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Stability of Some DC Reference Standards

DuSan Vujevt, Member, IEEE,and Damir llE

Abstract—Some 15 years ago, after 80 years of utilization TABLE |
of the Weston cell as voltage standard, commercial designs of PARAMETERS OF THE REGRESSIONLINE FOR EIGHT
sources with Zener diodes, the so-called “dc reference standards” DCRS RUKE 732A (¢ = 0 ON JANUARY 1, 1987)
appeared on the market. They have much more favorable prop-
erties compared to Weston Standard Cells. The stability of one  DCRS A|B ] CIDJEJTF] G ]H
commercial dc reference standard Fluke 732A at the 10 V output a/10° 21.09(-151-096! 150 | 1.10 | 0.55 | -221 | 1.26

was analyzed in relation to the calibration data obtained in the ~
Fluke, NIST, and PTB laboratories during a period of seven //(107/month)  0.016 0.018] 0.14 1 0.051) 0.17 ] 0.11 |-0.004 0.1
years. Two approaches to accessible data for regression line g 10? s1 {20 | 38 | 65 | 120|108 | 3.5 10
calculation were compared. In the first approach all the data were
taken into consideration, whereas in the second approach only
the mean values of particular calibration expressed for the mean
date were taken into account and were calculated with weights.
51%”; s;s;%%cggars:%‘;"tgevféyvggﬁg) Ljatgcrﬁgnmgeenst' f;hgb‘éﬁlt%gie ofj.e., the calibration data can be statistically processed, whereas
10 ®/year, which is several times less than the value given in the the.uncertglnty of regression I'n? slqpe coefﬂc!ent !S reducgd
manufacturer's specifications. by increasing the number of calibrations and time interval in
which they are being made [8].

At the beginning of 1987, the manufacturer presented one
DCRS to the Faculty of Electrical Engineering (ETF), now
the Faculty of Electrical Engineering and Computing (FER),

I. INTRODUCTION of Zagreb University for the purpose of conducting research

URING the past 20 years, in numerous national metroiith a voltage balance ETF-84 [9]. Today, this source is
ogy institutes as well as in larger calibration laboratorie¥sed as the national voltage standard of the Republic of
the standards based on the Josephson effect, the so-cdfeeptia. On the basis of the comparison results of the Fluke
Josephson Standards or Josephson array voltage standardéffiyke Primary Standards Lab), NIST (National Institute of
[2], have been used for voltage source and voltage mainftandards and Technology), and PTB (Physikalisch-Techniche
nance. For the transfer of that physical value to measurem8tthdesanstalt) laboratories, the time stability of that source
instruments, as well as for the comparison of Josephson stéf#fnoted as “A”) at the 10 V output was analyzed.
dards, the Zener-diode-based voltage standards are used. They
have replaced the chemical sources with saturated electrolytes [I. DCRS COMPARISONS
known as Weston standard cells. Chemical sources have been
in use since the beginning of the century and have a numberfof Calibration in Fluke and NBS Laboratories

shortcomings, like for instance a non[inear and relatively high The “A” voltage standard (DCRS-A) was calibrated at the
voltage temperature coefficient x 107°/K), temperature and o facturer from October 24, 1986 to January 13, 1987 [10].
load hysteres_ls, senS|t!V|ty to VIbrat_|on, etc. [3]. . During that time at the 10 V output all together 110 com-
The experiments with own designs of the Zener dioqg, jsons with the voltage maintained in the Fluke laboratory
standards started in various laboratories at the beginning, of . made, and the value of the voltage expressed for January
the 1970’'s [4] and have continued until today [5]. At the_L5’ 1987 was 10.0000012xMs (9.9999892 \i1-7c) with a
beginning of the 1980's the commercial designs of the$giasive uncertainty ob.23 x 106 (1o). The parameters of
sources appeared on the market, the most famous among tl?ﬁér}elated regression lidé = a bt are also given. They are
being the dc reference standar(_j Fluke 732A (DCRS) with lgnown in Table 11l with designation “Fluke,” wheres is a
_1’ and 1.018 V outputs. ACC‘?“_‘"”Q to the manufactur(_er’s daﬁ%nstant expressed as a relative deviation from 18:Ms the
|ts_\/9ltag_e tempere_lture coefﬂm_eﬁnt atthe 10 V OUtELﬁfe'g X regression line slope coefficient, is a standard deviation
1077/K, time stability£0.5 x 107%/month or+3 x 10""/year,  of that coefficient,s, is a standard deviation of the values

Measured around the regression lideis the number of data,

The specific feature of this voltage standard is that the outpifty7 — St;/N is the mean value of independent variable
. . A - ? .
voltage change can be reliably compensated by regression lighese gata are shown in Table I with the designation A, as
Manuscript received February 9, 1996; revised August 17, 1999. the deviation from 10 Wi-7¢.
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Fig. 1. Regression lines for DCRS-A, B, C, D, E, F, G, and H (parameters are written in Table ).

