85 Development of a FRDC Source

5.1 Introduction

The feasibility-study on the modified FRDC waveform
has been performed on the first- and the second-stage evalu-
ation circuits, as described in chapter 4. The usefulness of
the FRDC source for determining the thermoel ectric effects
in thermal converters have been confirmed through the de-
velopment of these evaluation circuits. Then, we started to
develop a‘production-model’ FRDC source asthefind stage
in the development of the FRDC source based on the modi-
fied waveform. The production-model FRDC source was
developed as a cooperative research project between PTB,
CSIRO/NML, JEMIC and ETL. Inthischapter, detailed de-
sign and the result of evaluation of the production-model
FRDC source are described in detail.

5. 2 Development of the production model

Thedevelopment of the* production-modd’ FRDC source
has been started in May 1993, following the evaluation of
the second evaluation-model FRDC circuit a PTB. The pro-
duction model [59] was named “KST003 FRDC Source.”
The new FRDC source was supposed to be distributed not
only to PTB, JEMIC and ETL, but also to other national stan-
dard laboratorieswhich areinterested in the use of the FRDC
source. A prototype of the new FRDC source was completed
in January 1994. After the evaluation and minor change of
circuit-design, the production of the new FRDC source has
been started in November 1994. Until October 1995, eight
FRDC sources have been manufactured, and were distrib-
uted to CSIRO/NML, PTB, NIST, KRISS, JEMIC, and ETL.

5. 2.1 Designing

One of the main goals in the production model isthe re-
alization of fully automated FRDC-DC difference measure-
ment. Asshown in the following section, all the control pa
rameters, such as output level, switching frequency, dummy
resistance, are remote-controlled through GP-IB interface.
In the development of production models, assembly and wir-
ing have been performed by Yatoro Electronics Co. The com-
pany was aso responsible for the detailed designing of the
source including the layout of printed-circuit boards.

Another important goal in the production model isthe
realization of voltage-mode output of the FRDC waveform.
In the case of evaluation models, the output amplifier was
designed as constant current source in order to avoid the ef-
fect from the ON-resistance of analog switches. However, it
was found that the dependence of the thermoel ectric transfer
difference on the output modes (voltage or current) can beas

large as afew ppm, as described in section 4.5.2. Conse-
quently, it was determined that the voltage-mode output func-
tion should be included in the production model.

It isnot difficult to redlize the voltage output by placing a
voltage buffer after the switching circuit. Though the finite
resistance of the analog switch can be avoided, the voltage
buffer might itself become the new source of the memory-
effect. Thus, in the production-model FRDC source, an ‘ ex-
ternal-sense’ method isintroduced, whichisillustrated infig-
ure5.1. Inthismethod, the sense lead is extended over the
analog switches in order to avoid the influence of the on-
resistance (75Q typ.) of the switching elements. The sense
lead is switched simultaneously with the switching of the
output circuit.

5. 2. 2 Waveform-parameters

The waveforms of the new FRDC source are specified
by the six parameters as shown in figure 5.2 and table 5.1.
The switching period T_ is defined by a‘base-period’ pa-
rameter T, and ‘scale-factor’ parameter mas

Sense
e
© O
SourceA o To
urce - utput 6O Thermal
* O Converter
Analog SW &——oO
Sense O
& o=
- Output o
Source B N Q\O

Figure5.1 Thevoltage output circuit using the ‘ external-
sense’ scheme. The sense lead switches simultaneously
with the switching of the output circuit.
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Figure 5.2 Parameters of the FRDC waveform. The
setting-range of the parametersarelisted in the Table 5.1.
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Table5.1 List of parameters of the modified FRDC waveform.

Parameter Discription Range
o Voltage/Current output level 010 10.23 (V/mA)
B Adjustment for output level 0o +2.047 (%)
Tsw Switching Period 0.1msto 25.5s
Toff Off-Time 4 usto 255 s
Tow = Thaee X10™. (5.1 ‘dummy-load’ resistance can be set in arange from 0 Q to

The parameter T, can be set in arange from 0.10 (ms)
to 2.55 (ms) with 0.01 msresolution. The scale-factor mcan
be set as an integer between 0 and 4. Hence the switching
period T, can be set in arange between 0.1 msto 25.5s. In
other words, the switching frequency can be set in arange
between 0.04 Hz to 10 kHz. The off-time can be setin a
range between 4 ps and 255 puswith 1 us step.

