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A Power Frequency Modular Sampling Standard for
Traceable Power Measurements:
Comparison and Perspectives

Bruno Trinchera, and Danilo Serazio

Abstract—A power frequency modular digital sampling power as possible with the needs coming from different experimental
standard (DSPS) is developed and extensively characterized atsjtuations in which multiparametric analysis of waveforms is
Istituto Nazionale di Ricerca Metrologica (INRiM) for accurate not sacrified against the required precision and accuracy. The

electric power measurement with a relative uncertainty £ = 1) )
better than 8 UW /VA. The calibration strategy employed allows DSPS encompasses the latest efforts pursued by INRIM and

to link its key constituents to electrical quantum standards with Partners during the participation in the EMPIR joint research
a relative uncertainty (¢ = 1) within 3 x 1075. Comparison project TracePQM [9]. The main goal of the project was the

measurements against the national power standard &t3 Hz agree development of two modular macro setups, based on sampling
well within the respective measurement uncertainties and did not strategy, for low frequency (LF) and wideband (WB) traceable
exceedl0uW /VA at 240V and 5 A and any power factor. . .

The various novelties introduced make the DSPS a versa- POWer gnd power qyallty measurements. Herein we report .the
tile metrological grade measurement setup, which lends well INRIM implementation of the LF modular setup presented in
to further improvements and accurate evaluation of electrical [10], but its content has been substantially extended. Among
parameters involved in power quality measurements. The paper others it presents details about experimental setup and recent
reports the standard, its traceability chain and calibration  ,4ress towards its full calibration and validation at power
strategy, comparison measurements and uncertainty budget. . L L

frequencies. The traceability chain implemented allows to

Index Terms—Power measurements, current shunts, measure- |ink active, reactive and apparent power measurements to the
ment standards, quantum standards, comparison, signal sam- 4o o antum toolbox for electricity, i.e. the Josephson and
pling, voltage divider, measurement uncertainty .

quantum Hall effects, through the ac—dc transfer principle
which, at the present state of development, ensures the lowest
. INTRODUCTION attainable level of uncertainty during the calibration of DSPS
HE primary alternatig (ac) power and energy standawbnstituents at power line frequency and beyond it.
at Istituto Nazionale di Ricerca Metrologica (INRiIM) Comparing the DSPS to the most recent ac power stan-
is presently based on simultaneous sampling of voltage adalkds, its performance and modularity as a whole resembles
current waveforms using high precision synchronized digihe standard reported in [8] and its measurement standard
tal multimeters coming from calibrated voltage and currenicertaintys uW /VA differs slightly compared t@.5 pW /VA
transducers. Sampling based ac power standards have hkastieved by introducing more complex circuit refinements as
developed by several national metrology institutes (NMIg)emonstrated in [5].

[1]-[5] and the most recent implementations [6]-[8] report Its extension as three-phase power standard is straightfor-
uncertainties ranging frompW /VA to 10 uyW/VA. ward at an even higher cost as well as calibration time needed
Over the last few years request coming to INRIM fronfor metrological characterization of all its single constituents.
national accredited and industrial laboratories for as low &owever, for internal calibration purpose it is more convenient
possible uncertainties in the calibration of standard wattmeteasid less time consuming to maintain a single-phase power
watthour/varhour meters, power analyzers and from instrumestandard at the lowest level of uncertainty attainable and to
manufacturers involved in the development of emerging equigalibrate against it a three-phase commercial power and energy

ment for smart grid monitoring, have triggered an intense reemparator of clas£0.005% to be used for calibration pur-
search work towards the development of a new modular digibse of single and three-phase power and energy meters under
sampling power standard (DSPS) and its comparison agaisistusoidal regime. Moreover, its use as reference standard for
the national standard of power and energy for frequencipswer measurements at low frequencies, e.g. up to few kilo-
from 47 Hz to 65 Hz. The concept of modularity allows its hertz, and for power quality measurements is straightforward
use in many metrological grade experiments with the aim a6 long as all its components should be well characterized at
probing the benefits of the sampling strategy to cope as mualh frequencies of interest. Recent research activities on this

