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Abstract—One of the NIST Measurement Assurance Programs [1]
transfers the unit of the watthour using transport meters. For this ap-
plication the response of these meters to variations in environmental
conditions must be well-characterized. A statistically planned experi-
ment is employed to determine corrections for the response of each
meter to varying conditions of voltage, current, temperature, and
power factor. This qualification procedure is designed to be efficient
with the number of test points and to yield estimates of the model pa-
rameters describing the corrections.

I. INTRODUCTION

STABLISHING *“‘traceability’” between a measuring labo-

ratory and the National Institute of Standards and Technol-
ogy. NIST, traditionally involves sending an instrument to NIST
for calibration. Alternatively, NIST sends one of its watthour
transport standards to the laboratory which performs a pre-
scribed set of measurements and returns the meter with the ac-
cumulated data. The measurement results are analyzed by NIST.
which reports an offset with which the laboratory corrects its
standard to be in agreement with the National Standard. This
process is known as a Measurement Assurance Program, MAP,
for electric energy.

In such a measurcment process, the absolute registration of
the transport standard is relatively unimportant. The critical
characteristics of the transport standard are its short-term sta-
bility and its relative insensitivity to changes in temperature,
voltage, and current. Although these changes in instrumental
response are small, they are usually statistically significant and
may be corrected. Use of this correction provides the best pos-
sible calibration of a laboratory’s watthour standard with an ac-
curacy which is higher than that obtained by using traditional
methods in the transfer of the watthour unit.

This paper describes the use of a statistically planned exper-
iment to determine the effects of variations in temperature, volt-
age, and current at three power factors on a variety of
commercially available watthour meters selected as transport
standards. Previously, the qualification process had assumed the
instrumental response to be linear [1], [2]. and the test points
to differ from reference conditions in only onc variable at a time.
The new set of measurements determines effects of
nonlinearities and interactions between factors on the response.
The test points are distributed over a multidimensional design
region and are chosen to determine the statistically significant
corrections with minimum variance and with little additional
effort.

Because the qualification process is applied to several instru-

“ments, a two-stage approach may be used. The instruments are
grouped by manufacturer and design, designated as Groups A,
B. C. and D. Only one device from each group is qualified in
the first stage of the process. The characteristics of the meter
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are represented by a mathematical model. which may be more
complex than necessary. An experiment design is chosen to per-
mit estimation of the parameters of the model. 2o e

Once the parameters of this complex model have been deter-
mined, it is possible to refine the model to include only the
statistically significant terms. This refined model is used in the
second stage when additional watthour meters of the same type
are to be characterized. Assuming that the responses from the
uncharacterized watthour meters will follow the reduced model.
a smaller design can be chosen and the second set of watthour
meters can be characterized with less effort. At both stages the
design points are chosen to produce optimal estimates of the
parameters of the particular model being studied.

II. EXPERIMENTAL PLAN

To “*qualify™ a watthour meter for service as a MAP trans-
port standard, NIST characterizes the meter’s response, as de-
fined by the percent registration, R. for the range of conditions
over which it will be used. The variables which affect the re-
sponse of the watthour meters are temperature, voltage, cur-
rent. and power factor.

Power factor takes on three values: 0.5 lag, 0.5 lead. and
unity. The voltage. current. and temperature vary continuously,
defining three design volumes, one for cach power factor (Fig.
1). The registration can be represented as a surface over the
design volume. As shown in Fig. 2. a surface in three dimen-
sions represents a section of the response surface with changing
voltage (V') and temperature (T) and fixed current (/) and
power factor ( PF). The correction to be applied to the regis-
tration is the difference between R at the reference conditions
and at the conditions actually encountered.

For each transport standard, the response surface should sim-
ply and adequately describe its behavior. To determine a re-
sponsc surface. the following process is used. First, a candidate
model for the surface is proposed. Next. measurements are taken
in the region described by the variables of interest at test points
selected to provide good estimates of the parumeters in the can-
didate model. Then. using least squares, a surface (which may
be simpler than the candidate) is fitted to the data.

We next consider test point and model selection. The model
for the system response is specified in terms of deviations from
reference conditions of voluage (AV). current (A/ ), and tem-
perature (AT). respectively. The candidate model includes lin-
ear. quadratic. and cubic terms in AV, A/, AT to test for
nonlinearities in the response. It also includes cross-products
between pairs of factors to test for interactions.

