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Abstract—An international comparison of 50/60 Hz power is In 1994, the National Institute of Standards and Technology
described. The traveling standard was an electronic power trans- (NIST) agreed to serve as the pilot laboratory for another such
ducer thatwas tested at 120V, 5 A, 53 Hz, at five power factors (1.0, ¢omparison. The international comparison of 50/60 Hz power
0.5,and 0.0). I_:lfteen Nat_lonal I\/I_etrologylnstltytes (NMils) from six b in J 1996. At ab h . | | i
metrology regions participated in the comparison. egan In June e ta_‘ out the same time, loca pow_er com

parisons were beginning in the European Metrology Region EU-
ROMET, coordinated by Rainer Bergeest of the Physikalisch-
Technische Bundesanstalt (PTB) in Germany, and the North

NTERNATIONAL comparisons of units of measuremenfmerican Metrology Region NORAMET, coordinated by Eddy

are often conducted informally between two or morgo at NRC [3]. Dr. Bergeest and Dr. So, experts in the field of
National Metrology Institutes (NMls). These comparisons afsower measurements, provided valuable assistance for the com-
generally done to resolve technical problems or to evalugiarison described in this paper, which will eventually be linked
new standards or technologies. Large-scale, formal comp&ythe EUROMET and NORAMET comparisons.
isons, within and between the world’s metrology regions, are
critical elements in facilitating international trade through
mutual recognition agreements [1]. The latter requires a pilot
laboratory to run the comparison, schedule testing at eachAfter consultation with PTB, NRC, and other NMIs, it was
participating NMI, and select and coordinate transportation décided to perform the comparison at 53 Hz—close to the power
the traveling standard. In 1987, the National Research Courfedquency of most countries, but far enough away to avoid an-
(NRC) in Canada served as the pilot laboratory for one of theying beat frequency problems. Five points were selected to
first international comparisons of electric power [2]. test the amplitude and phase measuring capabilities of the power

standards at each NMI: 120 V and 5 A at power factors 1.0, 0.5
lead, 0.5 lag, 0.0 lead, and 0.0 lag (where lead/lag indicates that
Manuscript received May 14, 2000; revised November 6, 2000. the current waveform leads/lags the voltage waveform).
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nology, Technology Administration, Gaithersburg, MD 20899 USA. a.c-power_-tq-dc-voltage Co'nv?rter bas?d on the time-divi-
R. Bergeest and G. Ramm are with Physikalisch-Technische Bundesansgitin-multiplier operating principle [4]. It is powered at 120 V,

3816 Braunschweig, Germany. at mains frequencies between 50 Hz and 400 Hz. It has
R. Carranza is with Centro Nacional De Metrologia (CENAM), Queretarf: q . . . ) .

76900, Mexico. ront-panel binding post/banana plug input terminals, with
A. C. Corney is with the Measurement Standards Laboratory of New Zealafwo voltage ranges (120 V and 240 V) and two current ranges

Industrial Research Limited, Lower Hutt, New Zealand. 1 A and 5 A). With full-scale voltage and current applied at
M. Gibbes is with the National Measurement Laboratory, CSIRO, Lindfiel ) . 9 pp.

NSW 2070, Australia. .0 power factor, the nominal output of the converter is 10 V
G. Kyriazis is with INMETRO, National Institute of Metrology, Rio De dc, which is available at terminals on the front panel. It also

Janeiro 25250-020, Brazil. has auxiliary monitor terminals for its-7 V and —7 V dc
H. M. Laiz is with the Instituto Nacional de Tecnologia Industrial (INTI), San y ol

Martin 1650, Argentina. references.

L. Liu is with the National Measurement Centre of Singapore Productivity The traveling standard selected was the more stable of two

and Standards Board, Singapore, and with the Measurement Standards Lalg%-h instruments monitored in the NIST power Iaboratory for
tory of New Zealand, Industrial Research, Lower Hutt, New Zealand. | . h . .. ked
Z. Luiis with National Institute of Metrology (NIM), Beijing 100 013, China. S€Veral years prior to the comparison. Participants were aske

U. Pogliano is with the Istituto Elettrotecnico Nazionale “Galileo Ferraris,to record several test parameters that could influence the results.

