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1. Introduction

This report presents the results of the APMP comparison in the area of ‘vibration’, which
here refers to the calibration of the accelerometer standards set in compliance with method 1 or
method 3 as recommended in the international standard 1SO 16063-11:1999.

The participants have reached a consensus and considered the most appropriate method, then
referred to CCAUV.V-K3 report [1], the weighted mean and the degrees of equivalence were
evaluated for this particular comparison. The calculation of the key weighted mean was in
accordance with the Guidelines for CIPM key comparisons [2].

The “linking” procedure was applied to establish the relationship between the results of the
participants and those of the CIPM comparison in the field of vibration, which was CCAUV.V-K3.
Only one pilot laboratory, NIM, acted as the linking laboratory. The linking factors were defined
as the ratio and difference for magnitude and phase shift respectively through the NIM results in
CCAUV.V-K3 and APMP.AUV.V-K3.1. Using the linking factors, this RMO results of six
participants were directly compared with the results of CCAUV.V-K3,

The Technical Protocol presented in Annex A, shows the aim and the task, the conditions
for the measurements, the transfer standard used, the measurement instructions and the time
schedule of this comparison.

2. Participants

Six national metrology institutes (NMIs) from Asia Pacific Metrology Programme (APMP),
and Intra-Africa Metrology System (AFRIMETS) participated in the comparison. They are listed
in the chronological order of measurement in Table 2.1.

3. Task and purpose of the comparison

According to the rules set up by the CIPM MRA, the consultative committees of the CIPM
have the responsibility to establish degrees of equivalence between the different measurement
standards operated by the NMIs. This was done by conducting key comparisons (KC) on different
levels of the international metrological infrastructure. The previous key comparisons
CCAUV.V-K1, CCAUV.V-K2, and CCAUV.V-K3, in the frequency range 40 Hz to 5 kHz,
10 Hz to 10 kHz and 0.1 Hz to 40 Hz were completed in the year 2001, 2014 and 2016,
respectively.

Recently, the APMP NMIs had improved the calibration capabilities and extended their low-
frequency vibration limit down to 0.1 Hz. Thus, the decision was taken to launch the preparation
of comparison during the meeting of APMP TCAUV in 2017. The task of the comparison was to
compare measurements of linear vibration calibration within the frequency range 0.1 Hz to 40 Hz.
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The results of this APMP comparison will, after approval by CCAUV, serve as supporting
evidence for "calibration and measurement capabilities” (CMCs) at low vibration frequency.

Table 2.1 List of participants and schedule of APMP AUV.V-K3.1

Participant Ca"bfa“f’”
No. Laboratory Acronym Economy ( 353'3'(;% ; Remark
Center for Measurement Chinese | 2018/05721
1 |Standards - Industrial Technology] CMS-ITRI Taipei to Pilot institute
Research Institute 2018/05/27
. . 2018/06/05 "
, | National Institute of Metrology, NIM China to Coordinating
China 2018/07/08 institute
. . 2018/07/16
3 National Institute of Metrology NIMT Thailand to
(Thailand) 2018/07/29
) ) 2018/08/06
4 Korea Research Ins‘gltute of KRISS Republic of to
Standards and Science Korea 2018/08/19
. . 2018/08/27
5 | National Metrology InStiute | NmiISA  south Africal  to
of South Atrica 2018/09/09
) ) 2018/09/17
6 CSIR - National Phy_3|cal CSIR-NPLI India to
Laboratory of India 2018/09/28

The results of this comparison are expected to provide direct support to CMCs related to the

primary calibration of complex voltage sensitivity of both acceleration measuring chains and
accelerometers at low frequencies. This support could be extended to a wider scope of
measurements, including primary calibration of complex voltage sensitivity and current
sensitivity of accelerometers.

For the calibration of the accelerometer standard set, method 3 of the international standard

ISO 16063-11:1999 had to be applied for the entire frequency range. Specifically, the magnitude
of the complex voltage sensitivity had to be given in millivolts per meter per second squared
(mV/(m/s?3) and phase shift in degrees (°) for the different measurement conditions specified in
the Annex A. The reported complex voltage sensitivities and associated uncertainties were used
for the calculation of the degrees of equivalence between the participating NMI and to the KCRV
computed for CCAUV.V-K3.
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4. Transfer standard used as artifact

For the purpose of the comparison, the pilot laboratory selected one accelerometer for which
the monitoring data during the interval of ten months were available and not included in any
published international cooperation work.

e  One transfer standard accelerometer (single-ended), type SA704, S/N 1054 (manufacturer:

NIM).

e  One signal conditioner, type MSA-I, S/N 131211 (manufacturer: NIM).

The artifact set was monitored by the pilot laboratory at least once a month before and after
the circulation. The monitoring results show the artifact was in controlled condition based on the
collected data.

5. Circulation of the artifact

The transducer set was circulated between the participating laboratories considering a
measurement period of two weeks provided for each participating laboratory and one week for
the pilot laboratory. Any careless drop could change its sensitivity or even damage it; therefore,
the artifact set was hand-carried during transportation between participants with great caution.

6. Results of the monitoring measurements

Starting with calibration data in July 2017, the accelerometer standard set was measured by
the pilot laboratory before and after the circulation of the artifact. As a representative of the overall
variation during the monitored period, the measurements at several sample frequencies are shown
in Figure 6.1 and Figure 6.2

The stability of the artifact was monitored through a series of monitoring measurements. The
measurement results are summarized by the statistical properties and are shown in Tables 6.1 and
6.2. This analysis indicates that the stability of the artifacts was acceptable considering the
standard uncertainty claimed. It is worth noting that the option of gain 100 was selected on the
conditioner for frequencies from 0.1 Hz to 0.4 Hz. To allow direct comparison with the magnitude
of sensitivity results for the frequencies higher than 0.4 Hz, the normalization of 1/100 was used
to describe the monitoring results.
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Table 6.1 Mean and its relative standard deviation of voltage sensitivity of the artifacts

calculated from the monitoring measurements.

Frequency Long term mean rel. std. dev. rel. std. unc.
(Hz) (mV/(m/s?)) (%) (%)
0.1 131.08 0.02 0.15
0.5 131.03 0.02 0.15

1 130.98 0.03 0.15
1.6 130.96 0.03 0.15
6.3 130.97 0.02 0.15
10. 130.97 0.02 0.15
16 130.98 0.02 0.15
40 131.68 0.02 0.15

Table 6.2 Mean and its standard deviation of phase shift of the artifacts calculated from the
monitoring measurements

Frequency Long term mean abs. std. dev. abs. std. unc.

(Hz) (°) (°) (°)
0.1 -0.37 0.01 0.15
0.5 -0.02 0.01 0.15

1 -0.07 0.01 0.15
1.6 -0.09 0.01 0.15
6.3 -0.24 0.01 0.15

10 -0.41 0.02 0.15

16 -0.66 0.02 0.15

40 -1.90 0.02 0.15

Page 4 of 70



APMP.AUV.V-K3.1

magnitude in mv/(m/s?) magnitude in mV/(m/s?)

magnitude in mV/(m/s?)

magnitude in mV/(m/s?)

