpitages to reduce the effect of
the thermal emf in measurement leads. Nowadaysy retandards laboratories
maintain their volt in solid-state references libdi between operations of the JVS
[10-13].

The Zener device is a semiconductor diode thatateerin the reverse-bias
region of its |-V characteristics. In general, the breakdown curienteases
abruptly with the voltage when reverse-bias volsaggceed, see Figure 3. This
phenomenon is known as breakdown of phe junction. There are two basically
different mechanisms of junction breakdown: the eétemechanism, due to
tunneling, and avalanche breakdown.

The Zener mechanism occurs in heavily doped junctions with the small
depletion layer. It involves direct excitation déetrons from the valence band to
the conduction band under the action of the higictat field in the junction
depletion region.

Avalanche breakdown occurs in junctions havingkidsialepletion regions. The
thermally generated minority carries injected itb@ space-charge region are
accelerated by the field to energies higher than ghp energy can produce a
secondary electron-hole pair by knocking out antet@ from the covalent bond of
a lattice atom in the depletion region. The secondarriers produced by this
process can produce further electron-hole pairsalache breakdown occurs
when the number of carriers produced by this idiimaprocess becomes very
large.

w ()
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-1 T
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‘ oo
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e AVARRV/
current

Figure 3. |-V characteristics of a p-nFigure 4. The circuit diagram of a Zener
junction with breakdown current shown. voltage reference.

The breakdown irp-n junctions is caused by the avalanche mechanism for
breakdown voltages in excess of 8 V, and by theeZerechanism for values of up
to about 4 V. Because of the two effects have dpptisermal characteristics, the
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Zener diodes operating between these two limitse hetable performance with
respect to temperature. The temperature coeffiggetrther reduced by adding the
base-emitter junction of the series transistor wjgposite temperature dependence.
Then the Zener circuit is placed on the same satiestvith a heater and operated at
a stable temperature, which is above the maximurbienh temperature. The
temperature control is achieved by varying the drgadwer without active cooling.

There is a trade-off between the Zener chip tentperaand the temporal
stability of its output at temperatures of about’80 The higher chip temperature
increases the long-term drift.

The simplified circuit diagram of a Zener voltagéarence standard is shown in
Figure 4. It consists of the Zener device, an dimpland gain defining resistors.
The voltage reference typically has an additionmdéd output at 1 V or 1,018 V.
The resistors R1 and R2 are implemented in “stedist resistor arrays and
specially packaged to reduce effects of humidity mperature changes [12].

The manufacturers have reduced influence of enmmal variations on
characteristics of the Zener references. Nevedhelihe best performance of the
solid-state references is achieved when these péeasrnare considered for voltage
references individually [11-16]. The uncertaintg=2) of voltage standards
maintained in electronic references is typicallsléhan 1 pV/V.

13



2. Realization of scale of direct voltage

2.1. Maintenance of the volt
Laboratory

Electrical measurement standards and equipmentafieeted by changes of
environment conditions. The best performance ofdbeices is achieved if the
following parameters are taken into account: amgerature, relative humidity,
barometric pressure and electromagnetic interferenc

To minimize the environmental effects on measurémequipment the
electrical standards are maintained in the spgatibkigned laboratory - National
Standards Laboratory for Electrical Quantities apet by Metrosert Ltd (Central
Office of Metrology in Estonia).

The laboratory is constructed as a shielded roothimwioom. Relative
humidity and air temperature in the room are cdigmoby an air conditioner
within ranges of (40 _+10) % and (23,0 _+1,0) °C respectively. Temperature,
humidity and pressure are monitored either manuaihautomatically, which is
shown in Figures 5, 6 and 7 respectively. The (8605.04) of the first calibration
point of voltage references have been chosen &stang point in all charts used in
this work.
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Figure 5. Air temperature monitoring in the standards lalbany for electrical quantities at
Metrosert.

Temperature, humidity and pressure variations are t finite regulation
capabilities of the air-conditioner and naturalgstge variations. The sudden peak
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at about 33C in Figure 5 was caused by a temporary failuréaénair conditioner
during summer months. However, this had a smalluémice on separately
thermostatted voltage standards.
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Figure 6. Relative humidity monitoring in the standards laiory for electrical quantities
at Metrosert.
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Figure 7. Pressure monitoring in the standards laboratarglfectrical quantities at
Metrosert.
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Voltage standards and measurement equipment

The Estonian national standard of voltage is basedlectronic voltage standards
(so-called Zener diodes). Ten solid-state refererme used in an automated
system Fluke 7000-Series for maintenance and dieagion of the voltage unit,
see Figure 8. Traceability of the standards isinbthfrom the JVS at periodic
intervals.

Each voltage reference unit includes an ultra-etdbl V source output and a 1
V divided output. The standards are divided into tmodules.

The transfer module incorporates four units, whagle annually calibrated
against higher-level standards. After calibratithe voltage unit is transferred to
the maintenance module.

The maintenance module permanently resides inaherdtory to avoid any
effects due to change of the environment and lyatteline power transitions. The
module hosts six Zener units connected to the hamelvaverage (HAV) of the
system. Combining several references extends thdigbability of the averaged
output in time, reduces environmental effects &edevel of noise.

Multimeter
Fluke 8508
|
Matri Scanner
wl 42108
|
Transfer Module
Fluke 7004T
Maintenance Maodule
Fluke 7010M

FC

rs2z T 1T GPe

Figure 8. The group of ten solid-stateFigure 9. The automated system for
references divided into the transfemaintenance of the voltage standards at 10
module (above) and the maintenanceé and 1 V.

module (below).

The maintenance module includes a built-in scanaemull-detector and
software to conduct automated inter-comparisorid¥ level outputs of up to ten
Zener units. The 10 V outputs of the Volt maintesearystem are compared to the
HAV on a regular basis to maintain surveillance rotree voltage unit between
calibrations.

Monitoring of 1 V-level outputs of the maintenamsyestem is accomplished by
means of a specially developed automated measutese¢unp (Figure 9). The
automated measurement setup consists of a highsieso multimeter Fluke
8508A, a matrix scanner Ml 4210 and specially dewetl software in C++.
Surveillance over outputs of 1V level is maintainey measuring all possible
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differences between six standards and computingrdini@tions of the individual
references with respect to the group mean [8].

Automatically registered data allow to estimatéf#itst of the standards. As an
example, the Zener unit 10 V output relative tolt#eV is presented in Figure 10.
Unexpected changes beyond uncertainty limits opwist of Zener units can be
registered. The doubtful reference is excluded ftoenHAV and new drift-rate of
the HAV is calculated based on known drift-rategndfvidual units.

The 10 V-level output is a primary voltage outpxpleited for maintenance of
the local representation of the volt. Divided 1&weél outputs are mainly used for
comparison with electrochemical cells and caliloratof 10:1 ratio measurements
of high resolution digital multimeters. Voltage eefnces at 10 V level are
investigated in present work.

1,0
‘ ”
oV .
0 8 0“‘ 3
] A
* * ¢§
< /% P4

Y &
S s oK
=1 .
: S
c
g ?‘ &, 0‘}0 *
5
2 02 r R S
()
a
=
g 00+

-0,2 A

‘0,4 T T T T T T

0 200 400 600 800 1000 1200 1400
Time (days)

Figure 10.The 10 V output of the Zener at channel 1 as coetpbto the HAV output. The
linear regression is shown for illustration purpeéthe observed trend of change.

Maintenance and traceability

Traceability of dc voltage measurements in Estdqiigure 11) is obtained by
annual calibration of four Zener units fitted iretttansfer module. Nominal values
of 10 V and 1V are calibrated at MIKES (Centre Ktetrology and Accreditation,
Finland) against the JVS or standards tracealileetdVs.

After calibration of the transfer module, the vgkaunit is transferred to the
maintenance module, which is used to representdhever the interval between
external calibrations.

17



Voltage measurements in the range from 100 mV k¥ Jre related to 10 V
HAV output of the maintenance module by means dfigh resolution digital
multimeter and multifunction calibrator.

Josephson effectwoltage
standard

Miwes, Finfand

Metrosert Estonfa

Transter madule 7004 T
100 11,018

Maintenance maodule FO10M
10 14 1018y

Working standards
100 i ... 1 kY

Figure 11.Traceability of direct voltage in Estonia.

2.2. Investigation of metrological characteristicof solid-state
voltage standards

Model of output

The output of a solid state voltage standard maedeé on time, temperaturd,
humidity H and pressurB. The output voltage can be expressed as [19]:

VT, H,P) = F(t =10, Tier s Hier s Fre ) + (T =Ty

Fh(H —H )+ B(P-Py)+et) (3
where f (t—t,, T, H,,P) is a function which represents the long-term drift
of the standard’s output under reference environat@onditions, (T —T,,) is
a temperature coefficient with temperature coragcti h(H —H, ;) is a humidity
coefficient with humidity correction, B(P—P,) is a pressure coefficient with
pressure correction ang(t) is an intrinsic noise of the voltage standard'pati

18



Environmental effects

The Zener references are known to be dependennbreat temperature, humidity
and pressure. These parameters may vary at theofioaibration among different
laboratories or during transportation between latmores.

The sensitivity to temperature, humidity and pressof some commercially
produced electronic voltage standards have beerestin [11, 14, 20, 21], but the
influence of the effects may be dependent on thécedeconstruction even for
identical models. Therefore effects of variable imnmental conditions on
performance of each standard should be investigatiaddually.

