Appendix

A : Derivation of conductance matrix G

The conductance matrix G characterizes the frequency de-
pendence of the TC circuit. Inthe calculation of the matrix,
the U-shape wire-resistor is regarded as a distributed-param-
eter circuit consisting of small segments of length Al=I /N,
as shown in figure A-1. Applying the Kirchhoff’s theorem
to each of the segments, the following simultaneous equa-
tions are obtained.

8n = (Y 16AC) (it =) i)

&n = (Y 16AC) ~(iy e ~1y) * i)

&n ~ € = (jwAL +AR)O, ,

80~ 801 = (jwAL +AR), |

€.~ = (YjwnC,) M, (A2)

Here, AC, AC,, represents capacitance to the chassis and
capecitance between thewire, and AL, AR | represent induc-
tance and resistance. The parameters are defined per length

Al as,

[AC, = (Al/l,)C,, AC, =(Al/l,)C,
EAL = (Al/21,)L,. AR=(Al/21,)R,.

Eliminating i  in the equation (A.1), and using the nota-
tionsas Ae, , =€, , —€, ,_,,weobtan;

e+, = (1/jwrC) i, ., +Ai,.,)
60— 6, = (Y jarK) (A, ., - A, ;)
o iy = JY(jaAL +aR)] {ne, , + 2e, )
i~y = —[]/(jaAL +AR)] EQAeXVn —Aeyln)

where,

K=2C,+C,.
(A.3)

Here, the new parameterse,, e, i, i_ are defined asfol-
lows,

k. =g *+6, € =¢ —§
B+ =i, +iy’ i =i, _iy- (A.4)

Using the new parameters and taking the limit AA - 0, we
obtain the following smultaneous differential equations.
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Figure A-1 Equivalent circuit model of the input circuit of the HF-TVC. The U-
shapewire-resistor isregarded as a distributed-parameter circuit, which consists
of small segments of length Al=I /N. The circuit parameters AC, AC  represents
capacitance fromwire to the chassis and capacitance between the wire per length
Al, respectively. AL , AR represent inductance and resistance per length Al,

respectively.
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HereK,, C,, L, R, represents the circuit parameters per
unit Iength and are defined by,

Ij(O = K/IO’ CO = CS/IO

Ho=L,/2,, R =R,/2,. "

Rearranging (A.5) for parameterse,, e, we obtain,

Ee _ 1 (g%, U
0 jeS(id, +R) Hd?
5 1 [ie O
%‘_ wKy(jady +R) %dl H (A7)

The(A.7) arethe second-order linear differential equations,
with general solution;

& ()=Ee" +Fe™”

g - il
e()=Ee* +Fe” . A8

The parameters a, 8 have dimensions of the inverse of the
length [L™], and are defined asfollows;

%ws\ﬁjwco(jaw%)
BB= ik (ja, +R).

(A.9)
The boundary conditions for 1=0 are,
re.(0)=¢,(0)-¢,(0) =0
0)=i(0)+i, (0)=0 .
H.(0)=1,(0) +i,(0) A0

Combining (A.10) to the general solution(A.8), we get,

I:E++F+ =0
—-F =0.
(A.12)

The solution of the differential equation (A.7) under the
boundary condition (A.10) are obtained as;

re. (1) = E, cosh(al)

()= E_sinh(A) (A.12)

The solution for the parametersi , i_are obtained by differ-
entiating (A.12) and substituting them to (A.5);

aE,
10w
a
=

sinh(al)

cosh(f3)

0= jal +R, (A.13)

Ontheother hand, the boundary conditionsfor I=I aregiven
by the following equations;

e (o) = B, + By

i+(|0) = _Iin +
B (1)) = E, ~ Ey.

i—(lo) = _Iin _qut .
(A.14)

Substituting the parametersE_, E_, in (A.14) by (A.12),
the relationship between the input and output voltage of the
four-terminal circuit is expressed as,

0E. O osh(al,) sinh(al,) Dtﬁ
He, 0™ 2 thosn(a,) -sinn(a,)HHEH
(A.15)
Similarly, substituting the parameters|_, 1 in (A.14) by

(A.13), the rdlationship between the input and output current
isexpressed as,

Ol O_ 1

ol 2(jut, + R)
Osinh(al,) cosh(B o
DE—smh aI cosh E% @H
(A.16)

Combining (A.15), (A.16), the conductance matrix for the
four-terminal circuit is obtained as;

., O OA+B A-B[

T Have e

where

g E.O
EOLll UlH
O, _ a

%A— mtanh(alo)
(B
=|

_ B
= mcoth(ﬁlo)_

(A.17)

B : Effect of off-time in FRDC-DC difference

In the case of modified FRDC waveform, the effect of the
off-time needs to be evaluated. Using the Fourier transfor-
mation, theinput current i, (t) and the thermoel ectric current
i(t) are expressed as;

in()/ip = zanemznfOt

n=—c

— < in27tot
=2 e (B.1)

n=—o

e (t)/io

The equation (6.10), which represents the response of the
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thermoel ectric effect, can be expressed in aform of differen-
tial equation;
dire _ Oreliy ~ie. (B.2)
dt

