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Digitally Synthesized Power Calibration Source

NILE MICHAEL OLDHAM, MeMser, ieeg, OWEN B. LAUG, MEMBER, 1EEE, AND BRYAN C. WALTRIP

Abstract—A digitally synthesized source of ‘“‘phantom’ power for
ibrating electrical power and énergy meters is described. Indepen-
gent sources of voltage, current, and phase angle are programmable
’between 0 and 240 V,0 and 5 A, and .0 and 360 deg, respectively. The
uracy of the active and reactiveé power is estimated to be Within
00 ppm .of the full-scale apparent power (volt-amperes).

I. INTRODUCTION
NALIBRATION of wattmeters and watt-hour meters
has traditionally been made by comparing the meter
under test (MUT) to a standard wattmeter or watt-hour
meter. The advantage of this approach is that a precise
mowledge of the source parameters is not required. Volt-
ige and current amplitudes and the phase angle between
them need only be known apprommately and the stability
of each of these parameters is not critical as long as the
power or energy output of the MUT is averaged or inte-
grated over the same period as the standard instrument.
With the advent of multifunction instruments capable of
measurmg voltage, current, power factor, and active and
reactive power, a knowledge of each of the source ‘param-
ers has become advantageous The measurement of re-
active power and energy, in particular, is greatly simpli-
fied if the voltage, current, and phase angle are known
and stable.
“This approach has led to the development of a dual-

channel sine-wave source of voltage and current which is -

shown in Fig. 1. Previous experience [1]-[6] led to the
selectlon of a digital waveform generator to synthesize
two separate low-level sinusoidal voltages which are pro-

fgrammable in amplitude and phase angle. A special volt-

-age amplifier Al'was designed to scale the low-level volt-
age V) to-typical test levels ranging from 60 to 240 V,
‘while test currents ranging from 1to'5 A are obtained with
‘;}a specially des1gned transconductance amplifier A2 [7].
.The source is controlled by a desktop computer which is
inked to auxiliary instrumentation for measuring the an-

Aalog and digital outputs of the MUT.

TI. DicrraL. GENERATOR

The heart of the power calibration source is a digital
generator-(see Fig. 2) which synthesizes voltages V'1-and
V2 in a staircase or ‘‘zero-order-hold”’ approximation.
Two independent waveforms are reconstructed by se-
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Fig. 2. Block diagram of the dual-channel digital generator.

quentially applymg digital values stored in RAM1 and
RAM?2 to 18-bit multiplying digital-to-analog converters
(DAC’s), MDAC1 and MDAC2. The values stored in

memory are equally spaced samples of this waveform with

up to 2048 discrete steps per period. For normal operation
the stored functions are sine waves; however, any arbi-
trary waveforms with up to 1024 harmonic components
may be stored. The phase angle between the two wave-
forms is modified by changing the set of function values
stored in RAM 2. '

The theoretical resolution of the phase angle separating
a pair of digitally synthesized sine waves is a function of
the resolution of the processor used to calculate the sam-
ple points, the resolution of thc gcncratmg DAC’s (this
determines to what extent each step is quantized), and the
number of steps (sample points) per penod The algo-
rithm used to calculate the sample points is performed with
adequate precision in the computer to introduce negligible
errors. The generating MDAC’s, capable of 18-bit pre-
cision, are normally used as 16-bit converters to speed up
data transmission. These MDAC’s may be updated at 8-
ps intervals, thus at 60 Hz, 2048 steps are used to syn-
thesize one period. The angular resolution wunder these
conditions (based upon computer simulations) is approx-
imately 1 prad.

The amplitudes of ¥, and V, may be independently set
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between 0 and 10 V-peak by controlling the dc reference
voltages supplied to MDAC1 and MDAC2 with a second
pair of 18-bit DAC’s. This technique provides an ampli-
tude resolution of approximately 38 uV (10/2'® V). The
offsets of all four DAC’s may be adjusted remotely over
a range of +500 ppm by employing four additional 8-bit
DAC’s. This techmque provides a software trim for the
dc offset and gain of each of the generated waveforms.

The frequency of the generated waveforms is a function
of the pumber of steps per period and the sample rate (for
a 60-Hz sine wave with 2048 steps the sample rate is
122.88 kHz). A programmable frequency synthesizer
(clock) provides the sample strobe signal w1th a short-
term stability of approximately 1 part in 108,

III. SOFTWARE

The source is controlled by a desktop computer with
menu-driven software written in Basic. Selectable func-
tions are given as follows.

1. Phase: A routine used to set the phase relationship A

between the variable (current) channel and the reference
(voltage) channel by recalculating the data set stored in
RAM2. The new phase angle may be entered through the
keyboard or incremented/decremented in 1 or 10 prad
steps ‘with special function keys. .

