86 Mathematical Background of FRDC Method

6. 1 Introduction

While the ac-dc transfer differenceis defined using sinu-
soidal waveform, the FRDC-DC differenceis defined using
rectangular waveforms. The comparison of the frequency
characterigtics between the ac-dc difference and the FRDC-
DC differenceisdiscussed in section 6.2.1. A formulawhich
represents the frequency characteristic of the FRDC-DC dif-
ferenceisderived in section 6.2.2, using a S mple exponen-
tial behavior for the themoelectric effects. Physical signifi-
cance of the thermoelectric time-constant is discussed in sec-
tion 6.2.3.

Asdescribed in section 4.1, the higher-order components
of the FRDC waveform may be filtered by frequency char-
acterigtic of the input circuit, and may affect the equality in
the rms-valuesfor FRDC- and dc-modes. The effects of the
higher-order components are evaluated in section 6.3, using
asimple circuit-model for theinput circuit of the TVCs.

6. 2 Thermoelectric effect in TC

6. 2. 1 Thermoelectric effect and FRDC-DC
difference
The ac-dc transfer differenceis determined by the differ-
ence between the EMF outputs of athermal converter for
steady-state dc and for a sinusoidal waveform of the same
rms amplitude, as defined by equation (1.5) in section 1.2.

E,..—E
6 D_ "AC DC
Ac-pe NE,. (15)

Similarly, the FRDC-DC difference d,. is determined
by the difference between the EMF outputs for the FRDC-

and the dc-modes as,

Erroc — Enc
6FRDC—DC U nEDC . (1.8)
In the case of modified waveform, the quantities E__ .
and E_ represent the average EMFs for the two MDFR
modes and for the two CPDC modes respectively, as defined

by,

E = EMDFR(l) + EMDFR(Z)
FRDC — 2
+
EDC = Echc+ 5 Echc— (6_1)

Asdiscussed in section 1.2.3, the ac-dc transfer differ-
ence of athermal converter is caused by the following three
independent effects;

(a) Low-frequency effect . dueto thermal ripple at the
heater.

(b) High-frequency effect g, due to frequency charac-
teristic of input circuit.

(c) Thermoelectric transfer difference &, dueto Thomson
and Pditier effects.

When a steady-dtate dc is applied to atherma converter,
the thermoel ectric effects appears at the output EMF E_ as,

_ =DC DC DC
HEDG =E +AETE(lst) +AETE(znd)

joule
u
?DC— = Eféﬁe _AE'II'DE(élst) +AE‘IPEC(2nd) . (6-2)
Thefirst term Ej?ﬁe represents the joule heating for the
steady-state dc, and the other terms AErS,, and AER
represents the first-order and the second-order thermoel ec-
tric effects. Thefirst-order effects AE,, are compensated
by taking the mean of the output EMFs, E__, and E ..
When a sinusoidal-waveform input signd isapplied to a
thermal converter, the output EMF E,_ is described as,
Exc = Ejae(f) +AER () + AE 0 (), (6.3)

joule

where Ej.(f) representsthejoule heating for the rms
power of the sinusoidal waveform. At the low-frequency
range (f<100Hz), it deviates from its dc-counterpart Ej?ﬁe
causing the low-frequency effect § . inthe ac-dc transfer dif-
ference. The changeinthe EMF ESN(f) dueto high-fre-
quency effect is significant in the frequency range above 10
kHz.

Combining (6.2), (6.3) with (1.6), the ac-dc difference of

athermal converter is represented as,
1
6AC—DC - E{[Ezme(f)_ Ej?)&e] +

+ DS (1) +[ BB (1) BB, ]}

=0 (f) + 3 (f E ENf-
(1) + 8, (f) + 0 = &2 () 6.4)

Theterm 53 ( f) representsthe thermoel ectric effect for
sinusoidal waveform which exist only at very low frequen-
cies (f<<100Hz). Since the thermoelectric effect is much
smaller than the low-frequency effect J , the equation may

be smplified as,
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JAC—DC DJLF(f)—+- d—iF(f)-'— d’E. (6'5)

A typical frequency characteristic of the ac-dc difference
represented by the (6.5) has been illustrated in Figure 1.6.

