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AC-DC Transfer Difference of the PTB
Multijunction Thermal Converter in the Frequency
Range from 10 Hz to 100 kHz

MANFRED KLONZ

Abstract—The ac-dc transfer difference of the multijunction ther-
mal converter (MJTC) developed at Physikalisch-Technische Bunde-
sanstalt (PTB) has been evaluated for various heater resistances be-
tween 27 and 700 Q. By optimizing the heater resistance for voltage
transfer to 190 © and for current transfer to 27 Q, transfer differences
of a few parts in 107 are achieved up to 100 kHz. Transfer differences
caused by thermoelectric effects could be shown to be smaller than
1078, due to the nearly ideal periodic structure of the converter and
the special construction of the intermediate leads between heater and
vacuum throughleads.

An increase of the transfer difference at low frequencies is caused
partly by the change in the real part of the heater impedance, which
can be compensated by adding series or parallel resistors to the heater.
Another part is found to be a current transfer difference which can
only be diminished to a few parts in 107 by increasing the number of
thermocouples or decreasing the input power.

I. INTRODUCTION

URING the last 20 years substantial work has been

done on single-junction thermal converters (SJTC’s)
and multijunction thermal converters (MJTC’s) to achieve
an uncertainty in the ac—dc transfer below 10~ in the op-
timum frequency range about 1 kHz, where the transfer
difference is believed to be caused mainly by thermoelec-
tric effects. In spite of this, differences of a few parts in
10° have been observed not only within a group of well-
evaluated SITC’s [1], but also between several MJTC’s
of different design and manufacturers measured at Phy-
sikalisch-Technische Bundesanstalt (PTB). Moreover the
mean value of a group of SJITC’s showed disturbing de-
viations of 3 X 107% against a group of MJITC’s [1]. In
addition nonsystematic transfer differences of a few parts
in 10° have been observed on MJTC’s of different design
at low frequencies [2] and at higher frequencies up to 100
kHz, which are in contradiction to the theoretical uncer-
tainty estimated by Wilkins [3]. Looking for reasons to
explain these discrepancies, systematic changes in the de-
sign of the PTB MJTC’s [4] have been made to evaluate
the ac-dc transfer difference theoretically, and by exper-
iment, to the lowest uncertainty possible.
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II. DESIGN OoF THE MJTC

The basic design of the MJITC is shown in Fig. 1. Its
functional element is a twisted bifilar heater of enameled
quaternary alloy with a diameter of 10 um up to 40 um
(depending on heater resistance), and 24 mm in length.
The heater is thermally connected to and supported by the
hot junctions of 56 thermocouples. The cold junctions are
mechanically attached by an adhesive to the SiO-insulated
copper heat sink. The series-connected thermocouples are
produced by winding a helix (3.5 mm wide and 5.5 mm
high) of 56 turns of CuNi44 wire (20 pm in diameter)
and sputtering copper over some part of the helix. The
thickness of the copper is carefully controlled during the
sputtering process to obtain a low temperature coefficient
of the output voltage.

The element is mounted in a heavy, hermetically sealed,
OFHC copper housing, which is evacuated to a residual
stable pressure of 10™% mbar to reduce the convective loss
of heat from the element and to improve the stability of
the output voltage. A built-in getter absorbs some out-
gassing from the converter and can be reactivated several
times.

The vacuum throughleads are made out of OFHC cop-
per wire in an Al,O3 ceramic disc in order to obtain an
almost frequency-independent heater circuit with very
small thermoelectric voltages. Intermediate leads made
out of the same alloy as the heater connect the heater to
the vacuum throughleads. They are wound around a cop-
per post to control the temperature of the spot-welded
connections to the heater. An Al,0; bead short circuits
these connections thermally.