The methods for investigation of these effects sttewn in Figure 12. The
realization of the first method consists of measwaet of standards placed in a
specially designed chamber, in which an environaleparameter of interest is
varied. This method may consume time from seveoalk$ (in measurements of
effects of temperature and pressure) to several thmon(for humidity
measurements).

The second method is so-called in-service chaiaatemn, where data from
routine within-group comparisons and environmerdgabrds are analyzed.

Method 1: “chamber” Method 2: “in-service”
T,P T,P,H
Transfer Module Transfer Module
4 References 4 References

Maintenance module
6 References

Figure 12.The methods used for investigation of sensitivityatage references due
to variations in temperature (T), pressure (P) laudidity (H).

In our case, the first method was employed for mmeasents of temperature
and pressure sensitivity of transfer standards. maemtenance module was not
investigated by this method, because variation wfirenmental parameters
exceeding laboratory conditions may cause sigmificacovery time for the Zener
outputs. Humidity dependence was not measuredthase is no dedicated
equipment available to maintain the stable humiditjyes during longer periods at
the laboratory.
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The temperature coefficients up to 0,3 uV/V/°C16rV outputs of some Zener
standards are reported in [11, 14]. To determinptzature coefficients of transfer
standards, a measurement system shown in Figu(a) M8as constructed. An air
thermostat is capable to maintain stable tempearattithin 50 mK in the range
from 15 °C to 40 °C. The temperature inside theniostat was monitored by a
resistance thermometer, connected to a digitalimeder (DMM). Humidity was
measured by a handheld digital hydrothermometer THe temperature in the
thermostat was changed step-wise from 20 °C toQ8uring a week, allowing at
least 8 hours of stabilization for every tempemtpoint. The 10 V voltage output
of the unit under test (UUT) was compared with eespo the HAV (HAV) output
by a high resolution digital multimeter, taking anaccount temporal drifts of
standards. Temperature and voltage values werematitally collected to a
personal computer (PC) using IEEE488 and RS-232paten interfaces, and a
specially developed data acquisition program in C++

In Figure 14 effect of temperature on the 10 V atgmwf the Z11, Z12, Z13 and
Z14 measured against the reference maintainecablestemperature are shown.
The output voltages vary linearly with temperatwefficients are summirized in
Table 1.

air thermostat pressure chamber

thermometer pump

-+
i barometer

DM

L

(a) (b)
Figure 13.Block diagrams of setups used to determine (a) ¢eatpre and (b) pressure
effects on outputs of Zener references.
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Figure 14.Linear least-squares fitted lines of change in 1@utput voltages of transfer
standards against temperature change, with offiegtaalized to zero.

Table 1. Temperature coefficients for transfer standards.

D Temperature coefficient, Standard deviation,
pVIVI°eC uVvIv
Z11 0,017 0,010
Z12 -0,012 0,025
Z13 0,015 0,011
Z14 -0,013 0,022

The pressure coefficients with the magnitude up020 pV/V/hPa were
measured for some Zener references in speciallgteated pressure chambers
[18, 20 and 21] and from within-group measuremgig

Sensitivity to normal variations in atmosphericgaudre for transfer standards
was investigated utilizing the measurement setupvehin Figure 13 (b). Zener
standards were placed in a rectangular chamberchwisi capable to maintain
constant pressure within 4 hPa over several hdilms.pressure was regulated by
means of a manual valve and a pressure vessel.eratae and humidity values
were registered with a handheld digital hydrothemeater (T, H). Voltage outputs
of test units were compared to the HAV (HAV) outpbyta high resolution digital
multimeter (DMM). The similar multimeter was empéad/ to monitor a current
output of the barometer.

The pressure inside the chamber was changed ghadithl the highest step of
250 hPa. Four transfer standards did not show igmjfisant correlation between

21



10 V voltage outputs and pressure changes in thamiolr. For example,
measurement results for the Z12 are shown in Figjbre

0,00 1300

0,05 1200

1100

-0,10

1000

-0,15
900

EMF deviation (uV/V)
Pressure (hPa)

800

-0,25

700

-0,30 \ \ T \ \ \ 600

Time (h)
Figure 15.Pressure sensitivity measurement of the Z12 referéar 10 V output.

Sensitivity to environmental effects for voltagéerences is also analyzed from
within-group comparisons, the second method cditedervice”. Outputs 10 V of
all references in the system exibit no significanotrelation to temperature and
pressure variations, which is in agreemnet withultesobtained for transfer
standards measured in special chambers.

The influence of humidity changes on temporal cti@réstics of Zener
references is observed from results of within-groamparisons.

The special environmental chambers were used te@stigate humidity
dependence of Zener references in [18]. Howevécedf humidity on a voltage
standard’s output may be observed from within-grovgasurements [19], as well.
Some Zener references investigated in [11, 18 a@fd db not show clear
correlation on humidity, but several standards lgixhiumidity dependence up to 2
UV/VI%RH.

In Figure 16 4-year period results from within-gpomeasurements for an
individual voltage reference are depicted. Theltesmvere corrected for the HAV
regression line. Although the magnitude of variadi@round the regression line is
less than 0,15 pV/V, a marked correlation to hutyickcords is observed.
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Figure 16.Effect of relative humidity on the Z6 10 V outpMbltage differences are
measured against the HAV output.

Sensitivity to humidity changes of about 0,01 p\WRH was observed only
for items Z6 and Z2. The output response on hugnihtriations of the device Z2
10 V includes a time constant of 120 days.

Noise in voltage measurements

Noise in 10 V outputs measurements was investighiedneans of the Allan

variance (two-sample variance). This method is Hlsuamployed for

measurements of stability of frequency standardsna and frequency metrology.
The Allan variance taken on the variaplis defined as:

o2(7) = <w> (4)

where( ) denotes averaging over time and the sampling time.

We have characterized white and ddises in digital multimeters and Zener
standards with the Allan variance as described2y R3]. The Allan variance
computation was implemented in MS Excel using MSsudi Basic for
Applications programming language.

In Figure 17 the Allan deviations deduced from roeament results obtained
using (a) the voltage difference between the HAM #me Zener 1 and (b) the
short-circuit of the DMM 8508. The measurementsiesewere performed in
frames from 931 to 5120 measurements switchingutsn of the DMM from 6
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to 7 and 8 digits to combine faster measuremene tah 6 digits and better
sensitivity at 8 digits.

The Allan deviation of the Zener device reachesarly constant value after
the sampling time of several seconds. This meanprisence of thefldoise floor
of about 90 nV for the Zener reference.

The value of the 1hoise is well above theflhoise floor of the DMM, which
begins from last two points on the curve (b). Meaments performed by two
long-scale DMMs of different type (Wavetek 1281yuked in nearly identical
values of the Allan variances for the Zener stadglawhich ensure that noise
originates in the standards.

The sloper™ in the curve (b) indicates the white noise prodasthe DMM
short circuits measurements. A slight disagreeretween the™? and (b) in the
two first points is due to the resolution switchioigthe DMM. Note that in case of
white noise the Allan deviation is equal to thesslaal standard deviation.

100,

i
e,
H

Allan deviation (LV)

=
<
N

1073
10* 10° 10 102 10° 10*
Sampling time (s)

Figure 17. Allan deviations versus sampling time for (a) tlikerence between the HAV
and the Zener 1 and (b) the short-circuit of theNdM
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References investigated in this work exhibit tHendise floor in the range from
60 to 130 nV. The classical variance used in theedainty analysis (part 3.3) for
the voltage references is a correct expressiorthferstandard deviation as it is
higher than the maximum observefiidise floor of the Zeners.

Stability with time

The actual drift rate of the HAV and individual Zga can only be estimated from
external calibrations against higher level stanslarhe regular within-group
comparisons give a degree of confidence in theeate standards, but unable to
determine the drift rate.

The output of a solid-state reference during thiébiedion interval can be
described by a certaimathematical model, which is based on analysis of
previously obtained calibration data. The linedft adnodel is frequently used for
periods of several months or more, where the lsgisare estimates of regression
parameters are found from calibration history. Bome references a non-linear
model may be more suitable, in particular for langeriods.

A model assuming that the output voltage exponkintigproaches a constant
value was employed for several standards for perid@-10 years [16]:

f (t - tO ’T H ref 1 I:>ref ) = Vf —VC . ef(tftO)/T (5)

ref 1

whereV; is the value that the output approachésis the total amount by which
the output changes during its lifetime ahds a time constant characteristic of the
standard.

For references exhibiting linear drifts in longeripds the time constarit is
assumed to be much greater than the lifetime o$tidwedard, which reduces Eq. (5)
to a linear function.

In this work a linear regression is used to descthie voltage outputs of the
standards in the time interval of about 3,5 yed@lgere are two major criteria of
evaluation for a model: the standard deviation egfression and the difference
between the new calibration value and the valuewlas projected by the model.
Applicability of non-linear models should be chedkas the number of calibration
points increases with time.

Table 2 contains calibration history of the HAV aibed by external calibration
of our transfer module consisting of four ZenertsiniThe estimate of the
uncertainty [17] for the maintenance module inchidbe uncertainty due to
external calibration and transportation of the sfanmodule, and the components
caused by calibration procedure of the maintenanodule against the transfer
module and environmental effects. The expandedrtainges, U., achieved are
listed in Table 2.
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Table 2.Calibration history for the HAV output: EMF deviati is a deviation from the
nominal value of 10 V and. denotes expanded uncertainty.