, _ , topic are in progress and the main achievement will be matter
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realization takes place on the simultaneous sampling of voltaGe ac-dc Current and Voltage Transfer Standards
and current waveforms using the DSPS described in sectionrpg 4¢.dc current and voltage transfer standards allow to

lll. Here we report a short overview of the metrology-gradg,« the rms-value of ac current and voltage quantitiss,

experiments performed at INRiM for practical realization ang) {heir dc counterparts)q., using thermal converters (TCs)

dissemination of dc and ac units for electrical quantiti 4] as follows:
which form the basis for traceable power and power quality

measurements. Further details about the DSPS calibration Que = Que(146 ) 1)
strategy are reported in section V. ac de ac—de

where 6,._q. IS the ac—dc transfer difference/error of

the TC. Planar thin-film multijunction thermal converters

(PMJTCs) [15] are the most accurate ac—dc current and voltage

dc-Voltage ac-dc Transfer
mantained standard national standard

[ma‘,’,f;ﬁiﬂi‘?a",ffam] [ | Phaseangle ] transfer standards suitable to operate frodilz to 1 MHz.
The ltalian national standard of alternating current and
[ devorage, | ((aodexenders ] [ geRemstanes | [ openee g, ] voltage is based on a reference group of PMJTCs [16], [17]
with nominal current and voltage af0mA and 1.5V and

relative uncertainty ¥ = 1), in the audio frequency band,
better thar0.5 yA /A and0.5 UV /V, respectively.

Two PMJTCs with heater resistance 86 and 1802
were calibrated to ensure traceability to the DSPS constituents.
For higher ac currents and voltages the traceability is ensured

ac-Voltage ac-Current

working standards working standards
U=1mV-1kV I=2mA-100 A

(10 Hz - 100 kHz) (10 Hz - 100 kHz)

SI-Watt & Joule (DSPS) | A=1t00
~" Inductive & Capacitive
DSVMs I RVD cv
. | T
)

y " by means of range extenders, i.e coaxial shunts and coaxial
l resistors connected in parallel or in series to PMJTCs for
Power and Energy Three-phase currents up tdb A and voltages up t@40 V(see section V).
Three-phase Comparator Power and Energy meters
Class +0.005% Class > +0.01%

Fig. 1. Overview of the traceability chain employed for theottical SI-Watt D. Phase-angle Standard for Current and VOItage

realization and proposal dissemination plan for the calibration of commercial The phase angle reference standard for current measure-

single and three-phase phase power and energy meters. ments is based ohA coaxial current shunt of disk design with
calculable time constant. The calibration of phase angle error
of current shunts is performed by direct comparison against

A. dc-Josephson Voltage Standard (JVS) the reference standard using a step-up/down procedure and

The inverse ac Josephson effect has been used since 13 me-built digital phase comparator [18]. Details on phase
at INRIM (formerly IEN “Galileo Ferraris’) as basis for angle error calibration of current shunt employed in the DSPS

the realization of the dc volt unit starting from fundamentéﬁefruhp ari given |n|sect]|con V'BOC,; dard f it
physical constants, i.e. Planck’s constaint,and elementary € phase angie reterence standard for voftage measure-

charge,e, through a single frequency measuremefit,i.e. ments has been built up as reported in [19]. The starting

V = (h/2¢)- f, using1V and 10V Josephson array voltagepomt is the evaluation of the phase difference between the

standard, dc-JAVS. The dc national voltage standard is mal annels of an asynchronous digital phase comparator at

tained atl.018 'V and10'V level using a group of solid-state dc ifferent voltage levels. Afterwards, the phase angle error of a

voltage standards calibrated periodically against a Joseph§8F1mc compensgted RVDs with nominal ratio from_1:3 to 1:51
voltage standard [11]. A solid-state dc voltage standard V\)gs_evalgated using the step-up procedure. Deta_|ls about the
used for the calibration purpose of DSPS constituents. It W(éghbratmn of the R\./DS phase angle error used in the DSPS
calibrated against the maintained dc volt unit with a reIati\l%ewp are reported in section V-D.

uncertainty ¢ = 1) better thar0.3uV/V and1.5uV/V at the

nominal voltage ofl0 V and1.018 V, respectively. [1l. M ODULAR DIGITAL SAMPLING POWER STANDARD