0.1Hz
131.4

1313 i

131.2

1311

131.0

1309 :

130.8

& S P P P P P P
A AR I G GRS RN LS L
S T A S o

Date

1Hz
1313

1312 .
1311 7 T
131.0 I = §
130.9 e

130.8

130.7

QCQ';\Q{\Q(’\Q{\{\Q%@Q

NI s ®
U E @S oY o Y gV @

2 ® >
P
o
NN

Date

6.3 Hz

1313

131.2

1311

131.0

130.9

130.8

130.7

A A A > B ®
& & & & & S D O S
RGP Gl
S VY gV @ Y '@\

Date

16 Hz
131.3

131.2

1311

131.0

130.9

130.8

130.7

S
& o

G .\1:
(s} QS (\) s
S @

A A A A A A
B L s
AR AR R R R IR G R
RO A R

Date

magnitude in mV/(m/s?)

magnitude in mV/(m/s?) magnitude in mV/(m/s?)

magnitude in mV/(m/s?)

June 2023

0.5 Hz
131.4

1313
1312
1311
131.0 L]
130.9

130.8

130.7

% R
S VA S o

A A
PO e S

AR AR A A AR
SRS

s
o

AA A A
& & & &S
CERCER R CERG
ARG Gl L,

Date

1.6 Hz

131.4
1313
131.2 .
131.1
131.0 *
1309

130.8

130.7

Gl
R

N 2
> o
\’LQ

®
o S
RN

A A A A e B
AP g R
&
U B @

o
&

A
&
(o
Q@

Date

10 Hz
131.3

131.2

1311

131.0

1309

130.8

130.7

A A D DA A e > B @ @
IR S A N RN G LR SN L S
IR IR S U S U S
M M M R M M MR

Date

40 Hz
132.0

1319

131.8

131.7

131.6

1315

1314
& @
Y &y
sy
N @

Date

P

K F S
RO
PO

A A A A A A
A S G I A o
GG CERCGERG
MR RO

Figure 6.1 Monitoring of the voltage sensitivity over the comparison period.
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Figure 6.2 Monitoring of the phase shift over the comparison period
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/. Results of the participants

The following sections are presenting the results from the participants submitted to the pilot
laboratory using the mandatory report spreadsheet. The results presented are in mV/(m/s3 and
degree (°) for the magnitude and phase shift, respectively. The vibration excitation was horizontal
for CMS-ITRI, NIM, KRISS, NMISA and CSIR-NPLI, and vertical for NIM and NIMT. Whether
the calibration was performed in vertical or horizontal direction at or below 0.4 Hz, the bias from
earth gravitational acceleration was compensated to zero by adding offset with the signal
conditioner in actual measurement by participants. Normalization of 1/100 was applied to
compensate for the gain setting of 100 on the conditioner for frequencies from 0.1 Hz to 0.4 Hz.
That means in this frequency range, the reported magnitude of sensitivity was divided by 100 for
each participant.

7.1 Results for the magnitude of the complex voltage sensitivity

Results for the horizontal and the vertical excitation and for frequency range from 0.1 Hz to
40 Hz are shown in Tables 7.1.1 and 7.1.2, respectively.

Table 7.1.1 Reported participants' results for the magnitude of the accelerometer sensitivity
with relative expanded uncertainties (k = 2) for horizontal excitation.

Horizontal CMS-ITRI NIM KRISS NMISA CSIR-NPLI
magnitude of magnitude of magnitude of magnitude of magnitude of
actual rel.exp. rel.exp. rel.exp. rel.exp. rel.exp.
frequency VOI.ta.g.e Unc. "0'?9? unc. VOI.tég.e unc. VOIFa}g? unc. VOI.ta}g? unc.
sensitivity sensitivity sensitivity sensitivity sensitivity
(H2) (mV/(mis?) (%) (mV/(mis?)) (%) (mV/(mis%) (%) (mV/(mis?)) (%) (mV/(mis%) (%)
0.1 131.07 0.3 131.19 0.3 132.40 13 131.27 0.8 131.24 1.0
0.125 131.01 0.3 131.19 0.3 131.91 1.0 131.28 0.8 131.21 1.0
0.16 131.02 0.3 131.19 0.3 131.67 0.8 131.35 0.8 131.19 1.0
0.2 130.99 0.3 131.19 0.3 131.51 0.5 131.29 0.8 131.22 1.0
0.25 130.97 0.3 131.18 0.3 131.42 0.5 131.26 0.5 131.18 1.0
0.315 130.95 0.3 131.17 0.3 131.32 0.3 131.25 0.5 131.16 1.0
0.4 130.96 0.3 131.16 0.2 131.22 0.3 131.21 0.5 131.14 1.0
0.5 131.01 0.3 131.02 0.2 131.08 0.4 130.98 0.5 131.14 0.7
0.63 131.00 0.3 131.08 0.2 131.07 0.4 130.99 0.5 131.15 0.7
0.8 130.97 0.3 131.01 0.2 131.11 0.4 130.99 0.5 131.15 0.7
1 130.94 0.3 131.00 0.2 131.13 0.4 130.98 0.3 131.06 0.7
1.25 130.93 0.3 130.99 0.2 131.13 0.4 131.00 0.3 131.14 0.7
1.6 130.94 0.3 130.98 0.2 131.09 0.3 131.01 0.3 131.14 0.7
2 130.94 0.3 130.99 0.2 130.98 0.3 131.01 0.3 131.09 0.7
2.5 130.94 0.3 131.00 0.2 130.97 0.3 131.01 0.3 131.14 0.7
3.15 130.93 0.3 131.02 0.2 130.98 0.3 131.01 0.3 131.15 0.7
4 130.95 0.3 130.99 0.2 130.95 0.3 131.01 0.3 131.10 0.7
5) 130.94 0.3 130.99 0.2 130.96 0.3 131.03 0.3 131.10 0.7
6.3 130.96 0.3 131.00 0.2 131.01 0.3 131.01 0.3 131.17 0.7
8 130.97 0.3 131.01 0.2 131.02 0.3 130.98 0.3 131.10 0.7
10 130.97 0.3 131.02 0.2 131.03 0.3 130.98 0.3 131.10 0.7
12.5 131.00 0.3 131.04 0.2 131.05 0.3 130.98 0.3 131.19 0.7
16 131.04 0.3 131.07 0.2 131.13 0.3 130.99 0.3 131.20 0.7
20 131.06 0.3 131.12 0.2 131.17 0.3 130.96 0.3 131.23 0.8
25 131.11 0.3 131.20 0.2 131.23 0.3 130.95 0.3 131.25 0.8
31.5 131.27 0.3 131.35 0.2 131.36 0.3 131.03 0.3 131.42 0.9
40 131.68 0.3 131.70 0.2 131.53 0.3 131.23 0.3 131.59 0.9
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Table 7.1.2 Reported participants' results for the magnitude of the accelerometer sensitivity

Vertical NIM NIMT
magnitude of magnitude of

actual rel.exp. rel.exp.

frequency VOI.ta.lg? unc. volfta?g_e unc.
sensitivity sensitivity

(Hz) (MV/(mis?)) (%) (mV/(m/s?)) (%)
0.1 131.09 0.3 131.14 0.60
0.125 131.10 0.3 131.19 0.60
0.16 131.11 0.3 131.10 0.60
0.2 131.15 0.3 131.16 0.60
0.25 131.14 0.3 131.16 0.60
0.315 131.15 0.3 131.14 0.60
0.4 131.16 0.2 131.13 0.60
0.5 131.15 0.2 130.95 0.60
0.63 131.07 0.2 130.97 0.60
0.8 131.03 0.2 130.94 0.60
1 131.02 0.2 130.96 0.51
1.25 131.01 0.2 130.96 0.51
1.6 131.00 0.2 130.93 0.51
2 131.00 0.2 130.93 0.48
2.5 130.99 0.2 130.91 0.48
3.15 130.98 0.2 130.95 0.48
4 130.99 0.2 130.93 0.48
5 130.98 0.2 130.93 0.45
6.3 130.99 0.2 130.93 0.41
8 130.99 0.2 131.00 0.41
10 131.01 0.2 131.00 0.38
12.5 131.03 0.2 131.01 0.38
16 131.07 0.2 131.05 0.38
20 131.10 0.2 131.10 0.38
25 131.15 0.2 131.18 0.38
315 131.28 0.2 131.32 0.38
40 131.50 0.2 131.52 0.38
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7.2 Results for the phase shift of the complex voltage sensitivity