In the FRDC-DC difference measurement, the output
EMFsE_,_ . for CPDC waveforms are described as,

CPDC

FEceoc: = B (faw) + B (o) +AERGS) +AER G

joule

O
FEcroc- = Ejoe. (fan) + AE™(foy) —AErGq) +AEE )
(6.6)

Thefirst term E[72° represents the joule hesting for the
rms power of the CPDC waveform. The high-frequency
components of CPDC waveform give rise to the error term
AESPC(fy,) which contributes an error term 652°¢(fg,)
to the FRDC-DC difference. The terms AEZS, and
AE 5 represent the first-order and the second-order ther-
moelectric effectsin CPDC waveform.

Theoutput EMFE_ . for MDFR waveformisdescribed

as,
Erroc = Ej’\ﬁeFR( fon) + AEmEFR( fow) +AE‘IMEE(>;'1:§1)( fsw). (67)

Thejoule heatingin MDFR waveform producesthe EMF
output Ejsge-(fgy) which isexactly equal to EGRC(fgy).
Furthermore, if the off-timet  is much smaller than thetime
constant of joule hesting (t Off<<tj0u|e), thethermal rippleisnot
created even at frequencies near dc.

Combining (1.7), (6.6) and (6.7), the FRDC-DC differ-

ence of athermal converter is described as,

1
JFRDC—DC U E{[AEM?FR( fs;v)_ AESEDC(fSN)]

DC
B (1) - AEZS, ]}
00 (fau P = F>(fan) (6.8)

Thefirstterm J, . ( fs,) represents high-frequency char-
acteristic of FRDC-DC difference of athermal converter.
Sincetheterms AEP™ (5, ) and AESC(f,,) tend to can-
cel out, aswill be described in section 6.3, theterm J, . ( f
does not give significant contribution up to 10 kHz.

The second term & and the third term - Orc " (fsu)
correspond to the thermoelectric effects AEZ 7, and
AER G (fay), inthelimitt . 0. Theeffect of the off-time
on the FRDC-DC difference measurement is negligible as
long as the off-time is much shorter than the switching pe-
riod (t,<<Tg,). The quantitative analysis on the effect of
off-timeis given in the Appendix(B).

In the case of ac-dc difference, frequency dependence of
the thermoelectric effect 3" () can not be observed be-
cause the effect is masked by much larger effect from the
thermal ripple - (f) dueto sinusoidal joule heating. On

sw)

the other hand, no thermal rippleis produced by the rectan-
gular FRDC waveform, and the low-frequency characteris-
tic is dominated by the thermoelectric effects 577°°°(f, ).
Thus, by performing a FRDC-DC difference measurement
at lower frequencies, athermoelectric time congtant 7, _ of a
TC may be estimated from low-frequency characterigtics.

It is possible to choose the switching frequency f, such
that the following two conditions are satisfied:

(@) The switching frequency f, issufficiently higher than
the inverse of the thermoelectric time constant 7.

(b) The switching frequency f_, is sufficiently lower than
acharecterigtic frequency f,,_ above which the effect of high-
frequency components becomessignificant. Inthiscase, set-
ting 675 (fgy) << 8 and, 3, (fgy) << 3z, We obtain

Oroc-pc( 1 Trg << fgy <<fip) Uore, (6.9)

Since the thermoel ectric transfer difference of athermal
converter can be evauated by the FRDC-DC difference mea-
surement, the FRDC method may be regarded as an inde-
pendent basis for ac-dc transfer standard.

The estimation of the thermoelectric time constant 7,
will be described in detail in the next sub-section. The effect
of high-frequency components J, (fg,,) Will be analyzed
using afouler analysisin section 6.3.

