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Abstract: In a given summary the alternate voltage standard)nited States of America, Germany,

which works over the voltage range from 0,1 V t®@Q%/ and
the frequency range from 10 Hz to 30 MHz is presgnin the
paper its structure and the main scientific andhneal
advancements are considered.

Russia, Holland,
England, Austria, Switzerland, Ukraine.

There is no fundamental difference between theonali
standards based on thermo-comparison of DC and AC
voltages. The difference of countries’ nationahdids lies in
a justification of reproduction errors of AC volagRMS
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system, the thermal voltage converter, the voltaggeband
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1. INTRODUCTION

An alternate voltage standard is one of the mdiicdit
standards, because there is no such physical plesrmm

which would reproduce the root-mean-square (RMS) 05)

variable voltage of the set value. Instead theeedsfinition of
the periodic voltage RMS:

Uprys = 1}uz(t)dt
RMS TO ’

whereT —is a voltage periodj(t) — current voltage value.

In this connection there are several approachégfining
the voltage RMS.

In all cases in that or the other method the depecel (1)
is realized.

This formula can be realized by several methods.

@)

For the standards of thermo-comparison type thenmai
errors sources are the following:

1) a DC-AC voltage transfer error, which is conditidniey

the fundamental Thomson and Peltier phenomena. They

create an additional heat except for the Joule, heat

determined by the square of voltage RMS value in

accordance with the formula (1);

frequency error, conditioned by the presence ottrea

resistance components both in thermoelectric cderser

and in additional resistances, joint members, $weitcetc.

3) an error caused by nonsimultaneous comparison;

4) a reproduction error of DC voltage, which is usedaa

passed unit of RMS value;

5) a composed error of the others apparatus set canfmn
by means of which the transmission of unit from @Q\C
voltage is realized.

As far as by the definition a standard of physigait has

the best metrology specifications, there are neradlevices or

systems for an attestation of a standard. The tati@s is

The first one is based on measuring the instanteneocarried out with the help of a theoretical-experitaé method.

values with the following digital processing to @ahte the
Ugus Value by its

limitations over the frequency range.

The second method, is based on an amplitude dmteati
a pure sine voltage by one or several instantanealuss. The
necessary condition of a high accuracy is the extinarily
great requirements to "sine” voltage shape.

The third one is based on equality of thermal e$feuf
direct and alternate voltage on the same thernuiraal
converter.

In all cases the AC voltage root-mean-square vadue
determined through a DC voltage value, which isspd$rom
sources, based on fundamental physical (Jefferson)
chemical (Winston) regularities.

The world’s most prevalent method is the comparigbn
thermal effects of alternating and direct curreritages. This
method has been named thermo-comparison and isiuseel
national standards of most of the countries, inclgd the

This method is based on creation of a model and

definition. But the given method hasassessment of its quantitative indexes.

The basic unit of the alternate voltage standardaof
thermo-comparison type is a standard Thermoele@witage
Converter (TVC). There are a few physical processks
TVCs, each of which influences the metrology chemastics
during the reproduction of AC voltage.

2. STRUCTURE AND DESCRIPTION OF ALTERNATE
VOLTAGE STANDARD

2.1. Structure and measuring devices

The alternate voltage standard, created in The dRelse
Institute of Experimental Research Automation, espnts the
automation system which consists of commercial -igh
precision measuring instruments (multimeter HP3458A
calibrators V1-29 and N4-7, power metre NRVD witRW
Z51 thermal sensor, nanovoltmeter HP34420A, frequen



meter Ch3 64/1, spectrum analyzer NI PXI-1042Q, andesistance, mounted in one housing. In order tateren

attenuator HP8495G) and units designed and manuétby
the Institute (frequency and dynamic range extengiait,
measuring unit, 4 sets of thermal voltage convertend
commutation switches).

equitemperature environment in the area of electric
connections and to protect a converter from theteteand
high-frequency electromagnetic fields the housirfigewery
STCV is made of a red copper.

The automation system is controlled by computer via For the minimization of temperature difference GfC¥

IEEE-488.2 interface bus [1] and RS-232 port with help of
specific software created in the Institute. Thegpam has
been developed in Microsoft Visual Studio. NET int C
language and works under Microsoft Windows XP.

Table 1. Random Relative Errors of AC Voltage Standrd (in ppm).

