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Reconfigurable Unit for Precise RMS Measurements

Umberto Pogliano, Bruno Trinchera, and Fulvio Francone

Abstract—A system for the precise measurement of electrical
quantities by means of the root-mean-square (RMS) value of
ac voltages or currents is described. The system is based on a
planar multijunction thermal converter (PMJTC) and low-cost
electronic components. The miniboard circuitry can also be used
in several experiments where flexibility is required. As a first
application, the system can carry out ac voltage comparisons and
ac or dc voltage measurements. The system is designed to operate
with a single PMJTC sensor in the range where its sensibility is
greater. This paper shows the possibility of employing the PMJTC
sensors outside the laboratory environment. The performance of
the unit has been characterized, and measurements of ac signal
RMS values in the audio band (below 1.5 V) show stability better
than 3 uV/V.

Index Terms—Digital circuits, electrical variable measurement,
programming, signal sampling, transducers.

I. INTRODUCTION

HE MEASUREMENT of ac voltages and currents may
involve several methods. Planar multijunction thermal
converters (PMJTCs) are used to obtain uncertainties less than
1 part in 106 up to 100 kHz [1], [2]. Other measurement meth-
ods and systems have been employed [3]-[5], which are gen-
erally specialized to operate in the laboratory environment. In
fact, in this environment, low and regular thermal drift, high-
sensibility detection of the output electromotive force (EMF),
and generation of a high-accuracy dc voltage or current to be
compared with the unknown quantity are more easily attainable.
The proposed system is intended as a precision specific-
purpose subsystem instead of other commercial instruments [6],
which have a wider range of applications but are more expen-
sive. One or more of these units, with the addition of suitable
voltage dividers or transimpedance amplifier, can be employed
for the measurements of ac voltage, ac current, and other
electrical quantities.

The electronic circuits operating in the unit are a high-
resolution, single-channel, analog-to-digital converter (ADC)
acquiring the output of the PMJTC and a precision digital-to-
analog converter (DAC) to generate the positive and negative
dc voltages while a microprocessor controls measurement data
acquisition and processing.

In comparison with [7], a characterization of the unit in terms
of its stability and drift is given, graphically representing long-
time measurements. Preliminary performances of the single
blocks of the unit are also given.
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Fig. 1.

Simplified schematic of the measurement unit.

II. SYSTEM FOR VOLTAGE MEASUREMENT

For a wider range of applications, the instrument has two
inputs, where the ac and dc voltages can both be applied. The
precision reference is derived from an internal programmable
dc source. The input connectors are electrically isolated from
the instrument front panel by polytetrafluoroethylene washers.

The inputs are selected by means of a coaxial switch con-
structed from mercury-wetted relays with contact resistances of
less than 100 m2. The switching time during the application of
the reversed dc voltage is 100 ns, whereas the switching time
of the relays is about 3 ms. A partial compensation of the
voltage across the switching unit is computed when the pro-
grammable internal DAC is used.

The system is powered by an internal battery and the total
power supplied is less than 5 W. Optical isolation is employed
to insulate electrically the programmable control unit from the
switch, the acquisition and the DAC units.

To increase the flexibility of the system, the PMITC is
placed outside the system, and a special geometry is adopted
to decrease the interference of the system with the operation of
the PMJTC.

The input/output resistance of the thermal converter directly
influences the resistance isolation of the system.

Fig. 1 schematically describes the main blocks implemented
inside the unit.

III. CONSTRUCTION DETAILS
A. Programmable DC Source

The internal programmable dc source employs a sigma—delta
20-bit DAC. This DAC generates and adjusts the voltage under
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digital control. It can use either internal or external precision
voltages as dc references.

The DAC has an internal control loop that refreshes the
internal registers and allows several operations. The value of
each dc voltage step is controlled by three registers. Twenty-
four-bit values are stored in the offset and gain calibration
registers.

The final value at the output of the DAC is a combina-
tion of the digital code and the lowest dc quantization step
of about 4 1V, which is limited by the DAC resolution. Its
output is buffered to increase the output current by a low-noise
circuitry.

B. ADC Digitizer System

The acquisition system for measuring the EMF of the
PMITC sensor is based on a sigma—delta ADC with 24-bit
resolution and a preamplifier with fixed gain G, high input
impedance, and low input voltage noise. The offset produced
by the bias current of the preamplifier is stable enough to
produce the same contribution both in ac and dc. The ADC
has a self-calibration procedure that is activated every time
the reference voltage or internal programmable gain amplifier
(PGA) is changed.

C. Control Unit

The microcontroller is a low-cost high-performance 1-Mb
Flash nanowatt technology universal serial bus (USB) con-
troller. The on-chip USB transceiver, V2.0-compliant serial
interface engine works at a full speed of 12 Mb/s under the
program control.