6. 2. 2 Frequency response of thermoelectric
effect
The frequency dependence of the FRDC-DC difference
at lower frequenciesis characterized by the thermoelectric
effects. A smple mathematical model of the thermoelectric
effectin athermal converter isgiven by figure6.1(a). Inthis

Ite

—D
—- —-
N R itc @
E®
ite(t)/lo

Figure6.1 (a) Mathematical model which representsthe
thermoelectric effect in the thermal converter. The
thermoelectric effect is represented by an imaginary
current source which produces an excess currenti . (b)
The exponential behavior of the excess current i _for a
rectangular input waveform.
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model, the thermoelectric effect is represented by an addi-
tional current i_(t) which is described by:
() = 1S (1-€ ™) (for 0<t<Ty,). (6.10)
In the steedy-state condition (i, = i,), the excess current
= Ol causes the thermoelectric transfer difference &,
When the input current i (t) is reversed with a switchi ng
period T,, the excess current i(t) responds exponentialy
with atime-constant t,_ as shown in Figure 6.1(b).
At the reversal of the input current, the excess current
i(t) must satisfy the following boundary condition;
iTE(TSN) =ir(0). (6.11)
where T, isthe switching period for reversing theinput
current. Combining the condition (6.11) with (6.10), we ob-
tain
2 0

AL=Tre lOQWD (6.12)

Then, the effective power P which is dissipated at the
heater of the thermal converter isgiven as,

_ 1_01

1

=2 <TC(t)>rms 7RD‘|'7J-
_1 1 __—(t-at) 2 0
‘ER"?EELS”{“@E(l e} “q

it} zdtg

(6.13)

Since §,.<<1, we can expand (6.13) to the first order of
0,.. Neglecting the second and the higher order terms, we
obtain;

01 T , 0
PDEng 1 I {1+ 25TE(1— e'(t'm”“}dtg
2 s de 0

2 o,
le E1+25T£t TTE)tanhE,Qﬂ%
B Taw e

(6.14)

Assuming that the output EMF is proportiona to thein-
put power P, the FRDC-DC differenceis calculated as

2T uT,, O
J, = —TE) tanh—
rroc-oc = Ore( T, ) %TTE E

The period T, isthe inverse of the reversing frequency
and one-half of the inverse of basic frequency.

The frequency dependence of the derived formula (6.15)
isshowninfigure6.2. If the switching period is sufficiently
longer than the thermoelectric time constant, f , <<(1/1,.),
then the FRDC-DC difference approachesto zero. Thisis
becausethe dow-reversing waveform producesthe sametem-
perature distribution asin the case of steady-statedc. Onthe
other hand, if the switching period is sufficiently shorter than

(6.15)
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Figure 6.2 The estimated frequency characteristic of the
FRDC-DC difference of a thermal converter due to
thermoelectric effect. At sufficiently high switching
frequency f,>>(1/t,), the FRDC-DC difference equals
to the thermoelectric transfer difference o

the thermoelectric time constant, f, >>(1/t,), then the ther-
moelectric effect is not developed in the FRDC mode, and
the FRDC-DC difference equals the thermoel ectric transfer
difference o,

Inthe case of SJTCs, the parameters 4, and 7,_ are of the
order of 0.01 sto 1sand 107 to 107, respectively. Thetwo
parameters can be calculated by the least-square fitting of
measured data to the formula (6.15). Some types of SITC
show more complex frequency characteristics, requiring two
or three different time-congtants .. to befitted by the theo-
retical curve properly.

In this section we did not take the off-time into account,
because the off-time is less than 0.1 % of the switching pe-
riod at lower frequency (<100 Hz). The more exact deriva
tion of the (6.15) taking the effect of off-timewill begivenin
the Appendix B.

6. 2. 3 Time constants of SJTC

Since the speed of heat-transfer isfinite, thereisarela
tionship between the characteristic size and the characteris-
tic time constant of athermal system. In the case of aone-
dimensional uniform heater, the heat-transfer is character-
ized by thefollowing differential equation.

% _ k%
a G, K (6.16)

When heat-impulseis applied at the point x=0 and at the
time t=0, the normalized temperature distribution f(x,t) is
given by a Gauss distribution function:

fot)=—— 41 e
Al

(6.17)

whichiscalled “point-source” solution of the heat-trans-
fer equation. Thewidth A, of the Gauss digtribution after the
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time-interval Tisdefined by

f(£A,7) =€(0T), (6.18)

and iscalculated as

A =2aT = J4ka/C, (6.19)

Thewidth A, isameasure for the spread of the heat dur-
ing thetimeinterval 7. In other words, if aone-dimensiona
thermal system exhibits a characteristic time constant 7, the
characteristic scale of the system is estimated to be of the
order of A,.