Frequency
1 MHz
240
210
19.0
19.0
210 5.0
. 240
76.0 27.0
110 28.0
13.0 146

37.0 -
38.0
39.0

Voltage, V ryeTe

0.5 8.0 22 5.1 7.1
1 12.0 4.7 2.7 5.6
2 5.5 23 1.7 4.2
4 6.5 26 3.5
8 5.5 34 24
16 9.2 6.2 15
32 15.0 13.0 4.1
50 15.0 6.1 6.0
100 17.0 8.3 6.1
300 21.0 4.2
500 4.0
1000 12.0

1kHz 100 kHz 30 MHz
22 12.0
10.0

16.0

41
4.6

3.6
6.9
12.0

The reproduction of alternate voltage unit is @atrout
through its comparison to DC voltage unit of a knovalue.
This comparison is performed with the help of stadd
thermoelectric voltage converters for the voltage#h
nominal values of 0.5V, 1V, 2V, 4V, 8V, 1682V,
certified thermoelectric voltage converters for thaltages
with nominal values of 50 V, 100V, 300 V, 500 \WQQD V;
attenuator Hewlett Packar#P8495G, and nanovoltmeter

pin connections with an external electric circti¢ insulators
of STCV leads are made of aluminium nitride. ST&ve
the nominal voltage values of 0.5V, 1V, 2V, 48/, 16 V,
32 V. The thick grid of nominal values allows tospathe
value of voltage unit from one range to the othéheut a
considerable loss of thermo-EMF. This occurs bezaiighe
parallel connection of STCV with the different norais
where the given value of voltage doesn’t exceednttrainal
of a more sensible STCV. The input current of ST&t\the
nominal voltage values is 5An At sizeable initial frequency
errors their correction is foreseen by a builtiincendenser of
variable capacity or experimentally assorted cecami
condenser.

A frequency error for the measuring amendment veri
in the description of every STCV. While working WisTCV,
thermo-dampers are put on from the output clangesssi

A set of Portable Thermoelectric Voltage Converters
(PTVC) is also included into the standard. It iseided for
the use in local metrology laboratories. The PT\W#Qcturally
coincide with STVC except for that EBB-3 thermal voltage
converter is used instead of JTIIT-6. Frequency
characteristics of PTVC are obtained by collatioth@TVC.

A set of certified thermoelectric voltage converiesised

HP34420\ applied as thermal-EMF meter. The DC voItagefor thermoelectric comparison of AC voltage to DGltage.

unit used for the reproduction of alternate voltagst is
registered by multimeter HP3458A.

TVCs - 12/2 are also the standards of collatiorhwhie other
standards. A set of TVC - 12/2 consists of two nieheads

The alternating voltage calibrator V1-29 is used a@nd five additional resistors for the voltages 0\§ 100 V in

alternate voltage source in the frequency rangdHz to
100 MHz and voltage range of 0.3V to 3V. The ensal
calibrator N4-7 is used as DC voltage and AC vatagurce
in the frequency range up to 1 Mhz.

Two-channel nanovoltmeteHHP34420 is applied to
measure and transfer the thermal EMF values abdbguts of
standard and valid thermal voltage converters.

Power meter NRVD is used for the definition of fuegcy
error of reference standard thermal converter e 3@ MHz
... 100 MHz frequency range for the further interpiola of
its frequency response.

the frequency range up to 1 MHz and 300 V; 500 80Q.V
in the frequency range up to 100 kHz. A presencewaf
thermo-heads in the TVC - 12/2 set enables an atiahu of
DC-AC voltage transition errors or converters freqcy
errors from one nominal value to the next one.

The TVC - 12/2 set can be certified on the stedaddrd of
Ukraine JIETY 08-07-02 within the possibilities limits of the
latter.

The set of portable thermoelectric voltage converte
used for the thermoelectric comparison in the local
metrological laboratories. The metrological chagsstics of a

Frequency and dynamic range extension unit containEVC — 12 are obtained by its collation with the TVC2/2.

three built-in amplifier units and is applied fdretgeneration
of 30 V voltage within the range of 1 kHz ... 30 MHQ0 V
voltage up to 1 MHz frequency, and 1000 V voltage ta
100 kHz frequency.

2.2. The Thermoelectric Voltage Convertors

For the thermoelectric comparison of DC voltageA
voltage a set of Standard Thermal Voltage Conv&(feTVC)
is used. The STCV are also the standards of caflatiith the
other standards. A STVC consists of a resistoraid/C (of

The set of TVC - 12 has got one thermo-head and fiv
additional resistors for the voltages of 50 V; 1@0in the
frequency range up to 1 MHz and 300 V; 500 V; 180t
the frequency range up to 100 kHz.