Table 7.2.1 Reported participants' results for the phase shift of the accelerometer sensitivity

with expanded uncertainties (k = 2) for horizontal excitation

Horizontal CMS-ITRI NIM KRISS NMISA CSIR-NPLI
actual IEED] abs.exp. FES00f abs.exp. L1E00] abs.exp. L8] abs.exp. EIEEDE] abs.exp.
frequency VOIF’TQ? unc. voIFa}gfe Unc. vol.tggfe Unc. VOI.@g? Unc. VOI.téTg? Unc.
sensitivity sensitivity sensitivity sensitivity sensitivity
(H) ) ) ) ) ) ) ) ) ) )
0.1 -0.35 0.3 -0.34 0.2 -0.34 0.2 -0.36 0.2 -0.37 1.0
0.125 -0.42 0.3 -0.42 0.2 -0.42 0.2 -0.43 0.2 -0.44 1.0
0.16 -0.55 0.3 -0.54 0.2 -0.53 0.2 -0.54 0.2 -0.53 1.0
0.2 -0.68 0.3 -0.68 0.2 -0.67 0.2 -0.68 0.2 -0.64 1.0
0.25 -0.85 0.3 -0.85 0.2 -0.83 0.2 -0.85 0.2 -0.83 1.0
0.315 -1.07 0.3 -1.07 0.2 -1.04 0.2 -1.07 0.2 -1.10 1.0
0.4 -1.35 0.3 -1.36 0.2 -1.33 0.2 -1.35 0.2 -1.33 1.0
0.5 -0.02 0.3 -0.02 0.2 -0.01 0.2 -0.01 0.2 -0.32 0.7
0.63 -0.02 0.3 -0.02 0.2 -0.01 0.2 -0.01 0.2 -0.27 0.7
0.8 -0.03 0.3 -0.04 0.2 -0.01 0.2 -0.02 0.2 -0.24 0.7
1 -0.04 0.3 -0.05 0.2 -0.02 0.2 -0.02 0.2 -0.20 0.7
1.25 -0.05 0.3 -0.06 0.2 -0.03 0.2 -0.02 0.2 -0.18 0.7
1.6 -0.06 0.3 -0.07 0.2 -0.05 0.2 -0.03 0.2 -0.17 0.7
2 -0.07 0.3 -0.09 0.2 -0.06 0.2 -0.04 0.2 -0.19 0.7
2.5 -0.09 0.3 -0.12 0.2 -0.09 0.2 -0.04 0.2 -0.20 0.7
3.15 -0.12 0.3 -0.13 0.2 -0.12 0.2 -0.05 0.2 -0.22 0.7
4 -0.15 0.3 -0.18 0.2 -0.16 0.2 -0.07 0.2 -0.23 0.7
5 -0.22 0.3 -0.22 0.2 -0.21 0.2 -0.09 0.2 -0.27 0.7
6.3 -0.25 0.3 -0.28 0.2 -0.27 0.2 -0.14 0.2 -0.43 0.7
8 -0.33 0.3 -0.36 0.2 -0.34 0.2 -0.15 0.2 -0.40 0.7
10 -0.38 0.3 -0.45 0.2 -0.43 0.2 -0.17 0.2 -0.48 0.7
12.5 -0.53 0.3 -0.56 0.2 -0.54 0.2 -0.22 0.2 -0.58 0.7
16 -0.69 0.3 -0.72 0.2 -0.69 0.2 -0.28 0.2 -0.76 0.7
20 -0.85 0.3 -0.90 0.2 -0.88 0.2 -0.35 0.2 -1.03 0.8
25 -1.02 0.3 -1.14 0.2 -1.11 0.2 -0.42 0.2 -1.37 0.8
315 -1.35 0.3 -1.47 0.2 -1.42 0.2 -0.51 0.2 -1.84 0.9
40 -2.05 0.3 -2.07 0.2 -1.83 0.2 -0.70 0.2 -1.99 0.9
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Table 7.2.2 Reported participants' results for the phase shift of the accelerometer sensitivity
with expanded uncertainties (k = 2) for vertical excitation

Vertical NIM NIMT
actual 2SI abs.exp. s abs.exp.
frequency VO'F?Q? unc. voIftgg_e unc.
sensitivity sensitivity
(Hz) ) ) ) )
0.1 -0.30 0.2 -0.34 0.83
0.125 -0.41 0.2 -0.46 0.83
0.16 -0.54 0.2 -0.55 0.83
0.2 -0.67 0.2 -0.70 0.83
0.25 -0.84 0.2 -0.86 0.83
0.315 -1.07 0.2 -1.09 0.83
0.4 -1.35 0.2 -1.38 0.83
0.5 -0.01 0.2 -0.03 0.83
0.63 -0.02 0.2 -0.04 0.83
0.8 -0.02 0.2 -0.04 0.83
1 -0.04 0.2 -0.04 0.61
1.25 -0.06 0.2 -0.06 0.61
1.6 -0.07 0.2 -0.07 0.61
2 -0.09 0.2 -0.08 0.54
2.5 -0.11 0.2 -0.10 0.54
3.15 -0.14 0.2 -0.13 0.54
4 -0.18 0.2 -0.16 0.54
5 -0.23 0.2 -0.20 0.47
6.3 -0.29 0.2 -0.26 0.47
8 -0.37 0.2 -0.34 0.47
10 -0.46 0.2 -0.43 0.45
12.5 -0.58 0.2 -0.55 0.45
16 -0.74 0.2 -0.71 0.45
20 -0.93 0.2 -0.90 0.45
25 -1.16 0.2 -1.13 0.45
31.5 -1.43 0.2 -1.45 0.45
40 -1.89 0.2 -1.87 0.45
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8. Degrees of equivalence with respect to the RMO weighted mean value

The evaluation of the results was performed using a weighted mean computed with the
following equations [3]:

-1
xwum($) = 242 (22 (1)
) -1/2
won(h) = (Z25) o)
where
xi(f) result of participant i at frequency f
ui( ) absolute standard uncertainty of participant i at frequency f

Xwm( T) best estimate of the weighted mean sensitivity at frequency f uym( )
estimated absolute standard uncertainty for the weighted mean
at frequency f

Consistency checks were performed for magnitude and phase shift of the complex voltage
sensitivity. The test defined by Cox [4, 5] was applied to determine the participants that were
members of the Largest Consistent Subset (LCS). The weighted mean was finally determined
through the participants in the members of the consistent subset. Tables 8, are the consistency test
results for both magnitude and phase shift respectively. Cells are highlighted in yellow and with
an asterisk (*) when y%ps > V). Cells in Table 8(a) highlighted in yellow and marked with an
asterisk (*) were considered as not within the LCS and were excluded from the calculation of the
weighted mean. It should be noted that, NMISA’s results from 16 Hz to 40 Hz did not contribute
to the calculation of the weighted mean for phase shift. Tables 8(a) and 8(b) present the results of
the consistency test applied to the horizontal and vertical excitation results reported by the LCS
for magnitude (left) and phase shift (right), respectively.
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Table 8 Results of the consistency test applied to all the horizontal excitation results reported by
the participants respectively for magnitude (left) and phase shift (right)

