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1. Introduction

Under the auspices of the Committee ConsultativEle€tromagnetism, CCEM, the SIM Electromagnetic
Working Group carried out a key comparison of postandards at 50/60 Hz. CENAM is the pilot labonato
This key comparison, identified as SIM.EM-K5, aiatsproviding a link to various NMIs in the SIM regi

to the CCEM-K5 key comparison on 50/60 Hz power plated in year 2001 and piloted by NIST [1].

Measurements in this key comparison were conduitted May 2010 to March 2012, and include testing
points of active and reactive power. The CCEM-K5y keomparison 50/60 Hz power comprised
measurements of active power only. In the SIM.EMK€y comparison of power the measurement standard
is capable of measuring both active and reactiweepavith high reliability. Thus, the SIM Electromaggic
Working Group decided to include the measuremen¢adtive power.

Though reactive power measurements in this SIM.BEBlddémparison cannot be linked to the CCEM-K5
comparison, for the participating laboratories tiasnparison is a meaningful tie to the key comparidata
base of the CIPM.

The Draft B of this comparison was accepted in Oet®014.

2. Participating laboratories and comparison orgarzation
2.1 List of participants laboratories

Table 1.List of participating laboratories.

Participating NMI Contact person
1 NIST, National Institute of Standards and Techgg] USA Thomas L. Nelsainomas.nelson@nist.gov
2 Inmetro, Instituto Nacional de Metrologia, Qualie e Ana M Ribeiro Franc@amfranco@inmetro.gov.br
Tecnologia, Brazil Rosane Debatirmdebatin@inmetro.gov.br
3 NRC, National Research Council, Canada Edd\ESdy.So@nrc-cnrc.gc.ca
4 CENAM, Centro Nacional de Metrologia, México ¢pil René Carranzaene.carranza@cenam.mx
laboratory) Sergio Antonio Campogcampos@cenam.mx
Adrian Castruitacastrui@cenam.mx
5 INTI, Instituto Nacional de Tecnologia IndustyiAtgentina Lucas Di Lillddili@inti.gob.ar
6 UTE, Administracion Nacional de Usinas e Trangoniss Alfredo SpaggiarASpaggiari@ute.com.uy
Eléctricas, Uruguay Daniel SlomovitzDaniel Izquierdo, Carlos Faverio
7 SNM-INDECOPI, Servicio Nacional de Metrologiastituto . . . .
Nacional de Defensa de la Competencia y de I?EE’cctn'In de Henry P95t|gmpost|qo@mdecom.qob.pe
la Propiedad Intelectual, Peru Henry Diaz
p '
8 ICE, Instituto Costarricense de Electricidad staRRica Harold Sanchdzsanchez@ice.co.cr
9 CENAMEP AIP, Centro Nacional de Metrologia de &maa, . s
Panama Julio Gonzalezigonzalez@cenamep.org.pa
10 Laboratorio Custodio del Patron Nacional de Magies .
Eléctricas, LCPN-ME, ChileNOTE 1 Rodrigo Ramosioramos@udec.cl
11 Instituto Nacional de Metrologia, ColombNOTE 2 Alvaro Zipaquira Trianaazipaquira@inm.gov.co

Note 1. Though the reference standard was sent to thera@bm Custodio del Patrén Nacional de
Magnitudes Eléctricas, LCPN-ME, in Chile, this labory did not submit its measurement results lfids t
SIM.EM-K5 key comparison power.

Note 2. The Instituto Nacional de Metrologia de Colombiaswecently created. Her former name was
Superintendencia de Industria y Comercio de Colamdere thereof this Institute is identified as INM
2.2 Comparison schedule

The comparison was organized in two loops; 1, 2, each having a specific reference standbable 2
shows the original schedule of the comparison &hdoop and its associated reference standard.
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Table 2.0Original schedule of the SIM.EM-K5 comparison.

Loopj=1
Reference standard: RD-22-311

Allocated time

Laboratory . .

receiving day sending day
1 NIST, Thomas Nelson (USA) 28 Jun, 2010 16 Julp20
2 CENAM, Rene Carranza (México) 09 Ago, 2010 27 A0
3 Inmetro, Ana Maria Ribeiro Franco (Brazil) 20 Sep10 08 Oct, 2010
4 UTE, Alfredo Spaggiari (Uruguay) 1st Nov, 2010 9 Nov, 2010
5 INTI, Lucas Di Lillo (Argentina) 20 Dec, 2010 Jan, 2011
6 CENAM, Rene Carranza (México) 08 Feb, 2011 26 2éh1
7 NRC, Eddy So (Canada) 22 Mar, 2011 09 Apr, 2011
8 CENAM, Rene Carranza (México) 03 May, 2011 21 Mell

Loopj=2
Reference standard: RD-23-432
Allocated time
Laboratory - .

receiving day sending day
1 LCPN-ME, Rodrigo Ramos (Chile) 28 Jun, 2010 16, 2010
2 SNM-INDECOPI, Henry Postigo (Peru) 09 Ago, 2010 7 Ayo, 2010
3 INM, Alvaro Zipaquira Triana (Colombia) 20 Se®1® 08 Oct, 2010
4 CENAM, Rene Carranza (México) 1st Nov, 2010 1Y NeD10
5 ICE, Harold Sanchez (Costa Rica) 20 Dec, 2010 Jabhs 2011
6 CENAMEP AIP, Julio Gonzalez (Panamd) 08 Feli,120 26 Feb, 2011
7 CENAM, Rene Carranza (México) 22 Mar, 2011 09,2011

2.3 Organization of the comparison.

This comparison was arranged in two loops. Sincasm@ments in one loop are independent of the
measurements in the other, this SIM.EM-K5 comparisoay be treated as two independent loops of
measurement, being CENAM the link to the two loofeme small problems occurred while clearing
customs among countries, without affecting theinagschedule of the comparison. Table 3 showdittad
timing of the comparison.

Table 3.Real timing of the comparison.

Loopj=1 Loopj=2

Reference standard: RD-22-311 Reference standard: RD-23-432
e 10106/2010 CENAM 1010672010
oo e doraon
CENAM 27120/2010 INDECOP! 13100/2010
Sond AT
CENAW 16105/2011 CENAW 26/01/2011
NRC 03106/2011 CENAM 2510212011
oo s
sz oo
Louor2 cevee Jo000n
o2 s
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NOTE 3. The laboratory LCPN-ME received the referenceddath on the date shown in Table 3. However,
this laboratory did not submit its measurement ltesirhe laboratory participated in the SIM.EM-S7
supplementary energy comparison in 50/60Hz pilddgdCENAM, where the same traveling reference
standard was used for both the power and energpaosons.

This key comparison in power measurements was tg@dmccording to thECEM Guidelines for Planning,
Organizing, Conducting and Reporting Key, Supplaiemgnand Pilot Comparisons [2]. The protocol foe th
SIM.EM-K5 comparison was approved by the SIM.EM Guhmittee in year 2009 [3].

Measurements within loops were arranged in a d&sgn in order to monitor any possible drift or
transportation effects of the traveling referentemdards against reference standards of the ptatratory.

Each participating laboratory covered the costtrarisportation, customs and insurance while theetirag
standard was at their premises. Transportation frenast participant to CENAM was covered by CENAM

Pilot laboratory: Centro Nacional de Metrologia, Xit®.
Members of the support group: Lucas Di Lillo, Ihstdb Nacional de Tecnologia Industrial, INTI, Argiea,;
Gregory Kyriazis, Instituto Nacional de Metrologhgrmalizacao, Qualidade e Tecnologia, Inmetro.

3. Reference standards

Two reference standards, a RD-22-311 and a RD-23f48n RADIAN were used for this SIM.EM-K5
comparison. The Electromagnetism Committee of SMgrateful to Radian Research Inc. for providingsth
measuring reference standards. Technical detadldanic operations instructions of the referenaadsrds
were provided to the participating laboratoriesobefthe start of the comparison [3].

3.1 Description of the reference standards.

For loopsi=1, 2, the reference standards have the followpegating features:

(loopj =1) (loopj =2)
RD-22-311 RD-23-432
Input current 0.2 Ato 125 A 0.2 Ato 67 A
Input voltage 60 V to 600 V, auto ranging 30 V 806V, auto ranging
Frequency 45 Hz to 65 Hz 45 Hz to 75 Hz
Phase angle 0° to 360° 0° to 360°
Power factor 1to O lead, lag 1to O lead, lag
Temperature 18°Cto 30 °C 20°Cto 30 °C
Humidity 0% to 95% non-condensing 0% to 95 % noneemsing
Auxiliary power 24V DC power supply energized a0¥2 120 V- 240V, 50 Hz — 60 Hz

240V, 45 Hz to 65 Hz

3.2 Quantities to be measured

Table 4 shows the testing points for the SIM.EM-bich were agreed upon in year 2009 [3] by the
participating laboratories. The test points foracpower are the same as in the CCEM-K5 key coispar
power [1]. The expression of measurement results thrir associated uncertainty is given in terms of
MW/VA and pvar/VA, for active and reactive powearspectively.
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Table 4.SIM.EM-K5 test points.

Parameter Active power Reactive power

(to be reported in pW/VA) (to be reported in pvar/VA)
RMS voltage 120V
RMS current 5A
Power factor 1.0 and 0.5 lead/lag
Phase angle 30° and 90°, lead/lag
Frequencies 50, 53 and 60 Hz 50, 53 and 60 Hz

4. Measurement methods

The reader may refer to Appendix A for more infotima The measurement methods of the participating
laboratories, included the pilot laboratory, arewh in that Appendix.

5. Measurements of the pilot laboratory: performance 6the reference standards

The performance of the reference standard wassesbéy applying a regression model [4] to measunésne

carried out at CENAM. As shown in Table 5, CENAMrmed out different sets of measurements on the
traveling standards for loops 1 and 2.

Table 5.Measurements carried out at CENAM on the referestardards used for loops j = 1 and 2.

Loopj=1 Loopj =2
Reference standard: RD-22-311 Reference standard: RD-23-432
Total number of measurements at

CENAM 37 48
Number of sets of measurements 6 11
at CENAM

Figures 1 and 2 show the measurements on the mefestandards RD-22-311 and RD-23-432 carriedtout a

CENAM from December 2009 to April 2012. Without $osf generality, Figures 1 and 2 show measurements
at 120 V, 5 A, 50 Hz and unit power factor only.
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Figure 1. Measurements carried out at CENAM on the referest@edard RD-22-311 for loop j = 1.
Individual measurements up to 37 are shown in bidgreas the average values of six different dets o
measurements are shown in red.
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Figure 2. Measurements carried out at CENAM on the referest@edard RD-23-432 for loop j = 2.
Individual measurements up to 48 are shown in biereas the average value of eleven differentafets
measurements are shown in red.

Figures 1 and 2 aim at providing a better undedstanof the performance of the reference standatrdisnes
where they stayed in one of the SIM laboratorieayaftom CENAM.

The mean measurement dates are used for estimatirgression fitting to assess a possible drifthef

reference standards RD-22-311 and RD-23-432. TRldleshows the average (mean) dates of measurements
carried out at CENAM.

In order to estimate possible drifts of the refeeerstandards, a second order polynomial was fitbed
CENAM measured errors at each power factor fordgepl and 2. The polynomial model is expressed as:

Xeenamn(t) = A + Bt + C +&(t), (1)
where:
*  Xcenamn(t) are the measurements made by CENAM,;
* mecorresponds to the test point;
* A, Band C are the coefficients of the regressitiimg;
* The fitting is done such that the A coefficienzé&so att = 0
» tis the time at which measurements were made byABENuring the comparison. Timieis given
by the year, month and day of measurements at CEN®&dvshown in Table B.1for loop= 1, the
starting and ending dates of measurements cartiedro the reference standard are 29 December
2009 and 2 April 2012. The corresponding mean date2009.99 and 2012.22, respectively.
« () is a random error with zero mean and variasffa@ssociated with the regression fitting.

