§2 Development of Thermal Voltage Converters

2.1 Introduction

A set of new thermd voltage converters (TV Cs) has been
developed for the purpose of improving the precision in the
ac-dc transfer standard at ETL. The performances of the
new TV Cswere carefully evaluated to serve as the group of
referencein the ac-dc transfer standard of Japan. Theimpor-
tant characteristics of the TV Csinclude the thermoel ectric
transfer difference, dependence of the ac-dc difference on
the voltage/current level or temperature, low-frequency char-
acterigics, and high-frequency characteristics. The Structure
and the performance of the new TV Cs are described in detall
in the sections 2.2 and 2.3.

Inaddition to thenew TV Cs, aTVC with improved high-
frequency performance (HFTV C) hasbeen constructed. The
HF-TVC has specia structures such that the frequency char-
acteristic of the TV C can be caculated by the geometry and
dimensions of the TV C-input circuits. The construction of
the HF-TV C and the method to cal cul ate the frequency char-
acteristics are described in the section 2.4.

2. 2 Structure

The new TVCsof ETL uses commercially available 10
mA SJTC e ements type-SS283 from Best Technology. The
SITC element has the following features;

(@ ‘Evanohm’ heater with small Thomson coefficient.

(d) ‘Pdltier pads at heater/support-lead junctionsto re-

duce Pdltier effects.

Those features, especially the use of the low-tempera-
ture-hardening ceramic was found out to be quite effective
to reduce the thermoelectric effects. All the SS283 SITC
measured at ETL showed the thermoelectric transfer differ-
ence smaller than 1 ppm.

To cover thewhole range of thetesting voltage (2V to 20
V) a ETL, three types of TV Cs were manufactured. The
5V-range TV Cs cover the voltagerangefrom2V to 5V, the
10V-range TV Cs cover from 4V to 10V, and the 20V-range
TVCscover from 8V to 20 V, respectively. Since the nomi-
nal input current of the SS283 SITC element is 10 mA, total
input resistance of 500 Q, 1 kQ, 2 kQ are required for the
5V-range, 10V-range, and 20V-range TV Cs, respectively.

Traditionally, the SJITC dements and the current limiting
resistors(‘ rangeresistors') have been housed in separate chas-
sis, and they are combined in use for the appropriate voltage
range. Alternatively, itisaso possibleto put the current-lim
iting resistorsin the same chassis. The advantages of the se
parate-chassis method are;

(8) Reduction of number of SITC element to construct a

group.

(b) Thermal separation between the SITC element and

therange-resistor.

While the advantages of the same-chassis method are:

(a) Better frequency performance.

(b) Reduced skin-effect of connector between the two

(b) ‘Cold-ceramic’ bead to avoid flaming of the heater. chassis.
(c) Pt-Ir support-leads with small Peltier coefficient (c) No wearing-off of connectors between the two chas-
against Evanohm. ds.
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Figure2.1 The congtruction of the new TVCsdeveloped at ETL. The four 10-mA
SITC dements are mounted inside an aluminum cylinder. Atype-N receptacle and
a low-thermal 3-pin connector are used as the input and the output connectors.
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(d) No return current through chassis.

In the development of the new TV Cs, both configura-
tions have been manufactured and evaluated. Sincethetra-
ditional types of the TV Cs are described in detail in the lit-
erature[6-8], the new TV Cswith the same-chassis construc-
tion will be described in this paper.

The geometry of the new TVCsisshowninfigure 2.1.
Four SS283 SJTC e ements were connected in seriesto in-
crease the output EMF voltage. Sincethetotal heater resis-
tance of the four SS283 SITC eementsis 100 Q, the values
of the current-limiting resistors are chosen as 400 Q, 900 Q,
1900 Q for the 5V-, 10V-, and 20V-range TVCs. The SITC
elements and the range resistor are mounted inside alumi-
num cylinder of 65 mm in diameter and 170 mm in length.
The chassisis connected to the ground potential of the input
circuit, providing the electrica shield for the SITC elements
and the range resistor. The chassis also acts as a thermal
guard for the variation of the ambient temperature. Thetype-
N receptacle (N-R), which matches to the standard type-N
male Tee-connector, is used as the input connector. Thin
copper tube is used in the wiring of the input circuit to re-
duce frequency dependence due to the skin-effect. A low-
thermal 3-pin connector (Lemo/EGG2B303CLM) isusedin
the EMF output circuit from SJITC elements.