Number of 2 Number of 2
Frequency (Hz) Fl’\lal;tr;ti)e;n?(: Degrees of Lot i Frequency (Hz) N“’T‘k?er of Degrees of ot L
P Freedom with p<0.05 gaikpant Freedom with p<0.05
0.1 5 4 231 9.49 0.1 5 4 0.02 9.49
0.125 5 4 1.93 9.49 0.125 5 4 0.01 9.49
0.16 5 4 1.56 9.49 0.16 5 4 0.02 9.49
0.2 5 4 1.94 9.49 0.2 5 4 0.01 9.49
0.25 5 4 1.62 9.49 0.25 5 4 0.03 9.49
0.315 5 4 1.82 9.49 0.315 5 4 0.06 9.49
0.4 5 4 1.03 9.49 0.4 5 4 0.04 9.49
0.5 5 4 0.13 9.49 05 5 4 0.76 9.49
0.63 5 4 0.20 9.49 0.63 5 4 0.54 9.49
0.8 5 4 0.26 9.49 0.8 5 4 0.43 9.49
1 5 4 0.35 9.49 1 5 4 0.28 9.49
1.25 5 4 0.45 9.49 1.25 5 4 0.23 9.49
1.6 5 4 0.40 9.49 1.6 5 4 0.21 9.49
2 5 4 0.12 9.49 2 5 4 0.27 9.49
2.5 5 4 0.20 9.49 2.5 5 4 0.42 9.49
3.15 5 4 0.26 9.49 3.15 5 4 0.50 9.49
4 5 4 0.15 9.49 4 5 4 0.79 9.49
5 5 4 0.19 9.49 5 5 4 1.21 9.49
6.3 5 4 0.19 9.49 6.3 5 4 1.64 9.49
8 5 4 0.10 9.49 8 5 4 2.93 9.49
10 5 4 0.11 9.49 10 5 4 4.90 9.49
12.5 5 4 0.21 9.49 12.5 5 4 7.83 9.49
16 5 4 0.35 9.49 16 5 4 13.16* 9.49
20 5 4 0.72 9.49 20 5 4 20.71* 9.49
25 5 4 1.34 9.49 25 5 4 35.28* 9.49
31.5 5 4 2.05 9.49 315 5 4 62.09* 9.49
40 5 4 4.07 9.49 40 5 4 117.00* 9.49

Note: Cells were highlighted in yellow and with an asterisk (*) when y?obs > y*(v)

Table 8(a) Results of the consistency test applied to all the horizontal excitation results reported
by the largest consistent subset respectively for magnitude (left)
and phase shift (right)

Number of 2 Number of 2
Number of o) Number of b
Frequency (Hz) o Degrees of . Frequency (Hz - Degrees of 2 G
Participants S Mty RO s i) Participants Friedom X obs pents
0.1 5 4 2.31 9.49 0.1 5 4 0.02 9.49
0.125 5 4 1.93 9.49 0.125 5 4 0.01 9.49
0.16 5 4 1.56 9.49 0.16 5 4 0.02 9.49
0.2 5 4 1.94 9.49 0.2 5 4 0.01 9.49
0.25 5 4 1.62 9.49 0.25 5 4 0.03 9.49
0.315 5 4 1.82 9.49 0.315 5 4 0.06 9.49
0.4 5 4 1.03 9.49 0.4 5 4 0.04 9.49
0.5 5 4 0.13 9.49 0.5 5 4 0.76 9.49
0.63 5 4 0.20 9.49 0.63 5 4 0.54 9.49
0.8 5 4 0.26 9.49 0.8 5 4 0.43 9.49
1 5 4 0.35 9.49 1 5 4 0.28 9.49
1.25 5 4 0.45 9.49 1.25 5 4 0.23 9.49
1.6 5 4 0.40 9.49 1.6 5 4 0.21 9.49
2 5 4 0.12 9.49 2 5 4 0.27 9.49
2.5 5 4 0.20 9.49 2.5 5 4 0.42 9.49
BNS 5 4 0.26 9.49 3.15 5 4 0.50 9.49
4 5 4 0.15 9.49 4 5 4 0.79 9.49
B 5 4 0.19 9.49 B 5 4 1.21 9.49
6.3 5 4 0.19 9.49 6.3 5 4 1.64 9.49
8 5 4 0.10 9.49 8 5 4 2.93 9.49
10 5 4 0.11 9.49 10 5 4 4.90 9.49
12.5 5 4 0.21 9.49 12.5 5 4 7.83 9.49
16 5 4 0.35 9.49 16 4 3 0.08 7.81
20 5 4 0.72 9.49 20 4 3 0.21 7.81
25 5 4 1.34 9.49 25 4 3 0.82 7.81
315 5 4 2.05 9.49 31.5 4 3 1.25 7.81
40 5 4 4.07 9.49 40 4 3 3.17 7.81
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Table 8(b) Results of the consistency test applied to all the vertical excitation results reported
by the participants respectively for magnitude (left) and phase shift (right)

Number of 2 Number of 2
Number of 2 X ) Number of 2 X )
Frequency (Hz) Particiants Degrees of A obs Frequency (Hz) Participants Degrees of A obs
Freedom with p<0.05 Freedom with p<0.05
0.1 2 1 0.02 3.84 0.1 2 1 0.01 3.84
0.125 2 1 0.04 3.84 0.125 2 1 0.01 3.84
0.16 2 1 0.00 3.84 0.16 2 1 0.00 3.84
0.2 2 1 0.00 3.84 0.2 2 1 0.00 3.84
0.25 2 1 0.00 3.84 0.25 2 1 0.00 3.84
0.315 2 1 0.00 3.84 0.315 2 1 0.00 3.84
0.4 2 1 0.00 3.84 0.4 2 1 0.00 3.84
0.5 2 1 0.22 3.84 0.5 2 1 0.00 3.84
0.63 2 1 0.05 3.84 0.63 2 1 0.00 3.84
0.8 2 1 0.05 3.84 0.8 2 1 0.00 3.84
1 2 1 0.03 3.84 1 2 1 0.00 3.84
1.25 2 1 0.01 3.84 1.25 2 1 0.00 3.84
1.6 2 1 0.04 3.84 1.6 2 1 0.00 3.84
2 2 1 0.04 3.84 2 2 1 0.00 3.84
25 2 1 0.06 3.84 25 2 1 0.00 3.84
3.15 2 1 0.01 3.84 3.15 2 1 0.00 3.84
4 2 1 0.03 3.84 4 2 1 0.00 3.84
5 2 1 0.03 3.84 5 2 1 0.01 3.84
6.3 2 1 0.03 3.84 6.3 2 1 0.01 3.84
8 2 1 0.00 3.84 8 2 1 0.01 3.84
10 2 1 0.00 3.84 10 2 1 0.01 3.84
12.5 2 1 0.00 3.84 12.5 2 1 0.01 3.84
16 2 1 0.00 3.84 16 2 1 0.02 3.84
20 2 1 0.00 3.84 20 2 1 0.01 3.84
25 2 1 0.01 3.84 25 2 1 0.01 3.84
315 2 1 0.01 3.84 315 2 1 0.00 3.84
40 2 1 0.01 3.84 40 2 1 0.00 3.84

8.1 Results for the magnitude of the complex voltage sensitivity

For the further evaluation of the comparison, the unilateral degrees of equivalence with
respect to the weighted mean were calculated according to:

di,WM(f) = x;(f) — xwm(f) 3)

P () = u?(f) — uéym(f)  forresults within the LCS @
LWM u?(f) + udm(f)  for results not within the LCS

