81 Introduction to AC-DC Transfer Standards

1.1 Historical background

The ac-dc transfer standard is one of the basic electrical
standards, by which the ac voltage and ac current are de-
duced from their dc counterpartsin the frequency range be-
tween 10 Hz and 1 MHz[1,2]. Thedc voltage standards are
established using a Josephson voltage standard with uncer-
tainty better than 1077 [3-5]. The ac voltage standard in the
frequency range 10 Hz to 1 MHz are derived from the dc
voltage standard by the following two methods, asillustrated
infigurel1.1.

(8) Direct synthesizing of ac (sine) waveform by the use

of high-precision D/A converter.

(b) Comparison of electric power between ac- and dc-

voltage by converting the power to force or heat.

In the latter case, converters may be recognized as aref-
erence standard, and the system of the standard based on this
principleis called the “ ac-dc transfer standard”. The most
accurate ac-dc transfer standards are realized by the use of
“thermal converters’. Thethermal converter is capable of
comparing the joule heating between ac and dc modesat 0.1
ppm level, and are widely employed as the primary standard
in the most of the national standard laboratories[6-8].

Asshownin figure 1.2, the thermal converters were de-
veloped in the 1950s and are till widely used in thefield of
ac-dc transfer standards [9-11]. Four types of thermal con-
verters have been developed as ac-dc transfer standards, that
is, Single-Junction thermal converters(SJTCs), Multijunction
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Figure1.1 Two methods to derive ac voltage standard
in the frequency range 10 Hz to 1 MHz from the dc volt-
age standard. Method 1: Direct synthesizing of sine-
wave by high-precision D/A converter. Method 2: Com-
parison of ac and dc quantity by the use of ac-dc trans-
fer standards.

thermal converters (MJTC), thin-film (planar) MJTC, and
semiconductor rms sensors. The detailed descriptions on the
four types of thethermal convertersaregivenin section 1.2.2.

Onthe other hand, the accuracy of the waveform-synthe-
sizing methods has been drastically increased with the im-
provement of the high-speed analog switches. The most ac-
curate waveform-synthesizing source presently available can
produce sinusoidal waveform with aprecision of 1 ppmlevel
up to 100 Hz [21]. Recently, D/A converters based on the
Josephson devices are under development [22-24]. The pre-
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Figure 1.2 Schematic diagram for illustrating the historical relationship between
various methods developed for the realization of ac voltage/current standards.
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cision which equalsto that of dc Josephson voltage standard
could be realized with this method. These waveform-syn-
thesizing methods are further described in section 1.2.4.

Another important progress in the area of ac-dc transfer
standards is the development of the “Fast-reversed dc”
(FRDC) method [25-29], which is aso based on the wave-
form-synthesizing technique. The FRDC method has made
it possible to measure the thermoel ectric effects of athermal
converter which is the main cause of the ac-dc difference.
The FRDC method may be regarded as a combined technol-
ogy between the thermal method and the waveform-synthe-
sizing methods. The principle of the FRDC methodsis de-
scribed in section 1.2.5.

1. 2 Methods of ac-dc transfer standards

1. 2. 1 Definition of ac-dc difference
The ac voltage is defined by the root-mean square (rms)
value of the sinusoida waveform,;

Ve (rme) = # J'OT{V(t)} dt 1. 1)

According to the definition, it is possible to compare the
ac voltage with the dc by way of the electrical power. Inthe
therma method, dc and ac voltage are aternately applied to
the heater of athermal converter. Then the amounts of joule
heating are compared by measuring the temperature of the
heater by athermocouple.

When dc and ac voltage of equa power are gppliedtothe
input of an ideal thermal converter, output EM Fs should be
the same for both of theinputs. However, in the case of an
actual thermal converter, the output EMFs are influenced by
the effect of non-joule heating and frequency characteristic
of hester circuit. The“ac-dc transfer difference” isthe prin-
cipal quantity in the ac-dc transfer standard, and is defined
by the following equation [32].

= Vac = Vic

5Ac—Dc = v
DC

1.2)

Eac=Enc

Here the quantities Ej - and E, represent the output
EMFs of the thermocouple when the dc voltage V[, - and the
acvoltage V- are applied to athermal converter. Inthe case
of anidea thermal converter (J,- 5-=0), we get the condi-
tion E, = B for theequal input voltage (V- =V, o). While
inthe case of an actual thermal converter, theV,, - isadjusted
by an amount 9, XV With respect to V- in order to
get the condition E, = E. If larger ac-input voltage is
required to produce the same EMF output for the dc voltage,
the thermal converter has a positive ac-dc difference. (The
ac-dc transfer difference 9, - is often abbreviated as “ac-
dc difference”).