2. 3 Performance

In this section, the performance of the newly devel oped
standard TV Csareevauated. The subjects of the evaluation
are asfollows;

(a) Thermoelectric transfer difference of the reference
TVC dueto Thomson and Peltier effects and its de-
pendence on ambient temperature or voltage level,

(b) Low-frequency characteristic due to thermal ripple
which is dominant below 100 Hz, and

(c) High-frequency characteristic due to skin-effect and
stray capacitance and inductance which is dominant
above 10 kHz.

Theresults of the evaluation are described in detail inthe

following sub-sections.

2. 3. 1 Thermoelectric difference

The thermoelectric transfer difference due to Thomson
and Peltier effectsis the main source of ac-dc differencein
the frequency range between 100 Hz and 10 kHz. Inthe case
of type-SS283 SJTC elements, the thermoelectric transfer
differences are expected to be smaller than 1 ppm. Thether-
moelectric transfer difference of the new TV Cswere evalu-
ated by combining the following two methods;

(8) Comparison to the MJTC from PTB.

(b) FRDC-DC difference measurement.

The evaluation of thermod ectric transfer differenceisthe
main theme of this paper, and the procedure of such evalua
tionswill be summarized in chapter 9. In this section, de-
pendence of the thermoel ectric transfer difference on cur-
rent/voltage-level and on ambient temperature is described.

(1) Voltage/Current level dependence

Each of the 5V-, 10V-, and 20V-range TV Cs covers 40%
to 100% of the rated voltage. Due to the variation of the
voltage, the power dissipated on the heater of the SITC-ele-
ment varies from 16% to 100% of the rated power. The
change in the thermoelectric effects in the SITC element
causes the voltage/current level dependence of aTVC.

An example of current-level dependence of an SITC d-
ementisshowninfigure2.2. The SITC specified as91-T07
in the figure is the type-SS283 SITC element used in the
new TVCs. The other SJTC specified as ETL105921 isone
of theorigina ETL-design SITC used in the former standard
[36]. The measurement was performed at 1 kHz changing
thevalueof rangeresstors. The solid curvesrepresent curve-
fitting of the data by 2nd and 4th order terms. In this mea-
surement, the effect of thermoeectric EMF dueto the Seebeck
effect in the SITC elements are neglected. In the case of
SS283 SITC dement, the ac-de difference varies about 0.5
ppm between the 40% and 100% of the rated current.

(2) Temperature Dependence

Thechangein theambient temperature can affect the EMF
output of the SITC-element which has atemperature coeffi-
cient of the order of 0.1 %/K. However, when the ambient
temperature of the TV C changes dowly with time, tempera-
ture at both hot-junction (bead) and cold-junction (grassbulb)
keepsthe same temperature difference. Inthiscondition, the
temperature distribution, and hence ac-dc difference due to
the thermoel ectric effects, should not be affected by the
change in the ambient temperature.

In order to confirm this assumption, the ac-dc difference
of areference TVC (T07R02) and a Fluke 792A was com-
pared with large variation in the ambient temperature. The
TVC (T07R02) was placed inside a 10 mm thick aluminum
box asin the case of usual measurement condition. There-

—_—

AC-DC Difference

Current ——u=

Figure2.2 Level dependence of SITC dements. The SITC
element specified as 91-TO7 in thefigureisa SS283 SITC
element used in the new standard TVC. The SJITC element
specified asETL105921 isfromthe former ETL-standard.
Solid curves represent curve-fitting of the data by 2nd and
4th order terms.
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ault of theevaluationisshowninfigure2.3. Asshowninthe
figure, no correlation was observed between the ac-dc dif-
ference and the ambient temperature.