Date EMFHO{Z‘\’/""‘“O”' U, VIV
May 2004 0,00 0,50
December 2004 -0,14 0,25
April 2005 -0,19 0,50
June 2005 -0,27 0,25
August 2005 -0,29 0,25
September 2006 -0,44 0,25
November 2006 -0,45 0,25
February 2007 -0,49 0,25
November 2007 -0,54 0,25
December 2008 -0,57 0,25

Table 3.Values obtained for the HAV from comparison withl SP

Date EMF deviation, Expanded Uncertainty,
AVAY% AVAY%
April 2006 -0,36 0,25
May 2006 -0,39 0,25

The first three data points were omitted from th&butput model, because in
May 2005 an unexpected change in the Z5 10 V outjastobserved from within-
group measurements, shown in gray line on the siacgrvertical axis in Figure
18. Most probably, this is due to rearrangementsha laboratory, which took
place at the same time. The new working tables vabined and voltage
standards were placed at their final location. éltgh, the clear deviation from the
regression line was only observed for the Z5, @ goints were excluded for all
references in the HAV, as outputs of the referenreker the same conditions are
expected to be correlated.

Starting from June 2005 the HAV output voltage banexpressed by a linear
regression. Temperature, humidity and pressurdiciegits are taken into account
as uncertainty componerin this case equation (3) becomes:

V(t)=kt+b+U (6)

wheret is time in daysk is the drift rateb is the offset term and is the combined
uncertainty, which includes components describethénpart 3.3. The calculated
regression line for the HAV output updated with tagest calibration points is
shown in Figure 19. To improve quality of the cddted regression and to reduce
related uncertainty, data obtained from the bit@omparison with Electrical
Standards Laboratory of the Semiconductor Physisstlite (SPI, Lithuania) was
included in calculation (Table 3).
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Evaluation of projection

The equation (6) is used to project 10 V outputerdi+year calibration interval.
Projections are evaluated by comparing the nevbredion value to the value that
was projected by the equation (6). The 1-year ptige and calibration history for
the HAV output is shown in Figure 18. The differedzetween prediction line and
latest calibration points is 0,38 uV/V with the enainty k = 2) of 0,51 pV/V.
The uncertainty of difference is root-sum-of-sqear@ss) of the prediction
uncertainty {, in Table 4) and calibration uncertainty.(in Table 2).

Performance of the projection can be evaluatedaino that of applied in the
determination of laboratory measurement performéayogsing equation [24]:

Xlab B Xref

TR (7)
U Iib +U rif

E,=

where:

E, —evaluation criteria,

Xap — laboratory result,

Xret — reference laboratory result,

Uap — laboratory expanded uncertainty,

U, — reference laboratory expanded uncertainty.

In our evaluation, the 1-year projection value wasd as a laboratory resxl,
and the new calibration value as a reference latnyraesultx.;. Performance of
the projection is determined by the following crie

|E.| < 1 = satisfactory,
|E.| > 1 = unsatisfactory.
For the HAV and all individual Zeners, except thietZquality of the calculated

projection is satisfactory, see Table 4. Differenbetween 1-year projections and
new calibration points are less than 1 pV/V forraeferences.
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Table 4. Relative drift rates for the HAV and individuafeeences.

ID 2007 2008

Drift rate, Up, |En| Drift rate, Up,

uViViyear| upVvIivV uVIiViyear uVviv
Z1 -1,01 0,57 0,2 -0,95 0,51
zZ2 -1,68 0,64 0,9 -1,43 0,78
Z3 -1,33 0,57 0,3 -1,24 0,54
Z5 -1,32 0,59 0,6 -1,17 0,62
Z6 -1,24 0,55 0,6 -1,10 0,55
zZ7 -1,37 0,47 1,0 -1,13 0,70
Z11 -1,36 0,63 0,4 -1,24 0,55
Z12 -1,55 1,04 0,5 -1,35 0,97
Z13 -1,41 0,76 0,1 -1,35 0,58
Z14 -2,20 0,51 1,6 -1,94 0,88
HAV -1,32 0,44 0,8 -1,17 0,54

The higher uncertainty calculated for the HAV im080s due to the increased
standard deviation of the regression. This can desed by either systematic
effects during calibration of the HAV or long-terfluctuations of the voltage
output around its regression line. It is expecth@dt the standard deviation of
regression should reduce with time, when more litn points are obtained.

1+ r 0,8

EMF Deviation (uV/V)
EMF Deviation (uV/V)

-7 \ T T \ \

‘ -0,4
0 200 400 600 800 1000 1200 1400

Time (days)
Figure 18. The calibration data for the HAV output: black kens — omitted points, gray
markers — input values for the projection, whiterkeas — latest calibration points, narrow
dash line — projection, bold dash line — calcula¢gganded uncertainty, solid lines — 1

MV/V uncertainty limits, gray line on secondary ti@al axis — in-service comparison
results for the Z5.
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EMF Deviation (UV/V)

0 200 400 600 800 1000 1200 1400 1600 1800
Time (days)

Figure 19. The calculated regression line for the HAV 10 Mpat containing the latest
calibration points: black markers — omitted poirgsay markers — input values for the
projection, narrow dash line — projection, bolddése — calculated expanded uncertainty,
solid lines — 1 pV/V uncertainty limits.

2.3. Uncertainty estimate for national representatin of the
volt

The transfer standard is employed for importatibtraceability from the JVS to
the local representation of the volt. The standardielivered from Mikes to
Metrosert in several hours under power conditizrfgch ensures best repeatability
in measurements. After that, the voltage unit endferred to the HAV and
individual laboratory references.

The voltageV, of a laboratory voltage reference standard at ¢hd of
calibration period is obtained from the relatiopshi

Vx :Vtr +é\/tr_D +é\/tr_R +VA—B +é\/nd +é\/lb_E +é\/lb_D (8)

where:

Vr — voltage of the transfer standard,

dVyr p — drift of the value of the transfer standard,

dVyr r— reproducibility of transfer standard,

Vg — Voltage difference between laboratory and trarsgtBndards,
dVng— null detector gain error,
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dVip_g — Voltage variations of the laboratory standard uenvironmental effects,
dVip_p — drift of the value of the laboratory standard.

Voltage of the transfer standard(Vy): The calibration certificate for the transfer
standard gives a voltage value of 9,999947 V witlibcation uncertainty of 0,21
uV/IV.

Drift of the value of the transfer standard (Vi p): The short-term drift of the
transfer standard since its calibration is estichab®m measurement results
performed at Mikes during calibration to be 0,03M¥ 0,05 pV/V.

Reproducibility of transfer standard (5V;_g): Confidence in the transfer of the
voltage unit is achieved by using of four transfeandards Z11, Z12, Z13 and Z14.
The average of four voltage transfers is takerhastlibration value. The highest
difference between any two transfer referencesiisidered as the type B standard
uncertainty 0,03 pV/V. This includes environmentiaons during transportation.

Voltage difference between laboratory and transfer standards (Vasg):
Measurements are performed using a reversal swijdhicluded in the reference
to eliminate any thermal EMFs generated by intemections in the system.
Connections are switched in the sequence forwarekse-reverse-forward, with
thirty measurements in a series. The differencevdxen the laboratory and transfer
standards was -0,18 uV/V with standard deviatio8,08 pV/V.

Null detector gain error (6V,q): The measurement error specification for built-in
null detector is £ 0,1 % * 0,5 puV, which makes hp standard uncertainty of 0,03
puV/V for measured values. Differences in measurémesults observed with the

built-in null detector and an external digital niméter are less than 0,05 pV/V.

Voltage variations of the laboratory standard due © environmental effects
(8Vih_g): Temperature and humidity in the laboratory aggutated by an air-
conditioner within limits of (23,0_+1,0) °C and (40_+10) % respectively.
Sensitivity of voltage standards to variations ofvieonmental parameters was
analyzed in the part 3.2 of the present work. Di@ig from regression lines due
to environmental effects are estimated to be withp20 pV/V.

Drift of the value of the laboratory standard (8Vi, p): The drift of the HAV in
the 1-year calibration interval is found from iedibration history to be -1,25 pVv/V
with the standard uncertainty of the regressiore,lide, nay at the end of
calibration interval [25] of 0,19 uV/V.

Correlation: For a group standard consisting Nfindependent references the
standard uncertainty of the regression ling, », is calculated as following [25]:
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1 N
ureg_N :] F;uz(xi) (9)

whereu(x) is the standard uncertainty of the regressiothefreferences making

up the group standard. According to the equatiQrth®u., n Should be equal to

0,09 pV/V, which is less than thee, hav - the standard uncertainty of the
regression line of the physical output of the sgnoeip of standards. This is due to
correlation between voltage outputs of the starslafdthe same type maintained
under the same conditions.

When references are correlated, the standard anugris expressed by [17]:

)= 360 ()25 36 Nk (6 %) (10

i=1 k=i+1

where ¢; and ¢, are the sensitivity coefficients, ank;, %) is the correlation
coefficient.

