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Recharacterization of Thermal Voltage Converters
After Thermoelement Replacement

JOSEPH R. KINARD, SENIOR MEMBER, IEEE, AND THOMAS E. LIPE, MEMBER, IEEE

Abstract—The velationship between the. characteristics -of various
thermoelements (TE's) as vollxze or current converters and the overall
ac-de differences of a voltage range in a coaxia] thermal voltage con-
verter (TVC) set is described. Analgorithm to predict the relationships
between thie ne-dc diffeiences of individual vohage ranges with different
TE's is pr d, and a method for recha; g a TVC containing
a replacement TE is given. The measured results xlmw that for most
applications a complete recharacterization of the TYC set is unneces-
Sary.

1. INTRULIUCTION

[ERMAL voltage converters (TVC’s) are often con-
structed as sets of range resistors and a group of two
or more thermoelement (TE} modules. A glven voltage
range is selected by connecting a TE module in series with
an appropriate range resistor, so that the ac—dc differences
of a particular range depend on the combined character-
istics of the range resistor and the TE. If a thermoelement
shonld fail, the characteristics of a replacement will attect
the ac-dc difference of all voltage ranges associated with
that TE to some extent.
Analyses of the relationships between the ac—dc differ-
ence of the TE and related range resistors for coaxial

TVC’s have been undertaken by Hermach [1] and Inglis

[2]. The analysis presented here is based on that in [1],
‘but explicitly treats phase angle differences in the TE’s as
well as provxdmg further consideration of load.ing effects
on the series resistor. The model developed here is based
on a thermal converter design generally used at frequen-
cies up to 100 kHz, and has been tested only up to 100
kHz.

1. DERIVATION OF EQUATIONS

A coaxial TVC compo_sed of a series resistor and TE in
separate modules is shown in Fig. 1. In general the
impedance of a module may be related to its de resistance,
at a particular frequency, by in-phase and quadrature vari-
ations which are small for-well-constructed TVC’s. Tak-
ing a and b, for the series resistor module, and ¢ and 4,
for the TE module, to represent these in-phase and quad-
rature variations, respectively, the impedances of each
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Fig. 1.’ Schematic of tesistor-th .showing the'
transimpedance of the resistor, Z, and the xmpednnce of the TE modute,
Z,.

module may be written as

zr'= R:(1 +a +]b) (1)
=Ry(1 + ¢ +jd) (2)
‘where:
Z the transimpedance, (V; — V) [In, of
the series resistor module,
Zy the impedance, ¥;/1;; of the TE-mod-
ule,
I, the input current to the TE module
when mated,
|2 the TVC input voltage,
Vu the voltage at the TE module,
R, the dc resistance .of the seéries resistor.
module,
Ry the dc sesistance of the TE module,
a,b,c,andd representing the combined effects of
whatever ac-factors, e.g., reactance,_
skin effect, dielectric loss, stray ca-
pacitance, ctc., may ' contribute to the
impedance, T
b (approximately) the phase angle, 8,; of.
the resistor module in radians, since
- aand bare << 1and 6, = tan tan~! b/(1
+a), -
d .(appmmmately) the phase angle, B, of

the TE module in radians, since ¢ and
dare <<1and §, = tan™' d/(1 +
c).

Note that in Fig. 1, the outer cases of the modules are
electrically continuous, and carry the return currént from
the low side of the TE back to the input connector.

Letting p = R, /R, (2) becomes

Z, = pR(1 + ¢ + jd). - (3).

'U.S. Government work not protected by U.S. copyright
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The total impedance of the resistor-TE system is then {1]
Z,=Z +Zy=R(1 +a+jb) + pR(1 + ¢ + jd).
4)

The tota) dc resistance is R, = R; + R,,. Substituting this
quantity into (4) and dividing both sides by R, yields -

Z, _R(l +a+jb) +pR(1 + c +jd)
e — 222
Collecting like térms’
Ly atpe b+ pd)
R, (1+p)
Settingy={a + pc)/(1 + pland £ = (b + pd) /(1 +
p)and takmg the magmtude of Z, .
IZI J‘““—
R (1+9) + %

Usmg the bmomxal expansion for (x + ¥)'/* withx = (1
+ v) and y = ¢ yields, cIosely enough