2. 3. 2 Low-frequency characteristics

When sinusoidal voltage of frequency f is applied to a
TVC, joule heating varies with double-frequency 2f. If the
frequency isfast enough, i.e., if the thermal time constant 1
ismuch longer than the period of the double-frequency heat-
ing (r>>1/f), the variation of temperature becomes negligible
dueto the thermal inertia of the heater. At frequency below
100 Hz, therma inertia of the heater becomes insufficient to
suppress the double-frequency thermal ripple. Thethermal
ripple causes the ac-dc difference of aTV C dueto theimper-
fectionsin the SJITC elements;

(8) Non-linearity of input-output characteristic of TVC

[l

(b) Frequency dependenceof the heater-resistance] 13,14],

(c) Imperfect averaging of the voltage ripple in EMF

output.

In the case (), the effect to the ac-dc difference may be
reduced by use of alow-passfilter or by setting the integra-
tion time of aDVM to the multiple of the input frequency.
While in the case (a) and (b), the effects are based on the
thermal properties of the SITC elements, and the contribu-
tion to the ac-dc difference has to be evaluated.

The circuit diagram for the evaluation of the LF-charac-
teristic of aTVC carried out a ETL isshown infigure2.4
[50]. Thecircuit isbasically the same asthe ac-dc difference
comparator circuit which is described in the next chapter,
except that a shunt resistance R, will be connected in pardlle
with the heater resistance of reference TVC (TVC#2). The
resistance R, represents the range-resistor described in sec-
tion 2.1. Inthecircuit, the power at the heater is kept con-

1 l

TVC#H1 TVCH2

Figure2.4 Thecircuit diagram for the evaluation of the
low-frequency characteristic of a TVC. The value of the
shunt resistance R is chosen such that the power at the
heater is kept constant against the variation of heater
resistance.

stant against the variation of heater resistance R,, on condi-
tion that the resistance R and R, satisfy the following equa-
tion:
11,1
R R R.
Intheevaluation of L F-characterigtic of the 5V-range stan-
dard TVC, which has range-resistance of R =400 Q and
heater resistance of R, =100 Q, the parallel resistanceiscal-
culated to be R,= 133 Q. In this case, the amount of joule
heating on TV C#2 is reduced to be 39% of the rated power.
Reduction of the joule heating also improvesthe linearity of
the input-output characteristic of TVC#2. Hence the LF-
characteristics of the TV C#1 can be evaluated by comparing
with the TV C#2 shunted by R,, on condition that the LF-
characterigtic of the TV C#2isequa to or smaler than TV CHL.
A result of the LF-characteristics of a10-V range TVC
(TO4R11) isshown in figure 2.5. The evaluation was per-
formed at thevoltageof 5V and 10 V. The MJTC (PTB#73)
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Figure 2.3 The effect of change in the ambient temperature on the ac-dc difference
measurement. The ac-dc difference of a reference TVC (T07R02) and a Fluke
792A was compared with large variation in the ambient temperature.
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Figure 2.5 Low-frequency characteristics of a 10-V range TVC (TO4R11). The
evaluation was performed at the voltage of 5V and 10 V using a MJTC (PTB#73)

as a reference standard.

which has smaller LF-characteristics was combined with a
shunt resistor to further reduce the LF-characteristics. As
shown in the figure, thetest TVC (T04R11) has the LF-
characteristic of more than 10 ppm for 10V, 10 Hz. The
effect decreases rapidly with the increase of frequency, and
reduces to below 1 ppm for f >40 Hz. In the case of 5V
measurement, the TO4R11 is operated at 25% of the rated
power. The output characteristics of the TCs are very close
to the square low in thisregion (n=2). Due to reduced non-
linearity, the LF-characteristic in the frequency range 10 Hz
to 100 Hz is reduced to be smaller than 1 ppm. The method
described above gives sufficient accuracy for the frequency
range >40 Hz to be covered by ETL. The measurement of
L F-characteristic at lower frequency range (<40 Hz) isin
progress at JEMIC using either athermal method [46] or a
waveform-synthesis method[45].