The use of sampling strategy for the primary power metrol-
B. dc-Quantum Hall Effect (dc-QHE) ogy has been thoroughly demonstrated and described in vari-
. . ous papers [2], [20], [21].
The dc-QHE has been used since 1991 at INRIM for the The modular digital sampling power standard, herein re-
reproduction of the resistance unit and more recently for idrted, is the INRIM implementation of the single-phase LF

. L h : .
practical realization [12]Rx = —. The scaling process modular setup developed in the framework of the TracePQM

performed for the calibration of dc-resistance standards us¥@ject [22] for highly accurate power measurement.

for the maintenance of the resistance unit and the realizatiorfig- 2 shows a simplified schematic of the modular DSPS
of national dc-resistance scale is described in [13]. For the g&tup and its main constituents are:

calibration purpose of the coaxial current shunt used in thise Synchronized digital sampling multimetef3SM; >, ex-
work only low-ohmic resistance standard calibrated against the ternally triggered using a direct digital clock synthesizer
dc-resistance national standard was used (see section V-B).  DDS¢y with time-base linked td0 MHz reference clock



using high voltage vacuum relays. Its design includes
two inputs with reversing capabilities for connecting dc
standards and an input for ac waveforms feeding. The
calibration procedure allows to align the rms value of a
high precision ac calibratcr to the reference dc source
using a calibrated ac-dc transfer standard. The multiplexer
allows to simplify and speed up the calibration time of
DMMs. A preliminary automatic calibration bench has
been set up and further investigations and improvements
are in progress for the calibration of DSMs at higher
frequencies, which is relevant for accurate measurement
of power at higher frequencies and power quality param-
eters. Further details about the calibration strategy are out
of scope of this paper and will be discussed in a separate
manuscript.

During the normal operation of the DSPS setup the
voltage and current transducers are directly connected to
coming from the primary atomic frequency standard. Co- DSM; » inputs.

herent and non-coherent sampling modes can be exploited TWM/TPQA open source tools for handling of the DSPS

Fig. 2. Schematic of the DSPS setup.

[23]. In coherent mode th®DSc1x provides both the setup as well as the fast processing of voltage and current
DSMs sampling clock and the reference signal of the data streaming [26], [27]. The algorithm employed to
phantom power calibrator. compute power parameters is entitted TWM-FPNLSN

Since theDSM; , are floating digitizers a leakage current  (four parameter non linear sine fit) and it was developed
due to the capacitive coupling between the guard and in scope of TracePQM project [22].

ground of the digitizers may flow. The effect of the e setup is completed by a set of voltage and current nodes
leakage current was determined experimentally by using gy shown in the schematic) used to connect in parallel and
decadic IVD. The experimental results show that its effegt jes the voltage and current transducers of the DSMS setup
is usually not a concern at mains frequency, i.e. lOWgg ho\ver and energy standards during the comparison experi-

than0.3uV/V, but the same cannot be said for frequensent and two optically isolated USB-GPIB-HS interfaces for
cies in the kilohertz range. The approach employed [girectional data transfer fromSM; » to the PC.
reduce and keep the effect of leakage current coming from "

the apparent capacitance of th&M; » under control was
to use triaxial cables between transducers and digitizers |\/. ExpPERIMENTAL SETUP FORDSP SVALIDATION
configured to external guard.

« Coaxial current shunts, CSs, for direct ac current mea-Fig. 3 shows the non coaxial version of the experimental
surements. The DSPS setup enables the use of differsatup suitable for the comparison between sampling power
shunts technology or transformer based current-to-voltagi@ndards. It was employed at INRiM during the participation
transducers for precise ac current measurements. Forirathe EURAMET.EM-K5.2018 key comparison [28].
current measurement a Fluke shunt [24] of cage-typeA photo of the overall experimental setup is shown in Fig. 4.
design with nominal current df A was used. A phantom power calibrator with isolated voltage and current