III. TRANSFER DIFFERENCE CAUSED BY
THERMOELECTRIC EFFECTS

At mid-frequencies of about 400 Hz to 5 kHz the ac-dc
transfer difference of thermal converters is believed to be
caused mainly by thermoelectric effects. It has been shown
by Zhang et al. [5] that an ideal MITC with a periodic
structure has no ac-dc transfer difference due to thermo-
electric effects. Since any manufactured MJITC may de-
part from that ideal, the influence of temperature devia-
tions along the heater has been investigated.

“In the model (Fig. 2) the MJTC is represented by three
thermocouples bearing a heater on top. The thermocou-
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Fig. 1. MITC with thermocouples in series made by partial copper plating
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Fig. 2. Above: temperature distribution along the heater due to different
heat conductance of the thermocouples. Below: section of three ther-
mocouples with distances / and heat conductances K; _ ; K;; K; , ,.

ples are equally spaced at a distance /, and the heater car-
ries a current /. The temperatures ©;_,, ©;, and 6, , | are
assumed not to be equal due to some asymmetry in the
thermal conductance of the thermocouples.

Neglecting convective and radiative losses from the
heater, all the Joule heat generated in the heater is con-
ducted to the heat sink through the thermocouples.

To calculate the ac-dc transfer difference of the couple
i due to the Thomson effect and nonperiodic temperature
distribution, the differential equation for the heat flow
along the heater may be solved using a similar approach
to that used by Widdis [6] for the temperature distributior
on a SITC.

The temperature distribution along the heater is de-

scribed by

d do\ de I

—_ A —_— -— _ _— =

dx< )\dx> aldx+ A 0 (1)

where
d/dx(AN(dO /dx))dx heat flow due to thermal
conductivity,

Thomson heat, and

Joule heat generated in the
heater

—ol(d© /dx) dx
(I’p/A) dx

where

A thermal conductivity,

p resistivity,

o Thomson coefficient, and

A cross section of the heater wire.

Writing
ol
“xa €
and
I’p
e P

and using the boundary conditions given in Fig. 2 we get
for ©:
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The temperature at the thermocouple i is given by
equating the sum of the heat flow through the heater from
both sides into point i and the heat flow through the ther-
mocouple with its thermal conductance KX;.

do do

dx|i-ivo dx o
By taking
Kl
l1+-—=N
2NA

and Cl << 1 we get the approximate solution for one
direction of the current:

DI? CH? ©,,, + 6,_,
=11 = + i i
o ZN[ IZN] 2N
ci? c¥? Cl
[1 o 1—21—\,} + oy (Bir1 = Oicy).
(4)

This equation shows the linear influence of the Thomson
effect, and some influences of second-order Thomson ef-
fect. Changing the direction of the direct current, the
Thomson effect and hence also C change signs. By taking
the mean of both directions (subscript o) the first-order
Thomson effect is averaged out and only the second-order
Thomson effect is left:

0. =9_1E[ _C212]+9i+1+9i—1
“ 2N 12N 2N
C212 C2 2
g _er .
12 12N

At ac current (subscrift f) there is no change of temper-
ature distribution due to thermal inertia and C can be taken
as zero:

DI*

0, +6,_,
= — + _
2N

O 2N

(6)

The ac-dc current transfer difference may be defined [7]
-as

L -1,
L,

6= (7)
Uaf= Uao
where

I; rms ac current, and
I, dc current which when reversed produces the same
mean output voltage of the MITC as /.

Substituting the heater temperatures © generated by the
current /, we get for the transfer difference:

lef_ eo
278, ®)

For small differences, O, in the denominator can be sub-
stituted by ©,and we get with (5) and (6) for the transfer
difference of the thermocouple at point i:

5 = |:ei—l + 01 1:|_C_2ﬁ
! 20, 24N’

The formula shows that for equal ©; _, ©;, and O, , | the
transfer difference is zero. This indicates how to construct
a thermal converter with low transfer difference and is the
key to the MJITC. In (9) nothing is said about the number
of thermocouples. Therefore an ideal MJTC can be made
with three thermocouples if all three couples have the
same temperature. However, this can only be achieved by
using many couples to bear the heater and some special
construction of the current-lead-in wires.