The parameters a,, a, b,, b_are further specified by a

‘mainvaue parameter a and * adjustment’ parameters 3(A,),
BA), BB,), BB) as,

a, = +a1+B(A.)/100]

b, = +a[1+p(B,)/100] (5.2)

The parameter a iswithin arange from 0.00V to 10.23
V inthe voltage mode and from 0.00 mA to 10.23 mA inthe
current mode. The resolution of the setting is 0.01 V and
0.01 mA for voltage and current mode, respectively. The
setting ranges of the adjustment parameters 3 are within
+2.047 (%) with 0.001% (10 ppm) resolution.

In the case of the production-model FRDC source which
also employs the new switching scheme, it is necessary to
set the value of *dummy-load’ resistance. The value of the

Sequence Control Unit

1.5kQ with 0.1 kQ resolution. In the normal operation, the
valueis adjusted to the same value as the input-resi stance of
the thermal converter to be measured.

5. 3 Circuit description

The new FRDC source consists of two separate chassis,
i.e., Sequence Control Unit (SCU) and Waveform Output
Unit (WOU), for the purpose of isolating the sources A/B
and thedigita control circuits both eectrically and thermally.
The schematic diagram of the FRDC sourceis shown in fig-
ureb5.3.

The WOU box contains two identical circuits, i.e., the
source A and the source B. The two circuits are separately
shielded in thick aluminum boxes in order to avoid possible
interference between the two circuits. The SCU box con-
tainsfollowing three PC boards.

(a) A CPU/SCC board which generates a control signal

and timings.

(b) A GP-IB Interface board for remote control.

(c) A dc power suppliesfor digital contral circuits (+5V)

and the two sourcesA/B (£18V x 2).

The two pairs of the optical-fiber lines, which connects
the CPU/SCC circuit and the sources A/B, have dual pur-
poses, i.e., for transmission of the timing-signals for the op-

| CPU/SCC |
GPIB | Board | Waveform Output Unit
Bus ! Py !
— | cPB |i }| Sequence ‘—\—>
: i il Control |}
j| !merface i Circuit |} Volstoage/CuKent
JRR T ; urce (A) Output
! Microprocessor Voltage/Current
. »|  Source(B)
AC
Power = |PS(+5V) PS (+/- 18V)[-—
Line [} r

HEe

Figure 5.3 The schematic diagram of the production-model FRDC source. The
WOU contains the ‘ Source A" and the ‘ Source B’ circuits. The SCU generate a
control signal and timings. The optical-fiber lines transmit control signals from

the CPU/SCC circuit to the sources A/B.
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eration of analog switches, and for sending the commands
for controlling the output parameters of the sourcesA/B.

Asdescribed in section 4.4.3, the equality of thermsvaue
between the CPDC modes and MDFR modes is valid on
condition that there is no correl ation between the outputs of
the sources A/B. In order to satisfy this condition and to
avoid possible interference between the sources A/B, the
optical fiber and isolated power supply has been used in the
new FRDC source.

5. 3.1 Sequence Control Unit

The CPU/SCCisadigita circuit for controlling the op-
eration of the sourcesA and B. The CPU/SCC circuit con-
sists of six circuit blocks, i.e., Z84C CPU circuit, the Pulse
Generator circuit, Parallel-Serial conversion circuit, Optical-
fiber Handshake circuit, the A/B Selector circuit, and GP-1B
handshakelogic circuit. A simplified circuit diagramisshown
infigure5.4.