Te
The response function are readily obtained using (B.2) as,

Yo_q4 O

a, 1-in27f, 7, . (B.3)
Using the response function, differencein the total power

between the CPDC- and MDFR-modes is calculated as,

Pooc — R <
w = n:z_w{‘yn‘imc _‘yn‘i/IDFF}
< 20

2 2
O H:me{‘an‘cpbc - ‘an‘MDFr} -

(B.4)

Here, the higher order terms of J,_ are neglected. The Fou-
rier componentsfor the CPDC- and MDFR-modes were cal-
culated in section 6.3.1. Substituting the Fourier components

in (B.4) by (6.29) and (6.30) we obtain the differencein the
total power as,

0
PcPDc - PMDFR = 2JTE %l 28

CPDC

1 02 Dz
* 3 T e 07 O

n=even

z Dzj SZDVTSED
A 1+(2nnf TTE)ZEhnD U2 M

n= odd

i}

251'5 |:| (2nrt, TTE) n2 o

O

14 O

Z .. 1+(2n7t, 7,2 )* Chd g
odd D

(B.5)

FRDC-DC differenceis caculated using theformula(1.8),
assuming that the output MF of the TC is proportional to the
p()\Ne’ P! a

o1 0O =
Orroc-oc = O %4 fo TTE)tanhgmH— 28%/(1— E)

)t hDTSN D_ 2toff B é_ toff O
O2r0 T, Tou

- TE[(

(B.6)

0820

Here, thefollowing relation isused in the deduction of (B.6).

tanhx _ 8 < 1
X T .Lyn® + (2x/rr)2 .

(B.7)

For most of the TCs, the time constant of the thermoel ec-
tric effect is more than two orders of magnitude bigger than
the off-time (10ps). Inthiscase, neglecting higher order terms
of (t,/Tg,), the (B.6) reduces to the formula (6.15) for the
origina waveform.

C : FRDC-DC difference due to TC-input circuit

In the case of original FRDC waveform, the change in the
power-dissipation AP/P, dueto shunt capacitanceis obtained
by combining (6.26), (6.32) and (6.36) as,

w0, ¢ 02 f1+@nrkn)?
3R Heoe £ ChnD 1+ (27, 1.)?

n=odd

_ < o2+ @nr,7)’
:Z,, Chr g+ (2nrfy 1) °H
n=odd
= 1

Zw 1+(2n7f,1,)° .

n=odd

= 16f02('[r2 —Tﬁ)
(Cl
Similarly the changesin the power AP/P, for the* chopped”

dc(CPDC) waveform and the modified fast-reversed
dc(MDFR) waveform are calculated from (6.29) and (6.30):

LAPO

=16f2r? -1 79“6" sinzJ7EE0
0P oo il ]Z 1+ (@ni,r)? 02 0
thpPO g [nrrer]
=16f 71 - — T oo TV
Eg%mm ° [Tr Tp] nzzm1+ (2nrfyr,)? 020
(C2)
where g, and g, are defined as
1 (n=odd) 0 (n=odd)
Oy = + Ogen = :
o (n=even) (n=even). €3

Therelative difference for CPDC and MDFR is derived
from (C.2):

taPd LAPO
R H. BRH
UM Lépoe UM Lhiorr

= 161‘02[Tr2 —T,ZJ] +ZDOA1[O-evean =0 044G

wheretheterms A,

(C4
B, and C_aregiven by,
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1

A= 1+(2nrf, 1,)?

B, = snzm;mg C = coszg%mg
' (C5)

The behavior of theterms A , B and C_areillustrated in

figureC-1. Theterm A hasal orenz-type dependenceto the
parameter “n” with a half-width

n, =Y(2rC,R f,) =2t f,) . (C6)
Theterms B, and C_have arepetition period
Ny =Y (ty o). (C.7)
Using amathematical formula

@ cosnx _ mrcosha(m-x)
nen’+a a snh(an) (C.8)

for the summation of theinfinite seriesin (C.4), the change
in the power-dissipation AP/P, due to shunt capacitance is
obtained as,

thPO LAPO
B E. BRE
U Ldepe UM Lhiorr

O , 0
Cape2fee _2\0e Sni(nmg2) & cos’(nmg2) O
_16f0 (T, Tp)[]:z 1+(2nnf T )2 Z 1+(2nnf T )ZD

n_—m

:8f02(rr2 —T,Z)) © cos(nn)—cos(nzrré)
nf=w 1+(2n7,T,)

Or, 010 &0
=8f,r th osh>
of, ” p%" Botr, 5 B

T (9

Ot
- smhg»g cowch%%

Since the switching frequency f; is much larger than the
characteristic time constants T, the hyperbolic functions
coth(1/2forp), cosech(JJZfOrp) can be approximated by 1 and
0, respectively. Then the influence of shunt capacitance in
theinput circuit on the FRDC-DC differenceis caculated as

2P0 BP0 g 0 10, 00

O5 0 ~ 050 - -

O Geoc 0P Bhors B, BT 7,8,
(C.10)
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Figure C-1 Frequency dependence of theterms A , B,
andC . ThetermA, has a Lorenz-type dependence to the
parameter “n’ thhahalfvwdth]/ T, f,). Theterms
B, and C_ have a repetition period ZI/ to T, 03