Page 7 of 41



Key Comparison of 50/60 Hz Power SIM.EM-K5 Final Report

According to the Table 4 above, the test pointthia comparison are nine for active power and tevdtw
reactive power, adding to a total of twenty on¢ pesnts, that isn=1, 2, ... 21.
For themth testing point, the regression fitting can beresped in matrix form as:

)?CENAM,m = TCENAM§ (m), (2

where:

o Xepnamm = (xCENAM,m(l), '"GCENAM,m(Ij)) is a column vector;

*  Teenam is alj x 3 matrix with the elements in the first colunihegual to one and thé,(n) elements
(fork=1,2, ...I; andn = 2, 3), being 7y am (k);

«  The 3x1 vectoB (m) shows the regression parameters;

* ljis the total number of measurements of CENAM pksj = 1, 2.

As mentioned before, this comparison was arranged® loops, where a given reference standard wad u
for each loop. Since measurements in one loop rdependent of measurements from the other, this
comparison may be treated as two independent lobpseasurements, being CENAM the link to the two
loops. Having two independent measurement loogeyaomparison reference value and its uncertaiaty
calculated for each loop.

Tables 6 and 7 below show the coefficients of aeggjon fitting for the reference standards fopkjo= 1
and 2. The standard deviation of the residualsissiimate of the varianeé and it is expressed in parts in

10°.
Table 6.Regression coefficients for loop j = 1, referentamndard RD-22-311.

Frequency Power Polynomial coefficients Standard deviation
(parts in 16) of residuals
Factor
[Hz] B C (parts in 10)
Active Power
1.0 -0.9 0.000 4 0.8
0.5 lead 0.6 -0.000 3 0.5
0.5 lag -1.6 0.000 8 1.3
50 Hz Reactive Powe
30° lead -0.4 0.000 2 0.4
30° lag -1.3 0.000 6 1.1
90° lead 0.9 -0.000 4 0.7
90° lag -0.8 0.000 4 0.7
Active Powel
1.0 -0.9 0.0005 0.8
0.5 lead 0.7 -0.000 3 0.6
0.5 lag -1.6 0.000 8 1.4
53 Hz Reactive Powe
30° lead -0.5 0.000 3 0.4
30° lag -1.2 0.000 6 1.0
90° lead 0.7 -0.000 4 0.6
90° lag -0.7 0.000 3 0.6
Active Power
1.0 -04 0.000 2 0.4
0.5 lead 0.9 -0.000 5 0.8
0.5 lag -1.8 0.000 9 15
60 Hz Reactive Powe
30° lead -0.6 0.000 3 0.5
30° lag -1.2 0.000 6 1.0
90° lead 0.6 -0.000 3 0.5
90° lag -0.6 0.000 3 0.5
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Table 7.Regression coefficients for loop j = 2, referentandard RD-23-432.

. .- Standard deviation
Polynomial coefficients

Frequency Power (parts in 16) of residuals
Factor
[Hz] B C (parts in 1)
Active Power
1.0 -1.5 0.000 8 1.1
0.5 lead 1.0 -0.000 5 0.7
0.5 lag -2.4 0.001 2 1.8
50 Hz Reactive Powe
30° lead 15 -0.000 8 1.1
30° lag -0.4 0.000 2 0.3
90° lead 15 -0.000 7 1.1
90° lag -2.3 0.0011 1.7
Active Power
1.0 -1.5 0.0007 1.1
0.5 lead 1.1 -0.000 5 0.8
0.5 lag -2.4 0.001 2 1.8
53 Hz Reactive Powe
30° lead 1.4 -0.000 7 1.0
30° lag -0.2 0.000 1 0.1
90° lead 1.3 -0.000 7 1.0
90° lag 2.1 0.0010 1.5
Active Power
1.0 -1.4 0.000 7 1.1
0.5 lead 15 -0.000 7 1.1
0.5 lag -25 0.001 2 1.9
60 Hz Reactive Powe
30° lead 1.7 -0.000 9 1.3
30° lag 0.1 -0.000 1 0.1
90° lead 1.4 -0.000 7 1.1
90° lag -15 0.000 8 1.1

If a third order polynomial were used for the rexgion fitting, the standard deviation of the residuwould

be larger than using a second order polynomialrei@ shows the regression fitting using secondthind
order polynomials applied to the measurements efrétierence standard RD-22-311 at 50 Hz, unit power
factor (loopj = 1).

Assessment of the drift traveling standard RD-22-311 (loop j=1)
120/5A/P.F.=1.0 Freq = 50 Hz

s
Z 20
% 2.5 /7
30
T as P
g . el
£ s -\ P —
8 I e Sl
o 50
@ ".—’._—_‘—-‘-—.—
g 55 !:_.____::_.._——0—-""* {/’/
; -6.0 'ﬁv

-6.5

-7.0

Dec2009 May-Jun Sep-Oct Feh-May Aug-Oct March-Apr
2010 2010 2011 2011 2012

Date

= [leasurements at CEM AN =@=—Polynomial fitting 2nd arder == Polynomial fitting 3th order

Figure 3. Measurements of the reference standard RD-22-8&4dntat CENAM and the regression
fitting with polynomials of second and third order.
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There is not a physical ground for using a thirdeoregression fitting in order to explain the reahavior of
the traveling reference standards during the coismarFor the RD-22-311, the differences betwesacand
order regression fitting and a third order are lothan 2 parts in 10

6. Measurement results

In order to estimate the key comparison refererateev(KCRV) and the degrees of equivalence (DotBs),
work of N. Oldham, T. Nelson, N. F. Zhang and Hi [1] has been followed.

This section includes:

6.1 Measurement results as reported by the particig#ainoratories.

6.2 The calculation of the key comparison referenceedK CRV) and its uncertainty.

6.3 The differences of the participating laboratoriggwespect to the KCRV.

6.4 Formula to obtain the bilateral degrees of equivede(DoEs). The bilateral degrees of equivalence
have not presented in this Report.

6.5 Impact of comparisons on the calibration and measant capabilities of participating laboratories
(CMCs). To be reported by the participants.

6.1 Measurement results as reported by the particgting laboratories.

As shown above in Table 3, measurements were adamng a daisy pattern. Appendix B shows the
measurement results and associated uncertaintiepaged by the participating laboratories. Faplp = 1
and reference standard RD-22-311, measurementsesel shown in Tables B.1 to B.4. For Igop 2 and
reference standard RD-23-432, measurement resaltshawn in Tables B.5 to B.8. Figures 1 to 42 shiwav
measurement results and the uncertainty for k=RtBeoparticipating laboratories.

6.2 The calculation of the key comparison referencealue (KCRV) and its uncertainty.

The difference of the measurement resyltsof theiy, laboratory made at timeandXx; ,,, (the prediction of

the value of the standard at timbased on the regression fitting as discussedciinges above), is expressed
as:

D;(m) = xim — Xim- (3

The uncertainty of the differené&®(m), is calculated from:

- . -1-,
ugi(m) = uf(m) + s7(m) (1 + C(Teanam Teenam) € i), 4)

where:

« s2(m) is an estimate of the variance of the residuade@ated with the regression fitting at timetest
point, based on measurements of the pilot laboyator

*  Tcenamis a rectangular matrix with dimensiols 3, whose elements in the first column are allaédo
one and the other kf) elements K = 1, 2, .. I; and n = 2, 3) are
CEnam(m) |

e T’ cenam 1S the transpose Gtgyam

When thd, laboratory is CENAM (the pilot laboratory), an sage of her measurements is made:

I;
S xeEnamm) - xPCENAM,k(m)] ®)

i)
1j

5CENAM (m) =

where:
Xpcpnam i (M) 1S the predicted value of CENAM’s measuremenhatime of prediction;
lj is the total number of measurements of CENAM oplgj = 1, 2.
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In general, the average in equation 5 is very dosero. The uncertainty of this difference is:

2
_ uacenam(m)

quCENAM (m) = + up cenam (m). (6)

Ij

The key comparison reference valuggr(m) for each of the twenty one test poimtbs= 1, 2 ... 21 are
calculated as the weighted meanDyj) from the participating laboratories in a loopgliding CENAM as
the first NMI.

At a given loog = 1, 2, the KCRV for each of the testing pointsatculated as:

1j

Xicry(m) = ) wiGr)Di(m) | ™
i=1
where the weightw; (m) are determined by the uncertaintiepfm):
21
wim) = 2 ®

andl; is the total of participating laboratories in leg 1, 2.

Since a regression fitting on the measurements ENAM is used to estimate the predicted values of
measurements; ,, of the participating laboratories, the predicticare statistically dependent from each
other and the difference between measurements radicfed values, as in equation 3 above, is stalbt
correlated. Thus the uncertainty of the key congmarreference value given in equation 3 is:

1 2s%(m) Zlm Im ti(T'cenamTcENam) *tk

2
Ugcry (M) = — + >k i=2 2ak= .
j 1 i>k,i=24&k=2 u%i(m)Xu%k(m) (9)

2
i=1 ,,2 J 1 _
D, (m) <Zi=1 “f%-(m)>

The second term in equation 9 shows the contrihutiche uncertainty of the KCRV of the regresditimg
(the residuals of the approximation), and the datie@n between the predictions of the measuremesilis
of the pilot laboratory with respect of the estisthKCRV. The residual valug of the regression fitting is
shown in Tables 6 and 7, whose maximum value iparss in 16,

Tables 8.A and 8.B show the key comparison refereatues and their uncertainties (in parts if) 16r the
m = 21 testing points of loogs= 1 and 2:

Table 8.A.Key Comparison Reference Values and uncertainpaits in 16, loop j = 1.

Loopj =1 Xeery(M) Ucr(M)

Standard RD-22-311 50 Hz 53 Hz 60 Hz 50 Hz g(s_sz) 60 Hz
120 V/5A/0° 1.4 17 15 4.8 4.8 4.6
120V /5 A/ +60° 0.9 0.7 1.4 4.7 4.9 4.9
120V /5 A/ -60° 0.5 0.9 13 5.3 5.5 5.6
120V /5 A/ +90° 3.1 2.9 15 4.8 4.9 4.7
120V /5 A/ -90%°TE? 6.2 6.1 4.4 4.8 4.9 4.7
120V /5 A/ +30° 0.1 0.9 1.4 4.7 4.8 4.8
120 V/5A/-30° 1.3 1.5 0.7 5.1 5.1 5.1
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NOTE 4: At 90° lag, the measurement results of one of #rgpating laboratory were not used to define
the KCRV because the difference between the ladmyraesults and the predicted value of the refeeenc
standard exceeded more than twice the uncertaintyeolaboratory.

Table 8.B.Key Comparison Reference Values and uncertainpaits in 16, loop j = 2

Loop j=2 Xiccrv (M) U?ER:\(?))

Standard RD-23-432 —g5 531, 6oHz 50Hz 53Hz 60 Hz
120V/5A/0° 0.0 0.1 0.1 58 58 58
120 V/5 A/ +60° 0.1 03 0.2 58 58 58
120 V/5 A /-60° 01 02 02 59 59 59
120V /5 A/ +90° 0.0 0.0 0.5 58 58 58
120 V/5 A /-90° 0.3 02 01 59 59 58
120V /5 A/ +30° 0.2 0.2 0.4 58 58 58
120 V/5A/-30° 0.2 0.2 0.2 58 58 58

6.3 Differences of the participating laboratories withrespect to the KCRV.

Differences between the measurement results athhgarticipating laboratory and th& -z, (m) value are
calculated at each of tmetesting points in the loops= 1, 2:

Dikcrv(m) = Diy(m) — Xkcpy(m). (10)
The uncertainty of the difference betweenithenon-laboratory and thé,.z,(m) value is given by:

2 —
uDi,KCRV (m) =

I > 12 (11)
[1- 2Wi(m)]u12)i(m) + Ugcry (M) — 257 (m) ijzl,k=2 Wy (m)[ti(T cenam Teenam) 't k] .