When the heat is generated continuoudly at point x=0,
the temperature distribution is proportional to g(x,t) whichis
obtained by integrating the point-source solution (6.17).

g(x.t) =J’l$

: : e—X2 4a2t’ dt
O yarmat

(6.20)

In the case of a continuos heating, the distribution func-

tion satisfies the following relation for arbitrary constant 3:
o(Bx Bt) = B(x.t). (6.21)

The distribution function g(x,t) conserves its shape with

time. Thewidth of the distribution A, for continuos heating
isdefined by a condition similar to (6.18);

_2a\T _ /4T/C,

A
g &b -

(6.22)

Here the constant §,=2.06 is anon-dimensional constant
determined by;
& 1 -1 _ -1 _
s T‘(e e )de_o_

‘ (6.23)
N

By the use of the formula (6.19) and (6.22), the charac-
teristic scale of the thermoel ectric effects is evaluated from
the time-constant 7., which is determined by the frequency
dependence of the FRDC-DC difference measurement. In
both of the cases, thewidths A, and A, are proportional to the

square-root of thetime-interval 1.
6. 3 Effect of higher-order components

The rectangular FRDC-waveform contains alarge num-
ber of harmonics, and the higher-order components may be
filtered by shunt capacitance or the dielectric lossin the in-
put circuit. Asdiscussed in section 4.2.2, the rms power of
the n-th order components decreases as 1/n? with the fre-
quency, whiletheloss of power for each component increases
as?. Asaresult, even at reversing frequency aslow as 100
Hz, morethan 0.1 ppm of the power will belost for the FRDC-
modes.

In the case of modified waveform, not only the FRDC

(MDFR) modes but also the dc (CPDC) modes have the
higher order components. Since the CPDC waveform in-
cludes the same number of up-going and down-going steps
asthe MDFR waveform, they have similar power spectrum
for the high-frequency components. In this case, the power-
loss in the FRDC-modes are mostly compensated by the
CPDC-modes, and alarge reduction of the effect due to the
higher-order componentsis expected.

In this section, power spectrum for the high-frequency
components for the MDFR modes and the CPDC modes are
caculated. Then the effect of the higher-order components
to the FRDC-DC difference measurement is eval uated using
simplified circuit modelsfor the input circuit of the thermal
converters.

6. 3. 1 Fourier components of FRDC waveform
Thewaveform of theinput voltage e, () may be expanded
in the complex Fourier series:

eu®= Y a, ™,

n=-o

(6.24)

where the base frequency f; is defined by the switching

frequency of analog switchesf,;
fy = fgy/2 =1/(2Ty,). (6.25)

The period T, istheinverse of the switching frequency

fyyand one-haf of theinverse of base frequency. Theorigi-

nal FRDC waveform are represented by the normaized func-
tionsf(t) and g(t) as,

f(t) =[an®)] e /8 =1

N 6.26
g = [eIN (t)] FRDC/eO = Z ieannfot , ( )

WL, IinTT
n=odd

wheree, isthe amplitude of the CPDC- and MDFR-wave-

f(t)

+1

€Y

a 5 : -

Taw +Tgy t

q(t)
— +1
Tay 0 Tey (b)
1  ——

Figure 6.3 Normalized waveforms f(t) and g(t) for the
original FRDC with switching-frequency f,,. Thefunction
g(t) has higher harmonicsfor the odd-numbers of n.
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form. The function f(t) represents for the dc mode and the
function g(t) represents the FRDC mode, as shownin figure
6.3. The function g(t) has higher harmonics for the odd-
numbers of n.

The*glitch’ or the * off-time’ introduced in the modified
waveform can be represented by the functions u(t) and v(t),
asshown infigure6.4. Thesefunctionshavetrain of spikes
of widtht .. Thewaveform for the CPDC modeand thMDode
are derived by the combinations f(t)+u(t) and g(t)+v(t), re-
spectively. TheFourier components of waveforms u(t) and
V(t) isreadily obtained as

— < 1 ~inme\ qin27 ot
u(t) = Z |nn(l e )e

n=-co
n=even

_ 2 2 gn D’]ng%mzm(t—to" 2)

L onm 02
V(t) — +zw ;1(1_ e—mns)eannfot
WL, inTm
n=odd 2 (627)
_ e 2 [nrre in2rdy (-t ,2)
oL n7'rSl U2 %
n odd
Here, theduty ratio’ €isdefined by,
€=2fty = fouter =t /Tow- (6.28)