3. THE ESTIMATION OF TVC's ERRORS

3.1. Theoretical bases

In the process of thermo-comparison a useful cormpbis
the Joule heat component. An equality of Joule AeaiC and

the ITIIT- 6 type) connected in series and an additional



DC voltage corresponds to an equality of AC and\p@age
root-mean-squares. An ideal TVC model is descriltgd
dependence

E=K,U2. )

high frequencies. A sum of these two errors gilesAC-DC
voltage transfer error.

This error is denoted a8,,. (ac-dc transfer difference). It

can be assessed by an indirect or a direct megsuf¥ithin

A real TVC macro-model can be presented by theethrethe indirect measuringe”™ and E~ are used as base values, or

basic dependences, which take into account itsatlemi from
the ideal model: additive, multiplicative and expatial.

We use a multiplicative model because of its ease i
experimental researches and a step-down to thereamgents
of setting a given voltage value. We are goingharacterize a
TVC through the current value of transformation féioient,
namely
_Ei

Uiz’
Let us introduce the following concepts:

K +(Uv*) — transmission coefficient at positive input

u I
voltage ofU;" value;

K, (Ui) 3)

K, (Ui’) — transmission coefficient at negative input
voltage ofU;” value;

K, (Ui‘) — transmission coefficient at AC voltage 0f

value.

As far as in the sequel we are considering onlyaga
transducer, we are not applying an indefor simplicity, also
we are not denoting a functional dependence offictesft
from voltage, a priori keeping it in mind.

Then let us accept the following notations:

E+2, E721K~_ E~2,
(u) (u7) (v)
where E* — is a thermo converter's Electromotive Force
(EMF) value at positive voltage *;

E™ — TVC's EMF value at negative voltagé™ ;
E™ — TVC’'s EMF value at AC voltagtl ~;

K™= = (4)

K* and K7, within the direct measuring ofK~
K" K.
Let us examine botld, ,_estimation methods.

acdc

4,

3.2. Indirect Method of g, , Estimation

The AC-DC transfer error at middle frequencieseafiried
by Peltier and Thompson thermoelectric effects. B¥all
consider their combined influence. Fig. 1 schenadlficshows
the distribution of heater temperature along itdybcaused by
Peltier and Thompson effects. The Joule heat amdetikage
of heat through the thermocouple are not taken
consideration on these diagrams.

As far as temperature and EMF are linearly depenitien
the first approximation. instead of temperature eshefence
along the heater, the fig. 1 shows the dependefdeMi-

E(I) from heater lengtth and the current,, flow direction.
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Fig. 1.-Temperature presented by EMF vs Heater lertg and its current

Taking into account the thermal inertia of the beait the
alternative current, the thermal equilibrium paffThompson
and Peltier effects and the corresponding thermdF Es

U™,U",U" — values of positive, negative and alternativelocated on the crossing of temperature (presense@NF)

voltages.
By TVCs comparison they are by turns connectech& t
AC and DC voltage source.

distribution curves at positive and negative curidirections.
If the thermocoupleE is located at the curve crossing point,

the J,.,. error will be absent at the distance from the heater

In an ideal case the equality of thermo-EMFs Wher?niddle. If the thermocouple is mounted on the heatethe

connecting to AC voltag&e™ and DC voltageE™ means the
equality of AC and DC voltage RMSs, notably, E™ = E~,
thenU™ =U".

Voltages U, U™
measuring means.

An ideal case takes place, when in TVC the Pehisdl
Thomson effects as well as the frequency erroabsent.

In modern single-element vacuum noncontact TVIEH|)
it is possible to ignore a frequency error at médilequencies
(200-2000 Hz). It allows to define a AC-DC voltatyansfer
error separately at low frequencies and the frequenror at

are measured by direct voltage

point located atl,, distance from the heater middle, the
presence of the),

acdc

error becomes obvious even in the case

when the positive and the negative currents haeesdme
value, but opposite polarity.

E E E" triangle consists of two rectangular triangles

E.E E andE E E . Itis possible to state that
ErA” = ArErxtgr,
ErA" = ArExtgr™,

(5)
(6)



d If a precision AC and DC voltmeter is availableg thC-

where g™, a~ are the angles created by hypotenuses an s
can be defined by the formula:

DC transfer errom,

heights of the said triangles. acde
The AC-DC transfer error represented by EMF is: - N~ (1+2,
. 4 y_ 5acdc:U—=‘1:—=( Jac) -1, (12)
AET = ( E* - E‘) o560 | () N~ (1+ dc)
ga +1ga where N~ — are AC voltmeter meterage;

where AEy is the absolute AC-DC transfer error in the  J,. — AC voltage measuring error;