]
R T4y + 1+‘Y g

Since y and { ate both << 1, (1 J1+ 'y)_-’—"— (1 - ), and

1zl _ 4
% =1%y+3 { - 'y§’2.
Neglecting terms hlgher than second order gives
Z .
| R’l =1+y+5 {2 {5)

The ac—de difference of a TVC may be written 8, = (}Z,|

" — R)/R, + 3., where 8, is its ac-dc differénce as a cur-
rent converter [3]. Substituting (5) into this éxpression for
&, gives

=y +igt+8

« we consider the case of two TE’s (no, 1 and no. 2)
of the same nominal, but not identical, heater resistance,
the variation in the ac-dc differences caused by the sub-
sntunon of one TE for the other may be expressed as

P [a+pzczba+p,c,]+ [b+p;d22
ARG 1+p, 1+p 20\ 1 +p,
£b &+ prdy\" .
S Sy RIS

where the subscnpts 1:and 2 refer to TE number 1, and TE
number 2.

The first ferm in-brackets represents the variation in &
due to differences between the in-phase components of the
two TE’s, and includes the variation in §, due to the dif-
ference in loading between the TE’s because of nonequal
heater resistances. The term in the second set of square

“brackets represents the variation in 3, due to the difference

in phase angle between the two TE’s. The last term-in
parentheses represents the variation in 6, due to differ-

ences in current converter characteristics.

‘The variations in the ac-dc difference due to loading
and phase angle differences between TE 1 and TE 2 are
presented in Appendixes A and B, respectively. As long
as teasonable care is taken 1o match the two TE's so that
they meet the criteria noted in the appendixes these con-
tributions to the variation in ac-dc difference in (6) may
‘beignored and we can write the variation in ac-de differ-
ence between TE 1 and TE 2 as

- a+pac2 ) a+Pacl

T e T (T pa e
which reduces to
....l — —-— e
8y =8 = (Cz ¢r) + (8, = &)

1 +
Notmg that p /(1 + P) = R,/R,,

5_:_2.-5 —"(Cz"f—‘x)"’(‘s 5,)

where ¢, and ¢; are the ac~dc .d:ﬁ'crenccs (8, and §,,) due
to the change in resistance of the TE, so that

R v -
By, -0 = 'R—’:(ahz - 5;”) + (6a N bn)'

Since 8, = &, — &, where §, is the ac~dc difference of

the TE as a voltage converter, 5, is the contribution to the

ac—dc difference due to the change in heater resistance,

and &, is the ac-dc difference of the TE as a current con-
verter, then

'_'s.ﬂ)] + ‘(6c_2 - 6«‘1)-

Using R, — Ry '= R;, we may fipally write

6’.2 =y = E:‘ [(‘Sm - cz) b (60.1

Ry o . R
612 - '61: == (5111 - '601) += (5cz - 5:1_)- (7)
R . R ,
This is a particularly useful expression since the 8,’s
and.8,’s forboth TE 1 and TE 2 can be obtained by direct
measufement.

III "THERMOELEMENT REPLACEMENT PROCEDURES -

To properly” use (7), one must know the ac~dc differ-
ences of both the old and new TE’3 as veltage and carrent
converters. Several procedures exist for determining these

«quantities; the procedure- deve]oped 4t NBS for replace-

ment of working standards is outlined below.

The nc- de difference of o TVC dapends upon the com-
bination of its ac-dc differences 4s a voltage and current
converter. As Fig. 2 shows, the contribution made by cur-
rent effects begins to dominate at relatively low voltages.
In fact, for a typical coaxial TVC set, 90 percent of the

" ac-dc difference i due to current.effects on the second
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Fig. 2. Relative contribution of the thermoelement to the ac-dc difference
of a coaxial TVC as a voltage converter and as a current converter. This
data is for a 2.5-mA TE module with a nomina} 400-Q-input impedance.
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Fig. 3. Difference between measured values (3,) of ac~dc difference and
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ranges.

lowest range where a series resistor is vsed, and the con-
tribution increases for greater voltages. Although ther-
moelements are generally excellent current converters
with ac—-dc differences of only a few parts per million at
frequencies of up to 1 MHz, a new TE should, neverthe-
Tess, be measured as a current converter before attempting
to apply the replacement equation.

The following is the procedire used at NBS for TE re-
placement.
1) The phiase angle of the candidate replacement TE is
checked using, for example, a commercial impedance
analyzer. The phase angle must match that of the TE it
will replace to within 1 mrad to ensure that the phasc an-
gle terin in (6) can be neglected.