(IEN) 10135 Torino, Italy. These include frequency, voltage, current, power factor, temper-
K.-E. Rydler is with the SP Swedish National Testing and Research Institute, - 9 Y, g€, P ! P
SE-501 15 Bor&s, Sweden (e-mail: karlerik.rydler@sp.se). ature, humidity, the zero offset, and thelc reference voltages

E. Shapiro is with D. I. Mendeleyev Institute for Metrology, St. Petersbur@f the traveling standard.
198 005, Russia.
E. So is with the Institute for National Measurement Standards, National Re-

search Council (NRC) Canada, Ottawa, ON K1A OR6, Canada. I1l. NMI P OWER STANDARDS
M. Temba is with the National Metrology Laboratory, CSIR, Pretoria 0001,
Sogtcvﬁgihctail's with the National Physical Laboratory (NPL), Teddington, Mid- Brief descriptions of the power standards used to calibrate
dlesex TW11 OLW, UK. ’ " the traveling standard at the NMIs that participated in the com-
Publisher Item Identifier S 0018-9456(01)02597-9. parison are given below. In addition to the operating principle,

0018-9456/01$10.00 © 2001 IEEE



OLDHAM et al: INTERNATIONAL COMPARISON OF 50/60 Hz POWER (1996-1999) 357

critical components of each system are identified, and the rardjeider. High precision is obtained by driving the digitally syn-
of estimated combined standard uncertainties- 1) are given thesized source and the voltmeter from the same clock. Com-
in microwatts/watt (W/W) of the apparent power (VA). bined standard uncertainties range from 2.5 tp\8/W, de-

Argentina: At the Instituto Nacional de Tecnologia Induspending on the system.
trial (INTI), measurements were made using a thermal powerltaly: In the Istituto Elettrotecnico Nazionale (IEN) Digital
comparator, which uses the method of the mean squared vaBanpling Wattmeter [12], the test voltage is applied directly to
of the sum and the difference of two voltages [5]. One voltagesampling digital voltmeter. The test current is converted to a
is derived from the test voltage by means of a two-stage voltalgev-level voltage using a current transformer and resistor be-
transformer and the other from the test current by means ofage it is applied to a second sampling digital voltmeter. The
two-stage current transformer with magnetic feedback andvaveforms are simultaneously sampled for a given time and ac-
precision resistor. With this system the ac power is compartide power is computed using a least squares sine fit algorithm.
with an equivalent dc power using a thin-film thermal converte€ombined standard uncertainty is L8//W.

Combined standard uncertainties of this system range from 1Mexico: In the Centro Nacional de Metrologia (CENAM)
to 19 pW/W. Power Bridge [8], reference currents proportional to the test

Australia: The National Measurement Laboratory (NML)voltage are compared to the test current using a current com-
standard of power comprises compensated current and voltageator. At balance, active power is derived from the ac voltage,
transformers and a double-bridge power comparator [6] atite impedance of the standards used to generate the reference
[9]. AC and dc power are applied simultaneously to the twourrents, and the ratio of the current comparator. Combined
bridge circuits which are based on two dual-heater multstandard uncertainties range from 17 to,2%/W.
junction thermal converters with outputs connected in seriesNew Zealand:In the Measurement Standards Laboratory
opposition. Differences between the bridges and asymmetr{@SL) Power Standard [13], the test voltage is divided with
between bridge arms are cancelled by interchanging the ac anesistive divider to about 1 V, and a power bridge compares
dc quantities and by reversing the power in both. This requirts voltage with the voltage across a current shunt passing the
a total of four measurements, the mean of which gives trtest current. The power bridge comprises two inductive voltage
ac power in terms of applied dc power. Combined standadd/iders, two precision resistors, and a precision capacitor. The
uncertainties range from 6 to;8N/W. unity power factor uncertainty of 19W/W is dominated by