It is often more convenient to modify the definition of
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the ac-dc transfer difference (1.2) such that the condition
(Eac = Epo) isreplaced by the input condition(Vy =V, ().
SincetheV,. isvery closeto V., theinput-output charac-
teristic of athermal converter E;~(Vp), Epc(Vc) can be
approximated by alinear function in the vicinity of theinput

voltage V,,;

dE

EAC(VAC) u EAC(VO) + dT(VAc _Vo)
dE 1.3
Eoc (VDC) UEpc (Vo) + dT(VDc - Vo) ( )
Using (1. 3), thefollowing equality is deduced:
EAC (VA ) B EDC (VDC)
NEqe(Voc)
- EAC(VO) B EDC(VO) + VA — VDC
ntE,c (Vo) Voc
E \Y
here, n= E%D Edvg (1.4

The“normaized index” nis of the order of 2, which rep-
resentsthe square characterigtic of input-output responsefunc-
tion of thermal converters.

From (1.2) and (1.4), we get the equation to calculate the
ac-dc transfer difference from the output quantities:

E.—E

AC DC

nE,.

6AC— DC

VAC :VDC . (1. 5)

In order to measure the ac-dc difference of athermal con-
verter with an accuracy of 1 ppm, the ac input voltage with a
precision of better than 1 ppmisrequired. Inareversed way,
if the ac-dc difference of athermal converter is evaluated
with aprecision of 1 ppm, it is possible to measure the ac
voltage with 1-ppm accuracy. Due to these circumstances,
theac-dc differenceisrecognized as the most important quan-
tity in the ac voltage/current standard, and the term “ac-dc
transfer standard” are frequently used as an equivalent term
to the “ac voltage/current standard”.

1. 2. 2 Thermal converter

Four types of thermal converters have been devel oped
for the realization of ac-dc transfer standard at 1-ppm level.
They are Single-Junction thermal converters (SJTCs),
Multijunction therma converters(MJTC), planar-typeMJTC,
and semiconductor rms sensors.

(2) Single-dunction Thermal Converter

The Single-Jdunction Therma Converters (SJTC) are de-
veloped at 1950s [9-11]. The ac-dc transfer standard with
accuracy of 1 ppm-level has been established at NIST[6] in
the 1960s using the SITC. The congtruction of atypical SITC
edement isshowninfigure 1.3. A thinfilament-heater and a
thermocouple are inserted in a vacuum-shielded glass bulb.
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The thermocouple thermally contacts with the heater at the
midpoint of the heater using a bead made of eectrically in-
sulating material such as glass or ceramics.

Since the EMF output of the SITC element is of the or-
der of afew mV, a precise dc-voltage measurement of nV-
level isrequired in order to obtain the resolution better than 1
ppm. Dueto itssimple structure, the SJTC elements shows
aflat frequency response up to GHz region. Thelong term-
drift in the ac-dc transfer differenceisnegligibly small. The
SITCsare gill widely used in the ac-dc transfer standard and
in the ac power standard. The primary ac-dc standards of
Japan are a so maintained using the SITC elementsat ETL
and the Japan Electric Meters Inspection Corporation
(JEMIC) [30-31].

(2) Multijunction Thermal Converter

The Multijunction Thermal Converters (MJTC) are de-
veloped in 1970sto 1980s[12-15]. The MJTCsare designed
to reduce the thermoel ectric effect, which isthe main cause
of ac-dc difference around 1 kHz. The construction of a
Wilkins-type MJTC [13] developed at Physikalisch
Technische Bundesanstalt (PTB: Germany) isshown in fig-
ure1.4. TheMJTC employsmany numbersof thermocouples
along the heater for the purpose of producing uniform tem-
perature distribution in the heater. The twisted bifiler heater
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Figure 1.3 Construction of a typical SITC element.
A thin filament-heater and a thermocouple are in-
serted in a vacuum-shielded glass bulb. A thermo-
couple is attached to the heater at the midpoint of
the heater using a bead made of glass or ceramics.
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Figure 1.4 Construction of a Wikins-type MJTC. Use
of many numbers of thermocouples and the twisted
bifiler heater is for compensating the thermoelectric
effects.
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is used for the purpose of compensating the first-order ther-
moelectric effects. In the case of PTB-design MJTC, the
series-connected Cu-CuNi thermocouples are produced by
sputtering copper to half-circumference of the rectangular
coil made of thin CuNi44 wire.