Combining (6.26) and (6.27), the Fourier components of
the waveform for CPDC mode are given by,

[eIN(t)/eO]chc = f(t) +u(t)
=1- +Zw isn@%ﬂﬂo(t—tmﬂ)

WL nm 02
e (6.29)

Similarly, the Fourier components of the waveform for
MDFR mode are given by,

[en (0)/€)],10rs = 91 + V(1)

z %T(l_‘_efinng)einzrlot

n=-o

n=odd

< 2 DVTE in2rf (t-ty /2)
—COS
L inm U2 %

n=odd

| (6.30)

Whent - O, al the components (except for the Oth-
order component) of the CPDC-waveform reduce to zero.
In this case, the components of M DFR-waveform approach
to that of theoriginal FRDC. The Fourier components of the
FRDC, CPDC and MDFR modes are summarized in table
6.1.

u(t)
- TSN T +TSN

5 H . @
" }* b
-1

= toff H
5 o
“Taw ™ ot tTaw
-1

Figure 6.4 Functions u(t) and v(t), which represent train
of spikes of width t  with switching-frequency f . The
combined functions f(t)+u(t) and g(t)+v(t) represent the
waveformsfor the* chopped’ dc (CPDC) modeand modified
FRDC (MDFR) mode, respectively.

Table 6.1 The calculated harmonicsfor original waveforms [f(t), g(t)], thetrain of
spikes [u(t),v(t)], and modified waveforms [f(t)+u(t), g(t)+v(t)].

a, |at,|(odd) |a, |(even)
f(t) 1 0 0
g(t) 0 2 0
ni

u(t) - 0 [V/ae EPEB

v(t) 0 n”sngl_wg 0
f(t) + u(t) 1-¢ 0 n,TS %mf%
o+ 0 moodlD 0
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FRDC [g(t)] [ Pulse [u(t), v(t)]
/ CPDC [f(t)+u(t)]

—

\

MDFR [g(t)+v(1)]

DCf(t)]

Figure 6.5 The frequency characteristics of the power
spectrum of FRDC, CPDC and MDFR modes. The
functions u(t) and v(t) are represented by a periodic
envel ope which oscillates between (2/nm) and 0 with a
period Af=1/t .. The original FRDC waveform g(t) is
characterized by an envelope (2/n7).

-0

dB CPDC waveform Ltofft |

2f) - Horm s W\ /m\

L e
Ui

[NNARE
L. Tgy:1ms
toff - 100 us

Power Spectrum —»

0 100 k 200 k

Frequency

Figure 6.6 The Fourier components for the CPDC and
MDFR waveforms measured by a spectrum analyzer for
the parameter of t =100 usandf_=1ms.

The frequency characteristics of the power spectrum of
FRDC, CPDC and MDFR modes areillustrated in figure
6.5. Thefunctionsu(t) and v(t) are represented by aperiodic
envel ope which oscillates between (2/nr) and 0 with a pe-
riod Af=1/t .. Theoriginal FRDC waveform g(t) is charac-
terized by an envelope (2/nr). The steady-state dc obvioudy
has no Fourier components. Hence the difference between
(2/nm) and 0 gives ameasure for the high-frequency effect in
the original FRDC-DC measurement.

The waveform for CPDC has a periodic envelope which
oscillates between (2/nm) and Owith aperiod Af=1/t . Since
f(t) has no Fourier components, the waveform for CPDC
[f(©)+u(t)] hasthe same periodic envelope asu(t). Inthe case
of MDFR-waveform, Fourier components of g(t) are partly
compensated by the component of v(t), and the waveform
[g(t)+v(t)] has similar periodic envelope with a phase shifted

\ Range Resistor \—Q TC
A

N-connector

| Wy ! rc
.
|

Rye

Figure6.7 Theequivalent circuit diagram of the TC-Range
resistor combination. The capacitance C, shuntsthe heater
resistance R, and C, shunts the current-limiting resistor
R

r.

180 degree (Af/2) relative to that of CPDC.