» Compensated resistive voltage dividers, RVDs, for scalir@uitputs sources sinusoidal test signal$ddiz, U = 120V,
down voltages to an acceptable level for the DSMs inpdt = 240V, I = 5A and different power factors/phase
range. Two home-built RVDs of series-parallel structurangles. A home-made voltage nodg;, equipped with coaxial
with nominal ratio of 1:51 and 1:101 were specificall}connectors, the British Post Office Multiple Unit Steerable
constructed for scaling down voltages fron20V to Array (BPO-MUSA), feeds in parallel the testing voltage to the
240V, giving out a nominal voltage from.2V t0 2.4 V. power meter voltage measurement inputs under comparison.
The RVDs structure and components employed are de-The power meter measurement current inputs under com-
scribed in [25]. The numbers and value of resistofsarison are connected in series through a home made coax-
were selected to ensure high stability, reduced poweill current node,Cy. Its output current ports are of gold
dissipation of each resistor, lower dependence upon thgal binding post banana jack type and different home-made
applied voltage and minimal losses due to parasitic amdapters, e.g. gold dual banana plug binding to N or UHF
leakage capacitance. coaxial connectors, can be used for the insertion of different

» Direct digital synthesizer clockdDScLk), provides the current-to-voltage transducers into the comparison setup. A
sampling clock for the DSMs. Its time base can be linkeghoto of the current node with built-in current choke is shown
to the INRIM 10 MHz signal provided by the atomicin Fig. 5.
clock.

* An ‘?‘momat'c multiplexer is 'nserte_d deSMl-_,Q cal- ) *A high performance Fluke 5730A calibrator has been used as reference
ibration purpose. It was realized in a coaxial desigar standard for the calibration of low frequency digitizers.
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Fig. 3. Schematic of the experimental setup employed for tmaparison Fig. 5. Current node with built-in current choke for operatiop to 20 A
between different power sampling standard$@ W and 1200 W nominal  with an example of the current shunt insertion. In particular, the gold dual
apparent power. The standards under comparison are: DUT-device under tgatjing post banana jacks have center to center spacing of abeuin and
DSPS-digital sampling power standard; MSPPS-measurement system usestetencapsulated into an epoxy compound. A short twisted pair cable with
INRIM as primary power standard [21]. banana plug termination is used to connect the current measurement input
of single and three-phase standard wattmeters and watthour/varhour meters
under calibration.

that the relative difference between th8M; - readings,
used in DCV mode, and dc voltage reference value is
within the relative uncertaintyk(= 1) of the reference
value, i.e. within0.2uv/V;

« calibrating theDSM; 2 gain error in ac. The magnitude
of the gain error was calibrated against an ac-dc voltage
transfer standard. Th®SM,; » were set up in DCV-
digitizing mode. In order to achieve best performance
in terms of noise reduction, higher resolution and best
measurement uncertainty tieM; , were configured as

Fig. 4. Photo of the experimental setup employed at INRiM anftamework follows: Samp".”g frequenc.)B..?_,kS/_s, mte_gratlon time
of the EURAMET.EM-K5.2018 key comparison participation. The dashed 150 s and equivalent acquisition time higher thafs.
yellow box on the left refers to the MSPPS setup; the dashed red box on  The DSM; » were externally triggered, so it was possible

the right refers to the DSPS setup an in blue the travailing standard (Radian to fix the trigger frequency exactly to match thgHz

model RD-22).
The phase angle difference between the DSMs was adjusted
by applying the same ac signal to both DSMs. After the phase
V. CALIBRATION OF DSPSCONSTITUENTS adjustment procedure a relative phase difference between the
During a survey among the TracePQM project partneddSMs within 0.1 prad /rad was found.
it was recognized that the most efficient and direct way to The calibration uncertainty of the DSMs magnitude and
ensure traceable power measurements with relative uncertaipiase difference errors was estimated to be withit/ /V
less thanl0 uW/VA is to calibrate all the DSPS constituent@nd 3 prad/rad, but further improvements are still possible.
individually against the national electrical standards, or by
direct comparison, of the whole DSPS system againstga cgaxial Current Shunt Calibration

power meter standard having relative uncertainty lower than i i i
14W/VA at the nominal full scale reading (for details see Coaxial current shunts (CSs) are widely employed for direct
[22]) and precise ac current measurement [30] using Ohm’s law,

The INRIM strategy for the individual calibration of pspslac = (1/Zcs) - Vac , whereVs is the potential drop across
constituents is as follows: the voltagg-port andics_ is thg shunt impedance. In general,
the shunt impedance in ac is complefgs = |Zcs| - %,
o and frequency dependent, whéfes| is the shunt impedance
A. LF-DSMs Calibration modulus andp = arg(Zcg) the phase angle error.