EMF dimensions. From the formula it follows thag tihansfer N= — DC voltmeter meterage by mesuring a half-sum of

error is equal to zero in two cases: [E{-E  =0) or positive and negative voltages when a null-comparis

(tga™ -tga™ =0). condition (E~ = E¥ = E") is true;
If a given permissible voltage transfer error[iéc‘fcdc] , B u* +‘U_‘
o ) pem Jgc — DC voltageU ~ = measuring error.
then a permissible heteropolarity errcﬁﬁfm}p can be
e When J,c <<1
defined as: ac
" _ tga” +tga” ) N 1+ 040+ 0 gd -1 13
[me}perm _4—tga+ —tga'l: aCdc:|perm' (8) acdc N=( act9dg -1 (13)
Taking into consideration that
1< tgcr+ —tga_ <1, ) 3.4. Frequency Error
o tga' +iga ' The frequency error of STVCs is defined by theisids,
the permissible heteropolarity error must not eivethe worst  the reactivities of used TVCs and additional resist
case exceed the value of permissible voltage teansifror We have developed a special STVCs, the inductafice
multiplied by 4, i.e.: which is reduced through the shortening of diredt eeverse
£ current wires general length and the configuraticn
“:me}perm < 4‘[5‘;"0} peW‘ : (10) approaching to a bifilar one.

If in the requirements specification a non-excluded The frequency characteristics of the reference STYC
systematic error is 10 ppm, the permissible hetalesity calculated by the results of reactive elements ctlire
error then must not exceed 40 ppm, if all of théiept Measurements.
components of non-excluded systematic error arerdabs In order to minimize the frequency error generadly

If maximal errors of DC measurement by the multienet frequency error of STCV with any nominal voltagdueais
HP3458A and the nanovoltmeter HP34420A do not axceedefined through a frequency error of STCV with tieminal
10 ppm each, then with some reserve the comporfembro of 2 V.

excluded systematic error caused by TVC heteropplarust There has been developed a multiplicative algorifiom
not exceed a half of the permissible error, i.e.: the definition of frequency errors' difference taro STVCs,
. which are connected in parallel with the adjustmehthe

‘[5po|Lerm‘ <40,1 ppm. 11) given voltage value for the reference STVC at takbcation

frequency of 1 KHz. The frequency error differefgeefined

In TVC-6 the permissible heteropolarity error hafinait by the following formula:

of 1000ppm. A transfer error by thermo-comparis@s fa

limit of 100ppm. Notably a meaning of an influence ytest(fi)_yref(fi):

coefficient equal to 0,1 is assumed. That is whyilevh Erer (o) . (14)
choosing TVCs for the standard, it is necessarghmose the —05_refrc Fest(f) 4|46 opm’

ones with permissible EMF heteropolarity error lésan 100 Etest(fo Erer( f)

ppm.

where f; — is the frequency, at which the frequency error
3.3. Direct Method of Transfer Errors § . Estimation at s assessed;

acdc

Middle Frequencies fc — calibration frequency (1 KHz mostly);

The direct method oB, . estimation is possible if there is ~ Vref (fi) - the frequency error of the Reference STVC
an AC voltage source with the precisely definedigalor an  (RSTVC). This error is calculated or experimentaihytained
AC voltage source with its RMS value rigidly boutwithe ~ With the help of the more precise measuring inséntn

value of some DC voltage, which is supplied to aCTWith a Vtest( f i) — the frequency error of the tested STVC,;
by-turn polarity change.



Eref (o), Erest(fo — thermo-EMFs of the reference and HP3458A, can be represented with the resolutioh w¥, and

tested STVCs at the calibration frequeficy

Eref (i), Eiesi(fi) — thermo-EMFs of the reference and

tested STVCs at thd; frequency.

The formula (14) defines the error of the teste®/STwith
a glance to the supplied voltage and the erron@freviously
certified STVC, which is regarded as a referenceveder.
Considering a narrow range of a TVC it's only pbksito
certificate a whole STVC set making a chained meagu
procedure and taking into account errors of STVQhwi
neighbor and overlapping ranges.

3.5. Error Caused by the nonsimultaneous comparison

The thermal comparison procedure supposes thebiurn-
turn connection of STVC to the AC voltage, positiiC
voltage, and negative DC voltage.

The change of calibrator modes and the switching of

commutation relays cannot be immediate. To avoédetirors
of transient processes, it is important to defime duration of
commutations, and the start time of integration.

The transient processes are caused by the intenngpof
input signals while commutation, and also by certabn-
equality of the voltages that are turn-by-turn castad to the
converter.