When the laboratory is the pilot, its differencahwihe Xx -z, (m) value and the corresponding uncertainty
are given with reference to equations 5 and 7:

Degnam kcrv (M) = ECENAM (m) — Xgcrv(m) , (12)

ufl,CENAM (m)

I

u%CENAM,KCRV(m) = [1 - 2W1(m)] u%,CENAM (m) + + uIZ(CRV(m) ’ (13)

wherew; is the corresponding weight for CENAM.

For any of then = 1 to 21 testing points, Tables 9 and 10 showdifferences between théh laboratory
including CENAM and theXy .z, (m). Tables 9.A and 9.B stand for the measurementitsesfiactive and
reactive power in loop= 1, whereas Tables 10.A and 10.B stand for tmeesponding measurement results
for loopj = 2.
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Table 9.A.Loop j = 1, Active Power. Difference between thdaboratory and thely -z, (m) value and its
associated uncertainty, expressed in UW/VA.

Active Power Difference with X x¢gy (1) Uncertainty

Reference Standard (k=2)

RD-22-311 0° +60° -60° 0° +60° -60°
CENAM 14 -0.9 0.5 20 20 20

NIST 3.4 2.0 15 8 8 8

INMETRO 0.0 6.1 4.7 22 26 26

50 Hz

NRC 2.9 15 -0.6 7 7 7

UTE 3.1 0.7 9.8 20 40 40

INTI 10.1 2.7 0.4 25 32 32

CENAM 17 0.7 0.9 20 20 20

NIST 28 05 1.0 8 8 9

INMETRO 2.4 3.2 7.3 22 26 26

53 Hz NRC 4.0 1.0 0.4 7 7 8
UTE 136 3.9 9.1 20 40 40

INTI 136 10.9 2.1 25 32 32

CENAM 15 14 1.4 20 20 20

NIST 3.2 2.1 18 8 8 9

INMETRO 2.3 5.1 4.0 22 26 26

60 Hz NRC 2.6 2.3 0.3 7 7 8
UTE 0.2 2.0 9.2 23 2 el

INTI 17.2 21.1 5.0 25 32 32

Table 9.B.Loop j = 1, Reactive Power. Difference betweenithéaboratory and th&y .z, (m) value and
its associated uncertainty, expressed in pvar/VA.

Reactive Power Difference with X x¢gy (m) Uncertainty

Reference Standard (k=2)
RD-22-311 +90° -90° +30° -30° +90° -90° +30° -30°
CENAM 3.1 -6.2 0.1 1.3 20 20 20 20
NIST -4.9 1.9 -0.8 3.1 8 8 8 8
50 Hz INMETRO 2.0 -4.6 -3.2 2.7 22 22 26 26
NRC -6.3 5.8 0.1 1.2 7 7 7 7
UTE 24.8 1.7 -2.6 -6.0 26 26 41 41
INTI 41.9 51.6 19.4 9.9 26 26 40 40
CENAM 2.9 -6.1 -0.9 15 20 20 20 20
NIST -4.5 1.8 -0.4 -3.7 8 8 8 8
INMETRO 2.7 -6.6 0.6 3.1 22 22 26 26
53 Hz NRC -8.3 6.1 -0.1 1.2 8 8 7 7
UTE 325 11.7 7.1 1.7 26 26 41 41
INTI 39.5 48.7 23.0 11.6 26 26 40 40
CENAM 15 -4.4 1.4 0.7 20 20 20 20
NIST -7.0 5.3 -5.6 -1.7 8 8 8 8
60 Hz INMETRO 0.4 -3.7 5.1 -2.9 22 22 26 26
NRC -1.8 0.3 1.7 0.4 7 7 7 7
UTE 21.0 7.7 3.5 -11.0 27 27 42 42
INTI 40.1 60.6 18.4 21.9 26 26 40 40
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Table 10.A.Loop j = 2, Active Power. Difference between th laboratory and theXxcry (M) value and its
associated uncertainty, expressed in pW/VA.

Active Power Difference with Uncertainty
Reference Standard (k=2)
RD-23-432 0° +60° -60° 0° +60° -60°
CENAM 0.0 -0.1 0.1 19 19 19
50 Hz CENAMEP 4.8 7.6 0.3 62 93 93
INM -9.7 -17.8 24.5 110 116 112
CENAM -0.1 -0.3 0.2 19 19 19
53 Hz CENAMEP 12.0 30.5 -18.8 62 93 93
INM 18.2 30.4 -5.8 110 110 131
CENAM -0.1 -0.2 0.2 19 19 19
CENAMEP 19.8 42.9 -16.2 64 94 95
60 Hz INM -5.4 -31.1 16.0 93 93 103
ICE 3.9 27.3 -5.6 103 202 202
SNM-INDECOPI -1.7 -1.9 4.2 133 70 70

Table 10.B.Loop j = 2, Reactive Power. Difference betweenith laboratory andthe X«cry (M) value and
its associated uncertainty, expresseipvar/VA.

Reactive Power Difference with Uncertainty
Reference Standard (k=2)

RD-23-432 +90° -90° +30° -30° +90° 90¢ +30° -30°

50 Hz CENAM 0.0 -0.3 -0.2 -0.2 19 19 19 19
CENAMEP -6.1 46.4 9.7 234 65 65 95 95

CENAM 0.0 -0.2 -0.2 -0.2 19 19 19 19

53 Hz CENAMEP 3.1 25.1 5.2 0.6 65 65 95 95
CENAM -0.5 0.1 -0.4 -0.2 19 19 19 19

60 Hz CENAMEP 63.7 -21.5 26.2 -16.4 67 66 96 95
ICE 19.9 13.9 27.8 7.7 116 11€ 116 116

As an examplef the differences between the results of the latooies results and the KCI, Figures 4 and
5 show the difference between the KCRV and the resilthe laboratories for looj = 1 and 2.

Figure 4.A. Difference between the KCRV and the results ofatheratories of loop j = 1, at pf= 1, 50 L
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5
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Figure 4.B.Difference between the KCRYV athe results of the laboratories of loop j = 2, dtf., 50 H.
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Figure 5.A. Difference between the KCRV and the results ofatheratories of loop j = 1, at pf=1, 60 L
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Figure 5.B.Difference between the KCRYV and the results ofathweratoriesof loop j = 2, at pf=1, 60 .

100.0 T

50.0

0.0

© CFNAMFP
I LLC;‘
I & INM FSNMTNDECOPI

-50.0 —

Active Power (pW/VA)

100.0

-150.0

Page 15 of 41



Key Comparison of 50/60 Hz Power SIM.EM-K5 Final Report

6.4 The bilateral degrees of equivalence.

As requested per the CCEM, the bilateral degreesjoivalence among the participating laboratories key
comparison should not be explicitly shown, but fbemula for obtaining them may be included, thus
allowing the participating laboratories to calcel#teir bilateral degree of equivalence from thea dasulting
from the difference between the participating labory and the KCRV.

The calculation of pairwise degrees of equivaldnabis comparison has been arranged in two sextion
6.4.1 Pairwise degrees of equivalence for laborates in the same loopj(= 1 or 2).
The pairwise degree of equivalence betweeritthand thekth participating laboratories £ k) is

Dy (m) = D;(m) — D (m) , (14)
wherem stands for any ah =1, 2, .. 21 testing points.

The uncertainty associated with the pairwise degreequivalence when neithérnor k are the pilot
laboratory, is given by:

wEm) = wEm) + u () s
2 2 ., 157 2 ., 15
+ s7(m) [2 + ti(T cenamTeenam) ™ s + 6 (T cenamTcenam) ™tk

- ZZ-)i(T'CENAMTCENAM)_lyzk]'
The difference between tlin laboratory and the pilot laboratory, and theoasged uncertainty are given by:
Dy;(m) = Degyam,i(m) = Degyam (M) — Dy (M), (16)

ufl,CENAM (m)

I

uz‘ENAM,i(m) = + uf cenam (M) + uf(m) + s?(m) [1 +8 (T’CENAMTCENAM)_lt’i] . (17

6.4.2 Pairwise degrees of equivalence for laboraties in different loops.

This corresponds to the case whenittaboratory is in loop = 1 and the-laboratory is in loop = 2.
Based on equations 15 and 16, the degree of egaeslis given by:

Dix(m) = Dcenam,i(m) — Depnami(m) , (7)
wherem stands for any of them=1, 2, ... 21 testing points.

Based on equations 15 and 17 the associated untgrsagiven by:

2 — 1,2 2
uiloop 1'kloop 2 (m) - uiloop 1 (m) + ukloop 2 (m) (18)
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7. Conclusions

Measurements of active and reactive power weredted in this regional key comparison. As agreechupo

the SIM Electromagnetism Working Group, this keyngarison included measurements of reactive power at
90° and 30° lead/lag in order to support the trhiiéa of modern power meters which allow for high
accuracy measurements of both active and reactwep

The regression fitting on the measurements of fl@ [@boratory provides a robust estimate of they k
comparison reference value. A second order polyabmas used for the regression fitting resultingain
standard deviation of the residuals lower thanpk@s in 16, It is estimated that a third order fitting mayt no
be well supported by the uncertainty associatedh wie long term stability of the traveling referenc
standards.

As explained in section 6.3 above, a regressigimditon the measurements of CENAM was carried out i
order to estimate the predicted values of her measent results; ,,, . Thus, the predictions are statistically
dependent from each other, and the differencesdestthe measurement results of the laboratoriegrend
key comparison reference value may be correlatbd.second term in equation 9 shows the contribution
the uncertainty of the KCRV from the regressionveufthe residuals of the approximation), and the
correlation between the predictions of the measantmesults of the participating laboratories witkpect of
the estimated KCRV. From Tables 5 and 6, it magdrecluded that the main source of correlation antbeg
differences of the results of the participatingaistories and the key comparison reference valdegsto the
residualsrs of the regression fitting by an amount lower tha® parts in 10for all them = 21 testing points.
The contribution from the correlation is lower thad pW/VA.

Differences between the measurement results opéhncipating laboratories and the KCRV, calculagd
each of the 21 testing points, show a good infuatiire of national standards of measurement oftretec
power in the SIM region. This is a rewording exseciof comparison of the national standards of
measurement as recommended by the CIPM. The ppetiicg laboratories are fully recommended for their
enthusiastic participation in the comparison. Thedividual efforts to maintain the national stardfa of
power measurement are acknowledged.

As stated in the introduction to the present repbis SIM.EM-K5 aims at providing a link to the E®I-K5
key comparison of 50/60 Hz power in 2002. As regabiih reference [5], such link consists of a cdioecto

be added to the results of the SIM.EM-K5 comparisonthat the transformed results can be directly
compared with the results of the CCEM-K5:2002 corgioa. The estimate of the link is based on thekwor
of F. Delahaye and T. Witt [6]. The SIM link labtwdes participating in the two comparisons acceplet
their measurement results be used to estimaténthedoncerning the reproducibility of the resuifsthe link
laboratories over the time span between the twopeoisons, a reproducibility value of = 10 atk = 2 was
accepted by the SIM link laboratories. Tables 3am#l 5 in Section 4 in reference [5] are particylarl
important showing the link between the resultshe SIM.EM-K5 and the CCEM-K5 at 120 V, 5 A and
frequency equal to 53 Hz at different power factdables 5.1 to 5.3 in reference [5], show the degrof
equivalence among all the laboratories in the SIMHES comparison, as if all of them had participateith
satisfactory results in the CCEM-K5 comparisonéary2002.

As reported in Table 6 in reference [5], a prootofisistency in the link between the results ofGIEM-K5
and SIM.EM-K5 key comparisons was applied basedhernBirge ratio. The obtained Birge ratio yielded a
value lower thanl.0, which means that: 1) the mpcibility valuerc = 10 atk = 2 may be overestimated and,
2) the link between the two comparisons is consisterom this it follows that the link between t6€EM-

K5 and SIM.EM-K5 key comparisons is reliable.

It may be said, that the metrology infrastructur@ower of the SIM region is in a satisfactory stand it has
improved with the time.