TABLE I
ResuLTs oF CoMPARISONS BETWEEN DCRS-A AND
B wiTH C THROUGH F (ALL VALUES ARE IN 1078)

December 12, 1987 November 26, 1987 December 22, 1987
Aa -0.79 Aa -2.94 Anz -292
Ap -1.13 Ag) -3.26 Am -3.16
A -0.95 Ante -2.78 Anze -2.86
Ape -1.30 Agle -3.14 Arze -322

Ap - Ap 0.34 Aal - Ap) 0.32 Apz - Apa 0.24

Anc - Ane 0.35 Aarc - Apie 0.36 Anzc - Apze 0.36

An - Aac 0.16 Aal - Aarc -0.16 Ana - Apae - 0.06

Ap - Ape 0.17 Api-Api | -012 | Agy- Ap 0.06

TABLE I

PARAMETERS OF THE REGRESSIONLINE FOR DCRS-A AT THE 10 V
OuTpPUT OBTAINED IN THE FLUKE LABORATORY (DENOTED AS FLUKE),
CALCULATED FROM ALL INDIVIDUAL VALUES MEASURED FOR A
PARTICULAR DAY (ALL), AND FROM THE MEAN VALUES OF INDIVIDUAL
CALIBRATIONS EXPRESSED FOR THERESPECTIVE MEAN DATE, INCLUDING
WEIGHT FACTORS (WEIGHT); t = 0 oN OCTOBER 24, 1986

Parameters | an/10° | ba/(10%year) | 5,4/10° | s5a/(10%/year) | 7 /day N
Fluke [ -9.188 0.196 0.051 7.6 x 102 36.9 110
All -9.167 0.107 0.064 2.8 x10° 2436 | 157
Weight | -9.121 0.099 0.048 1.5x% 107 17810 | 87

parisons with the voltage maintained in NBS, for the mean
date of February 14, 1987 the expressed voltage value was
10.0000013 Vs (9.9999893 \41-76) with a relative uncer-
tainty 0f0.13x 10~% (1¢). The DCRS-A was under continuous
supply delivered to the ETF (FER) in Zagreb, Croatia.

B. FER Comparison

During 1986/87 several laboratories in ex-Yugoslavia ob-
tained DCRS. They will be marked as B-H. The DCRS-A
was compared at the 10 V output with the DCRS-F and H
on March 18, 1987, and on April 1 with the DCRS-C, D
and E. In the period from the August 26-28, 1987, a circular
comparison was made with all the DCRS’s. The differences
in voltage were measured by electronic microvoltmeter with
an analog display. The error of the instrument at the ranges
of 10 VvV , 30 1V, and 1004V did not exceedt1% of the
measured value.

On the assumption that the DCRS-A at the 10 V output
at a certain day has the value predicted by its regression
line AUy = —1.09 x 10~% + 0.016 x 10~%/month (“Fluke”),
expressed by deviation with respect to 18;M¢ with £ = 0
relevant for January 1, 1987, on the basis of the comparison
results the regression lines of other DCRS’s were calculated
and shown in Fig. 1. The parameters of these lines are given
in Table | from which it is obvious that the regression line
slope coefficients of all eight DCRS'’s is several times smaller
than the declared voltage stability0.5 x 10~5/month, which
is a very interesting piece of information.
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Fig. 2. Results of the comparisons of DCRS-A and regression line for 10 V output (parameters are written in Table IIl).

C. First Comparison in PTB The comparison of DCRS-A in the PTB was done from

To verify the voltage stored in these standards, a comparidgRcember 8 to 17, 1987, during which eight comparisons with
test was made between the DCRS-A and B with the volta{fé voltage maintained in the PTB were made [12]. For the
maintained in the PTB. Before going to the PTB, and upcmean calibration date December 12, 1987, with an uncertainty
returning, the DCRS-A and B were compared to the DCRS® 0-2 X 107¢ (o), the expressed value of the voltage at
to F. The mean date of comparison prior to going to the PT8€ 10 V output Vilgs 9'9999921‘#7‘3] i.e., deviation Of_
was November 26, 1987. The mean date after coming batk — —0.Z9 x 1077, whe_:reas according to th? regrf(§3|on
was December 22, 1987. From the data in Table I, the me4if (‘Fluke”) for that date it should b&sc = —0.95x 107°.
linear regression line was calculated for the DCRS-C to F:

AUcr = 0.548 x 10~ ° +0.12 x 10~ %/month. This regression D. Second Comparison in PTB
line is almost identical to the regression line denoted with F

. s " After 1991 the DCRS-B to F were not accessible to our
and is not therefore shown in Fig. 1.