2. 3. 3 High-frequency characteristics
In the frequency range higher than 10 kHz, frequency
characteristic of the TV C-input circuit dueto the skin-effect,

didectric loss, and the stray inductance and capacitance be-
comes non-negligible compared with thermoel ectric effect.
For the frequency higher than 100 kHz, the frequency char-
acterigtic contributesmorethan 1 ppm and becomes the domi-
nant term in the ac-dc transfer difference.

Thefrequency characteristic of the standard TV C(10V01)
was evaluated using the following two independent refer-
ences,

(8 A standard TV C (T04R11) calibrated at PTB.

(b) A specid TVC (HF-TVC#393) developed at ETL.

The TVC (HF-TVC#393) has a specia construction so
that its high-frequency characteristic is calculable from its
structure and dimensions. The design and the performance
of the HF-TVC will be described in detail in the following
section 2.4. The ac-dc differences of the new TVCs were
defined at the branch of the tee connector.

Theresult of the evaluationsisshown infigure 2.6. The
method agreed within the 95% confidence level given by
PTB (3 ppm at 100 kHz and 30 ppm at 1 MHz), and both
methods confirmed the noticeably small frequency depen-
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Figure 2.6 High-frequency characteristic of a 10-V range TVC (T04R11). The
eval uation was performed using two independent references, i.e., (a) a TVC (TO4R11)
calibrated at PTB, and (b) a HF-TVC(#393) developed at ETL.
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dence of the new standard TVC up to 1 MHz.
2. 4 High-frequency standard

High-frequency characteristic of aTV C-input circuit be-
comes the dominant term in the ac-dc transfer difference for
the frequency higher than 100 kHz. In order to evauate the
high-frequency characteristics of thenew TVCsupto 1 MHz,
a High-Frequency-standard TV C (HF-TVC) has been con-
structed at ETL[30]. The HF-TVC is specially designed so
that the frequency characteristic is calculable from the shape
and dimension of the input circuit.

2.4.1 Construction

The construction of a HF-TVC constructed at ETL is
shown in figure 2.7. The range-resistor is made of Ni-Cr-
Al-Mn aloy wire-resister (Nuema). ‘U-shape’ configura-
tion is used for the wire resistor so that the inductance of the
input circuit can be evaluated precisely. Only one SITC ele-
ment is used in the case of HF-TVCsin order to redlizesm-
pler circuit-configuration.

In the frequency range higher than 10 kHz, the frequency
characteristic of the input connector becomes significant. A
tee connector (N-TA-RRR) iswidely used in the compari-
son of two TV Cs, and the center of the tee connector is de-
fined asthe‘reference-plane’ from which the frequency char-
acterigticisevaluated. In the case of the HF-TVC, the con-
necting point between the inner conductor of the N-R plug
and theinput coaxia cable (RG174) istaken asthe reference
point. Since the effect from the connector is avoided, it is
possible to perform a precise evaluation on the frequency
characterigtic of the HF-TVC. On the other hand, since the
N-Pplug imitatesthe half part of the N-TA-RRR tee connec-
tor, the differencein the shape and dimension of the two con-
nectors contributes a major source of uncertainty.
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2. 4. 2 Mathematical model

The frequency characteristic of the HF-TVC was evau-
ated using a mathematical model shown in figure 2.8. In
thismodel, thewire resistor is represented by the four-termi-
nal distributed-parameter circuit, and aSJITC eement iscon-
nected at its output terminal. Theinput-output characteristic
of four-terminal network circuit is represented by a conduc-

tance matrix G:
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Figure 2.8 A mathematical model for the evaluation of
the frequency characteristic of the HF-TVC. The wire
resistor is represented by the four-terminal distributed-
parameter circuit, and a SITC is connected at its output
terminal.
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Figure 2.7 The construction of a HF-TVC developed at ETL. A U-shape wire-
resistor is used so that the circuit parameter of the input circuit can be evaluated
precisaly. The connecting point between the inner conductor of the N-R plug and
theinput coaxial cableistaken as the reference point.
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When the SITC element of conductance G, is connected
to the output, the boundary condition for the output is given

by
= Gtc ‘Ioul . (23)