2. Offset: A routine used to set a corrcction angle to
compensate for differential phase shifts between the two
channels. Once adjusted, the phase settings are direct
reading. Angle entry is similar to ‘‘phase.”’

3. Frequency: A routine used to set the fundamental
frequency of the generated waveform by programmmg the
internal frequency synthesizer. Again, entry is made by
typing in the desired frequency or incrementing/decre-
menting in 10- or 100-ppm steps with special function
keys. '

4. Steps: A routine linked with ‘‘frequency’’ used to
set the number of steps per period of the generated wave-

form. Steps Tanging from 8 to 2048 (in binary increments) -

are selected with special function keys. While the *“fre-
quency’’ and *‘steps’’ routines could have been combined
into one routine which selects an optimum number of steps
and the synthesizer frequency, separate entries for each
of these parameters provides maximum versatility.

5. Amplitude: A routine used to set the voltage and
“current amplitudes by adjusting the dc references to
MDAC1 and MDAC2. Additional special function keys
are provided to-set the gain and dc offset of each of the
generated waveforms. The resolution of each entry is ap-
proximately 4 ppin of the full-scale amplitude.

6. Waveform: A routine used to independently select
the waveform of each channel. Special function keys are
provided to select sine waves, square waves, triangle
waves, ramps, or a user-generated arbitrary waveform
which may be any analytic function (with frequency com-
ponents limited by the number of steps pet period).

7. Test: A routine used to measure and record the an-
alog and digital outputs of up to six watt/watt-hour,
var/ var-hour meters with the usc of an external DVM and
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frequency counter. This routine also calculates and prints
the test results. '

Additional functions allow the user to perform linearity
adjustments on the waveform generator as well as to char-
acterize and store correction coefficients for the eutire sys-
tem.

IV. HiGH-VOLTAGE AMPLIFIER

A precision high-voltage power amplifier (to be de-
scribed in a later paper) with a fixed gain of 40 was de-
signed to boost the output voltage V; of the reference
channel of the dual-channel digital generator to 2 nominal
test voltage of 120 or 240 V rms. The primary design
objective was to maintain the good amplitude and phase
stability inherent in the digital generator. In addition, the
amplifier must be capable of supplying approximately
100-mA rms to accommodate the burden requirements of
electrodynamic-type meters without significant error.

A simplified circuit topology of the amplifier is shown
in Fig. 3. The circuit is best understood by realizing the
general symmetry of the output power stage. Two FET
pairs operate on alternate polarities of the signal in what
is often referred to as a ‘‘totem pole,”’ push-pull, class B
driver. Transistor pair Q1, Q2 drives the positive portion
of the signal into the output load while transistor pair 03,
Q4 drives the pegative portion of the signal. The transis-
tors used for this application are N-channel power MOS-
FET’s with 1000~V ratings, A polarity separator circuit
at the output of U1 separates the signal into positive and
negative components and steers the respective polarized
signals to two dual opto-isolators. The two opto-isolators

. serve to couple the two polarized signals in a differential

manner across the large common-mode voltage between

the high-level output circuit and the low-level input cit-

cuit. The output voltage is fed back through R2 where it
is compared with the input voltage from R1 at the sum-
ming junction of U1. Thus with sufficient open-loop gain
the closed-loop gain becomes operationally equal to
—(R2/R1).

The differential amplifier which follows each dual opto-
isolator was designed with discrete components. It differs
from the usual integrated circuit differential amplifier in

that the input is designed to have a low impedance which

maximizes the bandwidth of the opto-isolators.. A bias
control on each differential amplifier is used to set the
quiescent bias cutrent through both output driver pairs.

The amplifier is protected against excessive load cur-
rents or short circuits as follows. As the load current in-
creases the voltage drop across R, rises until the drain-to-
source voltage of Q2 or Q4 reaches saturation, at which
pomt the gain drops sharply. The output voltage of Ul
rises to try to overcome the loss in gain, and a bistable
overload sensing circuit senses the increased voltage and
disconnects the supply voltages from the output drivers.

The average performance characteristics observed o
four amplifier units are:

1) voltage gain: 40 (nom);
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Fig. 3. Simplified diagram of the voltage amplifier.

2) maximum output swing: +485 V, (340 V rms);

3) maximpm output cuirent: + 145 mA, (100 mA
ms);

4) frequency response: dc to 150 kHz, 3dB; -

5) load regulation: 20-ppm change for a 100-mA load
change @ 1 kHz;

6) output noise: < 50 mV rms (500- kHz bandwidth );

7) output.offset: < +1 mV; .

8) input impedance: 10 k; and

9) short-term amplitude and phase instability: +5 ppm
and +5 prad (15-min interval).