(1) Zz84C CPU circuit

The Z84C CPU circuit isasingle-board computer Model
KBC-Z11 from Kyohritu Denshi Sangyo co. A Toshiba

______________________________________________________________________________________

TMPZ84CO011AF micro-processor is used as a core unit of
the board. The micro-processor includes 6 MHz Z80CPU,
five8-bit programmable /O ports, and four-channel program-
mable timer/counter(CTC). The GP-IB handshake logic cir-
cuit and the Sequence Control Circuit are controlled viathe
five I/O ports of the micro-processor. The CTC producesthe
basic period and timing for the Sequence Control Circuit.
The CTCHO is used to set the ‘ off-time’ in one msunit. The
CTCHl cregtesthe ' base period’ in5 msinterva . The CTCH2
and the * 1/10, /100 Scalar’ circuit determinesthe scale fac-
tor “m” of the switching period. The EPROM program is
described in section 5.3.3.

(2) Pulse Generator circuit

The Pulse Generator circuit combinesthe timing signals
(‘off-time’ and ‘ base period’) from the CTCs, and makesthe
‘timing-pulsetrain’ for transmission through the opticd fi-
ber, asshownin figure5.5. Thefirst four pulses of thetim-
ing pulses are used to control the timing for the analog
switches in the source A/B circuit. The timing pulses, ex-
cluding thefirst two pulses, ared so used to synchronize * data-
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| Off-Time Base Period 1/1, /10, 1/100 i
Counter Counter Scaler
200 kHz U1, 1100 |
Scaler
Tiga 1
e e e B I AB oy
? f +<DROY] |
i | | SRR |
i | TrigB /H 5 ° J ° - t E
: VP e P QM i { | PIOPortC!
FT i B N °oor | i :
; ak © L AT b<Ea
— TigB il | |} i L <monT
i TrigA \ H ]
s H an H N § ; STBY
1 MHz i {..Handshake Control. | ...} §  E——
: \ | AB i
1o s2 e ||| LT Selector!
: D Q |
o 9 74HC390 Enable
: v D I R
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i 2 e R I
] I -
S Pulse Generator _____| T Ty 7aHc166 )P o o o | EDE>
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Figure5.4 Asmplified circuit diagram of CPU/SCC circuit. The CPU/SCCisa
digital circuit for controlling the operation of the sources A and B.
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Figure 5.5 The ‘timing-pulse train’ for transmission
through the optical fiber. Thefirst four pulses control the
switching timing for the analog switches. The ‘data-pulse
train’ is used for the transmission of control-data for the
source A/B circuits.

pulse train’ which is used for the transmission of control-
datafor the sources A and B.

(3) Parallel to Serial Conversion circuit

The control-data for setting DACs, mode registers, and
relays on the sourcesA and B are send from the Z80 CPU via
the port PD and PE. The Pardld to Serial conversion circuit
receives the control-data, which consists of 4 bit addressand
4 bit control data, and transmits to the sources A/B asthe
seriad ‘data-pulsetrain’ through the optical fiber lines.

(4) Optical-fiber Handshake Contral circuit

The transmission of the control-data is synchronized to
the timing pulse, and one set of data is send through the
optical fiber lines during one base-period interval. The Op-
tical-fiber Handshake Control circuit controls the timing for
updating the control-data on Port D/E of 284 CPU, using a
hand-shake control by port PC and two flip-flops.

(5) A/B Sdlector circuit

The A/B Selector circuit controls the switching of the
output between the sources A and B. As described in the
previous section, the interval of the switching is determined
by ‘base-period’ T, and the ‘scale-factor’ m. Hence the
switching signal should be send to the sources A/B oncein
10" of the *base-period’. The switching signal istransmitted
as the second bit in the ‘data-pulse train’, as shown in the
figure 5.5.

(6) GP-IB Interface

The FRDC uses general-purpose GP-1B/Parale 1/0 in-
terface unit Modd U10-488Z from MCI engineering co. The
UIO-488Z receives the GP-1B commands by ASCII format
and outputs the ASCI| charactersto the 8-bit paralld output
buffer. A hand-shake cricuit interfaces the UIO-488Z to the
Z84C CPU board.

(7) Power Supply

The Power Supply circuit consists of two +18 V/ 200
mA power-suppliesfor SourcesA/B and a+5V/ 1A power-
supply for dl the circuit in the Sequence Control Unit. All
the power supply circuits use series-regulator circuitsto avoid
high-frequency noise of the switching-regulator circuits.