All digital bus operating with a serial peripheral interface
(SPI) protocol has been isolated by means of an optical mul-
tichannel interface operating up to 10 Mb/s.

Future updates or special measurement procedures can be
stored without extracting the microcontroller.

To increase the flexibility in view of other applications, an
additional library of command routines has been written in CVIL.
Under remote control, the chip operates in several modes.

1) Single ADC or DAC procedure: This is the single

read—write procedure at different speeds, from 10 to
80 samples/s for the ADC and 5 kilosamples/s for the
DAC, to test the performance of both converters. In this
case, the synchronous SPI bus is not used simultaneously.
This mode is particularly employed when the single inter-
nal blocks of the unit have to be tested and compared for
internal calibration.

The ADC readings are calibrated against a known dc
calibrator; instead, the voltage generated by the DAC is
measured by means of a precision commercial voltmeter.

2) Loop procedure: This is the realization of the sequence

loop during ac—dc transfer measurements, which consists
of the control of the scanner and the dc voltage generation
and acquisition.

To ensure the maximum speed of communication, complex
processing, which requires multiple machine cycles, is imple-
mented with a personal computer (PC).

D. Analog Reference System

The analog reference system consists of a group of high-
accuracy voltage references. In particular, two sets of voltage
references are used. The first set is used for the high-resolution
ADC and DAC circuits having low noise (1.5 p¢Vpp) and low
temperature coefficient (0.5 ppm/°C). The second set is a
CMOS voltage regulator that is suitable for a battery-powered
system. It supplies the operational amplifier. The CMOS volt-
age regulator has a maximum output current capability of
40 mA and is current limiting.

E. Filter and Precision Amplifiers

The low-pass filter (LFP) has been realized with two pre-
cision 2 x 4.7 uF capacitors having polymer conductive film
dielectric. Its cutoff frequency is about v =2 1.7 Hz and is
calculated from the output resistance of the PMJTC, which is
about Rpyiyre =2 10 k€2. A low-noise amplifier A (see Fig. 1)
with BiFet input having a gain of G = 25, output noise e,, <
3 nV/+/Hz, dc bias current about 250 pA, and maximum offset
voltage less than 0.5 mV has been inserted between the LFP
and the input of the precision ADC.

F. Input Structure

The configurable unit presents an input structure that is sym-
metric with respect to the reference plane of the thermal con-
verter and similar to a coaxial tee connector, as shown in Fig. 1.
The nominal value of the input resistance of the configurable
unit is equal to the input resistance of the thermal converter,
i.e., Ry = 180 2. Additional elements in the input structure,
such as the relays, are in series with the input resistance of
the thermal converter. A calculation of the ratio between the
nominal value of the contact resistance of a relay 6 RRelay and
the input resistance of the thermal converter Ry gives a relative
value of the systematic error of 0 Rgelay /Rin = 0.5 m§2/€Q.

The present structure does not seem entirely adequate to
achieve an uncertainty level lower than 1 ;' V/V; other switches
having a contact resistance less than 50 m{) and an input
circuitry based on operational amplifiers can be an alternative.

This requires the realization of a voltage follower having low
noise and stability comparable with that of calibrators and a
stable unity gain over a wide range of frequencies.

Fig. 2 presents a photo of the configurable unit, where the
three main blocks show the digital control block, the ADC and
DAC blocks, and the block of the input structure.

IV. CHARACTERIZATION OF THE UNIT
A. Circuit for the Characterization

The new ac measurement unit has been inserted in a measure-
ment setup, where there are both a precision ac voltmeter and
an ac source. The ac voltmeter has been calibrated against the
primary ac—dc standard at several frequencies. The simplified
block diagram of the measurement setup is shown in Fig. 3. The
two instruments are controlled by means of the general-purpose
interface bus.
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Fig. 2. Reconfigurable RMS measurement unit. The unit can be powered by
a battery system, whereas the digital interfaces can directly be powered by the
PC via a USB cable.
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Fig. 3. Measurement setup for comparison of the constructed unit with the
commercial instruments.

The precision ac source supplies the unit under test and the
calibrated ac voltmeter. Some precautions are taken to reduce
stray cable influences and to appropriately define the reference
plane. For this application, the position closest to the input
of the ac voltmeter seems to be the natural point where it is
suitable to define and measure the ac voltage.

A short link ensures the transfer of the ac potential from the
reference plane to the input of the unit under test. This way, the
two units for the measurement of the ac voltage are in parallel
with respect to the reference plane. Reciprocal influences of
the two inputs are not taken into consideration, but preliminary
measurements show that these interactions are present and not
negligible. However, it is possible to continually and repeatedly
monitor the ac voltage at the reference plane because there
are certain time periods when the two ac instruments are
connected in parallel and measure the same voltage in a syn-
chronous mode.

