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Abstract - A high-accuracy sampling wattmeter was
developed at NIST (National Institute of Standards and
Technology) to investigate the feasibility of using waveform
sampling techniques for making very accurate power
measurements at frequencies from 50 Hz to 1000 Hz. The
prototype instrument is not portable but was used to
demonstrate the accuracy achievable with the sampling method.
The goal of this development was to build an instrument with
an uncertainty of less than :t50 ppm over these frequencies.
The new high-accuracy sampling wattmeter was built around a
previous wideband instrument developed earlier at NIST.

The new wattmeter uses 16-bit converters and includes
a two-stage current transformer in one of the modules. This
wattmeter, as the previous wattmeter, operates with
asynchronous sampling. The high-accuracy is achieved by
approximately synchronizing the interval over which samples are
taken with the period of the input signal. Special care was
taken to design input stages with a flat frequency response and
low temperature sensitivity. The wattmeter has been calibrated
using the NIST Audio-Frequency Power Bridge. The two
instruments agreed to better than :t50 ppm of full scale over the
50 Hz to 1000 Hz frequency range at all power factors.

Introduction

As part of an ongoing program at NIST to increase the
accuracy of electrical power measurements, a study of the
problems associated with high-accuracy sampling wattmeters
was undertaken. The measurement of power requires the
measurement of voltage (V), current (I), and the phase angle
between these two quantities. In addition to dual-channel
sampling of the V and I waveforms and the multiplying
required to obtain power, as described in this paper, other
methods for making power measurements include time-division
multipliers [1-4], analog multipliers [5], thermal [6,7] and
current-balance techniques [8]. Common to all of these
methods is the requirement for conditioning the input signals
for the respective power-conversion technique. The conversion
circuitry generally requires signals in the range of a few volts.
In power measurements the input signals are often voltages in
the hundreds of volts and higher and currents ranging from a
few amperes to many hundreds of amperes. This paper
describes one part of the ongoing program, the development of

a high-accuracy sampling wattmeter. The conversion circuitry
that was developed for this instrument and its performance are
described. Many of the problems encountered during this
development are common to the other types of wattmeters.

In developing the high-accuracy sampling wattmeter the
goal was to build an instrument capable of measuring typical
power signals in the frequency range of 50 Hz to 1000 Hz with
an uncertainty of less than :t50 ppm. One reason for selecting
the digital-sampling approach was the earlier success in
developing the wide band sampling wattmeter [9]. Since the
earlier instrument was modular, the development of the new
wattmeter was simplified by utilizing elements from the
previous wattmeter in the design. The signal-conditioning
circuitry of the earlier wattmeter which converted input voltages
into 12-bit digital signals was built into plug-in modules. The
new wattmeter was developed by designing two new modules
which used 16-bit converters. One module was designed for
voltage levels up to 240 V and the other was designed to accept
currents from 1 to 5 A. Thus, the new wattmeter does not
require an external current shunt as did the earlier wattmeter.

Principles of Operation

The principle of operation of the high-accuracy sampling
wattmeter has been described in many papers [9-13]. These
principles are reviewed briefly here. Periodic power signals
with a voltage vet), and a current i(t) , having a period of T
seconds, deliver an average power P of

p = .!. r Tv(t)i(t)dt .
TJo

(1)

Sampling wattmeters calculate the average power by performing
the integration numerically. The voltage and the current
waveforms are sampled simultaneously, converted to digital
values, and the product of their digital values, the instantaneous
power, is calculated. The average power can then be computed
by averaging many samples of instantaneous power. If the
voltage at time tk is denoted as v(tJ and the current as i(tJ,
then an estimate W of the average power can be calculated as
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w = 1.~~ v(t1);(tl) ,n 1

where n is the number of samples used in the average. If the
sampling is asynchronous, i.e. the sampling is not phase locked
to be some multiple of the frequency being sampled, then the
power estimate, W, from (2) does not equal the average power,
P, from (1). The difference is due to what is called truncation
error. This type of error varies from measurement to
measurement. It can be reduced by averaging over a large
number of samples. The period over which these samples are
averaged, tl to tn+I, is called the summation interval. For
sinusoidal power signals with a voltage amplitude of V and a
current amplitude of I, the magnitude of the maximum
truncation error, Emax,is given by [9]