In order to reduce coupling between the sourcesA and B
through the power supply, “R-cores’, which produce much
smaller leakage-flux than the ordinary magnetic cores, are
used in the power transformers. Electrostatic shield isin-
serted between the primary and the secondary winding of
the power transformer. In addition, the two £18 V power
suppliesare separately enclosed in two magnetic-shield boxes
made of soft-stedl.

5. 3. 2 Waveform Output Unit

The Waveform Output Unit consists of two identical cir-
cuits, i.e., the source A and the source B. The circuits of the
sourcesA/B are separately shielded by a uminum boxeswith
6-mm wall-thickness. The boxes prevent both the electro-
magnetic and therma couplings between the sources A/B.

The sources A and B each consist of the following three
PC boards;

(a) “Output I” board which contains analog switches for
synthesizing the FRDC waveform, and adigital con-
trol circuit to provide timing-signal for the switches.

(b) “Output I-sub” board which contains the high-stabil-
ity dc voltage source and current source.

(c) “Output 11" board which contains voltage regulator
circuits and dummy-load circuits.

The schematic diagram of the circuit isshown infigures
5.6 and 5.7. Thefigure 5.6 showsthe digital control circuit,
and the figure 5.7 shows the analog circuits. Sincethe two
sourcesA and B areidentical, only one of thetwo sourcesis
explicitly shown in thefigure.

(2) Digitd contral circuit

Thedigital control circuit hasthefollowing dual purposes;

(8) Receivetiming signal from SCU asthe*timing-pulse
train’, and create the switching sequence for the ana-
log switches.

(b) Receive control-data from SCU as the ‘ data-pulse
train’, and set DACs, mode registers, and relays for
dummy resistance.

The control data for switching of the output between the
sourcesA and B are send by the second bit of the data-pulse
train, and are stored in U13. If polarity of the second bit is
reversed, polarity of the analog switch SW6 isreversed in
synchronization with the next data-pulse train. The switch-
ing sequences for the analog switches are generated by U4
and two NAND gates of U2, synchronized to the first four
bits of the timing-pulse train.

The 8-bit control-data, received from the SCU viathe
optical-fiber transmission line, are converted from serid data
to paralel databy U10 and U4. The upper four bits (data-
bits) are stored at the data-buffer U13, and the lower 4 bits
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(address-bits) are stored at address buffer U11. The address-
bitsare decoded by U11, U9, U3 and U2, and corresponding
data-bits are send to either DACs, mode registers, or relay
registersfor setting dummy resistance. The DACsreceives
three 4-bit data to specify its 12-bit-resolution output level.
The mode register controls the output-mode, and the relay
registers determine the values of dummy resistor.

3

(2) Waveform-synthesis circuit

The waveform-synthesis circuit consists of the high-sta-
bility dc sources and a set of analog switches. The circuit
generates the two MDFR waveforms and the two CPDC
waveforms, according to the control-data and timing-signal
from the SCU unit. The output is produced either from a
positive-polarity dc source (Upper part of the circuit diagram)
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Figure 5.6 The schematic diagram of the digital part of the source A/B circuit.
Thedigital circuit receivesthetiming signal fromthe SCU and createsthe switching
sequence for the analog switches. Thedigital circuit also controls the set-up for
DACs, mode registers, and relays for dummy resistance.
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Figure5.7 The schematic diagram of the analog part of the source A/B circuit. The
circuit consists of high-stability dc sources and analog switches to produce ‘ Phase
A or ‘Phase B’ of the FRDC waveforms.
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or from a negative-polarity dc source (lower part of the cir-
cuit diagram). Theswitching eementsare high-speed CMOS
analog switches (IH5143) which have been used in the sec-
ond evaluation circuit. The zener voltage reference VZ1,
combined with the OP amps A2a and A4a produces stable
reference voltage of £10.00V. DAC1b and DAC2b set the
output level by 12-hit resolution. DAClaand DAC2aadjust
the positive output level and negative output level separately,
up to 2 % with 10 ppm resolution. The OP amp - FET
combinations A 1b/c-Q2 and A3b/c-Q4 are V-1 convertersfor
constant current output. Switches SW7 and SW8 generate
the MDFR or CPDC waveform at current-output mode. The
timing signal for SW7b/SW8hb is delayed 100 nsrelative to
SW7a/SW8ato perform ‘ make-before-break’ operation. As
will be described in section 5.4.2, FETs are used in the out-
put amplifier in order to suppress the injection of the bias
current to the output. The OPamp - FET combinationsAla
Q1 and A3a-Q3 are voltage buffers for constant voltage out-
put. Switches SW1/SW4 and SW2/SW5 generatethe MDFR
or CPDC waveform at voltage-output mode. As described
in section 5.2.1, the sense lead is switched simultaneously
with the switching of the output circuit in order to avoid the
influence of the on-resistance of the analog switches. Asin
the case of current output, the timing signal for SW4 and
SWS5 are delayed 100 nsrelative to SW1 and SW2, in order
to perform the * make-before-break’ operation.