The calibration of LF digital sampling multimeters (DSMs) The shunt impedance modulus, according to the calibration

is carried out in two consecutive steps: strategy, may be expressed as follows
« applying the adjustment procedure f@SM; o [29],
using al0 V solid-state dc voltage standard and checking Zcg| = R3S - (14675 ) 2)



whereR$S is the shunt dc-resistance adf® _is the ac—  where 67C" | 67" are the ac—dc transfer voltage and
dc current transfer difference, which depends on frequencycurrent differences of the TC, which when coupled to CS
For traceable power and power quality measurements therks in a mixed mode with coupling coefficients =
values of RGY, 675  and arg(Zcs) must be calibrated RT¢/ (RS + RTC) and3 = RS/ (R + R™“); R®S and
against national reference standards. R™C are the input resistance of the TC and CS.
a) dc—Resistance Shunt Calibratiqi{"): The shunt  For ac currents higher thanD0mA, 3 < 0.1 and term
dc-resistance calibration is crucial for absolute and reliable a}‘,f:c can be neglected. Under these conditions PMJTC be-

current measurement. In gener_al, shunts employed for dirggl/es as voltage detector and only the term contaiﬁkﬁﬁ(d
ac current measurements ranging frahmA to 100 A have st he considered. It is calibrated against the national ac—dc
low-ohmic resistance, from00 2 to about7 mS2, therefore the \qtage transfer standard with relative calibration uncertainty

calibration methods developed for low-ohmic resistance [3}kihin 0.5 LV /V from 40 Hz to about10kHz, as reported in
can also be used for purpose calibration of ac shunts [32], a 391.

taking the stability, resistance temperature coefficient (TCR)|n summary, the calibration uncertainty of m%sx value
and power coefficient (PCR) influence on shunt dc-resistanges A does not exceed A /A. aemde

value into account. _ _ c) Phase Angle Error of Current Shunfsrg(Zcs)):

The dc-resistance of thieA shunt was calibrated at differentthe phase angle error of theA ac current shunt was
currents from3 A to 5 A against al00( Tinsley resistance cajibrated using an improved version of the digital phase
reference standard, kept in a thermostated oil-bath set@mparator [18], with extended frequency range down to
about23°C, using an automated direct current comparatqf) i, and a step-up procedure as follows:

(DCC) resistance briddecombined with a high-currentrange | ppase angle calibration of two home-built current shunts

extend_er. The calibratipn uncertainty (= 1) of the shunt of nominal value of2 A [35] against the phase angle
de-resistance was withiBip2/<. . o standard to the rated currentb and direct comparison
b) ac—dc Current Transfer Differences;>  ): The between them to the rated currentoh.

calibration of ac-dc current transfer difference of high current « Phase angle calibration of twioA shunts against th2 A
shuntss®  is based on the use of ac—dc thermal converters set of shunts to the rated currentdA and comparison
(TCs) combined in parallel with current shunts (CSs). The between them to the rated currentmoA.

shunt was coupled in parallel with® 2 PMJTC. The step-up procedure enables the phase angle error cali-
~The ac—dc current t.ran?(fjgtgéfggrence of the CS-TC corpration of the2 A and5 A set of shunts at lower and nominal

bination under calibrationj; ™ "’ , was calibrated against current. Variations withint-0.3 prad were found, most likely

the ac—dc currentctsragcsjggr difference of thé\ ac national due to level dependence of the shunts5atHz. Such a

current standarotif,acfd , maintained at an uncertainty ofyariation is taken into account as uncertainty contribution. The

2.7pA /A, which was validated in the framework of RMO keyphase angle error calibration uncertainty of th& shunt was
comparison EURAMET.EM-K12 [33]. within 3 prad/rad.