Owing to the uniform temperature distribution, the ther-
moel ectric effects along the heater are reduced, and the ac-
dc difference better than 0.1 ppm is obtained. The output
EMF isalso increased to 100 mV level dueto the increased
number of thermocouples. The disadvantages of the MJTC
originate fromits complex structure. The MJTCshavelarger
frequency dependence, weaknessto e ectrostatic breakdown,
and difficulty in mass-production. The MJTCs are widely
used in the national standard laboratories asthe most reliable
basisfor the ac-dc transfer standard.

(3) Thin-Film (Planar) MJTC

Recently, another type of MJTC has been developed us-
ing the thin-film technology [16-19]. The construction of a
thin-film MJTC developed et PTB isillustrated infigure 1.5.
The heater and the hot-junctions of the thermocouples are
formed on the SO,/Si;N,, sandwich membrane, and the cold-
junctions of the thermocouples are formed on the Si-sub-
grate. Thistype of MJTC has been realized by the advance
in the technology of forming the thin-films using the isotro-
pic-etching. The advantage of the thin-film MJTC isthat it
is suitable to mass-production. The development of thin-
film MJTCsare one of the main subject in the research of ac-
dc transfer standard, and are expected to replace the conven-
tional thermal convertersin near future.

(4) Semicondutor rms Sensor

A semiconductor rms sensor [20] has been developed by
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Figure1.5 Congtruction of a thin-filmMJTC developed at
PTB. Theheater and the hot-junctions of the thermocouples
are formed on SO,/3,N, sandwich membrane made with
an isotropic etching.
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Fluke. Co. Thisrms sensor uses atemperature dependence
of the base-emitter junction voltage of atransistor instead of
traditional thermocouple for detecting the temperature of the
heater. A commercial ac-dc transfer standard (Fluke 792A)
which use the rms sensor shows a potentia accuracy of bet-
ter than 1 ppm. Calibration of this instrument with uncer-
tainty better than 5 ppm is requested for national standard
laboratoriesincluding ETL and JEMIC.

1. 2. 3 Origin of ac-dc difference

There are three main causes of the ac-dc transfer differ-
encein the case of an SITC:

(1) Thermoelectric effect (dc offset): When the dc cur-
rent is passed through the heater of an SIJTC, non-joule heat-
ing/cooling takes place aong the heater due to thermoel ec-
tric effects such as Thomson or Peltier effect. 1n the case of
SJTC with standard construction, an ac-dc difference of a
few ppmisobserved dueto the thermoel ectric effects. Inthe
case of MJTC of PTB, the thermoel ectric effect is suppressed
due to the uniform temperature distribution on the heater,
and contribution from the thermoelectric effect is estimated
to be smaller than 0.1 ppm.

(2) High-frequency characterigtic: In the frequency range
above 10 kHz, the skin-effect of the conductor and the stray
inductance and capacitance in the input circuit become sig-
nificant. When astandard-design SITC-dement iscombined
with a current-limiting metal-film resistor of 1kQ, the effect
to the ac-dc difference is of the order of 0.1 ppm/ 1 ppm/
100 ppm at the frequency of 10kHz /100 kHz /1 MHz. The
MJT Cs generally shows larger high-frequency characteris-
tic due to the dielectric lossin the twisted bifiler heater.

(3) Low-frequency characterigtics: Thetherma timecon-
stant of a standard-design SITC-element isabout 1 s. At
frequency below 100 Hz, double-frequency therma rippleis
created due to insufficient thermal inertia. In the case of
SITC, the effect to the ac-dc differenceis of the order of 0.1
ppm / 10 ppm at the frequency of 100 Hz / 10 Hz. The
MJT Cs generdly shows smaller low-frequency characteris-
tic due to improved linearity in the input-output characteris-
tic.

Thetypical frequency characteristics of an SJTC and an
MJTC in the full frequency range areillustrated in figure
1.6. The thermodlectric effects which occur at the dc-mode
givethe frequency-independent offset in the ac-dc difference.
Since both the low-frequency characteristic and the high-fre-
guency characteristic reduce below 1 ppm in the frequency
range between 100 Hz and 10 kHz, the ac-dc difference is
dominated by the thermoelectric effect around 1 kHz.