. . laboratory. Unfortunately, for several years it was not possible
In Table I, the comparison data are listed, where (respetg- perfor)r/n the calibrat)i/on of DCRSy-A. Through thz kind

g\rllzlyéfrrﬁrgaigr\e/gl-;?)éhi%'?;;i?ﬁ thr?gorgse;)r: tZZtE%Z§éAn1@§{vices of the PTB, the comparison of the DCRS-A with the
o tage maintained in this laboratory was enabled from May 9
12, 1987; Ax., Ap.—deviations of the DCRS-A and B g il : ! y W y

calculated from the regression line for December 12, 198 . 20, 1994 [13]. On the basis of ten comparisons at the 10 V
’ utput the mean voltage of 9.9999162 V with an uncertaint
Aa1, Api—mean values of deviations of the DCRS-A an P g y

f 0.077 x 10~° (10) was obtained.
B with the DCRS-C to F, measured before leaving for the % (10)

PTB; Aao, Aga—Same deviations measured upon returning

from the PTB;A 41, Agi.—deviations of the DCRS-A and B

calculated from the mean value regression ixiécr, with the IIl. ANALYSIS OF DCRS-A SABILITY

mean date November 26, 198X, .., Apac—Same deviations  Since January 1, 1990, for the representation of volt unit (V),
calculated for December 22, 1987. The comparison of the dat@ Josephson constanyk, has been used [14]. Therefore,
prior to going to the PTB and upon returning, shows that thhe values of the maintained voltage in the NIST and PTB
difference between the measured and calculated values is l@sge corrected with respect to the ratio between the units
than0.2 x 107% and, i.e., that the systematic errors during th&xst = (1—9.264 x 107%) V and Vprp = (1—8.065x 10~°)
circular comparison of DCRS'’s are on the leveloof x 1076, V, and all the DCRS-A comparison data obtained at the 10 V
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output prior to January 1, 1990 were recalculated on the basdiable prediction of the voltage change with time can be
of these ratios. made, because the parameigx of the line “All” is about 30

The change of the DCRS-A voltage at the 10 V output cdimes smaller than the same parameter of the line “Fluke.”
be reliably predicted by means of the regression line obtain€tle previous statement is also confirmed by the standard
from the DCRS-A comparison data from particular laborataleviations of the regression lines calculated according to the
ries [10]-[13], because this type of standard is characteriziedown expression [8]
by linear change of voltage with time. These data will be
analyzed using two different approaches in order to find out \/1 (t—1%)2

. . Sy =SyA | =+t ="

possible differences. YWN TS —1)2

In the first approach (denoted as “All") the input data
include all individual values measured for a particular dai@r January 1, 1996, i.e., fot = 3356 days. If the first
of DCRS-A calibration, i.e., the total number of input datgalibration made in the Fluke laboratory had not been followed
is N = 157 (110 Fluke, 29 NBS, 8 PTBand 10 PTB). by other calibrations, then according to that regression line the
The starting dayt = 0 corresponds to October 24, 1986¢calculation for the given day would have been made wjth=
and the last day = 2765 to May 20, 1994. The parameters)-69 x 107¢, and for the line “All” with sy- = 0.025 x 10~°.
of the regression line calculated according to these data and
expressed as a deviation from 10 V are given in Table Ill. [V. CONCLUSION

The second approach to calculating regression line params-

eters (denoted as “Weight”) is based on the mean values ofThe comparison of eight DCRS Fluke 732A shows that

N L . aL?articular regression lines have the annual change of voltage
individual calibrations, expressed for the respective mean date. .
at 'the 10 V output several times smaller than that allowed

Only the calibration result obtained in the Fluke laboraton e ;
L the specifications, and that only one DCRS has a negative
refers to the last calibration date, because of the larger number ST - .
of data obtained during a longer period of ime. Due to iHegression line slope coefficient, whereas the slope coefficient
: of the other seven DCRS is positive. Analyzing the calibration

difference between the unitss, Vprs, andV, the following o -~ 0 HERS in the Fluke, NIST and PTB laboratories

corrected values are included into calculatibn= 9.9999086 during the time period of more than seven years, it has been
V (January 15, 1987) = 9.9999087 V (February 14, 1987), discovered that no significant differences exist between two