The conductance G, is caculated using the heater resis-
tance R, and capacitance C, between the two input leads of
the SITC as

Gtc = Ja(:tc + }/Rc . (24)

Substituting (2.3) and (2.4) to (2.2), the ratio of output
power to the input power is described as

Ga
G - Gzz‘ . (25)

Eud|

The elementsin the conductance matrix G is calculated
by applying Kirchoff’s theorem to the distributed network
circuit. [Refer to Appendix A for the derivation.]

0.0 0A+B  A-BQOE,O
e Ao

out

50\: LR anh(al,)
U

here, B=_ A, coth( ﬁlo) (2.6)
g o, *R, .

The symbols L, and R, represent the inductance and the
resistance of the wire-resistor. The parameters al,, [, are
non-dimensiona constants defined by

Em = jwG,(jak, +R,)/2
= Jiw(2C, +C)(ja, +R.)/2, @7

Thesymbols C,, and C_ represent the capacitance between
the wires and the capacitance between the wireto the shield,
respectively. Subdtituting the elementsof matrix (2.6) to (2.5),
theratio of output power to the input power is calculated as

=
Ein

|~al, tanh(al,) +Bl, coth(Bl, )
Gy(jal, +R,) + o, tanh(al,) + A, coth(ﬁlo)‘_
(2.8)

Since|al |<<1 and |3l |<<1, the hyperbolic functionsin
(2.8) can be expanded as

Hanhz= z[l—(22/3) +
U
Fpothz = (],/z)[1+ (#/3)+ ] _ (29)

Substituting G, |al |, and |8l | to (2.4) and (2.7), and

tc’

neglecting the terms higher than «?, the ratio E_/E, is
evaluated as

El. R H @ (c_c R.

e | R R e G TG R LR G
2 . szowtRNRCDZD
+E(C -C,) R - R +R. BQ
here, ¢ =c +&*2% (2.10)

3

2. 4. 3 Evaluation of frequency characteristics

In this section, the frequency characteristic of the HF-
TVC congtructed at ETL isevauated using theformula(2.10)
which is derived in the previous section.

The circuit parameters C , C, and L, in (2.10) can be
calculated from the shape and the dimension of the HF-TVC.
The circuit parameters for the wire-resistor are calcul ated
using the following formula.

] 0 oOdog 10 o
=@ +=0-4dx107 H
L. goxgogeag 2H élx
2mg)l,

_2M&ly 400 £
log,(d/a,)

275,
cosh((a,,ﬁas (d/2) )/Zawas

x10™ F
) (2.11)

Using the length 1, =88x10°m, separation
d=8x10"m, and diameter of the wire resistor
a, = 0.015x10*m, and a'so using theinner diameter of the
shield a, =31x10°m, we obtain C, =0.39x10™* F,
C,=0.89x10™" F, L, =227x10"° nH.

The shunt capacitance between the lead of SITC element
is calculated using the following formula.

C,{- ZE(EO lead + E:rc i ) |0—]0 F
]Og‘,( lmd;"‘ralmdj

(212

Using the length |_, =11x10"m, separation
doy =4x10°m, and diameter of the lead of SITC
8y = 0.125x107°m, and using thelength of thelead in the
glass |, =4x10°m, we obtain C, =0.26 x10™" F.
Here, the dielectric factor was assumed to be € [be,. The
ressanceR , R weredirectly measuredtobe R, =368 Q,
R.=25 Q

The frequency characteristic of the HF-TVC evauated
using the circuit parameters are summarized in table 2.1.
Themost sgnificant contribution comesfrom theinductance-
resistance ratio of the wire-resistor [(wL/R)? term], which
givesfrequency characteristic of 7 ppmat 1 MHz. Thetotd
contribution of the terms to the frequency characteristic of
the HF-TVC was evaluated to be
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DS, o, 049 7.7¢ 10782, (2.13)

Considering the inaccuracy of the mathematical model-
ing of the HF-TVC, the 10-equivalent uncertainty for each
term was estimated to be 100% of the evaluated value. The
total uncertainty was calculated by taking the RSS of the
uncertainties for each term.