The calibration was performed using a home-built auto-
mated ac—dc transfer current comparator [16], and the ac€lc RVD Ratio Calibration
current transfer difference of the CS-TC combination underryp ratio calibration covers a crucial aspect, since its

test is calculated from accuracy is directly reflected to ac voltage measurements
SOS-TOX _ \ |, s(Cs-TO)" 3 needed for power measurements. _
Toc—ac =AQa+or . 3) The RVDs calibration method employs a true-rms high

where, A is the difference of the ac—dc differences of thémpedance thermal voltmeters [25]. The calibration uncer-
two CS-TC combinations. The standard uncertainty of a setlginty of the calibration method was further improved by
twelve repeatable measurement is witBitmA /A at almost Using an ac-dc voltage transfer standards and coaxial range
all frequencies. resistors. The consistency of the thermal method was checked

Moreover, assuming that the effect of mutual inductandéth a second comparison experiment, which consists in
between the shunt and the thermal converter is negligibleG@mparing the RVD ratio against the ration of a calibrated
low frequencies, i.e. at power line frequency, following [34]inductive voltage divider (IVD)using the two digital sampling

the ac—dc current transfer difference of the ac shunt undgrltimeters of the DSPS [21].
calibration can be approximated as The difference between the RVD ratio calibration methods

was within 3 x 1076 at nominal frequency ob3Hz. The
difference was taken into account in the RVD ratio uncertainty

csX  __ s(CS—TC)® TCX TCX
5S8* x g —(a-5v +8-6 ) ) pudget.

Tac—dc Tac—de ac—dc Tac—dc

"The DCC bridge is a commercial Measurement International model *The IVD is a two-stage inductive voltage divider having twenty output-
6010B. During the comparison experiment the ration of DCC bridge waaps designed to carry out precise characterization and linearity test on
set to 1:1000 and the power dissipatdd, = I2 - R, over the resistance sampling digital multimeters and RVDs characterization ug20 V. Its in-
standard and the high-current shuntsas nominal current waskmW and phase and quadrature errors are witkix 10~% and5 x 10~ for voltages
4'W, respectively. from 10V to 100V and frequencies from3 Hz to 400 Hz. The calibration

Brand names are used for identification purpose. Such identification doess performed against:i) an IVD 80V and 53 Hz using two DSMs; and
not imply recommendation, nor does it imply that the equipment identified i) by using a system for ac voltage ratio absolute calibration [36]0at/
this paper is necessarily the best available for the purpose. and 400 Hz.



D. RVD Phase Angle Calibration
Th phase angle errors of the set of RVDs were calibrated

according to the step-up procedure described in [19]. The two R%CS3

digital sampling multimeters of the DSPS were configured as
an asynchronous phase comparator and the phase angle of the
set of RVDs with ratio from 1:3 up to 1:101 was recalibrated.
The phase angle error due to DSM input capacitance loading
effects was compensated for 1:51 and 1:101 RVDs and a
residual phase angle error less thaprad to 53 Hz with

combined standard uncertainty better thaprad/rad was
reached.
VI. COMPARISON RESULTS AND MEASUREMENT
UNCERTAINTY S

A simplified schematic of the experimental setup employed
for the comparison between sampling power standards is
reported in Fig. 3. It was employed during INRiIM participation
in the EURAMET.EM-K5.2018 comparison, during which
both DSPS and MSPPS setups were used to measure the power
error of the traveling standard, i.e. Radian RD-22 power meter,
during the whole month of stay.

|cos o

Fig. 6

and ratio change due to self heating and applied
voltage;
calibrated current shunt dc-resistance;

. current shunt correction error comprising effects

due to ac-dc differencé{® , ), long and short time
stability (053, drift (655;,) and self heatingdG>).

All corrections are assumed to be zero, within
uncertaintiesi (655, ), u(655;,), u(553), expect that

for ac-dc difference;

nominal power factor/active factog the displace-
ment angle between current and voltage phase an-
gles, i.e.p = 1., — pu... For¢o > 0 the current
phase leads the voltage phase while ok 0 the
current phase lags the voltage phase.

». correction due to phase shift between the voltage

and current. In general, the phase shiftjis =
§OML2 4 sBVD 4 505, wheredDM!2 phase shift
due to digitizers depending from their jitter, band-
width, sampling frequency, synchronization, etc.,
55VP phase error of the resistive voltage divider
andé$® phase error of the current shunt.

shows the relative differences between different

The relative difference between the active power measuggwer measuring systems performedlat= 120V, U =
ment performed with the traveling standarBx, and the 240V, I =5A and f = 53 Hz.