1. 2. 4 Waveform synthesizer

A sinusoidal ac voltage waveform may be synthesized
using a high-precision D/A converter with an accurate dc
reference voltage. Dueto the improvement in the speed and
accuracy of D/A converters, the uncertainty in the produc-

040

dAC-DC

Thermal

Ripple
N

OtE I
| |

0 I [
100 Hz 10 kHz

Figure 1.6 Thetypical frequency characteristics of a
thermal converter. Three main causes of theac-dc transfer
difference are; (a) thermoelectric Effect (dc offset) dueto
the Thomson or Peltier effect, (b) high-frequency
characteristics of the input circuit, and (c) low-frequency
characteristics due to thermal ripple.

tion of the ac rms voltage is approaching to that of the ther-
mal transfer standards. One example of such precise ac-volt-
age source is the “step-calibrated” quasi-sine waveform
source [21] developed by N. Oldham et. al. of National Insti-
tute of Standard and Technology (NIST: USA). The source
can produce a high-stability glitch-free 128-step quasi-sine
waveform. Calibrating al the 128 steps by high-precision
dc reference, quasi-sine waveform can be produced with pre-
cison of 1 ppm level inrmsvaue. This method has advan-
tagein thelower frequency (<50 Hz) wherethetherma meth-
odstend to lose their accuracy. At the same time, owing to
the effect of switching-transient, the accuracy of the synthe-
sized waveform deteriorateswith increasing frequency above
50 Hz.

Recently, a more advanced method has been devel oped
by C. Hamilton et. al. of NIST using ac Josephson effect[ 24].
The absolute voltage is obtained by the relation in the ac
Josephson effect as

V=nf/K,. (1.6)

Thus the rms ac voltage with fundamental accuracy may
be obtained by changing either the step-number n or the mi-
crowave frequency f. The schematic circuit diagram of the
method isdescribed in figure 1.7. In this method, non-hys-
teric Josephson Junction Arrays (JJA) are connected in abi-
nary sequence (2N =1, 2,4, 8, ..).

Setting the bias current independently for each set of junc-
tions, and using thefirst step (n = 1), any voltage up to

V=+2"/K,, (1.7)

may be obtained with N-bit resolution. Using 8192 shunted
tunnd junctions, Josephson D/A converter which generates
programmable voltage from -1.2V to +1.2 V with 150 pVvV
steps has been realized[24].

1. 2. 5 Fast-reversed dc
Asdiscussed in section 1.2.3, the accuracy of the ac-dc
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differenceislimited by the uncertainty in the evaluation of
thermoel ectric effects which develop aong the heater of the
thermal converters. The evauation has been performed theo-
retically using a mathematical modeling of the thermal con-
verters, considering the properties of thematerid of the heater
and the support lead. However, it isnot easy to confirm the
accuracy of the theoretical evaluation at 0.1 ppm level.

Recently, an experimenta method has been devel oped at
PTB for the evaluation of thermoelectric effects[25]. Inthis
method, rectangular-waveform are synthesized by switch-
ing between a positive dc source (DC+) and a negative dc
source (DC-) asillustrated in figure 1.8. The switchingis
performed using high-speed analog switches. If the switch-
ing is performed in a perfect way, ahigh-precision rectangu-
lar ac waveform is obtained whose rms power isequal to the
mean of the two dc sources. The rectangular waveform syn-
thesized in thisway is caled the Fast-Reversed DC (FRDC)
waveform, and the circuit for producing the FRDC wave-
formiscalled FRDC source.

Following the definition of the ac-dc difference of ather-
mal converter given by (1.5), a“FRDC-DC difference’

Orpc.pc IS defined using the following definition.

> = Veroe = Vioc
FROC-DC = vV
DC

Erroc =Epc

- Erroc ~ Eoc (1- 8)
NE;

Here, E gy represents the EMF for the FRDC wave-
form, and Ej, - represents the mean EMF for the DC+ and
DC- waveform.

The thermoelectric effects in thermal converters are
evaluated by the measurement of the FRDC-DC difference
Orpc.pc: Theprinciple of the method isillustrated in fig-
ure 1.9. For the simplicity, only the Thomson effects along
the heater is shown in the figure. When dc current passes

DC[+] DC[-]
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t t

through athermal converter, the temperature distribution is
modified dueto the Thomson effect as shown infigure 1.9(a).
When the current is reversed, the polarity of the Thomson
effectisalsoreversed, resulting in the different temperature
distribution along heater as shown in figure 1.9(b). The
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Figure 1.7 Theschematic circuit diagram of the Josephson
D/A converter. Non-hysteric Josephson Junction Arrays
(JJA) are connected in a binary sequence (1, 2, 4, ...). The
output voltage is controlled by setting the bias current
independently for each set of junctions.
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Figure 1.8 Principle of the Fast-Reversed dc source
(FRDC) method. The rectangular-waveform are
synthesized by switching the output between a positive dc
source (DC+) and a negative dc source (DC-) using high-
speed analog switches.
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Figure1.9 Thermoelectric effectsin thermal converterswith the FRDC waveform.
If the reversal of the current is slow enough, the temperature distribution along the
heater issimilar to that for the steady-state dc. While in the case of fast reversal,
thethermoel ectric effects do not have time to devel op during one period of reversal.
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characteristic time constants of the change in the
temperature distribution due to the Thomson and Peltier
effects are determined by the structure and material of the
hester, and we hereafter call it “thermoel ectrictime constants’.