In addition to the effect from the impedance-parameter
(L, C, R) of the TVC input circuit, the skin-effect of the Ptir
lead of the SITC element can dso contribute to the frequency
characteristic of the HF-TVC. For the PtIr wire with resis-
tivity of p=27x10" Qin and with dimensions
0.25+0.05 mm in diameter and 75 mm in length, change of
resstance AR, ... dueto the skin-effect is estimated to be

DRy -aiea /(Ry + R,) 02,8 0.6¢ 1072, (214

The skin-depth of the Ptir wire was evaluated to be =4
mm at 1 MHz. Sinceit is much larger than the diameter of
the lead, the skin-depth increases as the square of the input
frequency.

Adding the contribution from the skin-effect, the fre-
guency dependence of the ac-dc difference of the HF-TVC
isevauated to be
O7.7 7.7x 1072,

5 (2.15)

HF —effect

Another source of uncertainty arisesfrom the use of N-P
plug, to which atest-TVC is connected. Asdescribed in
section 2.4.1, the N-P plug imitates the half part of the N-
TA-RRR tee connector with which the reference plane is
defined. Hencethe difference in the shape and dimension of
the two connectors have to be taken as a source of uncer-

Table2.1 List of error-termsin the frequency characteritic
of the HF-TVC, and their contribution to the correctionsin
the ac-dc transfer difference.

Error Term Correction
(at 1 MH2)
1 2 -
) sLGw ~2.6x10
@ Lo +11x10°
3
® is(c-c)RiWw’ ~0,6x10°
.
@ | R LG ~01x10
g +CI°IRNR°EZCOZ +7.1x10°
2 R+R O
Total Correction +49x107°
(Uncertainty) (7.7x107)

tainty in the cdibration of thetest TVC.

In the case of 10V-range TV C which hastheinput resis-
tance of 1 kQ, the contribution from the skin-effect in the N-
P connector to the ac-dc difference is estimated to be -2.8
ppmat 1 MHz. Similarly, the contribution from the effect of
stray capacitance and inductance in the N-P connector is es-
timated tobe-1.6 ppma 1 MHz. Sincethedifferenceinthe
dimension of the two connectors is smaller than 10%, the
uncertainty arising from the use of the N-P connector is esti-
mated to be smaller than 10 % of the total contribution from
the N-P connector. Hence the uncertainty due to the use of
N-P connector is evaluated to be smaller than 0.1 ppm at 100
kHz and smaller than 1 ppm at 1 MHz.

2.5 Summary

A group of new thermal voltage converters (TVCs) has
been developed at ETL. One of the new TV Cs was cali-
brated by PTB with uncertainty of 1 to 1.5 ppm (1o-equiva
lent) in the frequency range 10 to 100 kHz using the standard
MJTCsof PTB. The dependence of the ac-dc difference on
the voltage/current level was measured to be smaller than 1
ppm for 40% to 100% of the rated voltage. The high-fre-
quency characteristics of the TV C were measured to be
smaller than 10 ppm up to 100 kHz. Those performances of
the new TV Cs are sufficient as the new reference standards
of ETL.

In addition to the standard TVCs, a TV C with improved
high-frequency performance (HF-TV C) has been devel oped.
Thefrequency characteristic of the HF-TV C was cal culated
by the geometry and dimensions of the TV C input circuits,
and were eva uated to be smaller than 10 ppm up to 1 MHz.
By the use of the HF-TVC, frequency characterigtics of the
new standard TV C have been determined with a precision
better than 1 ppm up to 100 kHz.
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