There are two measurements described here, namely, the sta-
bility and noise of the standard ac source directly measured by
the ac voltmeter. These data can be used to correct the data mea-
sured with the configurable unit. Preliminary estimation of the
ac source stability shows variations lower than 2 parts in 10°.
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The performance of the unit under test is expressed in terms
of long-term stability using similar concepts and measurement
procedures employed for the ac—dc transfer standard compar-
isons by means of the PMJTC sensor.

B. Measurement Procedure

The measurements made by the configurable unit are per-
formed at fixed voltage.

The data are recorded by a PC, and an integration time of 1 s
is used at both ac voltmeters.

Many internal operations of the unit under test, principally
including switching between the inputs, generation of both
positive and negative reference dc voltages, and measuring of
the EMFs, follow the sequence normally used during ac—dc
transfer comparisons, with a total time of

tr =4 (Aty +ta). (1)

The settling time of the thermal sensor has been evaluated
using a unit step of 100 mV and Aty = 10 - 7, where 7 = 1.4 s.
This time can be reduced when the differences between the
voltages to be measured are lower. The time t,; is the time
where the samples are collected by means of the digitizer
system.

The times Aty and tp; are chosen to be 6 s; thus, the total
time elapsed to carry out the sequence (ac—dc(4)—dc(—)-ac) is
less than 1 min. The small differences between the voltages to
be measured are principally associated with the offset of the
dc voltage source. These temporal gaps seem to be in good
agreement with the amplitude of the voltage differences and
guarantee a stable thermal equilibrium during the comparison
process.

The calculation of the ac RMS voltage is given as follows:

Vac = Vbac + é - A(EFM) 2)
where Vpac is the voltage generated by the internal program-
mable dc source, s = JV/OEFM is the sensitivity of the ther-
mal converter element calculated by direct measurements at the
specific working point, and A(EFM) = (EFM,.) — (EFMg.)
is the difference between the averages of the EMFs defined
from the n samples EFM; during times ¢, as

1 n
(EFM) = - ; EFM;. (3)

V. RESULTS

Some tests have been performed on the new unit, both as a
system to compare the RMS values of two voltages and as a sys-
tem to evaluate an ac voltage by comparison with the two volt-
ages (i.e., normal and reverse) generated by the internal DAC.

The stability and drift of the EMF generated by the internal
DAC reference and acquired by the digitizer unit are shown
in Fig. 4.

These experimental data are obtained with the output of the
DAC at 1.3 V. The EMF generated at the output of the PMJTC
sensor is amplified by amplifier A (see Fig. 1).
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Fig. 4. Measurement by the ADC of the EMF generated by the PMJITC when
supplied by the internal DAC.
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Fig. 5. Stability of an ac RMS voltage measured with the configurable unit
following the ac—dc procedure by means a PMITC.

The measurements made over some hours without chang-
ing the DAC polarity or the switch position demonstrate the
following:
1) that the EMF generated by the internal DAC has stabil-
ity in terms of the equivalent input voltage better than
3 wV/V within 1 h;

2) that the equivalent input noise after removing the drift
is less than 2 ©V/V with an observation time less than
30 min.

Fig. 5 shows the stability of the ac voltage measurement
made by the configurable unit.

Moreover, in this case, the input voltage is 1.3 'V, which is the
most stable voltage supplied by the ac calibrator (range 1 V).

The stability of the measurement of an external voltage and
the comparison between two external voltages resulted in a
peak-to-peak spread of less than 10 parts in 10°, with no
significant drift of the mean and standard deviation lower than
3 parts in 10°.

If, however, the switch is kept connected to the internal DAC,
which is regularly switched from the positive to the negative
value, the difference between the positive and negative values
appears to be within a band less than 5 parts in 10%, which
indicates the possibility for further improvements.

VI. CONCLUSION AND POSSIBLE IMPROVEMENTS

The functionality test and the experimental results of the
configurable unit for an RMS measurement setup have shown
good repeatability of the determination of the ac voltage and of
the comparison between two voltages. Since this unit employs

a PMITC, it is inherently calibrated for the ac—dc transfer in a
wide frequency range and can be used for many applications in
the field of precision electrical measurements.

In this version, a more precise voltage reference, an improved
DAC with high resolution, and a precise low-noise amplifier
at the output of the multijunction thermal converter have been
employed. Now, the predominant source of the measurement
instability is apparently dependent on variations of the relay re-
sistances. Thus, on the basis of the desired frequency range, the
accuracy of the results can be improved by either introducing
buffers at the input of the PMJTC or replacing the relays with
units having lower and more stable contact resistances.
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