These formulas were applied for both magnitude and phase shift results. Unilateral degrees
of equivalence obtained from results which were excluded from the LCS and which therefore did
not contribute to the calculation of the weighted mean.
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Table 8.1.1 Unilateral degrees of equivalence for the magnitude (horizontal) of sensitivity with
absolute expanded uncertainties (k = 2)

Horizontal | Weighted Mean CMS-ITRI NIM KRISS NMISA CSIR-NPLI
Frequency Xwm | Uwm diwm | Uwm | diwm | Uwm | diwm | Uiwm | diwm | Uiwmv | diwm | Uiwm
(H2) (mVI(mis?)) (mVI(mis?)) (MVI(m/s?)) (mVI(m/s?)) (mVI(mis?)) (mVI(mis?))
0.1 13117 [ 027 | -010 [ 031 [ 002 | 031 | 1.23 1.8 0.10 11 | 007 1.3
0.125 13115 | 027 | -014 | 031 | 004 | 031 | 076 1.3 0.14 11 | 0.06 1.3
0.16 13116 | 026 | -014 | 031 | 003 | 031 | 051 1.1 0.19 11 | 0.04 1.3
0.2 13116 | 025 | -017 | 032 | 002 | 032 | 035 | 062 | 013 11 | 0.06 1.3
0.25 13115 | 024 | -018 | 033 | 003 | 033 | 027 | 062 | 011 | 062 | 0.03 1.3
0.315 13116 | 022 | -021 | 034 | 002 | 034 | 016 | 034 | 009 [ 063 | 0.00 1.4
0.4 13113 | 049 | -017 | 036 | 003 | 021 | 009 | 036 | 007 | 064 | 0.01 1.4
0.5 13103 | 020 | -002 | 035 [ -001 | 020 | 005 | 051 | -005 | 064 | 011 | 0.90
0.63 131.06 | 020 | -006 | 035 | 003 | 020 | 001 | 051 | -007 | 064 | 009 | 0.90
0.8 131.02 | 020 | -005 | 035 | -001 | 020 | 009 | 051 | -003 | 064 | 013 | 0.90
1 131.00 | 049 | -006 | 036 | 000 | 022 | 013 | 051 | -002 | 036 | 0.06 | 0.01
1.25 131.00 | 049 | -007 | 036 | -001 | 022 | 013 | 051 | -001 | 036 | 014 | 091
1.6 13101 | 048 | -007 | 036 | -002 | 022 | 008 | 036 | 000 | 036 | 014 | 001
2 13098 | 018 | -004 | 036 | 000 | 022 [ 000 | 036 | 002 | 036 | 011 | 001
2.5 13099 | 048 | -005 | 036 | 001 | 022 [ -002 | 036 | 002 | 036 | 016 | 0.01
3.15 131.00 | 048 | -007 | 036 | 002 | 022 | -002 | 036 | 001 | 036 | 015 | 001
4 13098 | 048 | -003 | 036 | 001 | 022 |[-003 | 036 | 003 | 036 | 011 | 001
5 13099 | 048 | -005 | 036 | 001 | 022 | -003 | 036 | 004 | 036 | 011 | 001
6.3 131.00 | 048 | -004 | 036 | 000 | 022 | 001 | 036 | 001 | 036 | 0.17 | 0.91
8 131.00 | 048 | -003 | 036 | 001 | 022 | 002 | 036 | -002 | 036 | 010 | 001
10 13101 | 048 | -004 | 036 | 001 | 022 | 002 | 036 | -003 | 036 | 009 | 001
125 13103 | 048 | -003 | 036 | 001 | 022 | 002 | 036 | -005 | 036 | 016 | 0.01
16 13107 | 048 | -003 | 036 | 000 | 022 | 006 | 036 | -008 | 036 | 014 | 0.01
20 131.09 | 048 | -003 | 036 | 003 | 022 | 008 | 036 | -013 | 036 | 0.14 1.1
25 13114 | 048 | -003 | 036 | 006 | 022 | 009 | 036 | -019 | 036 | 0.11 1.1
315 13127 | 048 | 000 | 036 | 007 | 022 | 009 | 036 | -025 | 036 | 0.15 1.2
40 13157 | 048 | 011 | 036 | 013 | 022 | -004 | 036 | -034 | 036 | 0.02 1.2
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Table 8.1.2: Unilateral degrees of equivalence for the magnitude (vertical) of sensitivity with
absolute expanded uncertainties (k = 2)

Vertical Weighted Mean NIM NIMT
Frequency Xwwm | Uwm diwm | Uiwm | diwm | Uiwwm
(Hz) (mV/(ns®)) (mV/(m/s*)) (MV/(n/s*))
0.1 131.10 0.36 -0.01 0.18 0.04 0.72
0.125 131.12 0.36 -0.02 0.18 0.07 0.72
0.16 131.11 0.36 0.00 0.18 -0.01 0.72
0.2 131.16 0.36 0.00 0.18 0.01 0.72
0.25 131.14 0.36 0.00 0.18 0.02 0.72
0.315 131.15 0.36 0.00 0.18 -0.01 0.72
0.4 131.16 0.27 0.00 0.10 -0.03 0.76
0.5 131.13 0.27 0.02 0.10 -0.18 0.76
0.63 131.06 0.27 0.01 0.10 -0.09 0.76
0.8 131.02 0.27 0.01 0.10 -0.09 0.76
1 131.01 0.26 0.01 0.11 -0.05 0.63
1.25 131.00 0.26 0.01 0.11 -0.04 0.63
1.6 130.99 0.26 0.01 0.11 -0.06 0.63
2 130.99 0.26 0.01 0.12 -0.06 0.59
2.5 130.98 0.26 0.01 0.12 -0.07 0.59
3.15 130.98 0.26 0.01 0.12 -0.03 0.59
4 130.98 0.26 0.01 0.12 -0.05 0.59
5 130.97 0.26 0.01 0.12 -0.05 0.55
6.3 130.98 0.25 0.01 0.13 -0.04 0.48
8 130.99 0.25 0.00 0.13 0.00 0.48
10 131.01 0.25 0.00 0.14 -0.01 0.44
12.5 131.03 0.25 0.00 0.14 -0.01 0.44
16 131.06 0.25 0.00 0.14 -0.01 0.44
20 131.10 0.25 0.00 0.14 0.01 0.46
25 131.16 0.25 -0.01 0.14 0.02 0.46
31.5 131.29 0.25 -0.01 0.14 0.03 0.46
40 131.50 0.25 -0.01 0.14 0.02 0.46
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Figure 8.1.1 Deviation of the magnitude (horizontal) from the weighted mean for all frequencies
of the comparison with expanded uncertainties Uiwm (k = 2).
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Figure 8.1.1 Deviation of the magnitude (horizontal) from the weighted mean for all frequencies
of the comparison with expanded uncertainties Uiwm (k = 2). (Cont.)