IEmuI
VIy

41tCIsin y I

where c is the number of cycles of the input signal in the
summation interval and the angle y is given in terms of the
input signal frequency f as y = 2'Trf/f.,where f. is the sampling
frequency. For a frequency of 60 Hz, the summation interval
must be greater than 265 s for this error to be less than 10
ppm. If the summation interval is approximately synchronized
with the input frequency such that the difference between the
summation interval and a complete number of cycles is less
than one sample period, y, then the maximum truncation error
is given by [9]
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IEmuI = Xl.2n'
(4)

Thus, with approximate synchronization the truncation error is
independent of the number of cycles of the input signal and is
inversely proportional to the number of samples, n, in the
summation interval. Using approximate synchronization and a
sampling rate of 75 kHz, the truncation error for 60 Hz power
measurements is less than 10 ppm for a summation interval
greater than 1.4 s, compared to 265 s for asynchronous
sampling.

In addition to the errors due to the sampling process,
quantization, and truncation, the major error in determining the
power estimate, W, comes from the imperfections of the
hardware used to make the measurements. The errors due to
these effects are discussed under the section on performance
below. A brief description of the structure of the new
wattmeter follows.

System Architecture

Figure 1 is a simplified block diagram of the high-
accuracy sampling wattmeter. Each input module produces two
output representations of the input signal. One is the digitized
sample of the voltage or current, and the other is a scaled
analog copy of the input signal. The digital samples are sent to
the multiplier-accumulator circuit where the power calculations
are carried out, and to the direct-memory access circuit where
segments of the input signal are stored. The summation control
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Figure 1 - Block Diagram of the High-Accuracy Sampling Wattmeter.
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circuitryuses the isolated analog outputs, trigger 1 and trigger
2, to control the summation intervals to within one sample
period of a c:ompletenumber of cyc:1es.The sample commands
to the input modules are time shifted to compensate for the
differential time shifts of the analog portions of the two input
modules. This differential time control assures accurate low
power factor measurements for the wattmeter. A
microcomputer is used to read the keyboard commands,
estimate the voltage and current parameters from the DMA
data, calculate the powerfromthe multiplier-accumulatordata,
and determine the frequencyfrom the summationcontrol data.
A display is provided for visual output and an IEEE 488
interface for accessby a computer. The 488 interface provides
output of all calculated values and full control over the
operation of the wattmeter.

Hardware Changes

The primary hardware modifications that changed the
wideband sampling wattmeter to the high-accuracy sampling
wattmeter were those made to accommodate 16-bit sampling
versus 12-bit sampling. Two new input modules were built that
use commercial 16-bit analog-to-digital (A/D) converters. The
additional bits also required a new multiplier-accumulator
board. To aid in the calibration of the wattmeter, the IEEE
488 interface card was added.

One input module samples the voltage of the power
signal with input ranges of 127V rms and 255 V rms and a
calibration input of 3 V rms. The calibration input signal goes
directly to an instrumentationamplifierused to buffer the input
signal for the track-and-hold circuitry. The amplifier was
selected because of its good temperature stability, low noise,
low offsetsand good common-moderejection. Even though its
bandwidth is only 1 MHz, it is adequate for the design
frequency range of 50 Hz to 1000Hz. While the calibration
input has the input impedance of the instrumentationamplifier,
5 Tn in parallel with 6 pF, the 127V and 255 V inputs use an
RC attenuator with an input impedance of 100kn in parallel
with 10pF. The 3 V rms output of the attenuator is buffered
by the instrumentation amplifier. The track-and-holdcircuitry
and 16-bit A/D converter are both contained in a single
commercial chip. Two different 16-bitconverters circuitswere
built and tested. One runs with a sampling rate of 37.5 kHz
and the other at 75 kHz. The results for both were
comparable. The final measurements described in this paper
have been made using the faster converter.