V. TRANSCONDUCTANCE AMPuFiER

A precision wide-band transconductance amplifier [7]
was designed to convert the output voltage of the variable
channel of the dual-channel digital generator to a propor-
tional current that remains essentially mdenendent of the
load terminal voltage. The gain factor is1 A/ VorlSso
'that the most common test current of 5 A rms is obtained
with a 5-V rms mput Maintaining good amplitude and
phase stability were the main design objectives for this
amplifiet. |

A simpliﬁed diagram of the transconductance amplifier
is shown in Fig. 4. The operatlon of the circuit can be
described as follows. A voltage V;, applied at the input
tenmnal causes an output current I, through the load and
a voltage drop across. the shunt resistor R,. This drop is
amplified by dltferentlal amplifier UZ, and its output is fed,

back through R,, where it is compared with the input volt-
age through R, at the summing junction of U;.

- . Thus, in an operational sense, the output current is made

proportional to the input voltage. A current booster circuit
(made up of discrete components) between the output of

"Uy and the output load circuit provides current amplifi-

cation and high-output curremt drive levels. An auxiliary
output current monitor from the output of U, provides a
convenient ground-referenced voltage proportional to the
output currént. ‘Assuming idealized amplifiers and com-
ponents, the equation governing the output current is

R,
Iy = -V, | ———
IO in (10R1R5)

where the factor of 10 is the gain of differential amplifier
7],  Thns, with a shunt resistance of 0.1 Q and R, = R,,
the transconductance (I,/V;,) has the convenient value of
1 S. Also, with the same parameters, the output of U,
develops a ground-referenced voltage proportional to cur-

(1)

. rent with a scale factor of 1 'V /A,

One of the more critical elements of the amplifier is the
shunt resistor. The quality of the shunt has a direct bear-
ing on the overall accuracy, stability, and bandwidth of
the amphﬁer For the purpose of this amplifier, an inex-
pensive, surprisingly good quality, low-reactance, four-
terminal shunt was constructed by paralleling a_large

number of low-power metal-film resistors between two
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Fig. 4. Simplified diagram of the transconductance amplifier.

copper plates. A 0.1-Q shunt was constructed by sand-
wiching 100 10-€2, 0.25- W, 2-percent metal-ﬁlm resistors
between two 0.25 -mm-~(0.01-in) thick copper plates on
5-mrh (0.2- m) centers in 2 10 X 10 matrix.
The average performance characteristics of the trans-
conductance amplifier are listed below:

1) transconducfance: 1 S;

2) ‘maximum output current: 8 A nas;

3) frequency response: de-150 kHz (3 dB) @ 5 A rms;

4) load tegulation: 45-ppm change for a 1-V compli-
ance voltage change @ 5 A, 60 Hz;

5) compliance voltage: 2V rms @ 5 A ms;

6) output offset current < +150 pA;

7) input impedance: 5k Q; and

8) short-term amplitude and phase 1nstab111ty +5ppm
and +8 prad.

VI. AUXILIARY INSTRUMENTATION

Most commercial standard wattmeters provide an ana-
log output in the form of a dc voltage or current which is
'ptopomonal to the measured power. In addition, many
instruments provide a pulse train output, whose frequency
is proportional to the measuted power, which allows the
user to measure energy simply by counting the number of
output pulses. Energy calibrations are normally per-
formed by totalizing the pulses of both the standard and
test instruments until sufficient resolution is achieved and
test periods often exceed 4 min. One of the advantages of
testing with a stable power source is ‘that a high-resolution
frequency or period measurement can replace the lengthy
totalizing scheme without degrading measurement accu-
tacy.

Additional hardware to perform these measurements in-
cludes a set of programmable switches which accepts in-
puts from up to six test meters, a high-accuracy DVM,
and a frequency counter. Power and energy measurements

can beé made simultaneously in intervals of 10 s per meter. -

VII'.‘V PERFORMANCE
‘The power source was originally intended to operate at
60 Hz with 120-V and 5-A sinusoidal waveforms. How-
ever, the present source is programmable between 0 and
240 V and 0 to 5 A with sinusoidal as well as arbitrary
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Fig. 5. Residudl woltage and current integral nonlinearity after gain
corrections.

waveforms at frequencies between 0:001 Hz and 100 kHz. .
These figures represent the limits of amplitude and fre-
quency. Measurements, described in this paper, were per-
formed at 60 Hz and at amplitudes between 20 and 100
percent of full scale (FS). The amplitude and phase-angle
errors given below were obtained by measuring the source
using a thermal wattmeter {8] and a current-comparator
power bridge [9].