Page 17 of 70



APMP.AUV.V-K3.1 June 2023

4 Hz 5Hz
35 35
3.0 3.0
2.5 2.5
g 20 & 20
5 1.5 E 1.5
> 10 > 10
E 0.5 l E 0.5 l
S o 1 PR S i s 00 S + 'S ‘
z 0 ? * r £ 0 1 B T '
p -0.5 p -0.5
£ -0 g -0
£ 15 § 15
% -2.0 g -2.0
&5 25 5 25
3.0 3.0
35 3.5
CMS-ITRI ~ NIM KRISS NMISA  CSIR-NPLI CMS-ITRI  NIM KRISS NMISA  CSIR-NPLI
6.3 Hz 8 Hz
35 35
3.0 30
2.5 25
E 1.5 E 1.5
= 10 = 10
E 0.5 i E 0.5 7
- l ® - é s
§ 0.0 . L . ‘ § 00 Fe-m-mmmmm - + * * J
0.5 0.5
E 1.0 E -0
5 -5 E IS
g -2.0 g -2.0
£ 25 Z 25
3.0 3.0
35 35
CMS-ITRI  NIM KRISS NMISA  CSIR-NPLI CMS-ITRI ~ NIM KRISS NMISA  CSIR-NPLI
10 Hz 12.5 Hz
3.5 3.5
3.0 30
2.5 25
;: 2.0 ;: 20
E 1.5 £ 1.5
> 10 > 10
E 0.5 l E 0.5 l
S o 1 PSR S l s 00 ¢ + ' .
z 05 T i T 1 z 05 T i T T 1
E -1.0 E -1.0
£ -5 § 15
g -2.0 g -2.0
&5 25 5 25
3.0 3.0
-3.5 -3.5
CMS-ITRI ~ NIM KRISS NMISA  CSIR-NPLI CMS-ITRI  NIM KRISS NMISA  CSIR-NPLI
16 Hz 20 Hz
35 35
3.0 3.0
2.5 2.5
; 2.0 ; 20
E IS E 15
= 10 = 10
E 0.5 i i E 0.5 I
e e
0.5 0.5
E 1.0 E -0
g -5 g -IS
g 2.0 g -2.0
£ 25 Z 25
3.0 3.0
35 35
CMS-ITRI  NIM KRISS NMISA  CSIR-NPLI CMS-ITRI ~ NIM KRISS NMISA  CSIR-NPLI

Figure 8.1.1 Deviation of the magnitude (horizontal) from the weighted mean for all frequencies
of the comparison with expanded uncertainties U; ww (k = 2). (Cont.)
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Figure 8.1.1 Deviation of the magnitude (horizontal) from the weighted mean for all frequencies
of the comparison with expanded uncertainties U; wm (k = 2). (Cont.)
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Figure 8.1.2 Deviation of the magnitude (vertical) from the weighted mean for all frequencies of

the comparison with expanded uncertainties U;wwm (k = 2).
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Figure 8.1.2 Deviation of the magnitude (vertical) from the weighted mean for all frequencies of

the comparison with expanded uncertainties Ui,wwm (k = 2). (Cont.)
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Figure 8.1.2 Deviation of the magnitude (vertical) from the weighted mean for all frequencies of

the comparison with expanded uncertainties U;ww (k = 2). (Cont.)
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Figure 8.1.2 Deviation of the magnitude (vertical) from the weighted mean for all frequencies of
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8.2 Results for the phase shift of the complex voltage sensitivity

Table 8.2.1 Unilateral degrees of equivalence for the phase shift (horizontal) of sensitivity with
absolute expanded uncertainties (k = 2)

Horizontal Weighted Mean CMS-ITRI NIM KRISS NMISA CSIR-NPLI
Frequency | Xym Uwm diwm | Uiwm | diwm | Uiwm | diwm | Uiwm | diwm | Uiwm | diwm | Uiwm
(H2) () () (*) (*) (°) (°) (°) (°) () (°) (*) (*)
0.1 -0.35 0.11 0.00 0.29 0.006 0.17 0.01 0.17 -0.01 0.17 -0.02 1.0
0.125 -0.42 0.11 0.00 0.29 0.000 0.17 0.00 0.17 -0.01 0.17 -0.02 1.0
0.16 -0.54 0.11 -0.01 0.29 -0.004 0.17 0.01 0.17 0.00 0.17 0.01 1.0
0.2 -0.68 0.11 0.00 0.29 -0.002 0.17 0.01 0.17 0.00 0.17 0.04 1.0
0.25 -0.84 0.11 -0.01 0.29 -0.006 0.17 0.01 0.17 -0.01 0.17 0.01 1.0
0.315 -1.06 0.11 -0.01 0.29 -0.009 0.17 0.02 0.17 -0.01 0.17 -0.04 1.0
0.4 -1.35 0.11 0.00 0.29 -0.013 0.17 0.02 0.17 0.00 0.17 0.02 1.0
0.5 -0.02 0.11 0.00 0.29 -0.003 0.17 0.01 0.17 0.01 0.17 -0.30 0.7
0.63 -0.02 0.11 0.00 0.29 0.000 0.17 0.01 0.17 0.01 0.17 -0.25 0.7
0.8 -0.03 0.11 0.00 0.29 -0.012 0.17 0.02 0.17 0.01 0.17 -0.21 0.7
1 -0.03 0.11 -0.01 0.29 -0.012 0.17 0.01 0.17 0.01 0.17 -0.17 0.7
1.25 -0.04 0.11 -0.01 0.29 -0.015 0.17 0.01 0.17 0.02 0.17 -0.14 0.7
1.6 -0.05 0.11 -0.01 0.29 -0.017 0.17 0.00 0.17 0.03 0.17 -0.12 0.7
2 -0.07 0.11 0.00 0.29 -0.023 0.17 0.01 0.17 0.03 0.17 -0.12 0.7
2.5 -0.09 0.11 0.00 0.31 -0.032 0.17 0.00 0.17 0.05 0.17 -0.11 0.7
3.15 -0.11 0.11 -0.01 0.31 -0.025 0.17 -0.01 0.17 0.06 0.17 -0.11 0.7
4 -0.14 0.11 -0.01 0.31 -0.041 0.17 -0.02 0.17 0.07 0.17 -0.09 0.7
5 -0.18 0.11 -0.04 0.31 -0.041 0.17 -0.03 0.17 0.09 0.17 -0.09 0.7
6.3 -0.24 0.11 -0.01 0.31 -0.045 0.17 -0.03 0.17 0.10 0.17 -0.19 0.7
8 -0.29 0.11 -0.04 0.31 -0.068 0.17 -0.05 0.17 0.14 0.17 -0.11 0.7
10 -0.36 0.11 -0.02 0.31 -0.092 0.17 -0.07 0.17 0.18 0.17 -0.12 0.7
125 -0.45 0.11 -0.08 0.31 -0.108 0.17 -0.09 0.17 0.24 0.17 -0.13 0.7
16 -0.70 0.13 0.01 0.30 -0.016 0.16 0.01 0.16 0.43 0.24 -0.06 0.7
20 -0.89 0.13 0.04 0.30 -0.015 0.16 0.01 0.16 0.54 0.24 -0.14 0.8
25 -1.11 0.13 0.09 0.30 -0.025 0.16 0.00 0.16 0.70 0.24 -0.26 0.8
315 -1.44 0.13 0.09 0.30 -0.033 0.16 0.02 0.16 0.93 0.24 -0.40 0.9
40 -1.97 0.13 -0.08 0.30 -0.102 0.16 0.14 0.16 1.27 0.24 -0.02 0.9
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Table 8.2.2 Unilateral degrees of equivalence for the phase shift (vertical) of sensitivity with
absolute expanded uncertainties (k = 2)