In the case of FRDC mode, if the reversal of the current
isslow enough compared with the thermoel ectric time con-
stants, the same temperature distribution along the heater is
obtained as that for the steady-state dc. Hence the average
output EMF of thermal converter in the dow-reversing mode
equals to the mean output EMF for DC+ and DC- modes,
and the FRDC-DC difference becomes zero. On the other
hand, if the reversal of the current is fast enough, thermo-
electric effects do not have enough time to develop during
one current direction, and the influence of thermoel ectric ef-
fectsisreduced to zero. In this case, the FRDC-DC differ-
ence equals to the thermoel ectric effect which occursin the
dcmodes. Thus, thethermod ectric effects can be determined
experimentally by measuring FRDC-DC difference of ather-
mal converter at some sufficiently high switching frequency
with respect to the thermoel ectric time constants.

Inthe case of low-frequency sinewave, the effect of time-
constants of thermoel ectric effect is dominated by double-
frequency thermal ripple due to joule heating. Whilein the
case of FRDC method, the rectangular waveform produces
steady-state dc power. No thermal ripple is created at fre-
guencies as low as afew Hz. This property of the FRDC
waveform makesit possible to detect the thermoel ectric time
constant. The method for the evaluation of the thermoel ec-
tric time constants will be described in detail in section 6.2.

1. 3 Purpose of the research

In accordance with the resent progressin precision elec-
tronic instruments, the accuracy of industrial ac-dc standards
has also beenimproved. The resent modelsfor theindustrial
standards requiresthe calibration with an accuracy better than
10 ppm. However, in most of the countries, the accuracy of
the primary ac-dc transfer standard stayed afew-ppm level.
In Japan, the standard has been established at ETL in 1960s
with an accuracy of 5 ppm. For more than two decades, the
standard has been maintained with the same precision. Asa
result, the accuracy of theindustrial ac-dc standard exceeded
the accuracy of the primary standards maintained at ETL.

In order to meet the demands from the industry and to
improve the accuracy of the primary standard, the research
on the ac-dc transfer standard was initiated at ETL in col-
laboration with JEMIC and PTB. The specific goal of the
research was asfollows;

(a) Development of new thermal convertersfor reference

Standards.

(b) Development of a new ac-dc difference comparator

with improved accuracy.

The research has been carried out during the years 1991
and 1992. A group of SJTCs developed asworking primary
standardswere calibrated by MJTCsfrom PTB. Theachieve-
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ments of the research on these subjects are described in chap-
ters 2-3.

On the other hand, adiscrepancy aslargeas2 ppminthe
primary ac-dc transfer standards among different countries
have been reported [26]. The discrepancy is supposed to be
related to the difference in the structure of the thermal con-
verter, such as SITC and MJTC, used as a primary standard.
Dueto the recent improvement of the precision of the ac-dc
transfer standards, the discrepancy has become to be non-
negligiblelevel. In order to realize ac-dc transfer standards
which are globally consistent at 1 ppm level, the settlement
of the discrepancy has become an important issue.

In order to contribute to this problem, aresearch on the
FRDC method has been carried out at ETL during the years
from 1992 to 1996. The main purposes of the research were
asfollows;

(a) Establishment of an independent basis as the primary

standard of ETL.

(b) Investigation for sources of the discrepancy among

the national standard laboratories.

Thoughtheorigina design of FRDC sourceby M. Klonz
et. al. clearly demonstrated the effectiveness of the FRDC
method to evaluate the thermoel ectric property of thermal
converters, the technical difficultiesto obtain the equdlity of
the rms power has also been shown clearly. Thedifficulty is
caused by imperfect switching of the analog switches and
the effect of higher frequency component of the rectangular
waveform.

A new modified waveform of the fast-reversed dc has
been proposed by the authorsin order to overcome these dif-
ficulties[27,28]. New FRDC sources which are based on
the modified waveform have been developed at ETL in col-
|aboration with JEMIC, PTB, and the National Measurement
Laboratory of Australia(CSIRO/NML). The FRDC sources
have successfully been used for the evaluation of the ther-
moelectric effects in thermal converters at sub-ppm level.
The modified waveform has a so been used for aFRDC ex-
periment at NIST using the Josephson-based DA converter
[24]. The development of the FRDC sourceisthe main sub-
ject of the research, and will be described in detail in chap-
ters4to 8.