The standard uncertainty of the regression of tlweig of N = 6 individual
standardsu.y n calculated by the equation (10) is 0,19 pV/V aodads to the
standard uncertainty of the regression line ofpthgsical output of the same group
of standardsieg av

In Figure 20, the computations for the uncertamtigaintained by a group of
independent standards and the effect of correlatiotihe uncertainties are shown.

0,25
0,20
s
2
>
€015
©
ped
[}
(8]
o
-]
0,10 —,
0,05 : : : ‘ ‘
0 1 2 3 4 5 6 7

Number of standards

Figure 20. The standard uncertainty of the regression fordifferent number of standards
in the group. Triangles denote uncertainties ofepehdent references, calculated by

equation (9). Rectangles denote uncertainties, lwiiclude the effect of correlation -
equation (10).
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For a measurement standard maintained on a groupefefences, the
correlation term should be evaluated to avoid uesténation of the measurement
uncertainty.

Uncertainty budget for a laboratory reference espnted in Table 5.

Table 5. Uncertainty budget for a laboratory referencéhaténd of calibration period.

quantity | estimate | standard | probability | sensitivity | uncertainty | degrees
uncertainty| distribution | coefficient | contribution of

X X; u(x) G u(y) freedom,

Vi
- \% uVvIiv - - uVvIiv -

Vi 9,999945 0,11 normal 1,0 0,11 o0
8Vyp | -0,310° 0,03 rectangula 1,0 0,03 0
Vi r 0 0,03 rectangula 1,0 0,03 o0
Vas | -1,810° 0,03 normal 1,0 0,03 29
3V 0 0,03 rectangula 1,0 0,03 o0
Vi 0 0,12 rectangula 1,0 0,12 00
Vo | -12,510° 0,19 normal 1,0 0,19 7

V 9,999931 0,22 22

Expanded uncertainty:
U =kxu(V,)=213x0,22uV/V =054uVIiV

wherek is the coverage factor corresponding to 22 effeatiegrees of freedom
which is a measure of the reliability of the stanidauncertainty [17].

2.4. Interlaboratory comparison between SPI and Mebsert

Measurement capability of a standards laboratonybeaconfirmed experimentally
by participation in an interlaboratory comparisdmeasurement standards.

In 2006 a comparison of 10 V and 1 V voltage stasslavas conducted
between the Estonian National Standards LaboratoryElectrical Quantities
operated by Metrosert Itd (Metrosert, Estonia) Biettrical Standards Laboratory
of the Semiconductor Physics Institute (SPI, Lithiag

SPI maintains the representation of the volt basedhe 10 V JVS system,
installed at the end of year 2004. In time betweeerations of the JVS, the
voltage unit is maintained in secondary voltagendaads at 10 V and 1 V by
means of a set of Zener references comprising FIOREN Nanoscan System. The
reference standards are periodically calibrateihagthe JVS system [27].

For comparison between two laboratories the medtiesttransfer standard Z13
was used. A model for the output voltage of thesfer standard was determined
from measurements against the HAV output, as deesitrin the section 3.2 of the
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present work. The model includes only time depeodenVariations in
temperature, humidity and pressure between lalrigatand during transportation
are taken into account as an uncertainty component.

The Z13 was compared to the HAV output every daynduone month (10.03
— 10.04.06) before it was delivered by hand to 3PEPI the measurements were
conducted in two time series (19-21.04.06 and 168.86) against the JVS. After
that the transfer standard was delivered again ¢trddert and compared to the
HAV output during one month (23.05-22.06.06).

The transfer standard was delivered under poweditons, with temperature
and humidity variations of (23,3...28,9) °C and.(3®) %RH respectively.

In Figure 21, the measurement results for the Zitained at Metrosert (gray
markers) and SPI (white markers) are shown. Théerdifice between two
laboratories was 0,94 pV/V with the expanded umgatg of 0,89 pV/V. The
major contribution to the uncertainty is from theaaurement system of Metrosert.
It is the calculated expanded uncertainty for thagetion of the HAV output. The
expanded uncertainty of measurements performechstgdie JVS of SPI was less
than 0,05 pV/V.

Interpretation of obtained results is conductedortiag to ISO/IEC GUIDE
43-1:1997, ,Proficiency testing by interlaborat@gmparisons” [24]. The equation
(7) from this document was already used in the Ba&8tof the present work in
estimation of quality of the projection for the HAMtput. Although the criteria
|E.| for the targeted uncertainty of 1 puV/V is lesarhl, for the calculated
uncertainty of 0,89 puV/V theE}| is slightly higher than 1E}| = 1,06). This
pointed to a need to re-evaluate the previouslyutatied uncertainty intervals.

The regression line and uncertainty intervals wgrdated after an unexpected
change in the Z5 10 V output was observed, it s&£deed in the section 3.2. The
regression line of the HAV output was correctedewh new calibration point was
obtained in September 2006. According to the cteteprojection shown in Figure
22, the difference between laboratories is 0,1Mmith the expanded uncertainty
of 0,89 uV/V. The numbeE}| = 0,13, which means a satisfactory result of the
bilateral comparison.
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Figure 21. Measurement results of the bilateral comparisonvéen SPI and Metrosert
before the corrective action. Gray markers areltesdfi Metrosert, white markers - results
of SPI, narrow dash line — regression line for ttevelling standard, bold dash line —
calculated expanded uncertainty, solid lines ~\/\Vuncertainty limits.
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Figure 22. Measurement results of the bilateral comparisonvéen SPI and Metrosert
after the corrective action. Gray markers are tesafl Metrosert, white markers - results of
SPI, narrow dash line — regression line for thesdlling standard, bold dash line —
calculated expanded uncertainty, solid lines ~\/\juuncertainty limits.
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2.5. Measurement of direct voltage in range from 1®mV to 1
kV

Long-scale digital multimeter

A local representation of the voltage unit basedalid-state references is usually
maintained at 10 V or/and 1 V voltage levels. Tgpiapplications of voltage
measurements extend the voltage range from 1000m\KV.

We have applied a method for scaling the basiageltunit of 10 V by using of
a modern long-scale digital multimeter (DMM) FluR&08 with a highly linear
analog-to-digital converter [28]. Automated meamgats with the DMM provide
an accurate and easy to use solution for the gcpiimcess.

The major sources of the uncertainty in voltagelisgawith the digital
multimeter are:

e linearity error of the DMM;
¢ stability of the voltage sources;
e repeatability of measurements.

The uncertainty component due to the DMM lineardgror is normally
estimated from specifications. In high-accuracyligpions linear performance of
DMM should be checked with external standards, i#aoughly characterized
voltage standard, and resistive voltage dividerthm present work, the self-made
Hamon-type [29] resistive voltage dividers (HRVDEa@mployed for calibration
of the DMM ratio functions, using the Zener devf¥8 and multifunction
calibrator type Wavetek 4808 as voltage sources.

Resistive voltage dividers

In Figure 23, a principle of a self-made Hamon-tyéage divider is depicted,
which is used at 0,1:1 V, 1:10 V, 10:100 V and 1000 V voltage ratio
measurements. By using of this device the loweetamties can be achieved as
compared to the DMM 8508.

The Hamon-type resistor consists of four resistormected in a special way to
reduce effects due to lead and contact resistd@6¢sThree resistors RR, and
Rs; connected in parallel are compared to a fourtlst@sR, as the 1:1 ratio. The
value of three resistors connected in series is time of the value of R The
series combination of four resistors provides atueate 1:10 ratio. The resistors
are immersed in an oil bath for temperature stghiliring measurements.

Three build-up resistors at different nominal valuee involved in scaling
process to reduce the heating effects of resisfok®hm for 0,1:1 V and 1:10 V
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ratios (HRVD1), 10 kOhm for 10:100 V (HRVD2) andalkROhm for 100:1000 V
ratio (HVRD3).

The 1:1 ratios of the HRVD1 and HRVD2 are compdasgdneans of a high-
resolution (9 digit) direct current comparator (DQ@sistance bridge [Publ. III]
and a standard resistors.RThe 1:1 ratio of the HRVD3 is measured by the
potentiometric method employing the multifunctioalilbrator 4808 as a current
source and digital multimeter 8508 as a voltmeter.

The HRVD1 can also be used to check the 10:1 essistratio of the DCC
bridge. The agreement between the self-made Hagpenresistor and the 1:1Qk
range of the DCC bridge is better than 0,05Q.

R 3R, 3R, DCC bridge 3R,

2R, DCC bridge 2R

Figure 23.The simplified circuit diagram of the self-made Hamtype voltage divider.

Measurement results

The measurement results along with the associatéative uncertainties are
summarized in Table 6.

Table 6. Measurement results for voltage ratiogys — is the ratio of the 8508, — is the
ratio of the self-made Hamon resistOgsos andUy are the respective uncertainties.

l'g508 IH, Ussos, Un,

pVvIv pVvIv pVvIV
0,1:1V 1,1 3,3 1,6
1:10V 0,8 2,2 0,7
10:100 V 0,9 2,6 0,8
100:1000 V -1,6 6,7 1,0
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The voltage ratio values normalized to the Hamasister ratio values are
shown in Figure 24. The differences between théagel dividers and the DMM
ratio functions are within uncertainty limits.

From the analysis of the measurement results ibearoncluded that the DMM
8508 is in conformance with its specifications @ad be used as a voltage divider
for realization of the voltage scale in the rangenf 100 mV to 1 kV. The
uncertainties of the DMM can be reduced by takintp iaccount the obtained
corrections, resulting in the uncertainty £ 2) of 3 uV/V for realization of the
voltage scale.