It is fully appreciated the support of the SIM Etecagnetic Committee for including the measuremefit
reactive power in the scope of this 50/60 Hz keynparison of power. The results of this SIM.EM-K5
comparison in reactive power support very well tdapabilities of modern measurement technologies of
power which offer the simultaneous measurementctif& and reactive power in the same measurement
standards.
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It is important to mention that many of the pagating laboratories in the SIM.EM-K5 key comparison
power also participated at the same time in th@lsmpentary comparison SIM.EM-S7 of energy, wheee th
testing points of energy measurements are sintltdrdse of the power comparison.

Gratitude is due to Radian Research Inc. for teapport to this SIM.EM-K5 key comparison 50/60 Hz
power, and to the SIM.EM-S7 supplementary compars®'60 Hz energy, for the provision of the trangli
standards RD-22-311 and RD-23-432.
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Appendix A. Measurement methods

A.1. Measurement standard at CENAM, Mexico.

A current comparator power bridge, as proposed.bydet al at the INMS-NRC, is used at CENAM as the
national standard of power and energy measuremilgasurements of power are traceable to AC and DC
voltage national measurement standards establsh€&NAM; the reference standards for the in-please
guadrature currents of the current comparator potmédge are traceable to national standards of
measurement at the INMS-NRC, Canada.

For this SIM.EM-K5 comparison, the reference stadds a wattmeter traceable to the national measene
standard of electrical power and energy. This stethdvas measured during the comparison with afeans
standard every week since the beginning of the Guisgn.

Table Al. Reference transfer standard.
Manufacturer: Radian Research
Model: RD-22-231

Serial number: 201512

CENAM’s transfer standard is an automated enertipration system which is capable to measure all th
test points for this Comparison. In the same wagNBM'’s transfer standard provides traceability the

two reference standards of the Comparison to thiens measurement standard of electrical power and
energy.

Table A2. Transfer standard.
Manufacturer: Radian Research
Model: RS-703A
Serial number: 704333

A.1.2. Reference standards.

Two reference standards, a RD-22-311 and a RD-23ft8n RADIAN were used for this SIM.EM-K5
comparison. The Electromagnetism Committee of Sigrateful to Radian Research Inc. for providingsth
measuring instruments.

Table A3. Reference standard.

Manufacturer: Radian Research Manufacturer: Radian Research
Model: RD-22-311 Model: RD-23-432
Serial number: 204359 Serial number: 203412

A.1.3. Measurement procedure followed.

A.1.3.1. Test procedures.

The power bridge, CENAM’s transfer and working dmds and the reference standards were energized at
120 V / 55 Hz by an ELGAR-3001 AC voltage sourdéne following table shows the external power applie

to the instruments during the measurements at CENAM

Table A4. Auxiliary power supply applied to the instruments.

Current comparator

. ; CENAM’s CENAM’s Traveling standard
Comparison test power bridge X
. Working Transfer external power
point external power
standard standard supply
supply

120V/5A /50 Hz 120V /55 Hz 120V /55 Hz 120 55 Hz 120V /55 Hz
120V/5A /53 Hz 120V /55 Hz 120V /55 Hz 120 55 Hz 120V /55 Hz
120V /5A /60 Hz 120V /55 Hz 120V /55 Hz 190 55 Hz 120V /55 Hz
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As shown above, all the instruments used in thieparison were powered at a frequency that diffesenf
the testing frequency by some hertz in order tachfrequency beating with the power supply.

A.1.3.2. Measurement arrangement of the reference¢andards

 The external power supplies of the instruments vegnglied at least 4 hours before every set of
measurements.

» Atotal of 10 sets of measurements were performedery test point.

A single set of measurements consists of 10 indég@nmeasurements at each one of the
comparison test points.

* Following a set of measurements, the instrumentse vdenergized for at least 12 hours before
performing the next set of measurements.
A.1.3.3. Environmental conditions during the measugments.

» Laboratory temperature: (23 £ 1.0) °C
» Laboratory relative humidity: (50 = 30) % RH.

A.1.3.4. Measurement method in the comparison.

The Reference standards were compared against CEdAfdnsfer standard which is traceable to the
national measurement standard of electrical powdremergy at CENAM.

Testing signals from the working standard were igppat the same time to CENAM’s transfer standadi a
the travelling standards for each set of measurtsnen

The measured values of voltage, current, frequemmyer factor, phase angle, apparent power, aptveer
and reactive power were recorded in a PC usingRB232 port of each instrument.

A.1.3.5. Measurement setting up at CENAM.

Figure 1 shows a schematic diagram of the measumteareangement of the transfer standard and the
reference standards.

R38r
Drata & dqucniion RD.22.432

&z 203412

RE-TOZA
s'n: TO4333

1200V/ 5 A S50 He, 53 He or 60 Ha

PF= 18,086, +050r 0 Cuarent signed

= | . . e =0 .

[ Rl [
ELZAR Model 3001 = = |
AC Valtage Sousce 20 e 1 o i

1D ViS5 Ex - od — w

RD-22-311 N RD-22- 28
Estemal Posver Supply Extemmial Pawer Supphy

Figure Al. Schematic diagram of the measurement arrangement.
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A.1.4. Uncertainty statement of the reference staraids.

The measurement uncertainty was estimated accotdirtbe Guide to the Expression of Uncertainty in
Measurement, BIPM, IEC, IFCC, ISO, IUPAC, IUPAPMRI (1995).

The expanded uncertainty reported in this comparisacludes the assessment of the type A unceytaint
during the calibration of our reference standardstae instrument under calibration, which is eatied from

an average of ten sets of measurements, and teeBypncertainty, which is associated with the known
uncertainty of our reference standards. The exmhndeertainties of measurement of the referencelatds
are estimated to enclose a confidence intervaldnigftan 95 % with a coverage factor k = 2.0.

Table A5. Active power: uncertainties type A, B and expanded

Voltage Current  Frequency Eggﬁ: -liy:pi'g ny(ig E|>(<p:a2%ed
(V) (A) (Hz) (N) (LW / VA) (KW /VA) (MW /VA)
1.0 <1 10 20
50 0.5 lead <1 10 20
0.5 lag <1 10 20
1.0 <1 10 20
120 5 53 0.5 lead <1 10 20
0.5lag <1 10 20
1.0 <1 10 20
60 0.5 lead <1 10 20
0.5 lag <1 10 20

Table A6.Reactive power: uncertainties type A, B and expdnde

Voltage Current  Frequency Eggg: Tip:ef Tip:e 1B Exkp:ar;loe d
(V) (A) (Hz) (A) (Hvar/ VA) (pvar/VA) (upvar/ VA)
0 lead <1 10 20
50 0 lag <1 10 20
0.866 lead <1 10 20
0.866 lag <1 10 20
0 lead <1 10 20
0 lag <1 10 20
120 5 53
0.866 lead <1 10 20
0.866 lag <1 10 20
0 lead <1 10 20
60 0 lag <1 10 20
0.866 lead <1 10 20
0.866 lag <1 10 20
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A.2 Measurement standard at INTI, Argentina.
A.2.1 Description of the measuring method:

The power measurement standard used at INTI igjisabisampling wattmeter known as WATT-IThe
wattmeter consists in two transformers, one ACstesi one ACV and ACI source, and two digital
voltmeters, all this linked to a computer througftE488BUS.

As shown in the Figure A2.1, TU is a voltage transfer with 240 V, 120 V and 60 V input ranges ar@\a
output value, and Tl is a current transformer V&tA, 2 A and 1 A input ranges and a 100 mA outltie,
that is applied to RWATT-1, the AC resistor, to @hta 1 V output value. DMM MASTER and DMM
SLAVE are the two digital voltmeters used to pemicthe digital sampling. Swerlein's algorithis used to
define the sampling parameters of the two signafsi Pogliano's work about power measurenigms
calculate power values.

= & DMM
TU MASTER ‘_
LO T— ® Extout @ '
- E
FLUKE - E
6100 uuT DMM E
uuT 4
8
Lo (e ul [T DmMMm 8
Tl RWATT-1 SLAVE 4— B
Hi = = w n X u
— L 4 Ext Trig &
- s
T > e ‘
IEEE488BUS IEEE460BUS IEEE488BUS

Figure A.2.1.Measuring set-up.

1.- FLUKEG6100= Fluke 6100 calibrator

2.- UUT= Unit under test

3.- TU=voltage transformer

4.- Tl= current transformer

5.- DMM UUT= Digital multimeter Fluke 8508

6.- DMM MASTER-= Digital multimeter HP 3458 Master
7.- DMM SLAVE-= Digital multimeter HP 3458 Slave
8.- PC= Personal computer

The GUARD connector of the voltage transformer a@snected to earth.

The GUARD connector of the current transformer a@snected to earth.

The internal GUARD of the DMMs were connected te HO terminal

The EXT OUT output connector of the DMM identifiad MASTER was connected to the EXT TRIG input
connector of the DMM identified as SLAVE

! Lucas Di Lillo et al. “Sampling wattmeter at INTR/IIl SEMETRO, Joao Pessoa, September 2009.

2 Ronald Swerlein, “A 10 ppm accurate digital AC Me&@snent algorithm”, August 9,1991

3 Umberto Pogliano, “Use of integrative analog-igidl converters for high-precision measuremenglettrical power”,
IEEE Trans. Instrum. Meas., vol. 50, No. 5, 2001

Page 22 of 41



Key Comparison of 50/60 Hz Power SIM.EM-K5 Final Report

A.3 Measurement standard at Inmetro, Brazil.

Inmetro has a measurement system based on theisgmpthod, using digital multimeters, 3458A. The
layout of the circuit is shown in Fig. A.3.1.

V ]
q; IVD DVM1
1
1
ES DUT |
| | !
As ] et E— DVM2
A

Figure A.3.1.Layout of the measuring circuit.

ES is the energy source of the circuit. As a reallenchoice, it may be a ROTEK 8000 calibrator,chtas
been upgraded by Rotek for the research, run tsyl#tioratory, providing voltages up to 700 voltgl an
currents up to 50 amps. Beyond this current otberces, e.g. a EMH PPS 120.3 can also be usedjdprg
current up to 120 A. DUT is the device under tegijch may be a wattmeter or a watt-hour meter. The
voltage is reduced by an inductive voltage divideD), to 6 volts rated value, to facilitate the gaing of the
voltage by digital voltmeter DVM1, a HP-3458A, alygain the 10 volts range. The programmable VD,
model DI-4 of CONIMED, offers four voltage rangesrh 60 volts up to 600 volts. Restrictions to measu
exclusively sinusoidal currents at power line fregey made possible the application of a currentsfaamer,

CT, developed by CALIN for this project, which enssi measurements between 250 mA and 60 A. By the
application of a cascade standard current trangigrthe current range can be extended up to 120TAs a
two-stage, passive device, providing 100 mA ratecbadary current. The special compensation metiiod o
the CT requires twin standard resistors, RL2ohms or 220 ohms can be applied, offering 1V or 2V rated
voltage on the output, respectively. The outputage of the resistors, proportional to the currensampled

by digital voltmeter DVM2, another HP-3458A. Theawligital voltmeters work in a master-slave relatio
DVM1, as the master, takes the samples at a progeghrate, at each instant emitting a trigger puise,
control the sampling of DVM2, as a slave. AS isasatomated switch, developed by this laboratorghtange

the ranges of the CT automatically. When watt-hoeters are to be calibrated, a high precision pulse
generator, PG, is applied, to provide the time b&seés a special, programmable counter, developed b
CALIN for this laboratory, to count the number aflges emitted by PG and DUT. Control of the equipime
is done patrtially by IEEE 488.2, partially by R23ntrol, as the case may be.

The fully automated calibration process is conglby an interactive program, which was developed i
LabWindows/CVI (product of National Instrumentsy,the Power and Energy Laboratory.

A.4 Measurement standard at ICE, Costa Rica.

A.4.1 Measurement procedure for Energy.