START

Initidlize CTC,
PIO, & Memory

Read GPIB

yes
"A" ?

Input Data
for "AQ"- "A3"

I

yes

Input Data
for"C"

"c"?

Input Commands as
An,C,D,M,0O,R, SV

Input Data
for"Vv"
————— |

No g yes

(—

Switches SW9 and SW10 exchange the output from the
positive-polarity sources (A+, B+) and the negative-polarity
sources (A-, B-) either to the output terminals or to the
dummy-resistors. For example, in the case of MDFR[1]
waveform, the sources A+ and B- are connected to the out-
put terminal and the sourcesA- and B+ are connected to the
dummy-resistor.

The switch SW6 exchanges the output between the
sourcesA and B. Since the output leads from the switches
areregarded asapart of the TC-input circuit, aTeflon printed-
circuit board is used in order to avoid the effect from the
dielectric loss, as described in detail in section 5.4.3. Inor-
der to avoid floating of the output, SW3 connects the output-
termina to the GND during the ‘ off-time’ period.

5. 3.3 EPROM software

The operation of the FRDC sourceis controlled by ami-
cro-processor (Z84C) using aprogram stored in an EPROM.
The control program has two modes of operation, namely
the command-input mode and the command-execute mode.
The simplified flow-chart is shown in figure 5.8.

In the command-input mode, the program receives the
commands from the system-controller through the GP-1B
interface. Thelist of the GP-1B commandsis summarized in
table5.2. Inthis mode, the program continuously watches
the ‘READY’ flag from the GP-IB interface circuit. When

Execute
"S' command

Execute
"M" command

]

. Execute Commands as
i SM,V,C,An,D,P O

Execute
"O" command

Figure5.8 Smplified flaw-chart of the control program. The control program has two
modes of operation, namely the command-input mode and the command-execute mode.
Upon receiving the X-command, the program goes to the command-execution mode.
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Table 5.2 Thelist of the GP-1B commands.

Function Format Description
Voltage Level V nn.nn Select Voltage-Output as"nn.nnV"
Current Level Cnn.nn Select Current-Output as "nn.nn mA"
) AO #n.nnn  Adjust Output Level of A(+) as"+n.nnn %"
Adjustment of )
Output Level Al =n.nnn  Adjust Output Level of A(-) as"+n.nnn %"
A2 +n.nnn  Adjust Output Level of B(+) as"+n.nnn %"
A3 tn.nnn  Adjust Output Level of B(-) as"+n.nnn %"
Period PO n.nn Set Switching Period as"n.nn ms'
P1 n.nn Set Switching Period as"nn. nms"
P2 n.nn Set Switching Period as'"nnnms'
P3 n.nn Set Switching Period as'n.nns"
P4 n.nn Set Switching Period as"nn.ns"
Off-Time O nnn Set Off-Time as"'nnn pus"

Dummy-L oad Dn.n

Adjust Dummy-Load Resistance as "n.n kQ"

Output MO0 Sequential Output --- AC(1) Mode

ffgg‘j”‘:e’ M1 Sequential Output --- DC(+) Mode
M 2 Sequentia Output --- DC(-) Mode
M3 Sequentia Output --- AC(2) Mode
M4 Steady-State Output --- Source A(+)
M5 Steady-State Output --- Source A(-)
M 6 Steady-State Output --- Source B(+)
M7 Steady-State Output --- Source B(-)

Enable/Disable SO
Output s1

Disable Voltage/Current Output
Enable Voltage/Current Output

Execute X

Execute Commands

theflag is set, one character (8 bit) isreceived via PIO port-
A using a handshake-procedure. The commands are stored
in the command-input buffersin the ASCII format. Upon
receiving the X-command, the program goesto the command-
execution mode.