100:1000 V+
% —CO—
10:100 VT §
° ?
T 3
o : —O—
110V + |
%o——c
0.1:1V+ i
T T T T T T \: T T T T T T
9 8 -7 6 5 4 3 -2 -1 0 1 2 3 4 5 6

Ratio deviation (uV/V)

Figure 24. The voltage ratio values normalized to the Hamaister ratio values: filled
circles - measured by the 8508, empty circles —thyy self-made Hamon resistor.
Horizontal bars indicate the measurement unceytaint
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Conclusions

In this thesis, the establishment of the natiotehdard for voltage unit in Estonia
is described.

A method developed for maintenance of the locatesgntation of the volt is
discussed. The voltage standard consists of teremfes with 10 V and 1 V
voltage outputs. Traceability is obtained from dlesephson effect voltage standard
by annual calibration of the transfer standardhat €entre for Metrology and
accreditation of Finland (Mikes). Confidence in tagle standards is ensured by
regular intercomparisons of individual standardth®hardware average (HAV) of
the system.

Metrological characteristics of the references warneestigated. The most
significant components contributing to the uncetiaiestimate in maintenance of
voltage standards are calibration uncertainty, renvnental effects and long-term
stability.

The uncertainty analysis indicates that the retatixpanded uncertainty less
than one part in f0is achievable in maintenance of the national stehaf the
voltage unit. The output of a reference in timewssn external calibrations is
described by a linear drift model, where the lesgiares estimates of regression
parameters are found from calibration history.

The quality of the model describing the output bé tvoltage standard is
evaluated by comparison of the projection of thétage output to the latest
calibration point. The criterion of evaluatioR,|| is less than 1, which is the
satisfactory result in modeling of the HAV output.

The measurement capability of the laboratory fow neltage measurement
standards was confirmed by participation in theatbilal interlaboratory
comparison with the standards laboratory for elegfrquantities of National
Metrology Institute in Lithuania. The differencetWween two laboratories was 0,11
uV/IV with the expanded uncertainty of 0,89 uV/V.

The method for maintenance of voltage standardeldped in present work
was implemented in establishment of the reliablgregentation of the voltage
measurement unit and realization of the voltagéesicaEstonia. The uncertainty
analysis and interlaboratory comparison confirnfeat the voltage standard based
on solid-state references at 10 V nominal value banmaintained with the
expanded uncertainty better than at 1 pV/V.

The voltage scale in the range from 100 mV to likvealized by means of a
long-scale digital multimeter and resistive voltafjeiders with uncertainties less
than 3 pV/V.

The national standard of the voltage measuremeihtwas appointed by the
Minister of Economic Affairs in 2006.
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Résumé

Il s’agit d’'une description d’amélioration de la
capacité a mesurer le courant continu et la résista
électrique en Estonie. L'unité de courant continu,
I'exécution du volt se base sur les sources duagelt
d’étalon et sur I'unité de résistance électriqiexdcution
de I'ohm aux résistances d'étalon. Chaque année les
étalons de toutes les deux mesures subissent un
étalonnage selon les exécutions basées sur lesidait
quantum. Dans le courant initial 10 V [lincertitude
élargie calculée du courant continu est\IV et dans la
zone de 1Q a 10 K2 l'incertitude élargie calculée de la
résistance électrique espQ/Q.

Abstract

The capabilities in measurements of direct
voltage and electrical resistance were improved in
Estonia. The standards for Volt and Ohm are based o
electronic voltage standards and standard resistors
respectively. The reference standards are traceible
Josephson voltage (JVS) and Quantized Hall (QHR)
effect resistance standards by means of annuélratitin
of transfer standards. The estimated expanded taitigr
is 1 uV/V for 10 V output of the volt maintenangestem
and 1 12/Q for standard resistors in the range fro® 1
to 10 K.

Introduction

Industry and science apply a number of measurenaénts
direct current electrical quantities. The succdssfu
development in these areas requires uniform andratesc
measurements, which are ensured by firmly estaddish
traceability.

In 2006 the standards for units of voltage andtetsd
resistance were appointed [1, 2] in Estonia. Thaddrds
are maintained in the specially designed laboratufry
Metrosert Ltd (Central Office of Metrology in Esia)

in which relative humidity and air temperature are
stabilised within ranges of (45 3) % and (23.0_#.5)
°C, respectively.

In this paper new measurement capabilities in tlirec
voltage and electrical resistance in Estonia aseriteed.

Voltage standards

Maintenance and traceability

Ten solid-state references (so-called Zener dioi®&4p]

are used in an automated system for maintenance and
dissemination of the volt. Standards are divided iwo
modules. The transfer module includes four unitsctvh
are annually calibrated against the JVS or secgndar
standards traceable to the JVS at 10 V and 1 V malmi
values at MIKES (Centre for Metrology and
Accreditation, Finland) see Fig.1. After calibraticthe
voltage unit is transferred to the maintenance redu
which is used to represent the volt in time between
external calibrations. The maintenance module
incorporates a null-detector, a built-in scanned aix
Zener units connected to the hardware average (HAV)
Averaging of outputs of several units is needetethice
the influence of environmental effects [3]-[5], whi
gives higher degree of confidence in predictabitifythe
HAV output.

The voltage measurements in the range from 10 mV to
kV are related to 10 V HAV output by means of tlighh
resolution digital multimeter and multifunction itahtor.

Josephson effect voltage
standard

_____________ {___

Transfer module 7004T
10V, 1V, 1.018V

1

Maintenance module 7010N
10V, 1V, 1.018V

|

Working standards
10mV ... 1kV

Mikes, Finland

Metrosert, Estonia

Fig.1 Traceability of dc voltage measurements ito&s.

Measurement results

The standards are regularly compared to the hasdwar
average of six units to identify any unexpectednges

in 10 V outputs of individual references. Typical
measured differences between outputs of the HAVaand
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Fig.2 Typicalmeasured differences between 10 V outputs
of the HAV and single Zener unit. The regressiofitisd
to measurement results.

single Zener unit are shown in Fig.2. The linear
regression line is fitted to the measurement date
fluctuations near the regression line are estimatede
less than two parts in 10The estimate of fluctuation is
taken into account in uncertainty budget as a carapb
due to long-term standard deviation of a regression
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Fig.3. The calculated regression line for the 1@ufput
of the hardware average.

The linear drift model is used in [3, 4] to predice 10 V
HAV output in time between calibration points. Tleast
square estimates of regression parameters are foaumd
calibration history (Table I) for the HAV obtainday
external calibration of the transfer module comsgsiof
four Zener units.

Table | Calibration history for the HAV output.

Date Value, Expanded
\Y Uncertainty,
uviv
May 2004 10.000000 0.5
December 2004 9.999985 0.2
April 2005 9.999981 0.5
June 2005 9.999973 0.3
August 2005 9.999971 0.3

The regression line (Fig.3) for the HAV 10 V outpues
calculated by applying the weighted least squaitésg
method [6]. The associated uncertainty 1 u\WK\E@2.67)
for a 1-year calibration interval includes compasetue
to:

e Calibration;

e Transportation;

e Long-term drift;

e Environmental effects;
e Noise.

Resistance standards

Maintenance and traceability

The Estonian national standard for resistance seda!
the set of standard resistors in the range fromQlto
10kQ. Two reference nominal values atlland 1 K
are maintained with a group of three standards.

Quantized Hall Resistance Standard

_____________ {_____

Standard Resistors:
1me, 12, 1k, 10k

l

Standard Resistors:
1me ... 10k

l

‘Working Standards:
1me .. 10kQ

Mikes, Finland

Metrosert, Estonia

Fig.4 Traceability of resistance measurements torkz.

Traceability of the standard resistors is obtair®y
reguhbr calibration of four standard resistors, Fig.Aef
the maintenance group of the resistance standa
calibrated with an automated measurement systeet
on the direct current comparator (dcc) bridge g, 5.

Temperature
Measurement
b System

|

n

Oil-thermaostat
HS 7108

PC | |
DCC Brdge
MI&010B

Range Extender

MI&O11B

Power Supply

MI6100A

Matrix Seanner

MI 42104

GPIB

Fig.5. The automated system fomeasurements of the stanc
resistors.



The direct current comparator bridge, range exteadd
matrix scanner from Measurement International (kg
used in regular comparison of standards, whichwallo
tracking of relative drifts of the resistance value time
between calibrations. The resistors are immerstdtie
oil-thermostat to maintain the standards at tentpeza
(23.00 + 0.05yC. The temperature is measured from
inside of the resistors with sixteen fast respgriaénum
resistance thermometers (PRT). The system is fully
automated with measurement software developed at
Metrosert Itd.

Measurement results

The monitoring of the stability of resistance valuie
conducted by regular inter-comparison of the stehda
resistors within the range from 1(mto 10 K2. As an
example, the measurement results for the 10:1 oétibe
100 Q and 10Q standard resistors are shown in Fig.6.
During the period of more than 1.5 year the drfftle
ratio is less than 1 part in 10

3
@

©
=

Resistance Ratio 10:1 Deviation (+10 %)
© @
9 w

I3
B

o

100 200 300 400 500 600

Time (days)
Fig.6 Measurement results for the 10:1 ratio of1B8Q
and 10 Q standard resistors. Vertical lines denote
accuracy specification limits of the bridge.