Energy by comparison: compare the energy appli¢deaevice under test and the energy measuredhéth
energy standard simultaneously.

A.4.2 Measurement procedure for Power.

Power by comparison: compare the power applietieadevice under test and the energy measured héth t
energy standard simultaneously.
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A.4.3 Traceability.

A Rotek 8100 source was used to feed simultanedhsytravelling standard (OPB) and the ICE-LMVE
standard (PATRON), a Radian RD-22-331, SN 20508fj/es phase power and energy standard. This power
and energy standard is traceable to METAS Switadrla

A.5 Measurement standard at CENAMEP AIP, Panama.
A.5.1 Measurement Procedure for Power.

CENAMEP AIP measurement system, is based on thectdicomparison of readings indicated by the
equipment under test and the readings indicateddogommercial reference standard (KOM 200.3)

Control and configuration of the reference, suchdat, are performed automatically, using a program
developed in LabView.

The error is set as the difference between theageeof readings on the equipment under calibratiwhthe
readings of the reference standard.

A.5.2 Measurement Procedure for Energy.

CENAMEP AIP measurement system, is based on thectdcomparison of emitted pulses between the
equipment under calibration and those issued byefegence standard (KOM 200.3).

The output frequency of the equipment under tesbimected to a pulses conditioner, which raisesset
the received signal pulse of 2V to an output pdigmal of 5V, eliminating the effect of the highpirt
impedance of the reference standard, on the equipnmgler test.

The reference, through an internal pulse comparatonpares the signals and the difference represeas

an error of the equipment under calibration.

A.5.3 Traceability

Prior to comparisons of power and energy, the esfez standard (200.3 KOM) was calibrated at PTB.
A.6 Measurement standard at SNM-INDECOPI, Peru.

A.6.1 Description of the measuring method for Power

The measuring method is by comparison.

The travelling standard and the local standarccammected with a constant power source.

The auxiliary power and the test signal were apptiering 4 hours before testing.

The measurements were done during 10 days, witlinolependent measurement each day.
The traveling standard was de-energized two tinugisd the tests as indicated in the protocol.
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A.6.2 Description of the measuring method for Energ.

The measuring method is by comparison.

The travelling standard and the local standardcareected with a constant power source simultargous
both are measured during the same time, in ordasdare that the measurements are, exactly, ovevatine
energy quantity in the same conditions.

The auxiliary power and the test signal were apptiering 4 hours before testing.

The integration period was 60 seconds.

The measurements were done during 10 days, witlinolependent measurement each day.

The traveling standard was de-energized two tinugisd the tests as indicated in the protocol.

A.6.3 Used Equipment.

Local standard radian rd 21-332
A.6.4 Traceability.

To the primary standard of energy and power, Lagdemetro

A.7 Measurement standard at NIST, USA

The system used at NIST for this comparison is showFig. A.7.1 and is based on the developmerd of
system for the generation of 120 V, 5 A, active aedctive power over the 50 Hz to 400 Hz frequency
rangé. The system uses a differential sampling techdigue relate the amplitudes and phases of two,
sinusoidal, spectrally-pure voltage signals, VV afidwhich are scaled versions of the voltage andent
signals applied to the meter under test (MUT), tsirsgle, piecewise-approximated voltage signal, VJ,
generated using a programmable Josephson voltagdast (PJVS) The differential sampling is performed
with two, commercially-available, sampling digitadlitmeters (DVMs) by selectively ignoring the vatuia

the acquired data sets that correspond to the fier®ds in which the PJVS signal is changing state.
Additional circuitry is added to each DVM that |ectheir time-bases to the 20 MHz system referefaekc
and allows for the comparison of the PJVS signalh® sinusoidal voltage signals to be performed wit
accuracies better than 2 parts id.10he system also includes a voltage amplifiet ftales the 1.2 VRMS
VV signal to 120 VRMS. The voltage amplifier feaaradditional self-calibration circuitry that allevior its
errors to be determined and corrected in-situ teeb¢han 3 parts in I0The generated current is measured
using an accurate, temperature-controlled currbontswhose dc value is traceable to the quantunmh Hal
resistance and whose ac response is calculable tirerdimensions of its bifilar resistance elemerithe
temperature of the shunt is controlled to bettantB.02 °C, thereby reducing its resistance chamdess
than 5 parts in 70over the full range of applied currents. A thrésgs, electronically-enhanced transforfper
T1, is used to measure the output voltage of threenti shunt in the presence of large common-mode
voltages

4 B. Waltrip, B. Gong, T. Nelson, Y. Wang, C. Burrtisg A. Rifenacht, S. Benz, and P. Dresselhaus, pa®@er
standard using a programmable Josephson voltagdasth” IEEE Trans. Instrum. Meas., vol. 58-4, pp41-1048,
Apr. 2009.

® A. Rufenacht et al., “Precision Differential SanmgliMeasurements of Low-Frequency Voltages Synthdsizith an
AC Programmable Josephson Voltage Standard,” IEEBESI Instrum. Meas., vol. 58-4, pp. 809-815, 2009.

¢ Y. Chong, C. Burroughs, P. Dresselhaus, N. HadaétkYamamori, and S. Benz, “Practical high resoluti
programmable Josephson voltage standards usinded@uta triple- stacked MoSi2 barrier junction€€EE Trans. Appl.
Supercon., vol. 15, no. 2, pp. 461-464, Jun. 2005.

" 0. Laug, T. Souders, B. Waltrip, “A Four-Terminali@nt Shunt with Calculable AC Response,” NIST H ddote
1462, August 2004.

8 P. Miljanic, E. So, W. Moore, “An Electronically Eanced Magnetic Core for Current Transformers,” BEEans.
Instrum. Meas., vol. 40, no. 2, pp. 410-414, Ap&b1.
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Fig. A.7.1.Simplified diagram of the NIST power generatiostam.

A.8 Measurement standard at NRC, Canada
Description of NRC Power Bridge

In the NRC power briddethe apparent power is divided into two orthogarahponents - the active power
and the reactive power. A reference resistor angference capacitor are used to derive the in-phade
quadrature currents to the power bridge. When irsedcalibration system the current comparator loan
connected in a feedback arrangement to controfrthgnitude and phase of the test current in accoedan
with the bridge settings of the corresponding aur@mparator windings. This, together with thetaogé,
establishes the measurement conditions and malesibfgthe calibration of power and energy meteds a
other similar types of metering instruments. Fads ttomparison of power and energy meters using the
corresponding transfer instrument, the combineddsted uncertainties (Type A and B uncertaintiesgea
from 5 to 8 yW/VA and 5 to 8 pVARh/VAh, respectiyel

A.9 Measurement standard at UTE, Uruguay

The meter under test, Radian RD-22-311, was tdstédil E standard Wattmeter (adding device).

The Radian values were read by means of softward®®FSuite via RS-232 port. The standard used by
UTE is based on the adding principle describedeferencé’, its output was measured using a digital

voltmeter (Agilent 3458A) running with Swerlein Adgthm*™.

The current was measured with a Current - Voltage3ducer.

° E. So, R. Arseneau, and D. Angelo, “An improvedenr-comparator-based power standard at 120 V/500Hz—
60 Hz, with an uncertainty of 2|\BNV/VA (k = 1),” IEEE Trans. Instrum. Meas., vol. ¥R, no. 6, pp. 1704-1709,
June 2013.

10 RMS VOLTMETER BASED POWER AND POWER-FACTOR MEASURBNSYSTEM. P. Braga, D. Slomovitz,
International Journal of Electronics, vol. 75, Ngp. 561-565, Set. 1993.

1 EVALUATION OF UNCERTAINTY IN AC VOLTAGE MEASUREMENTUSING A DIGITAL VOLTMETER
AND SWERLEIN'S ALGORITHM. G.A. Kyriazis, R. Swerlaj 0-7803-7242-5/02/©2002 IEEE
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— | 2 _p2
The reactive power of the reference wattmeter aésutated asQ =y (VI) P

Both meters were driven by a Calibrator Fluke 550B8ing the currents inputs in series and the geka
inputs in parallel.

A.10 Measurement standard at INM, Colombia

Method for electrical power: the used method wasdifferential direct comparison between our refese
gauge standard, COM 3003DC, brand: Zera; Seri@882 and the test gauge.
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Appendix B. Measurement results of the participatiig laboratories

Tables B.1 to B.8 show the measurement resultshef garticipating laboratories including the pilot
laboratory. The Tables also show the expanded taiogr of measurements at a level of confidepce
95.45 %

Information of measurement results is arranged wedpect to the loops1, 2, which are also associated
with the traveling standards RD-22-311 or RD-23-4B&bles B.1 to B.4, for loop=1, show those NMIs in
SIM which took part in the CCEM-K5 key comparisohpower [1]. The laboratory UTE from Uruguay is
also included in loop=1 because of his reduced measurement uncertdiatyes B.5 to B.8, for loop= 2,
show the remaining participants.

Tables B.1 to B.9 show the DATE and mean date acfsmeement, the latter being an average of the dé#tes

measurement of the participants. It is used toutale the Key Comparison Reference Value (KCRWg, th

difference between the laboratories measuremerdsttzsn KCRV (DOEs), and the pair-wise degrees of
equivalence (DOESs).

Measurement results and uncertainty of measurewieattive power are expressed in terms of pW/VA,
whereas those for reactive power are expressentrirstof pvar/VA.

As shown in the tables below, some participantsndidcarried out measurements at all the testingtpas
shown in Table 4. A blank cell shows that the jggstiting laboratory did not submit its measurentestlts.

Page 28 of 41



Key Comparison of 50/60 Hz Power SIM.EM-K5 Final Report

Table B.1 Measurement results of Active Power. Loop j=1 i/ MW

P.F.=1 P.F. =405 P.F. =-05
Laboratory Date '\gg,ln 50 Hz 53 Hz 60 Hz 50 Hz 53 Hz 60 Hz 50 Hz 53 Hz 60 Hz
Error [UW/VA] Error [UW/VA] Error [UW/VA]
1 CENAM 20/12/2009 2009.99 43 41 238 3.3 3.7 1.4 81 -24 33
2 CENAM B 201042 6.6 6.6 65 2.4 23 8.0 4.7 1.4 1.0
3 NIST oY 201056 1.0 1.1 06 2.1 0.6 2.6 35 15 3.1
4 CENAM QLoae0t0 201075 5.1 5.0 5.4 23 2.4 8.1 3.0 2.8 2.2
5  INMETRO O o ooly 2010.97 4.0 6.0 6.0 6.0 3.0 0.0 9.0 7.0 2.0
6 CENAM Zo0aP0 201127 6.7 6.2 6.6 2.6 25 8.3 4.2 1.7 13
7 NRC oy 201143 65 72 6.1 1.9 15 78 4.2 1.4 3.1
8 CENAM S 201175 57 5.4 56 15 15 72 4.2 17 1.2
9 UTE aaeal 201197 0.0 11.0 3.0 0.0 3.0 4.0 7.0 11.0 13.0
10 INTI oS 201207 7.0 11.0 14.0 2.0 10.0 15.0 3.0 0.0 1.0
11 CENAM S0 201222 23 22 2.4 0.4 0.4 5.4 3.2 2.9 25
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Table B.2.Expanded uncertainty (p=95.45%) in Active Powerh¢=1 in pW/VA.

P.F.=1 P.F. =405 P.F. =-05

Laboratory Date I\(/jlg;n 50 Hz 53 Hz 60 Hz 50 Hz 53 Hz 60 Hz 50 Hz 53 Hz 60 Hz
U [WWIVA] U [UWIVA] U [UWIVA]

1 CENAM 29/12/2009 2009.99 20 20 20 20 20 20 20 20 20

2 CENAM P 2010.42 20 20 20 20 20 20 20 20 20

3 NIST oo 2010.56 9 9 9 9 9 9 9 9 9

4 CENAM ST 2010.75 20 20 20 20 20 20 20 20 20

5  INMETRO o 2010.97 22 22 22 26 26 26 26 26 26

6 CENAM a0z 2011.27 20 20 20 20 20 20 20 20 20

7 NRC e 2011.43 8 8 8 8 8 8 8 8 8

8 CENAM P 2011.75 20 20 20 20 20 20 20 20 20

9 UTE ST 2011.97 20 20 23 40 40 41 40 40 41

10 INTI o 2012.07 25 25 25 32 32 32 32 32 32

11 CENAM Lo0a201 2012.22 20 20 20 20 20 20 20 20 20
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Table B.3.Measurement results of Reactive Power. Loop j=flvar/VA.