In the command-execute mode, the commands stored in
the command-buffer are executed one by onein the apha-
betical order. The parameters stored in the ASCII formats
are converted to four-digits BCD and then to 16-bit binary
numbers. Then the data are transferred through the optical
fiber lines using ahandshake control from PIO port C. After
execution iscompleted, the program returnsto the command-
input mode.

5.4 Evaluation

The FRDC-DC difference measurements have been per-
formed using the production-model (KST003) FRDC source
to evaluate the uncertainty in the measurement. The results
are described in thefollowing sub-sections 5.4.1t0 5.4.5. As
in the case of the first and the second evaluation circuits,

K182 nano-voltmeter has been used as a detector of the out-
put EMF from aTCC or TVC. The measurement system
and the procedure to determine FRDC-DC difference will
be described in detail in chapter 8.

5. 4.1 Stability of the output

There are two kinds of instability in the output of the
FRDC source, i.e., the short-term instability (noise) and the
long-term instability (drift). For example, jitters of timing
pulse due to transmission through optical fiber giverise to
random noise in the output rms. The change of temperature
in the source A/B circuit causes a drift in the output. Those
instability result in the variation of the EM F-output from the
TCs, and contribute to the random error in the FRDC-DC
difference measurement.

A result of an experimenta evaluation for the stability of
the output is given in figure 5.9. In this measurement, the
output voltage was directly monitored by a high-precision
DVM (HP3458A). In the case of CPDC waveform which
has periodical glitches, alow-passfilter was inserted at the
output in order to get the average rmsvaue. Asshowninthe
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Figure5.9 Sability of the output of a production-model
FRDC source. Theoutput voltage was measured by a high-
precison DVM (HP3458A).

figure, theingtability of the FRDC source stayed within £0.5
ppm both in the dc mode and CPDC modes.

5. 4. 2 Dependence on the dummy resistance

In the second evaluation circuit, the results of FRDC-DC
difference measurements for TCs were found out to be de-
pendent on the value of the dummy resistance. This phe-
nomenon was supposed to be caused by the following pro-
CessEes:

[1] In the case of new switching scheme, theload resis-
tance of the current-output circuits is switched be-
tween athermal converter and dummy resistors, at
the time of mode-switching.

[2] If thevalues of dummy resistors are not matched with
theinput resistance of the TC, the load resi stance of
the current-output circuits changes with the mode-
switching.

[3] Thechangein theload resistance causes the decrease
or increasein the power dissipated in the output tran-
sstor.

[4] The increase in the dissipated power causes a tem-
perature-rise of the output transistor and resultsin the
enlargement of the current-amplification factor h,,
which is strongly dependent on the temperature.

[5] Since the bias current which flows into the output
circuit is not compensated by the feed-back loop,
variation in the current-amplification factor givesrise
to the drift of the output current.

If thedrift of the output current is correlated to the mode-
switching, the drift is not compensated by the normal mea-
surement sequence (* +-//-+*), and may affect the FRDC-
DC difference measurement.

To evaluate the dependence of the output current to the
temperature of the output transistor, the transi stor was heated-
up by asoldering iron by touching for 3 seconds. The change
in the current was measured to be more than 800 ppm. Then
the trans stor was replaced with a FET so that no bias current
flowsinto the output. In this case, the change in the output

current was reduced to be lessthan 1 ppm for the same heat-
up condition. After the modification, the dependence of
FRDC-DC difference measurements on the dummy resis-
tance was reduced to be within the detection sensitivity (0.1

ppm).