The amplitudes of the reference and variable channels
are changed by adjusting the dc voltages supplied to
MDAC1 and MDAC2. However, the output voltages v,
and ¥, are not ideal linear functions of these dc voltages
and thus a gain adjustment is required at different ampli-
tudes. Software gain corrections for any amplitude (based
on a linear fit to a few data points) reduce this voltage-
dependent gain error by a factor of 5 to 10. Fig. 5 show!
the residual amplitude nonlinearity, after correction, ove'
a 5-to-1 amplitnde range where 100 percent of ES repre
sents 240 V and 5 A, respectlvely Differential nonlin
earity around 120 V and 5 A is shown in Fig. 6. The
sample points represent a one least~s1gmﬁcant—b1t change
(4 ppm of FS) of the respective scaling DAC’s.

- Phase-angle accuracy depends upon the initial offse
(dlfferentlal phase shift between channels) and the phasc
linearity, which is a function of quantization errors, DAC
nonlinearity, and the number of steps per period. The ini
tial phase offset between the voltage and current wave-
forms was measured by the power bridge and adjusted to
zero at unity power factor (0°) with an uncertalnty of less
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Fig. 7. Phase differential nonlinearity: generator angle versus change in
power indication of a TDM wattmeter at zero power factor:

Han 10 prad. Subsequent power measurements, with con-
stant voltage and current, between +90° and —90°,
ijcate that the integral phase nonlinearity in this range is
kss than 20 urad. '

_Fig. 7 shows the differential phase linearity at zero
jower factor (90°) as measured by a time-division-mul-
ii_p_her (TDM) wattmeter [10]. This plot not only confirms
the computer simulation predictions of 1-urad<phase res-
plution of the digital generator, but demonstrates the po-
ntial of TDM wattmeters for performing extremely pre-
s¢ measurements around zero power factor as well.
Once the three parameters (voltage, current, and phase
gle) have been adjusted and corrected, the major con-
rn becomes stahlhty Measurements at 120 V, 5 A over
| three-week period are given in Fig. 8. The precision of
hese measuremerits was approximately 10 ppm in ampli-
de and 10 prad in phase. The current drift of 80 ppm
s been attributed to aging of the 0.1-8 shunt in the
ransconductance amphﬁer A simple de calibration of this
unphﬁer is useful in detecting the gain drift due to the
imnt and the results may be applied as an additional gain
‘otrection to improve long-term current stability.
: Finally, the source was evaluated over a three-week pé-
fiod as a power calibrator. Measureménts were performed
t 120 V and 5 A at a riumber of phase angles between

£90°. The source was adjusted at the beginning of the
estmg period and used to calibrate a TDM wattmeter over
ihe next 20 days without' further adjustments. Measure-
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Fig. 10. 'Maximuni differences befween the power calibration ‘source and
the power bridge after correcting for the current drift.

ments were also performed on the TDm wattmeter using
the power bridge, and an envelope which encloses all of
the differences between the source and the bridge, using
the TDM wattmetér as .a transfer standard is plotted in
Fig..9. There is a direct cortelation between thesé differ-
ences and the current drift fror Fig. 8 as the data forboth
plots weré collected during the same period. If corrected
for this drift, the maximum 'power difterénces fall within
a +30-ppm band, as shown in Fig. 10. These figures in-
clude the short-term drift of the TDM wattmeter between
the source and bridge calibrations.
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VIII. CONCLUSIONS

An accurate and precise source of synthetic power for
calibrating watt/watt-hour and var/var-hour meters at the
100-ppm level has been described. The source consists of
a dual-channel digital waveform generator followed by
direct- coupled high-voltage, and transconductance am-
plifiers to provide signal levels of 60-240 V and 1-5 A at
any phase angle. Control is provided by a desktop com-
puter and auxxhary instrumentation supports the calibra-
tion of up to six test instruments. The uncertainties of
source parameters at power frequencies are:

1) voltage <30 ppm of FS;

2) current < 50 ppm of FS (requires a periodic monitor
of the carrent amplifier gain):

3) phase <20 prad at FS voltage and current (degrades
slightly at lower amplitudes); and

4) power (active and reactive) < 100 ppm of FS volt-
-amperes.

While the source is normally operated under sinusoidal
conditions, future applications will utilize its ability to
synthesize arbitrary waveforms with dc components. A
direct coupled system permits calibration of gain factors
at dc where, in gencral the resolution and accuracy of
measunng instrumentation is grcater. Extrapolatmg re-
sults at dc to power frequencies is reasonable and offers
the possibility of a.calculable ac source based on dc mea-
surements. Furthermore, experience with a direct couplcd
system has focused attention on the ever present ground
loops that always seem to evolve in a system. In fact,
monitoring and eliminating dc offsets created by ground
loops has turned out to be a good technique for assuring
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that ground loops do not create measurement errors which
might otherwise go undetected.
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