U =9.9999115 V (December 12, 1987), and = 9.9999162 . i . : .
L different approaches: the first one that takes into account daily

V (May 14, 1994). The uncertainties of these values ar L . .
ata, and the second one which introduces into the calculation

0.23x107%,0.13x 1075, 0.20x 1076, and0.077 x 10~° (10), -
) . . . the mean values expressed for the mean calibration date and
respectively. Due to different uncertainties of the input data

the following weight factors are assigned to them: 6, 19, galcglated with we|ghts. By means of the_ regression I|_ne

: : . .~ obtained on the basis of the DCRS comparison it is possible
and 54, respectively. During the calculation of regression Ilqe , : L . .

. : . 0, predict reliably voltage changes within the time period of
parameters, the influence of weight factors is included so th tI

. . . east one year.

for a particular date instead of recording one voltage value, tﬁe
number of the same values which corresponds to the number
of respective weight factor is being recorded, e.g., thus, for
February 14, 1987, it is taken that the voltdge= 9.9999087  [1] R. Popel, “The Josephson effect and voltage standarhtetrologia,

; ; vol. 29, pp. 153-174, 1992.
V has been measured 19 times. Therefore, there is all terth[sf D. Reymann and T. J. Witt, “International comparisons of Josephson

N = 87 data, the beginning = 0 corresponds to the previous array voltage standards[EEE Trans. Instrum. Measyol. 42, pp.
calculation, whereag = 2759 corresponds to the last date.  596-599, Apr. 1993.

- - : G. D. Vincent, “The construction and characteristics of standard cells,”
The param_eters_ of the regression line calculated in such w(’E] IEEE Trans. Instrum. Measvol. IM-7, pp. 221-233, Dec, 1958.
are also given in Table Ill. W. G. Eicke, “Reappraising the Zener diode as a reference & transport

[4]
In Fig. 2, two regression lines are shown: the first one_ Standard,Electron. Instrum. Dig.yol. 6, pp. 50-59, 1970.
%5] 0. V. Karpovet al., “Investigation of DC precise voltage source for use

(denOtation “A"”) calculated following the first approach in as Zener transport standardEEE Trans. Instrum. Measvol. 44, pp.
the analysis of the DCRS-A calibration data, and the second 204-207, Apr. 1995.

: « ” . ; ; in[6] H. Bachmair, “100 Jahre Normalelemente in der PTR/PTB Ihre Bedeu-
one (denotation “Fluke”) defined by calibration performed in tung fur die Darstellung und Bewahrung der Enheiten der elektrischen

the Fluke laboratory (line A in Fig. 1). The regression line  spannung, PTB-Mitteilungenyvol. 103, no. 5, pp. 395-404, 1993, in
calculated following the second approach in the data analysis German.

: : : i :[7] Fluke 732A Instruction Manual.
is not presented for the sake of better figure layout, since it i L. Huntley, “A primary standard of voltage maintained in solid-state

very close to the regression line denoted with “All.” The slope "~ references,IEEE Trans. Instrum. Measvol. IM-36, pp. 908-912, Dec.
coefficient of the “All” line (0.1 x 10~ %/year) is almost two 1987.

- . . « " 1 [9] V. Bego, J. Butorac, G. Gdjevic, and K. Poljadi¢c, “Volt balance
times smaller than the S|0pe coefficient of the “Fluke” line, realization of the volt at ETF in ZagreblEEE Trans. Instrum. Meas.,

which does not mean that any of these values is incorrect, vol. IM-36, pp. 185-189, June 1987.

i i it [ Report of Calibration, Fluke, test DC83.
because when taking into account the standard deviations; Report of Calibration. NBS. test 521.05-87.

these coefficients, then even within the ihterval their good [12] Kalibrierschein PTB, Dec. 17, 1987.

matching is achieved. Comparing the two presented lines,[%ig] Kalibrierschein PTB, 2.13-94/20. _

b bvi that by repeating calibration of the standalél B. N. Taylor, “New international representations of the volt and ohm
ecomeSQ vious that by rep g ’ » effective January 1, 1990, JEEE Trans. Instrum. Measyol. 39, pp.

and by using the data collected during several years, a more 2-5, Feb. 1990.

(1)
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