Brazil: Inthe Instituto Nacional de Metrologia (INMETRO)the uncertainty in the ac volt, which is being upgraded. Zero
Power Bridge [7], a reference current proportional to the tegbwer factor uncertainty is 22W/W. The laboratory’s perfor-
voltage is compared to the test current using a current comance in the comparison was compromised by a breakdown in
parator. At balance, the active, reactive, and apparent power egeipment maintaining the ac volt.
derived from the ac voltage, the impedance of standards use®ussia: In the D.l. Mendeleyev Institute for Metrology
to generate the reference currents, and the current compar@iiM) Differential Thermal Wattmeter [14], ac power is
ratio. This bridge is still under development and present commempared to its dc equivalent using a VNIIM-designed Thermal
bined standard uncertainties range from 25 tQ.8@/W. Comparator based on dual-heater multijunction thermal con-

Canada: In the NRC Power Bridge [8], reference currentserters. Its unity power factor ac/dc uncertainty is less than
proportional to the test voltage are compared to the test curr@ntW/W. The test voltage and current (up to 400 V and 10
using a current comparator. At balance, active power is derivA)l are converted by resistive voltage dividers and current
from the ac voltage, the impedance of standards used to genesaients to 1.0 V with angular uncertainty ho more thaaréd
the reference currents, and the ratio of the current comparatdrfrequencies between 45 Hz and 65 Hz. Combined standard
Combined standard uncertainties range from 6 tM8'W. uncertainties range from 9 to JAV/W.

China: In the National Institute of Metrology (NIM)  Singapore: At the National Measurement Centre (NMC) of
Double-Bridge Power Comparator [9], the ac voltage aringapore Productivity and Standards Board (PSB), the Auto-
current are scaled to low-level signals using voltage and currenated Reference Power Calibration System consists of a stable
transformers. These signals are compared to a known dc powewer source and a reference watt converter. The system can
using the bridge, which is based on a multijunction thermalovide traceable calibration of power and energy for voltage
converter. The output emf of the converter represents thed current up to 600 V and 20 A, respectively, and for any
difference between the ac and dc power. Combined standpmiver factor from zero lag through unity to zero lead with mea-
uncertainties range from 4 to/6N/W. In January 2000, NIM surement uncertainty of 28//W. This uncertainty is to be im-
discovered several sources of error in this bridge and hgsoved when a new current comparator bridge system is intro-
requested a follow-up bilateral comparison. duced in mid 2000.

Germany: The first set of measurements at PTB was made South Africa: In the National Metrology Laboratory (NML)
using the PTB Thermal Wattmeter [10]. The follow-up measf the Division of Production Technology (CSIR) Power Bridge
surements were performed using the recently developed P[BR reference currents proportional to the test voltage are com-
Sampling Wattmeter [11], in which the test voltage is measur@dred to the test current using a current comparator. At balance,
using a thermal voltage converter and the test current is cattive power is derived from the ac voltage, the impedance of
verted to a voltage using a current transformer and resistor. T$iandards used to generate the reference currents, and the ratio
ratio and phase of the voltage and current are measured usimg the current comparator. The combined standard uncertainties
sampling digital voltmeter, calibrated using an inductive voltagange from 20 to 4Q.W/W. Errors in the ac voltage measure-
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Fig. 1. Plots of the differences between NMls, normalized to measurements at NIST before and after measurements at each NMI. NMls (diamontts) from left

right: NRC, PTB, SP, CSIRO/NML, MSL, NPL, IEN, INTI, NIM, VNIIM, NRC, PSB, CSIR/NML, PTB, INMETRO, and CENAM. NIST values (squares) are
along the zero line. Error bars represent the NMI combined standard unceftaiatyl ).