The long-term stability of the temperature maingainn

the oil-bath can be estimated from measuremenoriist
of the standard resistors, where temperature istezgd

for every standard during resistance measuremehts.
measurement results for nine platinum resistance
thermometers are given in Fig.7. The drift lessntha
0.02°C is observed for all PRTs. The total uncertainty i
temperature measurements is 095 for the one-year
calibration interval.

23,02

Temperature (°C)
9
3
3
2

N
@«
o
3

' A

22,99

0 100 200 300 400 500
Time (days)
Fig.7 Results for nine platinum resistance therntense
measured from inside of the standard resistors.

The developed measurement setup and an air-thextmost
allow determining the temperature coefficients bé t
resistors which are necessary to take into acceffietts

of temperature on resistance values.

The maintenance of resistance unit and dissemimatio
traceable measurements require thorough charaatieriz

of the measurement bridge. We applied methods of
complements checks and comparison with Hamon-type
resistors [8, 9] to confirm the performance of alac
bridge. The results of complements checks for atibs
with nominal values from 12 to 10 K2 are shown in
Table Il. Two measurement series are conducted by
exchanging resistorsyRand R. The given measurement
results indicate that 1:1 resistance ratios of loudge
comply with accuracy specification of the bridgehieh

is 1 part in 16,

Table Il Complements checks results for dcc bridge.

Nominal Current, mA Relative Standard
value,Q difference in deviation,
ratio,-1C*® -10°
1 100 -0.012 0.0007
10 30 -0.00z 0.00(3
100 5 -0.015 0.0011
1k 3 -0.02¢ 0.002(
10k 0.3 -0.067 0.0125

The measurements of the 10:1 ratios were perforoyed
using of Hamon-type resistors [10, 11] see TahleTte
ratios 1000 : 10Q and 10Q : 1Q were checked with the
model SR1030 transfer standard. Also, two-decaelesst
of the bridge in the range from 100 to 1 Q were
measured with the same device. The difference legtwe
100 :1 (29 row in Table 1ll) and two 10 :1 Band 4"
rows in Table IIl) ratio measurement steps wasréspga

Four (two for each range) home-made Hamon-type
resistors were constructed to check the ratios 20 &

kQ and 1 K : 100Q of the bridge. The measurements of
two Hamon-type resistors and @k 100Q bridge ratios
were within 5 parts in 0

Table Il Comparison results with Hamon- type resis.

Ratio, Relative differencel Relative expanded
Ry : Rg in ratio,-10° uncertainty;10°®
100Q : 1Q 0.2 0.2
10Q:1Q 0.09 0.20
100Q:10Q 0.09 0.20
1kQ:100Q -0.0¢ 0.2C
10k :1kQ -0.61 0.30

The difference between two Hamon-type resistorhen
range 10 R : 1 k was 16 parts in fpresulting higher
uncertainty of the measurement. The difference &tsp
in 10* observed between the bridge and Hamon-type

resistor measurement results should be further
investigated.
The typical uncertainty budget in maintenance of

resistance standards includes the following compisne
due to:

e Calibration;

e Transportation;

e Long-term drift;

e Performance of the bridge;



e Connections;

e Temperature and power corrections.
The expanded uncertainty £ 2) is 1 |©2/Q for the range
from 1Q to 10 Q.

Conclusions

The reliable representations of the voltage antaxe
units were established at secondary level of stalsdia
Estonia.

The standards are traceable to Josephson voltage an
Quantized Hall effect resistance standards.

The automated measurement systems were developed

and thoroughly characterized to ensure, that the
uncertainties in maintenance of standards are V| iof/
10 V and 1 @/Q for the range from © to 10 K.
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ABSTRACT: The national standard of volt in Estonia is To obtain traceability for dc voltage measuremén
based on the ten solid-state references and consisbf Estonia, four Zener units in the transfer miedare
maintenance and transfer modules. Traceability of e dc annually calibrated at 10 V and 1 Abminal values
voltage standards is obtained by annual calibrationof 4  \1kES (Centre for Metrology and Accreditati
Zener units fitted in the transfer module. The calclated Finland) against the JVS or standards traceabléhd
expanded uncertainty is less than 11V, taking into account JVS. Also, two calibration points were obtained fr
the component due to predicted annual drift of thel0 V ) ’ . . .
system average. Fluke Iabor‘atory. along with purchaseelvt@:es gnd whe
a Zener unit came from repairhen the calibration valu
1 INTRODUCTION are Fransferred to the_main_tenancg module. A 8Ytat
multimeter and multifunction calibrator are used
determine voltage ratios relative to the traceatdeV
output of the reference standard. Traceabdftgin for di
voltage is shown in Fig. 1.

The most stable and reproducible representatiothef
voltage unit is based on the Josephson effect gmlta
standard (JVS) [1]. Typically the JVS is operatedrg 2-
6 months. In time between operation periods of X8,

the maintenance and dissemination of the volt i Josephson effect voltage Mikes, Finland
conducted by using of solid-state references, Heeta standard
Zener diodes [2]-[6].

To achieve the uncertainty of 10 pV for the 10 V™=~~~ ="~~~ "=~~~ """ """ TTTTTTTTToTTooTo oo
output in mamtenance. of the V(_)Itage standard gtioeip Transfer standard 7004T Metrosert, Estonia
of Zener references is used in an automated syste WV:1V: LOISV
Periodical comparison of individual items to thdttbe -
average of the whole group enables tracking of tr l
relgtive' drifts' of the_ Zener units in time betweer Maintenance system 010N
calibration points against the JVS or secondaryellev 10V 1V; 1.018 V
standards traceable to the JVS. i

In this paper, the method developed for the l
maint_enance of the sta_ndard of voltage in E_stosia Working standards
described. Our system includes ten Zener units &ho 10my .. 1KV
outputs are regularly compared to the average ef tl

group of six references. The drifts of the systerarage Figure 1. Traceabily chain for dc voltage measurement:
and individual Zeners are determined from externdistonia.
calibrations. Measurement methods for predictiorthef

drift are presented. Output of a solidstate reference during the calibra
interval can be described by a certaimthematic:
2 MAINTENANCE model. The linear drift model is frequently used-[A,

Th lid-stat ¢ intained in th ._where the least squares estimates of regressiampéer
e solld-state references maintained in the shryemaare found from calibration history. For some refiees

designed laboratory of Metrosert Ltd (Central Gifiof ), jinear model may be more suitable, in particula
Metrology in Estonia) were obtained in the begignaf longer periods '

2004. To minimize anronmental e.ffECtS on the Environmental variations can influence the output
performance of the equipment, the relative humidityl the standards [ZB]. To minimize temperature a

air temperature in the room are controlled by an - : ) .
- e umidity effects the gain/attenuation defining cament:
conditioner within ranges of (45 5) % and (23.0 90.5) within Fluke 7000 type instrument are made

°C respectively. “Statistical Resistor Arrays” and specially mount].
Atmospheric pressure coefficients reported in [6] £

1-4244-0415-0/06/$20.00 ©2006 IEEE =~ 157



7004T module and in [2] for some 7001 units arstandard uncertainties 0{()? were used to find
negligible under normal use either as a transfer standardized weights. Although one vyear stability
stationary standard with the relative uncertainfyone specification for the 7004N model isl2 pV, the drift of
part in 10. the HAV output for the same period is — 24 pV, see
Averaging of outputs of several standards furthefig. 2.

reduces environmental effects and makes the awérage

output — hardware average (HAV) more predictable in Table |

time. For this purpose six references are hostedhby Calibration history for the HAV output

maintenance module with built-in scanning and inteT Date Value, V Expanded

comparison capabilities. Uncertainty, pV
Humidity and pressure coefficients were determined may 2004 10.000000 5

for some Zeners from within-group measurementsnduri December 2004 9.999985 2

periods of several years in [5]. Our system hadindt April 2005 9.999981 5

group measurements results for more than 1.5 y&aes. June 2005 9.999973 3

effects due to finite regulation capabilities ofeth  August 2005 9.999971 3

temperature, humidity in the laboratory and natural

pressure variations are reduced by factor of 1f6tlie Table Il

hardware average of the system, as there are #&ian

Relative drift rates of the HAV and 7000 Zener dtaals

the HAV. Humidity correction can not be estimatezivn ID Drift rate, U, Seg:
due to relatively short measurement history andllsma -10°%year 10° 10°
humidity variations of (45 45) %. It is supposed, that Z1 -2.16 0.78 0.13
long-term fluctuations around regression lines for___Z2 -3.83 0.77 0.17
individual standards are coursed by seasonal effect—Z3 -2.69 1.00 0.19
These fluctuations are estimated to be not more tha Z5 -2.17 1.50 0.31
parts in 16 and it is used as a component in uncertainty 26 -1.49 0.69 0.11
L A 1 1

From periodical comparisons of individual Zeners bz _1'45 0'75 0'14
against the HAV any reference with abnormal behavio >13 _2:31 0:93 0:19
may be registered and excluded from the systenageer Z14 3.86 213 0.15
Also, the model of the regression (linear or now4ir) for HAV 237 0.88 015
individual standards may be estimated, which cdwdd
important for some references (Fig. 4) in one year 0
calibration period when the regression model typaadt
always so evident from external calibration points. OFT

-10 <

3 MEASUREMENTS S N
The actual drift rate of the HAV and individual Zza g - N
can be only estimated from external calibrationairegf 3 e 2 T el
higher level standards. Table | contains calibraticstory & -0 <2
for the HAV obtained by external calibration of the “ T~
transfer module consisting of four Zener units. The R
maintenance module is calibrated immediately after
arrival of the transfer module. 70

The estimate of the uncertainty [7] for the ° 20 ‘;“’;E o 600 800

maintenance module includes the uncertainty due to

external calibration and transportation of the ¢fan Figure 2. Regression curve for the HAV 10 V outpitthe
module, and the components caused by calibratiG¥Stem. Bars indicate expanded uncertainty associad the
procedure of the maintenance module against timsfea ||i—|nAe\;rarge:etégi%enari)::gyistﬁgiscfz{eg(:? i’i(:g?rz gahhons. The
module and environmental effects. Obtained unaastai g 9 i
is listed in Table I.