Equation (9) also shows that zero transfer difference can
be achieved with a constant temperature gradient. More-
over for small deviations of the temperatures, the term in
the brackets will always be smaller than 1 and will have
positive and negative signs, which will cancel each other
statistically in a well-made MJTC over a sufficiently large
number of thermocouples.

In contrast to this in an SJTC, ©,_, + O,,, is always
much smaller than 2 ©,, and the transfer difference then is

272
Ccl (10)

5= TN

An estimation for the PTB MJTC with an Isaohm heater
having a Thomson coefficient of 1.7 uV + K, a length
I = 0.4 mm, a temperature difference of 50 K between
hot and cold junctions, and 1-K difference between O
and the average of ©;_, and ©; , |, gives a transfer differ-
ence of 2 X 1072 K™'. To get an estimation of the tem-
perature differences on the MITC, a heater was made from
CuNi44 with a Thomson coefficient of —24 uV - K~ ' and
hence together with some different dimensions 250 times
more transfer difference per kelvin than Isaohm. The
transfer difference measured for this converter relative to
a standard MJTC was only —1 X 107°. This leads to the
conclusion that the transfer difference due to Thomson ef-
fect in the MJTC with an Isaohm heater is smaller than 4
x 107°. In fact at a frequency of 1 kHz no difference
larger than 2 X 1077 has been measured between more
than 50 MJTC’s, and about 80 percent of these had dif-
ferences smaller than 1 X 1077,

Another transfer difference can be caused by the leads
carrying the current to the heater, if the periodic temper-
ature distribution is disturbed. This is qualitatively shown
in Fig. 3. At the left side, the connection of a current lead
with good thermal conductance is shown very near to the
first thermocouple. Heat is drawn from the heater which
will result in a temperature gradient along the elements.

(9)
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Fig. 3. Temperature distribution on the heater with current leads con-
nected at different distances to the thermocouples. (Dotted lines show
the ideal position.)

On the right side, the distance between the current con-
nection and the first element is very large and the Joule
heat leads to a rise of the temperature and again to a tem-
perature gradient along the thermocouples. Such temper-
ature gradients will lead to transfer differences in connec-
tion with the Thomson effect [5]. Therefore the length I,
of the heater between the welded connection to the inter-
mediate leads and the first thermocouple is calculated so
that the temperature of this region will rise in the same
way as the regions between the elements and then come
down to the temperature of the cold junctions at the
welded points as is shown in Fig. 3 by the dotted lines.
The distance [ is calculated to 0.88 mm.

Another temperature change will be generated by the
Peltier effect at the junction of the intermediate leads and
the heater, if the materials are not the same. The first idea
for properly designed intermediate leads was to make the
leads and the heater out of the same material and to use
for the leads only a larger diameter. To extract the Joule
heat the intermediate leads are wound in good thermal
connection around a copper post. The welded connections
are thermally short-circuited by an Al,0; bead to allow
some heat exchange if there is any Peltier effect due to
changes in the material by the welding process. The con-
nection to the copper of the vacuum throughleads is made
at the other end of these intermediate leads. Moreover a
bifilar heater is used. Due to the opposite directions of the
current in both parts of the heater, the Thomson effect
theoretically should be averaged out for each cross section
[3]. This construction, furthermore, reduces the transfer
difference due to Thomson and Peltier effect as well as at
‘the first thermocouple as at all the other thermocouples.