2) The resistance of the new TE is measured to ensure
that loading effects on the series resistor are negligible

.and the loading term in (6) may be ignored. .

3) Intercomparisons aré made between the new TE and .
a TE whose characteristics are known as voltage convert-
ers at the lowest voltage range with no series Tesistor.

4) Intercomparisons are made as a current converter
-against a TE whose value is kitown using two matched
series resistors {1}, 14]. The value of these resistors is
chosen to be large enough to test the TE’s as current.con-
verters, but small enough to avoid high-voltage effects.

5) After obtaining the ac-dc differences of the new TE
as a voltage and current converter, the values obtained in
steps 3).and 4) are inserted in (7) and the ac-dc difference
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for each voltage range associated with that TE is calcu-
lated, '

It is extremely helpful to have on’hand new or replace-
ment TE’s, mounted and characterized in terms of exist-
ing TE’s. Aside from the obvious advantage of redun-
dangy in the case of TE failure, the measurements reqmred
as voltage and current converters are made much easier if
a TE of the same current rating is.available as a check
standard. If such a TE is unavailable, a TE of a different
current rating may be nsed, but the measurements are
more difficult, and current level depcndencles must be
considered. If 2 TE of a different current rating is nsed as
a standard, its ac-dc difference must be known at the dif-
ferent current rating, both as a current converter and-as a
voltage convérter.

Iv. RES.ULTS -

Tests of the replacement techriique were performed with
various TVYC ranges configured using two differcmt ther-
moelement modules. AC-DC differences for the different
voltage ranges employing both TE’s were determined by
comparison with a separate staidard TVC. The variation
) bctwccn the mcasumd valucs, 8, and predicted valucs,

p» USINgG {7) for one.pair of TE’s is shown in Fig. 3. Tests
were made on the 3-, 10-, 100-, and 300-V ranges at fre-
quencies of 20 Hz, 1, 20, 50, and 100 kHz. The standard-
pattern TE’s used in this test had 400-0) heater resistances
with current ratings of 2.5 mA. The ac-dc differences of
the test TE’s differed by as much as 16 ppm as voltage
converters and 2 ppm as current converters. Smail ac-dc
differences for current converters, -such as this, are com-
mon for good-quality TE's. Agreement between the mea-

- sured and -predicted ‘'values using this method -is about 3
ppm or beter at the test points given above. This perfor-
‘mance is quite satisfactory for essentially all routing ap-
plications.-
Similar:tests were carried out to check for any additive

effect present in the iterative use-of this procedure. No

additive effect was found to be present within the accu-
racy of the comparator system.

To test for loading effects on a series zesistor, a TE
module was fabricated with an easily replaceable resistor
in series. with the heater. The value of this resistor was
increased in steps of approximately 5 @ from 408 to 428
0. Again, no significant variation was found.

An informal survey of commercial TVC’s was under-
taken to ensure that loading effects and phase angle cor-
rections -conld be neglected in commeicial coaxial TVC

- sets. The phase angles and resistances for the TE's in these
sets‘were checked usingan impedance analyzer. All TE’s
measured, from different manufacturers as well as NBS,
had heater resistance vatues within 5 £ of nominal, -and
phase angle variations of less than 1 mrad. The replace-
ment procedure should, therefore, be perfectly suitable
for commercially made coaxial TVC sets, as well as the
NBS woiking staudads. ’

V. CONCLUSION

A procedure to predict the ac-de difference of coaxial
TVC’s after on¢ TE has been feplaced with another has
been developed at NBS. Results show that for routine ap-
plications using working standards, the procedure pre-
dicts the ac—dc difference well enough to be placed into
normal use. This procedure saves a considerable amount
of time and effort when a TE is damaged or fails.