Vertical Weighted Mean NIM NIMT

Frequency | Xww Uwv | diwm | Uiwm | diwm | Uiwm
(H7) ) °) °) °) %) °)
0.1 -0.30 0.20 0.00 0.05 -0.04 0.82
0.125 -0.41 0.20 0.00 0.05 -0.04 0.82
0.16 -0.54 0.20 0.00 0.05 -0.01 0.82
0.2 -0.67 0.20 0.00 0.05 -0.03 0.82
0.25 -0.84 0.20 0.00 0.05 -0.02 0.82
0.315 -1.07 0.20 0.00 0.05 -0.02 0.82
0.4 -1.35 0.20 0.00 0.05 -0.02 0.82
0.5 -0.01 0.20 0.00 0.05 -0.02 0.82
0.63 -0.02 0.20 0.00 0.05 -0.02 0.82
0.8 -0.03 0.20 0.00 0.05 -0.01 0.82
1 -0.04 0.20 0.00 0.07 0.00 0.60
1.25 -0.06 0.20 0.00 0.07 0.00 0.60
1.6 -0.07 0.20 0.00 0.07 0.00 0.60
2 -0.09 0.19 0.00 0.07 0.01 0.51
2.5 -0.11 0.19 0.00 0.07 0.01 0.51
3.15 -0.14 0.19 0.00 0.07 0.01 0.51
4 -0.18 0.19 0.00 0.07 0.02 0.51

5 -0.22 0.19 0.00 0.08 0.02 0.45
6.3 -0.28 0.19 0.00 0.08 0.02 0.45
8 -0.36 0.19 0.00 0.08 0.02 0.45
10 -0.46 0.19 0.00 0.08 0.02 0.43
12.5 -0.57 0.19 0.00 0.08 0.03 0.43
16 -0.74 0.19 -0.01 0.08 0.03 0.43
20 -0.92 0.19 0.00 0.08 0.03 0.43
25 -1.16 0.19 0.00 0.08 0.03 0.43
31.5 -1.43 0.19 0.00 0.08 -0.01 0.43
40 -1.89 0.19 0.00 0.08 0.01 0.43
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Figure 8.2.1 Deviation of the phase shift (horizontal) from the weighted mean for all frequencies
of the comparison with expanded uncertainties U; wwm (k = 2)
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Figure 8.2.1 Deviation of the phase shift (horizontal) from the weighted mean for all frequencies
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9. Linking procedure and degrees of equivalence with the KCRV

The linking procedure to the relevant CC comparison and calculation of the KCRV are
described in this chapter. It was recommended to consider the influence of correlation of the
results of the linking laboratory(ies) based on the procedure described in the previous publication
by Clemens Elster et al [6]. The linking transforms the results (yi, u(yi)) of the participants of this
comparison to scaled values zj and their respective uncertainties u(zi), which are directly
comparable to the relevant CC comparison results of CCAUV.V-K3. The scaling was done with
the so-called linking factor r. Then, r is defined by two complex voltage sensitivities (Xnim and
ynim) in the CIPM and RMO comparisons of NIM (linking laboratory) as follows.

9.1 Degrees of equivalence for the magnitude of the complex voltage
sensitivity
The linking factor for magnitude between CIPM and RMO comparisons was defined as
following.

_ XNIMm %)

m =
YNIMp

where the uncertainty associated was described as

u?(n,) = ( Om )2 u? (mem) + (ﬂ)z uz(yNIMm) +

OXNIMp, OYNIMm,
ar, ar,
2( m >( UL )u x u r(x , 6
Dxniv ) \OyNIny, ( NIMm) (yNIMm) ( NIMy, yNIMm) (6)

Considering the correlation coefficient of uncertainty in two comparisons r(xN,Mm, yN,Mm)
was equal to 1, equation (6) can be written as equation (7).

u? (rm) = ( )2 uz(leMm) + (_ M>2 u? (yNIMm)

2
YNIMpm

YNIMpm

—2 (xTMm) u(xNIMm)u(yNIMm) (7)

YNIMm,

Then APMP.AUV.V-K3.1 result can be transformed to the scaled value z; ~ of
CCAUV.V-K3 employing r,, as follows

XNIM
Ziy = TmYiy = Y 3
m mo YNIMp DT

Thus, the degrees of equivalence are given as the differences between the scaled complex
voltage sensitivities in the APMP.AUV.V-K3.1 and the KCRV of the CCAUV.V.K3.

XNIMm ] (9)

di,KCRVm = Zj,, — XKCRVy@ — — Vi — XKCRVip
m

Here yim is independent of other variables, and the squared standard uncertainties associated
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with these differences are described as follows

) 2 N2 2
u? (di,KCRVm) — (”_m> u> (xNIMm) + <_ %) u> (yNIMm) + (M) u? (}’im) n

YNIMm Y2 NIMp, YNIM

(—1)2u? (xenr ) + 2 ( Vi ) (_ xmmmyim) (X Y, ) +

YNIMpm yzNIMm

2 (y‘—m) (—Dulxyim,, Xkcry,, ) + 2 (— X—NIMmyim) (= Du(Yniny XkcrV,) (10)

YNIMp, yzNIMm

9.2 Degrees of equivalence for the phase shift of the complex voltage
sensitivity

The linking factor for phase shift between CIPM and RMO comparisons was defined as
following.

Tp = XNiMp — YNIM, (1D

where the uncertainty associated was described as
2 2
2 _(_9m ) 2 ( orp ) 2
u?(r,) = (axNsz u (xNIMp) + Ty, u (yNIMp) +
orp 0Ty
2 (amep> <3yN1Mp) u (xNIMp) u (yNIMp) r (xNIMp’ yNIMp) (12)

Considering the correlation coefficient of uncertainty in two comparisons r(xym, Ynim)
was equal to 1, equation (12) can be written as equation (13).

u?(r,) = (1)%u? (xNIMp> +(—D*? (yNIMp) —2u (leMp) u (3’N1Mp) (13)

APMP.AUV.V-K3.1 comparison participant result can be transformed to the scaled value
z, of CCAUV.V.K3 comparison employing r as follows

zi, = Vi, + 1 = Vi, + (Xnim, = Ynim,) (14)

Thus, the degrees of equivalence are given as the differences between the scaled complex
voltage sensitivities in the APMP.AUV.V-K3.1 comparison and the KCRV of the CCAUV.V.K3
CIPM comparison.

dikcrv, = Zi, — Xkcrv, = Yi, T (Xnim, = Ynim,) — Xkcrv, (15)

Here yip is independent of other variables, and the squared standard uncertainties associated
with these differences are described as follows
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u? (di,KCRVp) = u’ (Yip) +u? (leMp) +(—1D%*u? (yNIMp) + (—1D%u? (xKCRVp) +
2(=Du (leMp’YNIMp) +2(=Du (xNIMp' xKCRVp) +2u (yNIMpl xKCRVp)

(16)
9.3 Result

Both in equation (10) and (16), the same processes were performed as below. Because

(v Ynim) 18 equal to 1, the item wCeyppg, yivim) 1S equal to w(xy ) u(Vuim)-
The item r(xym, Xkcry) Was carried out as follows.

ox dax 1/u2(xNIM)
r(x X ) = ax%% BJSVCII;;/uZ(XN’M) _ 1.1/u2(xKCRV)u2(xNIM) _ u(xkcrv) (17)
NIM> ZKCRV u(xnim)u(xgcrv) u(xnim)u(xgcry) u(xnim)

The transformation of u(xy iy, Xkcry) = UCn )UKk crv )T (XNivy Xkcry) Was rewritten
as follows.

u(xyim Xkery) = U(xgcry)U(Xkcry) = u? (Xkcrv) (18)

Also, the transformation of w(ywnim, Xkcrv) = UYnim)U(XkcrRv)T Ynims Xkcry) Can be
given as equation (19) same as equation (17 ) because (X, Ynim) = 1.