By using again CuNi44 material for both heater and in-
termediate leads to exaggerate the transfer difference of
this construction, the transfer difference could be mea-
sured at the first element of the MJTC to be between —1
x 107%and —3 x 107°. Hence for Isaochm material the
transfer difference is estimated to be smaller than 1072,

IV. HicH-FREQUENCY DEPENDENCE OF THE TRANSFER
DIFFERENCE

At high frequencies dielectric losses in the heater in-
sulation and bonding adhesive, which are constructional
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Fig. 4. Schematic diagram of the equivalent electrical circuit of the bifilar
heater and the housing.

parts of the MITC, are mainly responsible for transfer
differences. Fig. 4 shows the schematic diagram of an in-
finitesimally small part of the bifilar heater with its dis-
tributed resistance R’, its inductance L', and its distrib-
uted admittances due to capacitance C’' and dielectric
losses, represented by the conductance G’, between the
two halves of the heater with index H, and between heater
and housing through the thermocouples with index G.
The input impedance of this circuit can be calculated
using transmission-line theory. Adding the paralleled ad-
mittances and conductances, taking the lump sum of all
distributed impedances and admittances, and neglecting
all terms smaller than 10™'% up to 100 kHz, the approxi-
mate impedance Z is given by:
2

1 2
Z =R - = ZWALC — =
[1 3RG+3<.0LC 5

+jw<£—%CR>] (11)

Equating the Joule heat generated in the heater at high
frequency and at direct current and neglecting second-
order terms we get for the voltage transfer difference §,

w*R*C?

1 1 1 WL’
o, = —gRG—;(—)'szZCZ-F-Z'% (12)
For the current transfer difference §; we get
1 1 1
& = ¢ RG - ngLC AT W’R*C?. (13)

The measurement of the different parameters in these
equations showed that the current transfer difference
mainly depends on the dielectric losses represented by the
conductance G, and is also proportional to the resistance
of the heater. This leads to the requirement for a current
converter to have a heater resistance as low as possible.
For a heater of 27  the current transfer difference at a
frequency of 100 kHz is calculated to be less than 1 X
1077, and for a 700-Q heater, to be 3.4 X 107°.

The voltage transfer difference is determined mainly by
the first and the third term of (12) which cancel each other
at a specific frequency and at an optimum value of heater
resistance. For the heater alone they would cancel at 100
kHz for about 90 ©, and 8, would be —3 x 107° for 700
Q, and +2 X 107¢ for 27 Q. But there is also the effect
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Fig. 5. Schematic diagram of the equivalent electrical circuit of the heater
circuit and the intermediate leads.

of the intermediate leads to be considered, defining the
temperature distribution on the heater. A schematic dia-
gram of the intermediate leads is given in Fig. 5, with the
series resistance Ry, the dielectric losses represented by
G for a certain frequency and the capacitance Cz between
the two leads and also to the copper post. Neglecting sec-
ond-order terms the transfer differences due to these leads
are given by

8, = 2G;R; + w*CiRyR; (14)

8 = RyG, + %«FC@R%,. (15)

The current transfer difference again is proportional to
the heater resistance and can be calculated at 100 kHz for
a 27-Q heater to be 3 X 1077, and for a 700-Q heater, to
be 8 X 107°. The voltage transfer difference due to the
intermediate leads is always smaller than 2 X 107",

Other sources of transfer difference are skin-effect and
proximity-effect. Calculations show that the skin-effect is
negligible in the thin Isaohm wires of the heater, but the
vacuum throughleads made out of copper wire of 400-um
diameter and some parts of the intermediate leads made
out of copper wire with 200-pm diameter show a signifi-
cant skin-effect which is calculated by the formula for
skin-effect at low frequencies:

AR 1

== = — i (nfn)

R, 48 (16)

where

r radius of the conductor,

f frequency,

k electrical conductivity, and
u  magnetic permeability.

The skin-effect is enlarged by the proximity-effect in the
vacuum throughleads by about 7 percent. For a heater of
27 Q, the voltage transfer difference due to skin-effect and
proximity-effect is calculated at 100 kHz to be 6 X 1078,
and for a 700-Q heater, to be 2 x 107",

Transfer difference contributions for current are calcu-
lated from (13) and (15), and for voltage from (12), (14),
and (16), and in each case they have to be added. They
all depend on the value of the heater resistance and for
current, therefore, the lowest heater resistance possible
should be chosen. For a 27-Q heater we calculated a trans-
fer difference of 3 x 1077 at 100 kHz.