The Fourier componentsfor the CPDC and MDFR wave-
forms were experimentally confirmed by use of a spectrum
analyzer for the parameter of t =100 us and f,,=1 ms, as
showninfigure6.6. Sincethe difference of the power spec-
trum between CPDC and MDFR is much smaller than the
difference between the original FRDC and steady-state dc, a
large reduction of the effect from the higher-order compo-
nents is expected for the modified waveform.

6. 3. 2 Frequency characteristic of TC-input circuit

The effect of shunt capacitance may become significant
when thermal converters are connected in series with cur-
rent-limiting resistors (‘ range resistors’), and measured with
the voltage mode. The equivalent input circuit diagram for
thisset-up isshown in figure 6.7[37]. The heater resistance
(R,o) isnormally around 25 Q for a10 mA-type SITC. The
shunt capacitance C_ . is mainly due to the capacitance of
type-N connector inserted between the range-resistor and the
thermal converter, and isof the order of afew pF. Inthecase
of 10V measurement, a 1kQ metal-film resistor isused asa
range-resistor (R) which limitsthe heater current to 10 mA.
The metal-film resistor has a shunt capacitance (C ) of about
afew tenths of a pF, which exists between the two leads of
theresistor.

When thevoltage e (t) is applied at the input of the ther-
mal converter, current i (t) which passes through the heater
of thermal converter may be expressed as

itc(t) = Z’Oﬁneinznfot - ZwanYneiHZ 7Hot (6 31)

The conductance Y is readily calculated for the equivar
lent input circuit:
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Y. =B./a,

-1 1+2inC. Rnf, :1+2im,nf0Y
R+R, 1+2nC,Rnf, 1+2imr,nf, °

(6.32)

where the nominal conductance (Y,), the characteristic
time congtants (Tp, 1), and ‘parallel’ capacitance and resis-
tance (Cp, Rp) are defined by,

%=Y(R +R)
0, ECpRp’ 1. =CR

(6.33)
%,=C +C,, YR =LR +1R..

Then, the effective power P which is dissipated at the
heater of the thermal converter is

2

1, 1Ty 2
p= > Rc<'m(t)>,ms =3 Re Q?IO {Im(t)} dtg

1 +o0 +00
=5R Y B[ =R Y lan/a /%[

== n=-o

(6.34)
where the nominal power P, is defined by,
_l 2\/2 — R 2
PR==REY =— L -
0 theoo 2(R+Rc)2e°. (635)

The change in the power-dissipation AP/P, due to shunt
capacitanceis

AP_P-B_ = oo 6.36
E'TO_ 1+nzzm\an/eo\ Yool (6.36)

Combining (6.36) with (6.29) and (6.30), effect of fre-

0.6f i ]
T ppm £ ]
g 04f 0.01 ns ]
T L _'
s | .
g 0,2:- 0.1ns -
a ]
o T ]
@ [ 1ns ]
L of ]
) raal L sl L el |:

1 10 100 1000 10%

_— Hz
Swiching Frequency —

Figure 6.8 The effect of shunt capacitance on the FRDC-
DC difference measurement calculated for the typical
circuit-parametersR=1000 2, R =25 Q, C=0.3 pF and
C,=3pF

quency characteristic of TC-input circuit on the FRDC-DC
difference measurement is given by the following formula.
[The derivation of (6.37) is described in the Appendix C ]

_18npPO PO B
Oeroc-ne = 24P a - DFD H
o poc  UMo HADFRE

_ Drp _LD s /Ty
= 4Tr gr Tp Efoe . (637)

For thetypical circuit-parametersR=1000Q, R =25 Q,
C=0.3 pF and C, =3 pF, the characterigtic time-constants T
and t_are calculated as 8x10™ s and 3x10° s respectively.
The difference of total effective power between CPDC- and
MDFR-waveform is calculated from (6.30):

Serpepe 02.1x 107 f,(Hz) x @ 2™
01.1x 107 fg, (Hz) x g 25 ™ | (6.38)

The obtained frequency dependenceisillustrated in Fig-
ure6.8. Inthe case of t =0, which represents for the origi-
nal FRDC waveform, effect on the FRDC-DC differenceis
proportional to the reversing frequency, and can be larger
than 107 at the switching frequency of 100 Hz.