» APPENDIX A
CoNTRIBUTIONS DUE TO VARIATIONS IN LOA‘mNc;

To consider the effects due to variations in loading on
the series resistor when.a TE of one heater resistance is
teplaced by a TE of shghtly different heater resistance,
we write the variation in the in-phase tetm in (6) as

] 1 1 PG P16y ]
&= “1[1 Hpp 1 pl] * [1 Tp, Y ip
' (8)

where A, is the varation in ac-dc difference due to re-
placing one TE with another of different resistance. The

“first term in (8) may be written

_ a(l + Py -1 "‘.sz) - a(Pl ~p)
MU A p)U+p) (1 4p)

where p,, is the average value of p; and p,. This equation
inay be used to predict the variation in ac-de difference
due to Ioading -expressed as a percentage of .a. For ex-
ample, if the loading effect is to 'be kept to less than 1
percent of a, generally 2 negligible fraction of the ac-dc
difference, for p, = 1 (as a worst-case analysis), then (p; ’
~ p,) must be 4 percent or less, or about 16 Q for a typ-
ical 400-@ TE module. This is not a difficult criterion to
meet in practice. Fig. 4 shows-calculated variations in ac-
dc difference for changes in TE module resistance for R,
= 400  snd for several values of series resistance. The
calculated variations for larger values of series resistance
are even less.

To treat the second term in (8), ‘we first define ¢, =
/(1 % p1)y g2 = P2/ (1 + p3), and g, as the average
value-of ¢, and ¢, so that ¢, =.¢,(1 — @) and g, = g,(1
+ a), where 2a is the difference between g, and g;. Like-
wise, we define ¢, as the average value of c, and ¢; so
that = ¢, (1 —fB)and ¢, = ca(l + ). The second
term in (8) is then

@0 ~ qi6y = Cda{1 + a)(1 + B)
- el = (1 - )

which reduces to

2¢,q,(a + B).

The contribution to the ac-dc difference associated with
loading variations in the sccond part of (8) is Ay —
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Fig. 5. Calculated contribution, in paris per million, to ac-dc difference

due to variations in the phase angle of the TE module for several valhies

of series resistance, R,, and tesistor modale phase angles, 4,. .
2c,q,a. Since Forgood quality TE’s the c term is genetally < 10 ppn
_ at audio-frequency and < 50 ppm zt 100 kHz. Using thi
o= "9 100 kHz value for c, and taking p, = 1.as the worst-case
249, the TE’s must be matched to” within about 8 percent o

nominal heater resistance for the variation. in ac-dc dif
ference arising from a- chzmge ‘in Ioadmg in the secon
A =l — @) term in (8) to be less than 1 ppm. For typical 400—9 hea

we may write the factor associated with loading as
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* érs, this is 32 Q. Therefore, if the TE's are matched suf-
ficiently well to disregard the firsi term in (8), the second
term'may be ignored as'well.

Since the contributions to the total ac—dc difference due
to loading variations in' the terms of (8) are likely to be
negligible for routine applications with .commonly -avail-
able TE's, the final expression for TE replacement is de-
tived in the main text with the:assumption that the Joading
is unchan_ged

AppENDIX B

PHASE ANRGLE ‘CONTRIBUTIONS
The variation ini ac-dc difference from the phase angle.
contribution becomes important only when the difference
in phase angle from one TE to another becomes large cou-
pled with -a large pliase angle for the series resistor. The
variation in-ac-dc. difference -due to nonequal phase an-

gles, Ay, in the phase angle term from (6) is

'Ao___[b*'lhd: (b+p|d\ ]
2 1+p 1+ p,
Squaring the terms in brackets, and collecting like terms

_ P (d2+d1)]
"A"1+p[(d2 d’)l+p 1+p 2

=py = p, and the differences in loading are not

where p; -
considered.

Letting d, = {d, + d;)/2 the average value of d
P(dz = dl)(b + Pd)

ol (1+p)

If b =46,, the phase angle of the transimpedance -of the
series resistor, .d, = 0y, the average phase angles of the
thermoelements, and A6, = (4, — d;), then

Sulf 30
,Ao—R‘I'lQhRﬂ*' [

" The greatest phase angle contribution due to the differ-
ence in.the TE’s will occur at low voltage ranges where
R,isa sxgmﬁcant fraction of R,. Fig. 5 shows the calcu-
lated variations in ac-dc differenice for varying TE mod-
ule phase angles and several values of series tesistance

and resistor module phase angles for 2 nominat 400-Q TE
-module and 8, = 1 mrad. For the worst case, where R,

= R., if the phase angle contribution is to be less than 1
ppm, the phase angles of the TE’s must be matched to
within 1 nirad for an average phase angle (6;) of 1 mrad,
Since this is also not a difficult criterion to meet, the sec-
ond bricketed term in (6) will be omitted from the deri-
vation of the final expression for overall ac-dc difference
with a replacement TE.
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