90° lead 90° lag 30° lead 30° lag
Laboratory DATE '\(’j'gf‘en 50Hz 53Hz 60Hz B50Hz 53Hz 60Hz 50Hz 53Hz 60Hz B2 53Hz 60Hz
Error [uvar/VA] Error [uvar/VA] Error [uvar/VA] Error [uvar/VA]
1 CENAM  29/12/2009  2009.99 -82  -81 74 92 90 92 .4-2 -63 27 87 73 13
2 cenam 292010 201042 57 57 50 119 116 116 03 36 .10 88 74 15
3 NIST 0000 201086 145 139 142 28 29 13 18 4279 41 19 13
4 cenam  OMOUZOI0 201075 73 71 58 102 101 106 14 50 09 88 74 13
5 INVETRO 0022000 201097 80 70 70 90 110 100 40 30 03 50 30 20
6 CENAM 200220 201127 57 57 48 116 115 117 01 39 00 86 71 11
7 NRC S0s el 201143 166 184 95 17 20 57 05 35 10, 95 78 18
8 CENAM  oo0920%L 201175 64 63 52 11 110 113 00 36 30 94 7.9 19
9 UTE o 201197 140 220 130 20 80 20 30 40 20 03 90 90
10 INTI e 201207 3L0 200 320 480 450 550 190 200 017.190 190 240
11 CENAM 0202 201222 102 99 89 75 75 78 0 A7 90 119 104 43
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Table B.4.Expanded uncertainty (p=95.45%) in Reactive Powenp j=1 in pvar/VA.

90° lead 90° lag 30° lead 30° lag
Laboratory Date '\ggf‘e” 50Hz 53Hz 60Hz 50Hz 53Hz 60Hz 50Hz 53Hz 60Hz B2 53Hz 60Hz
U [uvar/VA] U [uvar/VA] U [pvar/VA] U [pvar/VA]
1 CENAM 29/12/2009 2009.99 200 200 200 200 200 200 .020 200 200 200 200 20.0
2 CENAM 0 201042 200 200 200 200 200 200 200 200 020.200 200 200
3 NIST ) 201056 90 90 90 90 90 90 90 90 90 90 9090
4  CENAM S 201075 200 200 200 200 200 200 200 200 020.200 200 200
5  INMETRO O oolo 201097 220 220 220 220 220 220 263 263 426.263 263 264
6  CENAM Ol 201127 200 200 200 200 200 200 200 200 020.200 200 200
7 NRC oy OSOl  201143 80 90 80 80 90 80 80 80 80 80 8080
8  CENAM S Neol 201175 200 200 200 200 200 200 200 200 020.200 200 200
9 UTE SO 201197 260 260 27.0 260 260 27.0 410 410 042410 410 420
10 INTI e 201207 260 260 260 260 260 260 400 40.0 040.40.0 400 400
11 CENAM N0 201222 200 200 200 200 200 200 200 200 020.200 200 200
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Table B.5.Measurement results of Active Power. Loop j=2 in/\\W
P.F.=1 P.F. =405 P.F. =-05
Laboratory Date '\ngg‘ 50Hz 53 Hz 60Hz 50Hz 53Hz 60Hz 50Hz 53Hz Ha
Error [WW/VA] Error [uW/VA] Error [UW/VA]

1 CENAM 29/12/2009 200099 244  -187 35 138 113 2-9. -109 15 6.4
2 CENAM Oee0  201042 241 178 15 175 147 -12.9 7.0 25 107
3 INDECOPI e 201068 25 e 126 e 13.9
4 INM oIy 201083 320 2.0 6.0 33.0 18.0 42.0 17.0 40 6.02
5 CENAM a0 201102 199 142 13 144 119  -10.8 6.0 34 118
6 CENAM ool 201112 190 130 2.6 131 -10.6 9.3 6.4 30 121
7 CENAM Syoseo 201122 223 57 0.1 158 130  -114 6.6 28 111
8 ICE WS20LL 201137 e e 41 e e 156 oo — 58
9  CENAMEP 00O 201147 166 33 20.1 8.2 17.4 31.0 5.6 155 46-
10 CENAM Y020 201181 219 -160 05 176  -152  -144 47 47 131
11 CENAM il 201187 218 161 0.9 165  -143  -136 5.9 37 121
12 CENAM S 201195 210 151 0.3 455 132 121 5.9 36 118
13 CENAM S 201204 225  -16.4 0.9 175  -149  -137 5.4 40 121
14 CENAM Soas 201212 204 145 1.2 180  -154  -141 3.0 6.4 147
15 CENAM o2 201220 183 122 3.4 151 125 112 37 58 14.0
16 CENAM 02/04/2012 201225 205  -145 12 151 126  0ll. 58 35 115

Note: Cells in blank on Tables B5 to B8 correspond td mdasurements of the participants.
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Table B.€. Expanded uncertainty (p=95.45%) in Active Powerph¢=2 in uW/VA.
ean PF.=1 P.F. =405 P.F. =-05
Laboratory Date date 50 Hz 53 Hz 60 Hz 50 Hz 53 Hz 60 Hz 50 Hz 53 Hz B2
U [WWIVA] U [WWIVA] U [WWIVA]

1 CENAM 2971212009 2009.99 200 200 200 200 200 200 020 200 20.0
2 CENAM P 2010.42 200 200 200 200 200 200 200 200 020

3 INDECOPI 3ol 2010.68 e oo 1330 ceee e 700 e 70.0

4 INM o 2010.83 1100 1100 936 1162 1103 936 1119 8130 102.7
5 CENAM Loaon 2011.02 200 200 200 200 200 200 200 200 020
6 CENAM Jueeon 2011.12 200 200 200 200 200 200 200 200 020
7 CENAM S 2011.22 200 200 200 200 200 200 200 200 020

8 ICE o 2011.37 e e 1032 e e 2022  -em- — 202.0
9  CENAMEP Loeon 2011.47 61.9 621 640 927 929 942 927 928 794
10 CENAM o 2011.81 200 200 200 200 200 200 200 200 020
11 CENAM oo 2011.87 200 200 200 200 200 200 200 200 020
12 CENAM o 2011.95 200 200 200 200 200 200 200 200 020
13 CENAM Jor0 oo 2012.04 200 200 200 200 200 200 200 200 020
14 CENAM S 2012.12 200 200 200 200 200 200 200 200 020
15 CENAM QAo 2012.20 200 200 200 200 200 200 200 200 020

16 CENAM 02/04/2012 2012.25 200 200 200 200 200 200 020 200 20.0

Note: Cells in blank on Tables B5 to B8 correspond td mdasurements of the participants.
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Table B.7. Measurement results of Reactive Power. Loop j=2uvar/VA.

90° lead 90° lag 30° lead 30° lag
Laboratory Date '\ng‘é‘ 50Hz 53Hz 60Hz 50Hz 53Hz 60Hz 50Hz 53Hz B2 50Hz 53Hz 60 Hz
Error [uvar/VA] Error [puvar/VA] Error [uvar/VA] Err  or[pvar/VA]

1 CENAM 29/12/2009 2009.99 113 56 -85 344 280 -11322 54 93 92 79 66
,  CENAM 0 201042 98 34 121 313 251 93 06 68 012 84 72 59
5 INDECOP S 201088 e
A INM g?ﬁgggig 2010.83 e e e e e e e i
. CENAM oYY 201102 58 01 149 270 213 59 04 77 301 52 46 37
s CENAM yooPol 201112 49 09 57 257 200 47 02 7.2 221 35 28 19
_ CENAM JuoseOl 201122 82 19 133 200 228 73 03 7.0 12 64 55 -44
o ICE OO 201137 e 74 e e e 15.6 oo oo 2.7
o  CENAMEP (o000 201147 14 48 510 181 26 289 95 23 138671 52 214
1o CENAM 020l 201181 81 25 121 288 231 81 09 82 351 7.7 71 68
11 CENAM Joaieol 201187 83 26 121 201 233 84 01 7.4 271 71 64 62
L,  CENAM oo 201195 7.2 17 31 280 225 74 00 7.2 312 61 53 47
s CENAM 2 201204 83 25 126 201 232 79 08 79 301 78 68 60
1 CENAM 0a20 201212 7.2 14 136 280 221 68 29 101152 89 79 7.1
5 CENAM oyea2 201220 44 14 165 253 193 40 23 97148 55 47 38
16 CENAM 02/04/2012 201225 65 06 -144 273 =212 59 10 -70 -11.8 50 -39 29

Note: Cells in blank on Tables B5 to B8 correspond td mdasurements of the participants.
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Table B.8.Expanded uncertainty (p=95.45%) in Reactive Powenp j=2 in pvar/VA.
90° lead 90° lag 30° lead 30° lag
Laboratory Date Mean  "50Hz 53Hz 60Hz 50Hz 53Hz 60Hz 50Hz 53Hz B@ 50Hz 53Hz 60 Hz
U [uvar/VA] U [pvar/VA] U [uvar/VA] U [uvar/VA]

1 CENAM 20/12/2009  2009.99 200 200 200 200 200 200 .020 200 200 200 200  20.0
,  CENAM 00 201042 200 200 200 200 200 200 200 200 020.200 200  20.0

5 INDECOPI %jggggig 7010 S

. INM ) 200083 s e e e e e e e e e o
. CENAM oaP0l0 201102 200 200 200 200 200 200 200 200 020.200 200  20.0
s  CENAM JyoaP0t 201112 200 200 200 200 200 200 200 200 020.200 200 200
. CENAM JyosIOll 201122 200 200 200 200 200 200 200 200 020.200 200 200
o ICE OO 201137 e 1165 <o e 1163 1165 - oo 116.6
o CENawvep 29092011 501147 655 657 672 655 657 666 954 955 895954 956 955
1o CENAM POl 201181 200 200 200 200 200 200 200 200 020.200 200 200
11 CENAM Juaiootl 201187 200 200 200 200 200 200 200 200 020.200 200  20.0
L,  CENAM Sl 201195 200 200 200 200 200 200 200 200 020.200 200  20.0
13 CENAM 2 201204 200 200 200 200 200 200 200 200 020.200 200  20.0
wu  CENAM S ea2 201212 200 200 200 200 200 200 200 200 020.200 200 200
15 CENAM 2 201220 200 200 200 200 200 200 200 200 020.200 200  20.0
16 CENAM 02/04/2012 201225 200 200 200 200 200 200 .020 200 200 200 200  20.0

Note: Cells in blank on Tables B5 to B8 correspond td mdasurements of the participants.
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Figures 1 to 42 show the measurement results andrtbertainty for k = 2 of the participating laborées. A single figure is devoted for each onehef testing points of
the comparison as shown in Table 4 in this document

Figures 1 to 9:Active Power, Loop j = 1.

Figure 1.50 Hz P.F.=1 Figure2. 53 HzP.F.=1 Figure3. 60 HzP.F.=1
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Figures 10 to 21: Reactive Power, Loop
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SIM.EM-K5 key comparison 50/60 Hz power.
ADDENDUM
Link between the CCEM-K5:2002 and SIM.EM-K5:2012.

CENAM, México. November 2014

As requested per the CCEM Guidelines for Planndganizing, Conducting and Reporting Key,
Supplementary and Pilot Comparisons, the resultshefrecently completed SIM.EM-K5 key
comparison 50/60 Hz power have to be linked withritsults of the last key comparison organized
by the CIPM, the CCEM-KS5 in the same key quantity.