Theoretically, the time of input signal assertigniristant.
But when this time is too long, the error increakesause of
the non-stability of signal sources, measuringrimsents, and
STVC itself. That is why we have investigated tepehdence
of error from the time of voltage-converter comntiata from
the transient process point of view. In the firgpeximation,
the STVC is a single-mess low frequency filter withe
thermo-converters time constant of 1-5s.

On this assumption, while realizing the measuring?vi

algorithm, the commutation time for one voltag8@ss. with
the duration of one pair of measurements of 3 & [Est 4
measurement before the commutation are averagedisatdl
for estimations. Then the averaging of five measamt
cycles is done. This double averaged value is dsedhe
calculations.

Besides, by each measurement it is recommended %

warm-up the equipment for 30 min.

3.6. DC Voltage Measuring Error

The most precise measuring instruments used for A

voltage standard are the multimeter HP3458A andtilee
channel nanovoltmetéfP3442M.

the 1 mV voltage, measured by the nanovoltmHR3442M,
can be presented with the resolution of 100 pV.

In this way it is possible to neglect the resolnt&rror of
these measuring instruments in our task. The lfhdne-year
usage error cHP3458A does not exceed 10 ppm, what makes
0,2 of the least permissible error of voltage tnaihsfer.

4. MAIN ACHIVEMENTS

The main scientific and technical achievements he t
alternate voltage standard are the following:

— The mechanism of AC-DC transfer errors caused by
Thompson and Peltier effects has been investigateda
result, more severe restrictions were introduced tioe
individual selection of thermal voltage converterSor
compensation of these errors a computational metbased
on the parallel and series connection of thermaleders, has
een proposed. Thus, during the experimental viadidathe
percentage of acceptable converters out of a whketehas
been increased.

— The methodology of converters' stability estimatmver
the observation period has been developed withéte of the
designed automation system for the research of esters'
short-time instability histogram.

- The interpolation algorithm for the alternate vgka
reproduction has been proposed. This has quickehed
measurement process, in connection with reversazenb
thermal comparison method.

The new evaluation formula of errors difference the
standard and valid converters has been deducefloted to
lower stability requirements of signal sources andelerated
obtaining results.

The iteration algorithm of digital stabilization thi the
de range of the output voltages of alternate BAdvoltage
sources has been created and introduced, whiclideothe
rapid setting of the desired value level and redutee
accuracy requirements to the voltage sources (e&its and
amplifiers)

- thermal comparison transients have been investigahat
lowed to optimise a integration time of and temabo
instability of a measuring channel.

— The design theory for wide-range high-voltage afigrh

has been developed and implemented, that allowedh®ve

e signal slew rates up to 10000 V/us at the dutpltage of

0 V at 30 MHz frequency, 1000 V/us at the outmltage of
100 V at 1 MHz frequency, and 1000 V at 100 kHzjérency.

The multimeteriP3458A presents the measurement resulSUCh slew rates were achieved for the first timeworld

with 8S digits at measurement ranges 0.1, 1, 10, 100, a

1000 V. It is applied for the measurement of thé/STinput
DC voltage and for the power frequency.

actice. Due to this fact, the technical speciftres of the
alternating voltage standard in voltage-and-fregyeranges
exceed the specifications of existing world stadd&nown to

The nanovoltmeteHP3442QA presents the measurement Y5 ) . . , .
result with B digits, and is equipped with two channels: from™~ 1he algorithms of measuring and interaction of rueag

1 mV to 10 V and from 10 mV to 100 V.
Considering the specification of these
instruments, the 2V voltage, measured by the meltr

devices with different interfaces has been devaloped

measurind€@lized, which allowed to create the fully autoesasystem

or the registering data measurement and the edlonl of



final results including their statistical procegsinn its turn,
the automation system provides the complete objgctbdf
measuring results, and appreciably acceleratesdligration.
The function of an operator is reduced to the cotioe and
calibration of the necessary measuring devicethaanput of
commands for the involved devices and the supemisf
alternate voltage standard operation flow [2].

— The usage of HP8495G attenuator allows to reproduce
alternate voltages from 0.001 V in the frequenaygeaup to
100 MHz.

— The Patent of Ukraine is received for the transfiom
method of purely sine voltage during a time intérvehis
method is used in the measuring unit. Which allowed
implementing the direct determination method of A@DC
transfer error.

5. LEADING-OUTS

The 0,1 V to 1000 V alternate voltage standardhe t
frequency range of 10 Hz to 30 MHz passed all #search
stages and tests, including state verificatiors ttalendared in
the State Register of Primary and Secondary Stdadaf
Ukraine under the BBETY 08-07-01-09 number.
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