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. IM-36, NO. 2, JUNE 1987

For voltage at a heater resistance of 190 €, the transfer
differences due to dielectric losses are compensated by the
inductance and the skin-effect of the leads to +3 x 1077
at a frequency of 100 kHz. Taking these converters as a
reference the frequency dependence of the transfer differ-
ence for different heater resistances could be determined,
and are given in Figs. 6 and 7. The measured transfer
differences agreed to a few parts in 107 in the whole fre-
quency range up to a 100 kHz with the calculated differ-
ences. This fact adds considerable weight to the correct-
ness of the evaluation of the frequency dependence of the
MITC’s with different heater resistances [8].

V. Low-FREQUENCY DEPENDENCE OF THE TRANSFER
DIFFERENCE

With decreasing frequency from 1 kHz down to 10 Hz
the current transfer differences grow increasingly more
positive (Fig. 8). They depend on the resistance of the
heater and grow larger with higher heater resistance. At
half-rated input power the transfer difference at 10 Hz is
nearly half, and at lower input power the transfer differ-
ence'is even lower.

The voltage transfer differences grow increasingly more
negative and also depend on the heater resistance and the
input power (Fig. 9). The reference MJTC for these mea-
surements will be explained at the end of this section.

If we increase the number of the thermocouples from
56 to 84 and 112, the temperature of the heater and the
current transfer difference is decreased by the same factor
for the same rated output voltage (Fig. 10). A similar de-
crease is measured for the voltage transfer difference, but
here the change at half rated input power is very small
(Fig. 11). Some part of this behavior at low frequencies
is due to a change in the real part of the input impedance
of the heater, which was measured in a low-frequency
bridge against standard resistors. Fig. 12 shows the mea-
sured changes in the real part of the input impedance of a
190-Q heater MJTC with 56 thermocouples for different
input voltages (2.8 V extrapolated).

The different absolute values of current and voltage
transfer differences show that there is also some part of a
current transfer difference §;, the origin of which cannot
be explained, but which is constant for different heater
resistance values. Fig. 13 shows the voltage and current
transfer differences and their components, the changes of
the real part of the heater resistance and the current trans-
fer difference 6;. For an increasing number of thermocou-
ples this current transfer difference decreases. For a 112-
thermocouple converter 8/ at 10 Hz is 4 X 107, and for
half heater input power, is only 2 x 107",

Hermach [2] showed, that transfer differences due to
changes in the real part of the heater resistance can be
compensated by series resistors for voltage and shunt re-
sistors for current. With such a compensation only the
current transfer difference §; is left and will be the same
for voltage and current. For a 56-thermocouple converter,
at 10 Hz, and rated input power we get a transfer differ-
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ence of 2 X 107° and for 112-thermocouple converter,
4 X 1077, At half-rated input power this value decreases
to2 X 1077, Such a compensated 112-thermocouple con-
verter served as the reference converter for all the mea-

sured transfer differences at low frequencies in Figs. 8-
11, and 13.

VI. CONCLUSION

The proper design of the MJTC reduces the influence
of thermoelectric effects to an insignificant level. But it
shows frequency-dependent ac-dc transfer differences
which are lowest in the mid-frequency region at about 1
kHz and increase at lower and higher frequencies. The
equivalent circuit can be evaluated for a special design for
different heater resistances with an uncertainty of a few
parts in 10’ for voltage and current up to 100 kHz. The
measured transfer differences agreed to a few parts in 10’
with the calculated differences, which gives considerable
confidence to the correctness of the results. Also at low
frequencies down to 10 Hz the transfer differences of
comp7ensated converters can be evaluated to a few parts
in 10"
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