As the number of calibration points will grow
annually, the reliability of the standard uncertgimill
increase and the expanded uncertainty will decrelase
this case more attention should be paid to the rtaiogy
components due to environmental effects.

In the regression line calculations the weightealst
squares fitting method [8] was used to take intcoaat
different calibration uncertainties (Table I). Timwversed

In modeling of the 10 V output of the maintenance
system it is also important to study the perforneant
individual items in the system. All ten units inr@aystem
exhibit the negative drift rates, listed in Table The
prediction uncertainty), (k = 2.87) and standard error of
regressionsg are calculated from external calibrations.
The differences between individual 10 V outputs and
hardware average of the system are measured weekly.
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EMF Deviation (uV)

4(‘)0 6(‘)0 800
Time (days)

Figure 3. The 10 V output of the Zener at channas tompared

to the HAV output. The linear regression is showor f

illustration purposes of the observed trend of ¢glean

EMF Deviation (uV)

400
Time (days)

Figure 4. The non-linear regression and the limegression
curves obtained for the Zener 10 V output at chb@né&illed
symbols indicate the measured differences agamstHAV
output of the system.

600 800

0 N

EMF Deviation (uV)

-40

400 600 800

Time (days)
Figure 5. Measurement results of 10 V output of Zlemer at
channel 12. During external calibration the meawere points
are missing. The sudden change in the output oZ#rer can

be noticed after transportation.

Automatically
information about general condition of every urtitaay

individual references can be determined. As an exarma
Zener unit output relative to the HAV is preseniedFig.
3.

The differences against the HAV regression linay
be plotted for individual references, Fig. 4 andThe
linear and non-linear regressions are given forzRen
Fig. 4. The measured differences against the
regression clearly follow the non-linear model.

Four references are used as transfer standardso
transfer standards, thelZ exhibited drop in output (F
5). This may be daito the shipment, although, there v
no extreme changes in humidity (486) % anc
temperature (23.5...27.2)°C during transportatio
However, possibly drift rates of some Zeners ansisige
to battery to line power transitions.

It is convenient to congre regression curves rat
than measured points of the individual Zeners.im B,
the measured differences between Z13 ahdi2 showr
The straight line is the differences calculatedm
regression curves based on external calibratiomtp
Excluding systematic errors, the agreement bet
measurement results and modeled curves is within
parts in 10. This chart is usually expanded to r
external calibration.

EMF Deviation (V)
s o

400 800

Time (days)

Figure 6. Comparison of the 10 ®utputs of the Zeners
channel 13 and. The symbols indicate measured differe
between the items. The straight line representddifierence
calculated from regression curves based on extealddratior
points.

600

4 CONCLUSIONS

The reliable representation of the voltage unitebaer
the group of solickstate references is establishec
Estonia. The uncertainty analysis confirms that 16e/
level of our system can be maintained with thetned
expanded uncertainty less than one part ifi. The
national standard of voltage unit wille adopted by ti
Minister of Economic Affairs in 2006.
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ABSTRACT: An automated system for measurements of The stability of temperature in the oil bath is him
standard resistors has been developed. The systembased (23.00 + 0.01PC. Sixteen fast response platin
on high-accuracy direct current comparator bridge, rangé yegjstance thermometers (PRT) HS type 15@2ar
extender and current source. The setup is used for inserted into resistors to monitor the tempera

comparison, characterization and calibration of stadard T t | f the th t d
resistors in the range from 1 n® to 10 kQ with relative emperature values of the thermometers are recany

uncertainties below (1...5) parts in 16 using the thermometer readout type HS 1529 anc
selector switches from Isotech.
1 INTRODUCTION Two subsystems, one for resistance andtlaar fol

temperature measurements operate under control
ersonal computer. The supporting software
eveloped at Metroseltd. The devices for resistar

Resistance ratio bridges are the primary instrumased
by National Measurement Institutes in resistance a

temperature applications. In resistance measuranbet oo o0 Gl thermostat are connectedgh

bndggs are used f_or scaling of the ohm from th9ne GPIB (General Purpose InterfacesBun temperatu
q“f.*”“zed Hall resistance (QHR) standard [l] %fheasurements the RES2 serial interface is used for
resistance _sta_ndards tr_aceable t_o the QHR' Trabriy rpose of flexibility in other applications, whetke
of uncertainties obtained during scaling process PIB is not present

resistance is normally confirmed by performance ’
assessment of the bridge. RS.232

For resistance measurements in the range fron®1 m

to 10k2, an automated system based on the RS-232
commercially available direct current comparatoid@e

was developed. The performance of the setup was m 954 @

thoroughly characterized to confirm, that the neaince

of resistance standards with relative uncertainpadt in
10 is achievable in the electrical laboratory of Metrt
Ltd (Central Office of Metrology in Estonia).
— 6010B
2 DESCRIPTION OF SYSTEM
The measurement system (Fig. 1) consists of direct PC — II
current comparator bridge from Measurement | 60118
International (MI) type 6010B, 100 A range extentydr
6011B, DC power supply Ml 6100A and four terminal T
matrix scanner Ml 4210A. The standard resistors are 7108
immersed into the oil thermostat from Hart Scieotif L 6100A
(HS) type 7108.
The main component of the automated system is the ]
direct current comparator (DCC) bridge [2]. Alongthw GPIB

the DC power supply and 100 A range extender, trﬁ;’gyre 1. The automated measurement system fordaste

measurements of resistors in the range from @lton10 resistors.

kQ with measurement currents from {8 to 100 A can

be carried out. The same DCC bridge was previousdyl 3 MEASUREMENTS

in Estonian National Temperature Laboratory, buhaiit The automai® measurements are performed regular

100 A range extender and DC current source [3]. investigate the stability of individual standardsistors
As an example, the measurement results forQ10



standard resistor are shown in Figure 2. The sangs

allows to determine the temperature coefficientsthaf
resistors which are necessary to take into accthmt
temperature effects on resistance values at theraoc

relative uncertainty 4 parts in 100ne resistorwith
nominal value of 1 2 was calibrated at the relat
uncertainty of 20 parts in f0For other resistors, t
differences in ratio and the related uncertaintiesre

level of 1 part in 10 found from calibration history and measurementltssu

To confirm the performance of our DCC bridge we The accuracy specification of the bridge for
applied methods of complements checks and comparisdecade ratios in the range fronQ2lto 10 kQ is 1 part il
with calibrated standard resistors [4, 5]. The itesaf 10’, which is smaller than the calibration uncertaisto
complements checks for 1:1 ratios with nominal galu the resistors. For that reason, it is difficultestimate th
from 1 Q to 10 K2 are shown in Table |I. Two conformance of the measurement results with br
measurements are conducted by exchanging resRfors specifications. However, the differences in ratie kes:
and R, The given measurement results indicate that 1than 3 parts in T0being smaller as compared to

resistance ratios of our bridge are within +1 pari.(,
which complies with accuracy specification of thialge.

12

10

8

Resistance Deviation ( pQ)

200 300

Time (days)

Figure 2. Stability of the 1@ standard resistor.

500 600

Table | our system are less than (1...5) parts ifi ihOthe rang
Complements checks results for DCC bridge from 1 n2 to 10 K.
Nominal Current, mA Relative Standard
value,Q differenceein deviatéon, ACKNOWLEDGMENTS
1 100 rang,c-)llc; '01%007 The authors would like to thank prdf. Rang, who is tt
10 20 :0:002 0.0003 | Supervisor of the authot'®hD studies. _ _
100 5 0.015 0.0011 The authors are thankful to the Estonian Sci
1K 3 0.024 0.0020 Foundation (Grant 5901) for the support of thiseezst
10k 0.3 ~0.067 0.0125 | aswell
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calibration uncertainties. The differences larghar
specifications of the bridge can be due to ¢hébratior
uncertainty andtability of the resistors and/or inaccur
of the bridge.

For the higher degree of conformance with the &
specification, either smaller uncertainty of thderenct
resistors or Hamon-type device should be used.

3 CONCLUSIONS

The automated setup for measurements of sta
resistors was developed. The new system is us
high-accuracy resistance measurements and calibrat
customers’ standard resistors demanding
uncertainties.