This Addendum to the Final Report of the SIM.EM-KkBy comparison 50/60 Hz power [1]
recently submitted by CENAM to the CCEM, aims aigwsing a link of this comparison with the
results of the CCEM-K5 key comparison of 50/60 Hmvpr piloted by NIST, completed in year
2000 and reported in June 2002 [2].

The link in this Addendum between the CCEM-K5 anifl.EM-K5 is based on the work of F.
Delahaye and T. Witt, published in June 2002 [3ie Tink basically consists of a correction to be
added to the results of the SIM.EM-K5 comparisorttet the transformed results can be directly
compared with the results of the CCEM.K5 comparisaiere the additive correction is
determined by a weighted mean of the correspondifigrences of the linking laboratories. This
criterion may be applicable since the CCEM-K5 aid.EM-K5 are of the same quantity of active
power at 120 V, 5 A, 53 Hz and power factor eqoal tand 0.5 lead-lag. This procedure does not
change the CCEM-K5 key comparison reference vadtoam this link the degrees of equivalence
DOEs are calculated.

In order to have a meaningful link between the bomparisons, the laboratories of the SIM region

which took part in both comparisons accepted thair tmeasurement results in both cases were
used to link the SIM.EM-K5 results with those o tGCEM-K5. The measurement results provide

a Io estimate of the uncertainty corresponding to theirfect reproducibility of the measurements

carried out by the link laboratories of SIM durithg time span between the two comparisons.

1. Information from the CCEM-K5 and SIM.EM-K5 key comp arisons of 50/60 Hz
power.

1.1. CCEM-K5 key comparison of 50/60 Hz power. Pilot labratory: NIST, USA. Duration
1996-2000, and reported in June 2002].

Test points: 120V, 5 A, 53 Hz, power factor: 20 and 0.0 lead-lag.

1/11



Participants, region and measurement dates:

Laborator Regior Measurement Da

NIST, National Institute of Standards and SIM Jun 199-Oct 200(

Technology, USA

NRC, National Research Council, Canada SIM Jun 1996 and S
1998

PTB, Physikalisct-Technische Bundesanstal| EUROMET/COOMET| Aug 1996 and Me

Germany 1999

SP, Swedish National Research and Tes EUROMET Sef 1996 and Oc

Institute, Sweden 2000

CSIRC-NML, Commonwealth Scientific ar APMP Nov 199¢

Industrial Research Organization — Natiopal

Measurement Laboratory, Australia

MSL, Measurement Standa Laboratory, New APMP Dec 1996 and Au

Zealand 2000

NPL, National Physical Laboratory, ( EUROMET Mar 1997

IEN, Istituto Elettrotecnico Nazionale, It EUROMET Apr 1997

INTI, Instituto Nacional de Tecnologia SIM Aug 199

Industrial, Argentina

NIM, National Institute of Metrology, Chil APMP Mar 1998 and Ju
2000

VNIIM, D. I. Mendeleyev Institute of Metrolog; COOMET Jun 199

Russia

PSB, Productivity and Standards Bos APMP Dec 199

Singapore

CSIR-NML, Council for Scientific and Industri: SADCMET Feb 1999 and Se

Research — National Measurement Laboratory, 2000

South Africa

INMETRO, Instituto Nacional de Metrologia, SIM Jul 199¢

Normalizacdo e Qualidade Industrial, Brazil

CENAM, Centro Nacional de Metrologia, SIM Aug 199¢

México

The name of some national metrology instituteshim above table are taken from the CEEM-K5

key comparison as reported in year 2002 [2].

1.2 SIM.EM-K5 key comparison of 50/60 Hz power [1]Pilot laboratory: CENAM, México.

Duration: April 2010 to April 2012 [1].

Test points:

Parameter Active power [W] Reactive power [var]
RMS voltagr 120 v
RMS currer 5A
Power factc 1.0 and 0.5 lead/l:
Phase ang 30 ° and 90 ° lead/li
Frequencie 50, 53 and 60 F 50, 53 and 60 F

Participating laboratories and measurement dates:

LABORATORY

date | |

LABORATORY |

date
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Loop j = NOTEL Loopj=2
Reference standard: RD-22-31] Reference standard: RD-23-432
CENAM, Méxicc Dec 2009 to Jun CENAM, Méxicc Dec 2009 to Jun

2010 2010

NIST, USA Jul-Aug 2010 LCPN-ME"°™? Chile Jul 2010
CENAM, Méxicc Sep to Oct 2010 INDECOPI, Per Sep 2010
INMETRO, Brazi Dec 2010 INM, Colombie Nov 2010
CENAM, Méxicc Feb-May 2011 CENAM, Méxicc Dec 2010-Apr 2011
NRC, Canad May-Jun 2011 ICE, Costa Ric May 2011
CENAM, Méxicc Aug-Oct 2011 CENAMEP, Panan Jun 2011
UTE, Urugua Dec 2011 CENAM, Méxicc Oct 2011- Apr 2012
INTI, Argentine Jan-Feb 2012
CENAM, Mexicc Mar-Apr 2012
Notes:

1. In order of linking the SIM.EM-K5 and the CCEMBKmeasurement results, reference is made for
laboratories participating in the SIM.EM-K5 usirtgetreference standard RD-22-311 as shown in theeabo
Table for loog = 1. It should be said that UTE, Uruguay did natticipate in the CCEM-K5 comparison.

2. The laboratory LCPN-ME received the referente@dard RD-23-432 on the date shown above, bud it d
not submit its measurement results of power. Tdli®tatory participated in the SIM.EM-S7 supplemgnta
comparison 50/60 Hz energy piloted by CENAM, whitie same traveling standard was used.

2. Measurement results from the linking laboratories @rticipating in both comparisons.

The CCEM-K5 and SIM.EM-K5 comparisons have thedwihg measuring points in common:
120 V, 5A, frequency = 53 Hz; power factor: 1.0 @n8 lead/lag. Thus, the linking procedure
between both comparisons is limited to these maaspoints.

2.1 CCEM-K5 Key Comparison Reference Value (KCRV) and wcertainty at k=2.
Values are expressed in WW/VA [2].

Power Factor Xkcrv Ukcry
1.C 7 5
0.5 lea -1 5
0.5 lac -1 5

2.2 CCEM-K5 Differences with respect of the KCRV and cmbined standard
uncertainties [2].

D kcrv - differences in pW/VA
: expanded combined uncertaintieDfcry (k=2) in pW/VA

UDi,KCRV

Table 1. Differences of KCRM:emxs

Laborator 1.0 pf 0.5 lead 0.5 lag
Di, kcrv U, kcry Di, kcrv Ub,xcry D, kcrv Up, ey
1 NIST -7 12 1 12 1 12
2 INTI 15 20 9 34 4 34
3 NRC -4 14 5 12 -3 12
4 INMETRO -9 60 15 60 -26 60
5 CENAM 4 34 -2 34 2 34
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2.3 SIM.EM-K5 Key Comparison Reference Value (KCRV) anduncertainty at k=2.
Values expressed in pV/VA [3].

Power Factotl XKcrv Ukcry
1.C 2.C 5.t
0.5 leat 1.t 7.C
0.5 lag -1.2 5.¢

2.4 SIM.EM-K5 Differences with respect of the KCRV and combined standard
uncertainties [3].

Di kcrv : differences in uW/VA

Up, erv- €XPanded combined uncertaintieDokcry (k=2) in UW/VA
Table 2. Differences of KCRM emxs
laboraton 1.0 pf 0.5 lead 0.5 lag
Dikerv | Up,ery | Dikerv | Upeery | Dikerv | Up,ponn
1 NIST 2.€ 8 0.t 8 -1 9
2 INTI 13.€ 25 10.¢ 32 -2.1 32
3 NRC -4 7 -1 7 0.4 8
4 INMETRO -2.4 22 3.2 26 -7.32 26
5 CENAM -1.7 20 -0.7 20 0.¢ 20

3. Method for linking the CCEM-K5 and SIM.EM-K5 key co mparisons of 50/60 Hz
power.

The following linking method is based on the woflDelahaye and Witt, 2002 [3].

i. The key comparison reference value derived fromQ&EM-K5, denoted as KCR¥ewks, iS
used as the reference value for linking the SIM.EM- The measurement results and

uncertainties from the CCEM-K5 are unaltered by timking procedure.

ii. LetDsto denote the difference with respect of the KGRYWs of a laboratory participating only
in the SIM.EM-K5 comparison. The present linkingthwa aims at providing an estimae of
Ds, if such laboratory would had participated in @E€EM-KS5:

ﬁs=Ds+d, (1)

whered is a correction which may be estimated by a weiglmean of the differencelg of the
c =1, 2, ...C linking laboratories which participated in bottet@CEM-K5 and SIM.EM-K5

comparisons:
d= Zg=1 wede (2)

where the weights are determined by the uncergaimti the linking laboratories:

1

sé
We (3

Yi=1 2
[

and
de = D¢ — D, (4)
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D.: difference from the KCR¥:emks for a linking laboratory CCEM-K5 and SIM.EM-
K5
Dcs difference from the KCRYuewxs for a linking laboratory CCEM-K5 and SIM.EM-
K5

iii. In the above rationale the following underlyinguaaptions may apply:

there is a possibility that a bias in the measurgmesults of the linking laboratories may
exist which may remain constant within an uncetyainterval, over the time between the
CCEM-K5 and the SIM.EM-K5 comparisons;

the bias and its associated uncertainty, may berresf to as the reproducibility of the
measurement results from the linking laboratories.

iv. The uncertainty of the linking laboratories associated with theghited mean in equation 3 is
given by:

s =u?+u?+2r2, (5)

where:

u? : uncertainty of differencB, of a linking laboratory with respect of the KCBM.«s,

u?: uncertainty of differencB¢ of a linking laboratory with respect of the KCRYew.«s;

2r2: uncertainty of the imperfect reproducibility @sults of a linking laboratory in the time
period, which spans its measurements at the CCEMfKbBat the SIM.EM-K5 comparisons,
whence the factor of 2.

4. Linking the SIM.EM-K5 and the CCEM-K5 comparisons.

By the time of preparing the present Link Repdttthee SIM linking laboratories have agreed upon
that their measurement results and uncertaintieégirgd in the CCEM-K5 be used to link the
SIM.EM-K5 comparison. Hence, the following calcidats have been done:

1. As a way to estimate how much impact using the Cd&\results in the SIM.EM-K5

would have, a conservative value of reproducibitifyresults over the time span between
the two comparisons was accepted tose10 at k= 2.

From Tables 1 and 2, and using the above equatidngl, the link calculations are carried
out at the different power factors:

4.1 Linking results at pf= 1.0

Laboratory de fe S We Wc*de
NIST -9.8 10 20 0.0025 0.388 -3.80
INTI 1.4 10 35 0.0008 0.129 0.18
NRC 0 10 21 0.0022 0.356 0.00

INMETRO -6.6 10 65 0.0002 0.037 -0.24

CENAM 5.7 10 42 0.0006 0.090 0.51
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From equations 1 and 2 abowk;,- 1.0= -3.4 pW/VA. The uncertainty associated widla= 1.0 is
Ug = 2(1.8) =3.6 pW/VA at k =2.

Lab. Dicrvsim—xs | Upkervgm xs | UkCRVecem-xs | UkcRVsivks | Udpreso Dg=Ds+d Up,

UTE 12.¢ 2C 10 5.t 3.t 9 23
CENAMEP 11.t 62 10 5.t 3.t 8 63

INM 17.¢ 11C 10 5.t 3.t 14 111

From the above, the following table shows the esjeivce degrees and its expanded uncertainty
(k=2) at 120V, 5A, pf = 1.0, 53 Hz, between CCEM-&&d SIM.EM-K5, expressed in pW/VA:

Table 3. Link of the SIM.EM-K5 with the CCEM-K5 at 120V, 5 A, 53 Hz, pf = 1.0.