Thus. the model to be fitted is

R = a, + a:AT + a;Al + a,AV + asAT?
+ AT + a; AV® + a, AV + agAl°

+ awAl' + a,,AVAT + a,-AIAT + a,; AIAV + error.
(1)
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gion. This provides improved estimates of the model parameters. The use
region for temperature, AT, is | —1. +5]°C. for current. AL, is | —0.1.
+0.1]A. and for voltage. AV. is | =0.1. +0.1]V.

100 03
0c 02 1

100 07 4

PERCENT REGISTRATION
g
8

6
CHANGE N TEMPERATURE ['C) “

Fig. 2. The cubic model for percent registration displays a typical re-
sponse surface.

The error in each measurement is assumed to be independent of
the error in all other measurements, and to have a zero mean.

Varying one factor at a time. it is not possible to determine
whether interaction effects are present. Therefore, a ““box-star™
experimental design [3] is employed which contains 15 points
(Fig. 3). The design region is: (=6 < AV = 6)V.(—-03 =<
Al < 03)A.and (—10 = AT < 10)°C. where the reference
values are 120 V.5 A and 25°C. respectively. Eight of the test
points are placed at outer corners of the region: (+£6 V, +£0.3
A. +10°C). One test point is placed at the center. and six more
points are placed on the axes a little beyond the region of inter-
est: (£10V,0.0), (0. +£0.5 A, 0). and (0. 0. £15°C). Rep-
licate measurements are made at cach point. By spreading the
design over this larger region. the expected error in the param-
cter estimates is reduced and the model is made applicable over
the entire region. :

Box-star designs are often employed in “response-surface™
problems because they are balanced. symmetric, and permit es-
timation of higher-order terms to test for model bias. In this
study. the percent registration responsc. R. is defined over the
three-dimensional design region which permits estimation and
tests of significance for two-way interactions between the var-
iables and linear, quadratic, and cubic terms for cach. Although
this box-star design has more design points than parameters to
be estimated. fifteen points were used to preserve balance in the
design and to permit a test of lack-of-fit of the model.

[II. MODEL SELECTION AND REDUCTION

In the first run. four transport standards—one from each group
of instruments—are qualified using data gathered according to
the experimental plan. The polynomial model in (1) is then fit-
ted”by least squares for each power factor for cach watthour
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Fig. 3. The box-star design with 15 points permits estimation of interac-
ton terms and terms up o thind erder. It also allows testing for
lack-of-fit. =

meter. As anticipated. this model is more complex than is nec-
essary to describe the data because many of the parameter es-
timates arc not significantly different from zero. Therefore. a
stepwise linear regression procedure is used to determine the
smallest subset of the complex model that adequately (in terms
of statistical significance) describes the data. At cach step. the
procedure calculates an F-statistic for cach term that reflects the
contribution of that terms to the model if it is included [4]. The
procedure adds the term that has the largest statistic and stops
when none has a significance level greater than a preselected
threshold. For two of the four meters tested. it is found that the
simple lincar model

R = a; + a- AT + a. M + a AV + ermor {2)

is. in fact. adequate because no other terms are statistically sig-
nificant.

For the other two meters. a variety of terms in (1) are found
to be statistically significant. The terms which are important
vary by meter and power factor. For example. for the Design-B
meter, the following effects were found to be statistically sig-
nificant: at lag power factor: AT, AV, AT, AT and AV
unity: AT, AV, Al. AT, Al°. and AV and at lead: AT, AV.
AT?, AI°, AT, AV, and AVFAT. However. as discussed car-
lier, the design region used to determine the parameters is larger
than the typical region of use. Thus. even though a term might
be statistically significant in the design region. in the use region
it might be negligible when weighed against systematic error
known to exist in the system.

This fact is exploited in developing a heuristic scheme o re-
duce the model. For cach meter and power factor. the three
models are fitted. The ““fullest™ model that could be fited is
given by (1). Only two reduced models are considered tor sim-
plicity’s sake. a ““lincar™ model (see (2) and a ““cubic™™ model
(see (3)). The ““cubic™™ model was selected because its terms
appeared most frequently in the models found by the stepwise
regression procedure.