INRIM’s power reference standard®s, with respect to the
nominal apparent powef = U - I, is computed as follows

4

®) i

ok

Px — Ps
S S
The measurement model for active power measuremeni%.z,

under sinusoidal conditions using the DSPS setup can be stated, |
as

A:

(120V, 5A)
@ A(RD-DSPS)
@ A(RD-MSPS)
A A(MSPS-DSPS)

1112

I I I I I I I I
1312 15/2 1712 19/2 2112 23/2 25/2 2712

16 |-

(6) o]

whereU,. and I,,. represent the rms value of the applied §j:
voltage and current and represents the power factor. The % |
power factor under sinusoidal condition corresponds to the .|

absolute value of the active factor,= |cos |, which in turn sl

PS:UaC'IaC')\

]
. s 3 a? .
5 X

) emem o,

° 3 ¢ ke

S

I [
BN A

H#H
[
]

is equal to the cosine of displacement angle; ¢, between 2
voltage and current.
The quantitied/,., I,. and A are computed as follows

i i i i i i i i
13/2 15/2 17/2 19/2 21/2 23/2 25/2 27/12
days (a.u)

Fig. 6. Relative difference between active power measur&sneerformed

with different sampling power standards at different power fackgrse. for
each measurement data set from left to right in the following order: 1, 0.5

lead, 0.5 lag, O lead and O lag.

The uncertainty budget of the new DSPS setup at one

of the testing point of EURAMET. EM-K5.2018 comparison
is reported in table I. The combined standard uncertainty

results improved by a factor of two with respect to the

Uac = krvp - (1 4+ 0rvp) X Upsm, - (1 + dpsm,)  (7)
_ Upsm, _ (1+0pswm,)

foe = RSS (1+6%9) ®

A= Jcos ol - (145,) ©)

where:

rms-value of the voltages sampled witfsM; - in
DCV-digitizing mode;

gain correction error o0DSM; o;

calibrated resistive voltage divider ratio;

UpsmM, »:

ODSM, »-
krvp:
ORVD:

MSPPS uncertainty budget declared during the EUROMET
EM-K5(2007) comparison [37]. The differences in power mea-
surements between the laboratory’s values and the traveling
standard values were within the best expanded measurement
uncertainties { = 2, coverage factor) of the DSPS setup.

VIl. CONCLUSION AND FUTURE WORK

RVD ratio correction error including effects due to A new modular digital sampling power standard was devel-

long and short-term stability, drift, ac-dc differenceoped and characterized at INRiM. Its implementation for elec-



TABLE |
UNCERTAINTY BUDGET OF THE MODULARDSPSSETUP AT240V, 5 A AND 53 Hz.

Uncertainty contribution at different cos ¢

Contribution Standard Sensitivity Type
to uncertainty uncertainty  coefficient  uncertainty UW/VA)
(v4) uw(y;) ¢ Distribution 1.0 0.5 lead, lag 0 lead, lag
Uac : ac-Voltage
Repeatability 0.1 1 A 0.1 0.1 0.1
DSVM Calibration 2.0 cos ¢ B 2.0 1.0 0.0
RVD (1:101) ratio calibration 4.0 cos ¢ B 4.0 2.0 0.0
RVD voltage dependence 2.0 cos ¢ B 2.0 1.0 0.0
Uac measurement setup 3.0 1 B 3.0 3.0 3.0
RSSu.. 57 5.7 39 30
I,c : ac-Current
Repeatability 1.0 1 A 1.0 1.0 1.0
DSVM Calibration 2.0 cos ¢ B 2.0 1.0 0.0
Current shunt dc calibration 3.0 cos ¢ B 3.0 15 0.0
Current shund,._q4. difference 3.0 cos ¢ B 3.0 1.5 0.0
I, measurement setup 2.0 1 B 2.0 2.0 2.0
RSSy,. 52 52 32 22
PF: Power Factor
Repeatability 0.2 1 A 0.2 0.2 0.2
DSVM phase correction 3.0 sin ¢ B 0.0 2.6 3.0
RVD phase correction 3.0 sin ¢ B 0.0 2.6 3.0
Current shunt phase correction 3.0 sin ¢ B 0.0 2.6 3.0
PF measurement setup 2.0 1 B 2.0 2.0 2.0
RSSpr 5.6 2.0 2.9 56
P, : Active Power
Combined standard uncertainty 8.0 7.1 6.7
Expanded uncertainty (¢ = 2, coverage factor) 16.0 14.1 13.4
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