5. 4. 3 Effect of dielectric absorption

When the new FRDC sources were examined using a
10V-range TVC at current mode, anon-negligible error was
observed in the FRDC-DC difference at higher frequency
(>1kHz). Theerror increased linearly with the input-resis-
tance of TC, and the effect was not observed at the voltage
mode. This effect was particularly dominant when the am-
bient humidity was more than 80% or the TC-input circuit
was contaminated by finger-print or flux. Hence this effect
is supposed to be related to the surface charge or leakage
path on the surface of the components. Intheworst case, an
error of several ppm was observed at 10 kHz with input re-
sistance of 1 kQ.

If thereisadielectric loss or dielectric absorption in the
insulation between ‘ Signal-Hi’ and * Signal-Lo’ of the TC-
input circuit, asis shown in figure 5.10, it can cause fre-
quency-dependent |eakage current which affects the FRDC-
DC difference measurement. This effect occursonly at the
current-output mode, and is proportiona to the input-resis-
tance of TC.

The most sensitive circuit includes the print-pattern on
the PC board between the output pins of the analog switch
(SW6) and the output connector. Hence, severd configura
tions were examined in order to reduce the dielectric effects
at the PC board:

(a) A cable from the output connector was directly sol-

dered to the output pins of the analog switches.

(b) The analog switches (SW6) were isolated from the

main PC board using apair of small Teflon PC boards.

(c) The Teflon PC boards were cleaned with organic sol-

vent after soldering the SW6 to the board, in order to
remove flux or fingerprints.

(d) The sengitive print-pattern, which is connected to the

Source A
OO* Sensitive
/ Line TC
——h

Control

o / . /\$
—
pea ik

Source B

Dielectric
Absorption

Figure5.10 A smplified model for the effect of dielectric
loss/absorption in the TC-input circuit. The effect causes
frequency-dependent |eakage current and affectsthe FRDC-
DC difference measurement in the current-output mode.
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Figure 5.11 The result of FRDC-DC difference
measurements for the following output-circuit
configurations: (a) direct wiring between the analog
switches and the output connector, (b) use of small Teflon
PC boards, (c) the Teflon PC boards cleaned with organic
solvent, and (d) ditsin the Teflon PC boardsto isolate most
sensitive pattern.

output pin of SW6, wereisolated from the other pat-
terns by making ditsin the Teflon PC boards.
Theresult of the FRDC-DC difference measurement for
these configurationsis shown in figure 5.11. Asshownin
the figure, best performance has been obtained in the con-
figuration (a) and (d), asexpected. Inthese cases, the changes
of FRDC-DC difference are within 0.5 ppm at 10 kHz with
input resistance of 1 kQ. The effect reduces below 0.1 ppm
for TCCswhich have input resistance less than 200 Q.
The effect of dielectric loss/absorption in the TC input
circuit will be quantitatively analyzed using a smple math-
ematical model in section 6.3.3 .

5. 4. 4 Interference between sources

As described in the previous sections, various precau-
tionswere taken to avoid interference between the sourcesA
and B, in order to realize the equality in the rms power be-
tween the CPDC and the MDFR modes. In thissection, a
measurement for the evaluation of the isolation between the
sourcesisdescribed. The method of the evauationisillus-

\\\\\\\\\\\\\\\\\\\\\

trated infigure5.12. The'Source A/B Selector’ decompose
the waveform and distribute the output from source A or
source B to thethermal converter. The output-EMF from the
TC are compared for the following four cases.

[1] Apply the positive (A+) output of SourceAtothe TC
and compare the output for the modes between
“CPDC+ (A+/B+)” and “MDFR[1] (A+/B-)".

[2] Apply the negative (A-) output of SourceAtothe TC
and compare the output for the modes between
“CPDC- (A-/B-)" and “MDFR[2] (A-/B+)".

[3] Apply the positive (B+) output of Source B tothe TC
and compare the output for the modes between
“CPDC+ (A+/B+)" and “MDFR[2] (A-/B+)".

[4] Apply the negative (B-) output of Source B tothe TC
and compare the output for the modes between
“CPDC- (A-/B-)” and “MDFR[1] (A+/B-)".

In the case [1], for example, the EMF-output from the
thermal converter is the same for CPDC+ and MDFR[1]
modes on condition that the RM S of the output A+ is not
affected by the polarity of the source B. A typical result for
such measurement islisted in the table 5.3. The measure-
ments were performed at the switching frequencies of 100
Hz and 1 kHz. The differencein the EMF was examined at
current mode in order to avoid the effect from the on-resis-
tance of the analog switches. The differences for the eight
different configurationswere measured to be 0.02+0.08 ppm.