R=ua, + AT + a; M + @, AV + AT + a, AT + crror.
(3)

The maximum absolute difference between the corrections to
refercnee conditions predicted by the full and reduced models
is examined. If the difference between the corrections calcu-
lated from the full and reduced models is less than one-half the
standard deviation of the random ¢rror in the measurements (es-
timated by the root-mean-square error (RMS) of the tull model).
then the reduced model is deemed “"adequate.”™ Although ar-
bitrary. this criterion is an cffective discriminator between the
models.

Results for Design-B meter are in Table I. The ““lincar
model™” is inadequate for the lag and lead power factors. How-
ever. the relative bias introduced by the ““cubic™ model is at
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TABLE |
Tui Maximuns Bias (AssoLuTti VALUE) OF THE VARIOUS MODELS 18
UsED TO SELECT THE SiMpPLEST. ADEQUATE MobiL. (A MobeL s
CONSIDERED ADEQUATE 1F THE MAXIMUM Bias 1s Liss THat 50% oF
THE: RMS ERROR FOR ALL THREE POWER FACTORS.)

Model Model
RMS AT AT AT AV Al AT AV Al
Power Error Bias Bias Bias Bias
Factor ppm ppm relarive ppm relative
Lag 66 5 8% 37 56%
Unity 20 1 5% 8 40%
Lead 64 10 16% 37 58%

most 16% of the standard deviation of the random error. There-
fore, the “*cubic™” model is chosen for all three power factors
for the selected meter. None of the meters requires the full
model.

IV. FINE-TUNING THE EXPERIMENT

The box-star design probably provides much more informa-
tion than is necessary. This conclusion may be drawn from the
fact that the only terms in any of the models for the first four
meters are AT. Al. AV. AT®, and AT*. Given any particular
model, it is possible to select a design which is ““optimal™” for
estimating model parameters, but this is only sensible if the form
of the correct model is known. Four more watthour meters are
also characterized in this program and the same reduced model
is used since the additional meters are similar to the original
meters qualified. This is an important assumption whose valid-
ity is necessary for the results below to make sensc.

The statistical literaturc offers a variety of criteria for sclect-
ing optimal designs for a specific model. The optimality criteria
which we consider include minimizing the variance of param-
cter estimates (**D-optimality’™). minimizing the maximum
variance of the predicted responscs over the design region
(**G-optimality™’), and minimizing the average variance of the
predicted responscs over the design region (**V-optimality ™).
Becausc it has been shown that D-optimal designs perform very
well with respect to other criteria and because D-optimality has
been studied extensively, we employ it as the criterion [5].

A D-optimal design consists of the set of n test points (here
n is reduced from the original 15 points to 9 points) in the de-
sign space which will permit estimation of the parameters of a
given model with minimum variance. Specifically. let X be the
design matrix. Each row in X corresponds to the terms in the
model (e.g., AT, Al. AV. AT, and AT") cvaluated at a single
design point. The variance-covariance matrix of the parameters
estimates is proportional to the inverse of the matrix XX, An
n-point design which maximizes the determinant of this matrix,
| X*X |. for all n-point designs is said to be D-optimal. To find
a D-optimal design, an iterative computer scarch is used. Sev-

_eral commercially available experiment design programs in-
clude code for finding D-optimal designs.

A D-optimal experiment design is used in the design region
for the second set of four watthour meters. The model in (3) is
used for selecting the design because it is the largest model
needed for the first four meters. The D-optimal design for this
model is shown in Fig. 4. The center point of the region is
included in the design, both because the goal of the model is to
correct to nonimal conditions (those at the center of the region)
and to detect potential systematic error in the model in the form
of higher order effects. The heuristic described above is applied
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Fig. 4. The D-optimal design with an added ninth point at the center i
used with the reduced models. The design permits estimation of cubic terms
in temperature and lincar terms in current and voltage.

to determine the simplest adequate model for each of these me-
ters as well.

V. MEASUREMENT AND ANALYSIS RESULTS

Of the eight meters characterized. four are described ade-
quately by the linear model (2). while the other four require the
cubic model (3). Four of the meters are also characterized
around the nominal voltage of 240 volts, for which the
D-optimal design was used to gather data. Two surprising dis-
coverics were made about the meters at higher voltage. First.
the parameter estimates for the same model are statistically sig-
nificantly different for the two nominal voltages for cach meter.
Second, the linear model is deemed adequate for all four meters
around 240 volts. even though the **cubic™™ model had been
necessary for two of these meters around 120 V. This is perhaps
due to the fact that the **full”™ model. to which the simpler
models are compared. is based on fewer measurements at 240
V than at 120 V.