While in the case of modified waveform, the effect is
suppressed by afactor exp(—t(,ﬁ /Tp). Sincethe off timet
(>1 ps) isaufficiently longer than the characteristic time con-
stant of theinput circuit 7, (0.1 ns), the effect becomes negli-
gibleup to 10 kHz. The suppression isdueto the interlaced
pattern of the power spectrum of the CPDC- and MDFR-
waveform, aswas shown in Figure 6.5 and 6.6.

6. 3. 3 Effect of dielectric loss/absorption

In the previous section, the effect of shunt capacitance
has been evaluated in the voltage mode. Whenthe TV Csare
measured at current mode, the effect of dielectric lossg/ab-
sorption in theinput circuit becomes significant. Theequiva
lent circuit diagram which describes this effect isgiven in
figure6.9. Theinput capacitance (C)) and the effective leak-

R

et

Rrc

O ®

Figure6.9 Theequivalent circuit diagramwhich represents
the effect of didectriclossin theinput circuit. Thedielectric
loss is represented by the input capacitance C, and the
effective leakage resistance R, which are of the order of
0.1 pF and 1 GQ respectively.
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ageresstance (R) are of the order of 0.1 pF and 1 GQ re-
spectively.

Using the same procedure as in the case of the previous
section, the conductance Y is calculated from the circuit dia-
gram as,

_1+2inC Rafy, _ 1+ 2img,, nf,
" 1+2mC,,R,nf, 1+2imt,nf,

The equation (6.39) has the same functional dependence

(6.39)

on the characteristic time constants (7, ,, T',.,), Which are
defined by,

rl’ml‘ = Cr} Ra’

T:'“‘" = Cf"(R-’I + Rr + Rac') . (640)

The influence of the dielectric loss/absorption on the
FRDC-DC difference can be estimated by replacing thetime
congtants (7,, 7)) with (7, T',,) inthe (6.37).

T!eak Dfoe‘ton JTiea (641)

O,
Orro =7 e —
c-DC IeakH
leak Tleak E

For thetypical circuit-parametersfor aTVC, R =1000Q,
R,.=25Q, the two time constants are calculated as
1~T ., =1x10"s. Sincethetime-constants are larger than
the off time, the suppression factor becomes exp(-t . /7,,)-
In this case the compensation between the CPDC mode and
the MDFR mode does not occur, and the equation (6.41) is

evauated as,

(6.42)
=2C,(R + R ) o -

Hence a proportional increase of the FRDC-DC differ-
enceto the switching frequency f, isexpected. Theeffectis
also proportional to theinput (load) resistance (R+R ). Us-
ing the specified circuit parameters, R =1000Q, R, .=25Q and
C,=0.1pF, the (6.42) isevaluated as

3rroe e 05.0¢ 107, (H2).

FRDC-DC

(6.43)

Theequation (6.43) is consistent with the measured value
which is of the order of one ppm at the switching frequency
of 10 kHz.

Thelinear dependence of FRDC-DC differenceto switch-
ing frequency is aso observed in the case of multijunction
thermal converters. This phenomenon will be discussed in
chapter 8.

6.4 Summary
Thedggnificance of the FRDC method isthat the thermo-

dectrictransfer difference of athermal converter can beevalu-
ated experimentally. Otherwise, theoretical evaluation would

bethe only way to evaluate the thermoel ectric effectsin ther-
mal converters. The FRDC-DC difference measurement
gives an independent method to cross-examine the theoreti-
cal evaluation.

A formulawhich characterizes the frequency-dependence
of the FRDC-DC difference has been derived using a Fou-
rier analys's, assuming asimple exponential behavior for the
thermoelectric effects. Thetime constant of the thermoelec-
tric effect of atherma converter can be determined by the
least-square fitting of the formulato FRDC-DC-difference
datafrom the thermal converter.

The effect of shunt capacitance and the dielectric lossto
the FRDC-DC difference has a so been evaluated using the
Fourier analysis. Due to the off-time inserted in the modi-
fied waveform, the effect is automatically compensated be-
tween the CPDC- and MDFR-modes. On the other hand, if
the dielectric loss/absorption has characteristic time constant
longer than the off-time, such compensation does not occur,
and it can give rise to an additional FRDC-DC difference
which is proportional to the switching frequency.
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