The characterization of theilge was carried out
verify, that the uncertainties of resistance scplirsing

reference resistors are compared to the valuesnebta [5] S. Rudtsch, G. Ramm, D. Heyer, R. Vollmé&ompariso

with the resistance bridge. The results are preseirt
Table Il. The symbol “->" denotes, that the meamests
were performed in decade steps. Three resistors heen
calibrated abroad in 2005: 102k 1 kQ and 1Q with
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of test and calibration methods for resistanceoratiidges,”
TEMPMEKO 2004, 9th Int. Sympn Temperature and Thern
Measurements in Industry and Science: Proc. Vo[2@05),
773-780.
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Abstract. The specification characteristics of power
electronic applications can be improved by use ofecent

transistor Q come from impulse generator G. Thele
under the test D is connected parallel to thed laac

high-speed power devices. The Schottky structure Babeen
developed for direct type converter circuits. The dscription
of real layout and testing methodology of an expemental
sample of 4H-SiC Schottky barrier diode manufacturel by
diffusion welding. Presented results of timing forreverse
recovery time are described according to the samplef the
direct current regulator.

|. INTRODUCTION

The sample power silicon-carbide diodes were
fabricated on CVD grown low-doped 4H-SiC epitaxial

layer without edge termination. Double layer Ni-Aod
triple layer Ti-Ni-Au sputter metallization were ads for
Schottky contacts fabrication. Non-rectifying batto
contacts were provided by Ni-Au metallization. Désd

were tested on-wafer and delivered for dicing, and

packaging. To decrease the parasitic spreadingtaese
the thickness of initial sputter metallization wasreased
by diffusion welded 30um metal foil. Such way
combined thick and plane metal layers makes itipless

plays its part as free wheeling diode. Into thewtrof D
(series D) is attached a measuring shugs, Rvhich is
used to gather the information about current flg
through the diode. In order to decrease stronglyseif
inductance of the shunit is implemented as a bub
construction [3].

-8
Fig. 1. Switching regulator circuit.

The oscilloscope is used to measure the ti

to perform the clamp mode package in the casedlysuawaveforms for the diode’s current. Correspondingpbe
used in power electronics. This scheme of packagingeflecting the work of the appliance are shownitn 2.

ensures current takeoff from the whole contact e

increases operating temperature up to 600°C. The
forward current-voltage characteristics up to 75 A s

measured for packaged diodes give 250 A/¢T0A) at
1.9 V forward voltage [1]. However, the diode’s betor

can be more interesting while in a switching mode. Is

Insufficient continuous backward off-state voltagl
and essential continuous forward voltage tdake the
trial and the measurement of the operating speféidudi
using classical analysis, as described in [2]. Kbedess,
it is possible to estimate the dynamic characiesst
namely the speed of switching on, if to force thedd to
work as a part of some real power electronics appdin.
The step-down switching regulator particularly nhats

. A
Vv

Fig. 2. Several processes of test circuit.

Transistor Q gets couple of control impu

the mentioned application. The operating mode @f thfollowing one another {it, and j-ts). The inductanc
regulator was chosen in accordance to the parasnefer value L, the length of impulse t,) and delay timeo

the diode.

1I. DESCRIPTION OF APPLIANCE

are conditioned in shca way to achieve the diod
current |, before switching off phase would be as clos
possible to the value of load’s currepiyhx. To reduc
the heating of a diode under the test all impufsdew

The simple switching regulator circuit is shown the low frequency of 120...150 Hz.

in Fig. 1. The application is supplied with poweusce

The work is condcted by following way. At tF

Vv = +45V. Switch Q based on MOSFET works for themoment 1 the transistor Q activates and some er
load consisting of resistive and inductive partsaRd .. starts accumulating in the inductange Eor the mome!
The value of resistive part of the load is exastiyected t, diode’s current is completely set up. At the momignt
to provide the value of diode’s curremylright before transistor Q is switching off and the load currgoes 6
the switching off with 4y = 30A. The control signals for the diode D. At the momeny transistor Q is switched

1-4244-0415-0/06/$20.00 ©2006 IEEE 245



again and the diode D is about to be deactivated 5
accompanied by surge of backward currgnt |

At the moment:tthe switching off phase is over
and the load current flows again through the tistosi
The interval between, and ¢ should be certainly longer
than the time of diode’s deactivation (the switchinff
phase). At the momeng Q is deactivating and the load
current goes back to the diode and while the irahas
L, is discharging it is dropped to zero.

=0 100 150

difdt (Ms)

200 250 300

The speed of transistor Q current’'s growth at the

activating phase at the momeptand correspondingly
speed of drop of diode’s current at the deactigapihase
are controlled by additional linear throttle wittvariable

inductance, which is linked up with source of the

transistor Q (point X). Throttle is supplied witlnet
charge tapping circuit, which was accumulated wttike
transistor Q was switched on. Full discharge ofgynef

additional throttle takes place in a time of + t.

Additional throttle reduces the timent required to
activate the transistor, and therefore increasessfieed
of growth for drain’s current.

tr

clrm
Trn

Fig. 3. Classical definition of parameters.

Irn

By the rule reverse recovery time, tis
determined according to the graphs in Fig. 4 adngrtb

Fig. 5. Recovery currentsly versus current fall rate.

02

0,15

tr (us)

0.0s

150
dirdt [Ahs]

200

Fig. 6. Reverse recovery timgg'versus current fall rate.
11l. CONCLUSIONS

The 4HSIC Schottky structure has b
developed for direct type converter circuits. Thmairig
measurements made for reverse recovery stiaw ¢
sample diode produced by the diffusion welding pe
sufficient operating speed. In case the trend ikea ou

the recommendation of [4] where degree C is usuallyo improve the static operation factors the dioce
assumed as C=0,25. Experimental regulator layoyserfectly be used in power electronic applications.

research however has shown significant differerices
deactivation proceeding between real applicationd a
shown in Fig. 5. In addition to its already meng&dn
static characteristics diode D also has compalgtivig
its own capacity. This and also high speed of curre
change lead to the condition when the whole prooéss
the diode’s deactivation looks like having an datiry
nature. Fig. 4 shows approximate
proceeding. In order to estimate deactivation céifieb

in such conditions it is suggested to step backnfro
generally used way of evaluation the[4]. If to admit
the time shown in Fig. 3 for the time, tthen standard
deactivation characteristics can be produced ferdibde
under the test. Measurements obtained from thetsesu
based on experimental layout and diode under gteate
shown in Fig. 5 and Fig. 6.

Fig. 4. Assumed definition of parameters.
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Pinge mootuhiku riigietaloni arendamine Zener-tulpi
etalonpingeallikate baasil

LUhikokkuvdte

Vaitekirjas esitatava t00 eesmargiks on pinge niditiiriigietaloni arendamine.
Voldi esitamiseks kasutasime kuut Zener-titpi efgilogeallikat automaatses
slisteemis tugivaartusel 10 V.

Nelja samasugust pingeallikat kasutame Ulekandaetel voldi seostamiseks
Josephsoni efektil pdhineva etaloniga mdodtevahend#dnspordist ning sellega
kaasnevate keskkonnatingimuste jarsust muutuséstewate mojude véhenda-
miseks riigietaloni mddtevoimele.

Riigietaloni mdodtevdime sailitamisel jalgitakse kuikalibreeritud etalon-
pingeallika valjundpingeid vorreldes Uksikute Zeteervaljundeid keskmise
tugivdartusega, mida arvestatakse maaramatuse gpanugiliskalibreerimiste
vahelisel perioodil. Mitme etalonpingeallika kasutae on vajalik Umbritseva
keskkonna parameetrite mgju vahendamiseks koguskinkisele vaartusele.

Pingethiku sailitamisel ja edastamisel saavutatavédtemaaramatuse
hindamiseks uuriti pingeallikate mitmeid metroldigji omadusi: tundlikkust
temperatuuri, 6huréhu ja 6huniiskuse muutustelalisajtriivi jms. Pingelhiku
esitamist kirjeldavat matemaatilist mudelit konlitbiiimase valiskalibreerimise
suhtes. Valiskalibreerimiste vahelises intervakisutame projektsiooni Kkirjel-
damisel laboris valideeritud lineaarset regressidgiverat. Mddtetulemuste
analuis néitas, et meie poolt arendatud meetodigausatav laiendméaaramatus
Zener-tllpi pingeallikatega kasutamisel on vaikkeirl pV/V.

Elektriliste suuruste riigietaloni labori (AS Mes®rt) uue etalonibaasiga
realiseeritav mootevdoime on kinnitust leidnud radwahelises vordlusmdotmises
Leedu alalispinge ja elektrilise takistuse riigieta laboriga.

Pinge skaala realiseerimiseks piirkonnas 100 mVi KunkV kasutasime
digitaalsel tappismultimeetril ning multifunktsicadael kalibraatoril rajanevat
mootesisteemi. Tappismultimeetril p8hinev pingggmgan automaatne ja kasu-
tamises lihtne lahendus pinge skaala realiseefimigeltimeetri kalibreerisime
isetehtud Hamon-tllpi pingejagajate abil. Valjaatdd meetodi laiendmaaramatus
piirkonnas 100 mV kuni 1 kV on vaiksem kui 3 pV/V.

Elektriliste suuruste riigietalon alalispinge gregailoni tugivaartusel 10 V ja alalis-
pinge vaartustel 100 mV kuni 1000 V kinnitati majas- ja kommunikatsiooni-
ministri maarusega aastal 2006.
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