ment were encountered during the comparison and a follow-bmed standard uncertainties are from:.8//W to 15 pW/W,
bilateral comparison has been requested. depending on the power factor. Errors in the waveform magni-
Sweden:In the Swedish National Testing and Research Itudes were discovered after the comparidoata taken during
stitute (SP) Digital Sampling Wattmeter [15], the active power ithe EUROMET power comparison may ultimately be substituted
measured as the mean of the product of simultaneously samgtadthe data presented in this paper.
pairs of values of the voltage and the current (for sinusoidal sig-United Kingdom: At the National Physical Laboratory
nals). Due to the wattmeter design, the measured active podPL), power measurements are carried out by sampling the
is also a function of the ratio of the inductive voltage dividevoltage and current waveforms using two isolated analog to
used to scale the test voltage, the impedance of the shunt residigital converters (ADCs) of NPL design. Power is calculated
used to scale and transform the test current into a voltage, themultiplying the sample pairs and using a summation to find
scale-factor of the two multimeters used to sample the scakb@ average power [16]. The waveforms are transformed to 1 V
voltage and the voltage of the current shunt, and the triggens levels and applied to the ADCs. For the voltage channel, an
delay-time difference of the two multimeters. Best case conmductive voltage divider was used. An electronically compen-
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sated current transformer and shunt resistor were used for dltlkeer power factors. To remove the influence of these drifts, the
current channel. The gains of the ADCs are measured using e4ults have been normalized to the NIST values. Fig. 1 shows
V rms signal traceable to dc voltage via ac/dc transfer. Stand#iné plotted differences between the NMI measured values and
uncertainties are from 13W/W to 16 xW/W, depending on the mean of the nearest before and after NIST values for the five
the power factor. test points. Error bars represent combined standard uncertainties
United States:Inthe NIST Power Bridge [17], reference curfor £ = 1.
rents proportional to the test voltage are compared to the tesMeasurements at PTB and NRC were performed at the begin-
current using a current comparator. At balance, active and reng and near the end of the comparison to provide a better link
active power are derived from the ac voltage, the ratio of thie the EUROMET and NORAMET power comparisons. Data
inductive voltage dividers and the impedance of standards ugeain both tests are shown on the plots.
to generate the reference currents, and the ratio of the current
comparator. Standard uncertainties range from 6 #0\3W. VI, CONCLUSIONS
V. COMPARISON With 15 NMIs contributing from six metrology regions,

S ) . this was truly a global international comparison and one of
The original intent was to complete the comparison withifye |4rgest in electric power to date. Additional NMIs in

three years. With 15 interested NMIs, it was decided to cycle tge, e will uitimately be linked to this comparison through the
traveling standard back to NIST for intermediate tests after te SROMET comparison.

at two NMls, rather than performing tests at the pilot laboratory While the state-of-the-art uncertainty for this derived elec-

before and after each NMl test. Itis estimated that this procedthrﬁal quantity is about HW/W, the band within which most of

reduced tlhe F:ompants)lon time by about six mgn(;h;. i+ the measured values fall is closer to/s@/W. While this is two
fShevera rpmor prod e(;nshwere enc?ur;:grr]e ulrmg S IPM&Ners of magnitude smaller than the uncertainty of the best rev-

of the traveling standard, the worst of which resulied in a tWa,, electricity meters, there is an increasing demand by meter

month d_elay in delivering the standard to one of_the NMIs. Tr?ﬂd transformer manufacturers to provide calibration uncertain-
most reliable method of shipment was a direct flight, where tl?%s approaching 1QW/W.

NMI customs agents handled the standard at each end. A Carn tthe NMIs that derive the ac watt from the volt, the ohm, and

traveled with the standard to simplify its passage through CU%—dc transfer standards, classical thermal and bridge methods
toms. are yielding to waveform sampling techniques, which have im-

The traveling standard was selected because of its excellgpt, . significantly in the past decade. While the most accu-
stability and its apparent insensitivity to environmental factor te sampling systems still utilize sinusoidal test signals, they
Temperature and humidity coefficients, within normal labor srovide a means to analyze the complex waveforms that are
tory operating ranges, were negligible. While these paramet Bmon in today’s power systems.
were measured at each NMI, corrections were not applied.

The internal dc references of the traveling standard, nomi-
nally =7 V, were measured at each NMI. A change in the value REFERENCES
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