The second module samples the current of the power
signal. This moduleusesa two-stagetransformerto c:onvenfull
scale 5.5 A rms and 1.1A rms input currents to 55 mA rms.
Based on theoretical designcalculations,this transformer has a
scaling error of less than 1 ppm over the frequency range of
50 Hz to 1000Hz. A compound operational amplifier circuit
is used to convert the 55 mA current to a 3 V rms signal. The
remainder of the current module,the instrumentationamplifier
and 16-bitanalog-to-digitalconvener, is the same designas the
voltage module.

For both of these modules, significant design features
were incorporated to reduce the coupling of noise between the
digital and analog ponions of the circuit. Among these features
is the use of optical-coupling between the input modules and
the rest of the wattmeter circuitry. Even the oscillator that
drives the A/D convener chip is powered by the system power
and optically-coupled to the convener circuitry. This
arrangement reduces the amount of circuitry running at the
clock frequency on the same power supply as the converter.
Separate power supplies are used for the digital and analog
ponions of each module. The commons of these supplies are
tied together at the analog ground of the convener chip.
Finally, the radiation of digital signals in the modules is reduced
by using four-layer, printed circuit boards (PCBs). The use of
four-layer PCBs allows almost all of the digital traces to be
placed next to a ground plane.

Performance

The critical factors that are of interest for the wattmeter

are the noise level, frequency response, and temperature
coefficients of the input circuitry. The first two factors have
been measured; the temperature coefficient tests have not yet
been performed.

The noise levels of the input circuitry were measured by
applying a constant dc signal or a shon circuit to the voltage
and current modules and then recording the range of digital
codes generated by the modules. The final design achieved an
approximate noise level of plus/minus one code width. The
data showed about 60 percent of the output at one code, 15 to
25 percent at each of the adjacent codes, and one to two
percent at plus and minus two codes. Figure 2 shows a typical
distribution of codes for 100 samples of the voltage module with
the input shorted.

The frequency response of the two modules was
compared with standard commercial calibrators, and an ac/dc
comparator was used to measure the amplitude of the test
signals. Figure 3 showsthe frequency response of the current
module. Figure 4 showsthe frequencyresponse of the voltage
module. The frequency response of the 240 V range is
marginalfor the project goal. Attempts willbe made to reduce
the errors for this input. The others errors are within the
:1:50ppm uncenainty goal.

The power frequencyresponse was measured using the
NIST Audio-Frequency Power Bridge [8]. Figures 5 and 6
shows the typical results of calibration of the wattmeter for
power measurements. These graphs are for.input signals of
120V and 1 A Figure 5 showsthe unity power factor results
and figure 6 shows the results for zero power factor lead and
lag. These results show that the goal of :1:50ppm uncenainty
for power measurements was achieved.
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Figure 3 - Frequency Response of Current Module.
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Figure 4 - Frequency Response of Voltage Module.
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Figure 5 - Frequency Response of Unity Power-Factor
Power Measurements.
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Figure6 - Frequency Response of Zero Power-Factor Lead
and Lag Measurements.

Conclusions

I;.,

III:

The development at NIST of a high-accuracy sampling
wattmeter shows that sampled power measurements can be
made with an uncertainty of less than :t50 ppm. The process of
upgrading an earlier wideband sampling wattmeter (12-bit
converters to 16-bit converters, etc.) required careful attention
to noise considerations. The use of optical-coupling between
the analog sampling circuitry and the rest of the system is
common to both of these systems. This feature is believed to
be very significant to achieving the low-noise performance. The
other feature that was found to be very significant was the use
of four-layer, printed circuit boards. An earlier design of the
new modules with only two layers had a significantly higher
noise level.

A two-stage transformer provided the current scaling
with a very flat frequency response over the frequency range of
interest. The use of an RC attenuator for the voltage scaling
has proved to be marginal in frequency response for the 240 V
range. Further circuit refinement will be tried to get a flat
frequency-voltage response.
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