Laboratory D; Upi/ (=2)
NIST -7 12
INTI 15 20
NRC -4 14

INMETRO -9 60

CENAM 4 34
UTE Dg=9 Up,=23

CENAMEF Dg=8 Up,= 63

INM Dg=14 Up=111

4.2 Linking results at pf = 0.5 lead

Laboratory de re S W We* de
NIST 0.5 10 20.2 0.0025 0.395 0.20
INTI -1.9 10 48.8 0.0004 0.068 -0.13
NRC 6 10 19.8 0.0025 0.410 2.46

INMETRO 11.8 10 66.9 0.0002 0.036 0.42

CENAM -1.3 10 41.9 0.0006 0.092 -0.12

From equations 1 and 2 abowdy- 0.5 lead= 2.8 yW/VA. The uncertainty associated with =
0.5 leads uy = 2(1.1) =2.2 pW/VA at k =2.

Lab. Dicrvsim—xs | Upkervgm xs | UkCRVecem-xs | UkcRVsivks | Udpreso Ds=Ds+d Up,

UTE 2.4 40 10 5.t 2.2 5 42
CENAMEP 30.€ 93 10 5.t 2.2 33 94

INM 30.t 11C 10 5.t 2.2 33 111

From the above, the following table shows the esjeivce degrees and its expanded uncertainty
(k=2) at 120V, 5A, pf = 0.5 lead, 53 Hz, betweenEBEKS5 and SIM.EM-K5, expressed in
HWIVA:

Table 4. Link of the SIM.EM-K5 with the CCEM-K5 at 120V, 5A, 53 Hz, pf = 0.5 lead.
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Laboratory D; Upi / (=2
NIST 1 12
INTI 9 34
NRC 5 12
INMETRO 15 60
CENAM 2 34
UTE Ds=5 Up,=42
CENAMEF Ds=33 Up,= 94
INM Ds=33 Up,=111
4.3 Linking results at pf = 0.5 lag.

Laboratory de re S We We* de
NIST 2 10 20.6 0.0024 0.391 0.78
INTI 6.1 10 48.8 0.0004 0.070 0.43
NRC -3.4 10 20.2 0.0025 0.407 -1.38

INMETRO -18.7 10 66.9 0.0002 0.037 -0.69

CENAM 1.1 10 41.9 0.0006 0.095 0.1

From equations 1 and 2 abodg.- 0.5 lag= -0.8 pW/VA. The uncertainty associated with = 0.5
lag isug = 2(0.9) = 1.8 pW/VAat k =2.

Lab. DKCRVSIM—KS UDKCRVSIM_KS UKCRVCCEM—KS UKCRVSIM—KS UdPF:l.o ﬁS = DS +d Uﬁs

UTE 9.7 4C 10 5.t 1.76 9 42
CENAM -19.c 93 10 5t 1.76 -20 94

EP

INM -6.2 11C 10 5.F 1.76 -7 132

From the above, the following table shows the esjeivce degrees and its expanded uncertainty

(k=2) at 120V, 5A, pf = 0.5 lag, frequency = 53 Hetween the CCEM-K5 and SIM.EM-K5
comparisons and expressed in pW/VA:

Table 5. Link of the SIM.EM-K5 with the CCEM-K5 at 120V, 5 A, 53 Hz, pf = 0.5 lag.

Laboratory D; Upi / k=2
NIST 1 12
INTI 4 34
NRC -3 12

INMETRO -26 60

CENAM 2 34
UTE Dc=9 Up,=42

CENAMEF Dg=-20 Up,= 94

INM Dg=-7 Up,=132

5. Degrees of equivalence for the linked SIM.EM-K5 comarison
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The degrees of equivalence (DOESs) of the laboegaf the SIM.EM-K5 as referred to the results
of the CCEM-K5 comparison are calculated at eacthefpower factors: 1.0 and 0.5 lead/lag, at
120 V, 5 A and at a frequency equal to 53 Hz.

Having accepted the link laboratories a value pfaducibility of their results over the time span
between the CCEM-K5 and SIM. EM-K5 comparisons éad= 10 at k= 2, the following tables
show the DOEs for the SIM.EM-K5. The uncertaintga@sated with the DOEs is calculated by the
guadrature sum of the uncertainties of the linktatories.
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5.1 Table 6. Degrees of Equivalence and associated urteenty (k=2) at pf = 1.0, expressed in pW/VA.

NIST INTI NRC INMETRO CENAM UTE CENAMEP INM
DOES | Wok: | DOES | Woe: | DOES | Wok: | DOES | Woe: | DOES | Wok: | DOES | Woe: | DOES | Wog: | DOES | ok
NIST 22 23 3 18 -2 61 11 36 16 26 15 64 21 111
INTI -22 23 -19 24 -24 63 -11 39 -6 31 -7 66 -1 112
NRC -3 18 19 24 -5 62 8 37 13 27 12 65 18 112
INMETRO 2 61 24 63 5 62 13 69 18 64 17 87 23 126
CENAM -11 36 11 39 -8 37 -13 69 5 41 4 72 10 116
UTE -16 26 6 31 -13 27 -18 64 -5 41 -1 67 5 113
CENAMEP -15 64 7 66 -12 65 -17 87 -4 72 1 67 6 127
INM -21 111 1 112 -18 112 -23 126 -10 116 -5 113 -6 127
5.2 Table 7. Degrees of Equivalence and associated urtainty (k=2) at pf = 0.5 lead, expressed in pW/VA.
NIST INTI NRC INMETRO CENAM UTE CENAMEP INM
DOES | Wog: | DOES | Wog: | DOES | Woe: | DOES | Woe: | DOES | Woe: | DOES | Woee | DOES | Woe: | DOES | Uk
NIST 8 36 4 17 14 61 -3 36 4 43 32 94 32 111
INTI -8 36 -4 36 6 69 -11 48 -4 54 24 100 24 116
NRC -4 17 4 36 10 61 -7 36 0 43 28 94 28 111
INMETRO -14 61 -6 69 -10 61 -17 69 -10 73 18 111 18 126
CENAM 3 36 11 48 7 36 17 69 7 54 35 100 35 116
UTE -4 43 4 54 0 43 10 73 -7 54 28 103 28 118
CENAMEP| -32 94 -24 100 -28 94 -18 111 -35 100 -28 103 0 145
INM -32 111 -24 116 -28 111 -18 126 -35 116 -28 118 0 145
5.3 Table 8. Degrees of Equivalence and associated urteénty (k=2) at pf = 0.5 lag, expressed in pW/VA.
NIST INTI NRC INMETRO CENAM UTE CENAMEP INM
DOES | Wok: | DOES | UWoke: | DOES | UWoe: | DOES | Woe: | DOES | Woe: | DOES | Woee | DOES | Woe: | DOES | Wk
NIST 3 36 -4 17 -27 61 1 36 8 43 -21 94 -8 132
INTI -3 36 -7 36 -30 69 -2 48 5 54 -24 100 -11 136
NRC 4 17 7 36 -23 61 5 36 12 43 -17 94 -4 132
INMETRO 27 61 30 69 23 61 28 69 35 73 6 111 19 145
CENAM -1 36 2 48 -5 36 -28 69 7 54 -22 100 -9 136
UTE -8 43 -5 54 -12 43 -35 73 -7 54 -29 103 -16 138
CENAMEP| 21 94 24 100 17 94 -6 111 22 100 29 103 13 161
INM 8 132 11 136 4 132 -19 145 9 136 16 138 -13 161
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6. Tests of consistency between the CCEM-K5 and SIM.ENK5 measurement results

It is important to ensure the consistency of tink between the SIM.EM-K5 and the CCEM-K5
measurement results. The main concern is the iontef “reproducibility” of the measurement
results over the time span between the two compeisAs pointed out in section 4, the link
laboratories have agreed upon a reproducibilityofag. equal to 10 at k= 2.

Delahaye [3] used the proposal of B. N. Taylor pHsed on the Birge ratio [4], between an internal
and an external consistency.

The internal consistency is related with the uraiety associated with the weighted mean
difference of measurement results coming out frieentivo comparisons. It is expressed in terms of
the standard deviation of the correctargiven in equation 2 above; it is calculated as:

ne(d) = o ——, 6
Uarmt( ) 25:1(1/var(dc)) ( )

where the variance @k is given bysZ as in equation 5 for k = 1.
The external consistency is related with the stehdaviation of the weighted difference between

the difference of measurement results of CCEM-K8 SiM.EM-K5 measurement results of the
linking laboratories and the correction factott is expressed as:

Yeoiwe (dc—d)?
varext(d) = IV(VCC_DC . (7)
The Birge ratio is defined aBR = %, and the criterion of consistency based on ttiie is:
int

1. BR = 1: there is consistency in the link between treasurement results of the CCEM-K5
and the SIM.EM-K5.

2. BR > 1: some of the uncertainty values of the higkiaboratories are underestimated, thus,
there is not consistency in the link between thasueement results of the CCEM-K5 and
the SIM.EM-KS5.

3. BR < 1: some of the uncertainty values of theitigdaboratories may be overestimated. It
is possible that the reproducibility factog is overestimated. The link between the
comparisons is consistent.

Table 6 shows the results of applying the Birgdorab the CCEM-K5 and SIM.EM-K5
measurement results. At the three power factoesBtlge ratio is lower than one, meaning that the
link between the CCEM-K5 and SIM.EM-K5 comparisimseliable.

Table 6. Consistency of measurement results acaptdithe Birge ratio.
Testing point VQTgyt VAT, Birge ratic

P.F.=1. 2.7¢ 6.2¢ 0.441
P.F.=0.5lec 1.7¢ 6.3¢ 0.276
P.F.=0.5Ia 2.31 6.4 0.359
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7. Conclusions.

In this Addendum a link between the SIM.EM-K5 ahd CCEM.K5 key comparisons in 50/60 Hz
power is presented. The SIM.EM-K5 [1] comparisorsweanducted by CENAM between years
2010 and 2012, whereas the CCEM-K5 was conductedIBY in years 1996-2000 [2]. The link
laboratories in the two comparisons are: NIST-UBTI-Argentina; NRC-Canada; INMETRO-
Brazil and CENAM-Mexico. The link of the comparisoapplies to the testing points: 120 V, 5 A,
frequency of 53 Hz and power factor equal to 1@ @5 lead/lag.

The link procedure is based on the work of Delahagd Witt [3]. It basically consists of an

additive correction which is applied to the resulfsthe SIM.EM-K5 comparison so that the
transformed results can be directly compared with results of the CCEM.K5 comparison. The
additive correction is determined by a weighted meé& the corresponding differences of the
linking laboratories. This criterion may be appht= since the CCEM-K5 and SIM.EM-K5

comparisons are of the same quantity of electpoaver at 120 V, 5 A, 53 Hz and power factor
equal to 1 and 0.5 lead-lag. This procedure dodschange the CCEM-K5 key comparison
reference value.

The differences of the results of the laboratoviéth respect of the CCEM.K5 results have been
estimated considering that the link laboratoriegehaccepted a value of reproducibility of their
results over the time span between the CCEM-K53iMi EM-K5 comparisons to bg = 10 at k=

2. From this link the degrees of equivalence DOfestlae calculated and the uncertainty associated
with them is calculated by the quadrature sum efuhcertainties of the laboratories. Tables 2.2
and 2.4, show the difference of the laboratorieth wéspect of the KCRV of the CCEM.K5 and
SIM.EM-K5 key comparisons, respectively. Tableso35t show the linking results between the
SIM.EM-K5 and CCEM-K5 comparisons at the three etéht power factors. Tables 5.1 to 5.3
show the degrees of equivalence among the SIM datdes and the associated uncertainty (k =2),
and expressed in pW/VA.

In Section 6, a consistency test is applied tolitile between the two comparisons based on the
proposal of Delahaye and B. N. Taylor. Table 6 shtwe consistency results, indicating that the
link between the CCEM-K5 and SIM.EM-K5 comparisimseliable.

From the results shown in this Addendum it may befiemed that the SIM.EM-K5 is properly
linked to the CCEM-K5 comparison.
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