Table I gives the results for the watthour meters tested at
both 120 and 240 V. The parameter estimates given arc the coet-
ficients for the appropriate terms in (2) and (3). and are given
in “*ppm per unit.”" For example, for the voltage cocflicient
terms (cocfficient ay). the values are in ppm /volt. Likewise.
for the current and temperature coeflicients (ay, and a,. as. and
a,). the values are in ppm/A and ppm/°C. ppm/(°C)’. and
ppm/(°C)*, respectively.

When used to refine the values in the calibration data in the
MAP process, corrections less than a few ppm are meaningless
because of systematic error in the system. All corrections are
included in the table to demonstrate the range of values obtained
for the meters tested. For example, the temperature influence is
generally the largest of all factors. Examination of the data
shows that the temperature cocflicient for the Design-A meter
has values in the range of 20 ppm/°C at 240 V. whereas the
Design-D meter has coetlicients of less than 5 ppm /°C.

Another interesting observation is that the cocliicients for the
current parameter can be quite different when the meter is being
used on cither 120 V or 240 V. Onc might initially think that
the current coellicients would be independent of the input volt-
age. but for the large change from 120 to 240 V there is a volt-
age dependence. This may be due to nonlinearities in the
multiplier portion or to interactions between the voltage and
current portions of the meter.

V1. CONCLUSIONS

The qualification of watthour meters for the MAP program
requires that the response of these devices be found with high
precision over a range of conditions of temperature, voltage.
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TABLE II

CorreCTION COEFFICIENTS FOR 4 WATTHOUR METERS TESTED AT 120 ann 240 V. (Tue ConmmioN
oF Tymcan Use Are —1°C = AT = +5°C, Al = +0.1A4. and AV = £0.1 V

Parameter Estimates for (2) or (3) (in ppm /unit)

EiLY

AT (a,) Al (ay) AV (a,) AT (2:) AT (a,)
Meter Power
Design  Factor Nominal Test Voltage
120 240 120 240 120 240 120 240 120 240
A 0.5 Lag +11.0 +19.0 +29 110 +4.8 +0.2 - - — =
1.0 +13.0 +240 +130 +100 -1.6 -1.2 — — — -
0.5Lead +15.0 +26.0 +400 +300 -11.0 -6.2 — . = .
B 0.5 Lag -28.0 -7.0 - 19 +20 -3.3 +02 +0.37 -— +0.060 —
- 1.0 -7.3 =170 +65 +19 -0.1 -=-1.7 +042 -— -0.003 —
0.5Lead -270 -4.4 +7 +29 -0.3 =03 +0.78 — +0.027 —
C 0.5 Lug +7.6 +8.6 =36 +43 +24 +2.6 0.00 - +0.003 —
1.0 +11.0 +120 - 36 = -1.5 =01 =020 — +0.011  —
0.5 Lead  +16.0 +18.0 +61  +130 -1.2 +0.7 -0.26 -— +0.4 —
D 0.5 Lag +0.2 +0.2 23 +31 0.0 +0.3 - — — e
1.0 =21 -2 +14 -04 0.0 -0.1 - = — =
0.5 Lead -4.6 -4.7 +8 +21 -0.3 -04 - - - e
and current. Using a statistically planned experiment. a signif- ACKNOWLEDGMENT

icant increase in the information previously available about cach
meter is achieved without a large increase in the effort ex-
pended. The statistical design and analysis provide a systematic
method for characterizing the varied response characteristics of
individual meters.

Values of the parameter estimates (coefficients) are deter-
mincd and found to be quite different for separate meters of the
same model. and also significantly difficrent when operated on
the 120- or 240-V ranges. Differences are also noted for the
three power factors used in this investigation.

In practice, overall corrections to reported MAP data of 30
to 50 ppm or more arc common. Although these corrections are
not large, they are a *“trim adjustment™ to the data and gener-
ally represent a worthwhile refinement. There is pressure to
continually improve the calibration process from the electric
utility and meter communities. Applying these techniques is one
such improvement.

The authors wish to thank Ms. Dawn McBrien and Tom Nel-
son who collected data for this investigation.
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