5.4.5 Total performance

Among the eight production-model (KST003) FRDC
sources which have been manufactured at Yatoro Electron-
ics, six units have been tested using the same reference stan-
dard. The standardisa10-volt range standard TV C (10V03),
which has nominal input current of 10 mA with 1 kQ input
resistance. Theresults of the evaluation are summarized in
table 5.4. The measured thermoelectric difference for the
standard TV C agreed within 107. Consistency with the other
two FRDC sources (SN#2 and SN#3) is also indirectly con-
firmed using the another reference standard.

The thermoel ectric time constants of the TV C were de-
termined from the frequency characteristic of the FRDC-DC

Source A/B Selector

A/B control signal

Figure5.12 Schematic diagram of measurement circuit for the evaluation of the
isolation between the sources A and B. The ‘ Source A/B Sdlector’ de-compose the
waveformto ‘Phase A or ‘Phase B’ and distribute the output fromthe * Source A or

‘Source B’ to the thermal converter.
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Table 5.3 Aresult of the evaluation of theisolation between the sources A and B.

Output Modes 100 Hz 1kHz
Source A+ DC(+) / FRDC(1) 0.00 +0.24 -0.11 +0.23
Source A- FRDC(2) / DC(-) 0.13 £0.20 0.08 +0.26
Source B+ DC(+) / FRDC(2) 0.02 +0.18 -0.05 +0.19
Source B- FRDC(1) / DC(-) 0.02 £0.20 0.10 £0.23
(PPm) (ppm)

Date: 95/JUN/14 -- FRDC: JEMIC-1 -- TC: ETL T08

* The uncertainty represents one standard deviation for ten measurements.

Table 5.4 Thelist of eight production model (KST003) FRDC sources with the
results of the total performancetest. The referenceisa 10-volt range standard

TVC (10V03).
Time Constant Thermoelectric Difference

# SN user 10mA 10V 10 mA 0V

1 941001A/B ETL 0.06s 0.07s -027ppm  -0.50 ppm
2 94B002A/B NML

3 954003A/B NIST

4  954004A/B ETL 0.10s 0.09s -0.27ppm  -0.51 ppm
5 959005A/B PTB 007s 0.09s -03lppm -0.52ppm
6 95A006A/B KRISS 005s 0.09s -028ppm  -0.49 ppm
7 95A007A/B JEMIC 0.07s 0.09s -027ppm  -0.49 ppm
8 95A008A/B ETL 009s 0.08s -026ppm  -0.52 ppm

"Reference TVC : 10V03(10V, 1kQ)"

NML : National Measurement Laboratory (Australia)

NIST : Nationa Institute of Standards and Technology (USA)
PTB:  Physikalisch-Technische Bundesanstalt (Germany)
KRISS: KoreaResearch Institute for Standards and Science.
JEMIC : Japan Electric Meters Inspection Cooperation

difference measurements. The method to determinethe ther-
moel ectric time constants will be described in section 6.2.

5.5 Summary

A production-model (KST003) FRDC source has been
developed at ETL for the purpose of determining the ther-
moelectric effectsin thermal converters. In this chapter,
detailed design of the FRDC source was described. The
avoidance of interference between the sources A and B is
essential for realizing the equality in the RMS power be-
tween the CPDC and the MDFR modes.

For the purpose of estimating the uncertainty in the
FRDC-DC difference measurement, the performance of the
FRDC source was evaluated on the following items: stabil-
ity of the output, dependence on dummy resistance, the ef-

fect of didectric loss/absorption, the interference between the
Sources A/B. The estimated uncertainty in the FRDC-DC
difference measurement will be discussed in section 8.3.

Asan over-al performance test, FRDC-DC difference of
areference TV C was measured using six production-model
FRDC sources. The measured thermoelectric transfer differ-
ence for the reference TV C agreed within 107, which con-
firmed the reliability of the FRDC method to evaluate ther-
moelectric effectsin therma converters.
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