1/u? (xnim)
—_— = UuX )
s Xocay) = Lkl I uGkem) e
NIM> ZKCRV u(Ynim)u(Xgcrv) u(ynmu? (xnim) NIM> ZNIM
U(XKCRV) _ _
(XN YNim) WD) T (v Xkerv )T v Ynim) = T (X Xkcry) (19)

Finally, the transformation can be rewritten as

uYnims Xkcry) = UXkcry)U(Xkcry)UYnim) /u(Xnim)

= u? (Xkcrv)UYnim) /u(Xnim) (20)

The value of equation (18) at each frequency is shown in Table 9.3.1.
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Table 9.3.1 Correlation coefficients of combined standard uncertainty between CCAUV.V-K3
and APMP.AUV.V-K3.1 international comparison for magnitude (left) and phase shift (right)

Frequency U(Xkcrv) U(Xniwm) '(Xnims Xkerv) | Frequency U(Xkcrv) U(Xnim) I(Xnims X<crv)
(Hy) (mV/(Vs?)) | (mVI(mis®)) (Hz) *) *)
0.1 0.08 0.35 0.23 0.1 0.02 0.10 0.20
0.125 0.08 0.35 0.23 0.125 0.02 0.10 0.20
0.16 0.08 0.35 0.23 0.16 0.02 0.10 0.20
0.2 0.06 0.35 0.17 0.2 0.02 0.10 0.20
0.25 0.06 0.35 0.17 0.25 0.02 0.10 0.20
0.315 0.06 0.35 0.17 0.315 0.02 0.10 0.20
0.4 0.05 0.14 0.36 0.4 0.02 0.10 0.20
0.5 0.04 0.14 0.29 0.5 0.02 0.10 0.20
0.63 0.04 0.14 0.29 0.63 0.02 0.10 0.20
0.8 0.04 0.14 0.29 0.8 0.02 0.10 0.20
1 0.04 0.14 0.29 1 0.02 0.10 0.20
1.25 0.04 0.14 0.29 1.25 0.02 0.10 0.20
1.6 0.04 0.14 0.29 1.6 0.02 0.10 0.20
2 0.04 0.14 0.29 2 0.02 0.10 0.20
2.5 0.04 0.14 0.29 2.5 0.02 0.10 0.20
3.15 0.04 0.14 0.29 3.15 0.02 0.10 0.20
4 0.04 0.14 0.29 4 0.02 0.10 0.20
5 0.04 0.14 0.29 5 0.02 0.10 0.20
6.3 0.04 0.14 0.29 6.3 0.04 0.10 0.40
8 0.04 0.14 0.29 8 0.04 0.10 0.40
10 0.04 0.14 0.29 10 0.04 0.10 0.40
12.5 0.04 0.14 0.29 125 0.04 0.10 0.40
16 0.04 0.14 0.29 16 0.04 0.10 0.40
20 0.04 0.14 0.29 20 0.04 0.10 0.40
25 0.04 0.14 0.29 25 0.04 0.10 0.40
31.5 0.04 0.14 0.29 31.5 0.04 0.10 0.40
40 0.04 0.14 0.29 40 0.04 0.10 0.40
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These degrees of equivalence of the Acceleration are each a pair of values of the difference
dikcrv between the respective corresponding participants i and KCRV with the expanded
uncertainty Uijkcrv Of this difference. (See Tables 9.3.2, 9.3.3 and Figure 9.3.1, 9.3.2) These
values were calculated with a coverage factor of k = 2 for each frequency according to:

dikcrRv = Zi — Xkcrv

Uikcry = k /uz (di,KCRV)

Table 9.3.2 Degrees of equivalence to the KCRV of CCAUV.V-K3 for the magnitude of

sensitivity with absolute expanded uncertainties (k = 2)

(21)

(22)

Horizontal CMS-ITRI KRISS NMISA CSIR-NPLI
Frequency | dikcrv | Uikerv | dikerv | Uikerv | dikerv | Uikerv | dikerv | Uikcrv
(Hz) mV/(m/s°) mV/(m/s°) mV/(m/s°) mV/(m/s°)
0.1 -0.74 0.51 0.64 1.9 -0.53 1.2 -0.57 15
0.125 -0.60 0.51 0.34 15 -0.31 1.2 -0.39 15
0.16 -0.45 0.51 0.23 1.2 -0.10 1.2 -0.27 15
0.2 -0.44 0.51 0.10 0.75 -0.12 1.2 -0.20 15
0.25 -0.37 0.51 0.10 0.75 -0.06 0.75 -0.15 15
0.315 -0.34 0.51 0.05 0.51 -0.03 0.75 -0.12 15
0.4 -0.28 0.43 -0.01 0.43 -0.02 0.70 -0.09 1.4
0.5 0.04 0.43 0.11 0.57 0.01 0.70 0.18 1.0
0.63 0.00 0.43 0.07 0.57 -0.02 0.70 0.15 1.0
0.8 0.00 0.43 0.14 0.57 0.02 0.70 0.18 1.0
1 -0.01 0.43 0.19 0.57 0.03 0.43 0.12 1.0
1.25 -0.03 0.43 0.18 0.57 0.04 0.43 0.19 1.0
1.6 -0.02 0.43 0.13 0.43 0.05 0.43 0.19 1.0
2 -0.07 0.43 -0.03 0.43 0.00 0.43 0.09 1.0
2.5 -0.04 0.43 -0.01 0.43 0.03 0.43 0.17 1.0
3.15 -0.06 0.43 -0.01 0.43 0.02 0.43 0.17 1.0
4 -0.03 0.43 -0.03 0.43 0.04 0.43 0.12 1.0
5 -0.08 0.43 -0.06 0.43 0.01 0.43 0.09 1.0
6.3 -0.06 0.43 -0.01 0.43 -0.01 0.43 0.16 1.0
8 -0.02 0.43 0.03 0.43 -0.01 0.43 0.12 1.0
10 0.01 0.43 0.07 0.43 0.02 0.43 0.14 1.0
12.5 0.03 0.43 0.08 0.43 0.01 0.43 0.23 1.0
16 0.13 0.43 0.22 0.43 0.08 0.43 0.30 1.0
20 -0.21 0.43 -0.10 0.43 -0.32 0.43 -0.04 1.2
25 -0.19 0.43 -0.07 0.43 -0.36 0.43 -0.05 1.2
315 -0.03 0.43 0.06 0.43 -0.29 0.43 0.13 1.3
40 0.07 0.43 -0.09 0.43 -0.40 0.43 -0.02 1.3
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Table 9.3.3 Degrees of equivalence to the KCRV of CCAUV.V-K3 for the phase shift of

sensitivity with absolute expanded uncertainties (k = 2)

Horizontal CMS-ITRI KRISS NMISA CSIR-NPLI
Frequency | dikcrv | Uikcrv | Qikcrvy | Uikerv | dikerv | Uikerv | dikerv | Uikerv
(Hz) (°) (°) (°) (°) (°) (*) (°) (°)
0.1 -0.02 0.31 -0.01 0.21 -0.03 0.21 -0.04 1.01
0.125 -0.01 0.31 -0.01 0.21 -0.02 0.21 -0.03 1.01
0.16 -0.02 0.31 0.00 0.21 -0.01 0.21 0.00 1.01
0.2 -0.01 0.31 0.00 0.21 -0.01 0.21 0.03 1.01
0.25 0.00 0.31 0.02 0.21 0.00 0.21 0.02 1.01
0.315 0.00 0.31 0.03 0.21 0.00 0.21 -0.03 1.01
0.4 0.01 0.31 0.03 0.21 0.01 0.21 0.03 1.01
0.5 0.02 0.31 0.03 0.21 0.03 0.21 -0.28 0.71
0.63 -0.01 0.31 0.00 0.21 0.00 0.21 -0.26 0.71
0.8 0.06 0.31 0.08 0.21 0.07 0.21 -0.15 0.71

1 0.03 0.31 0.05 0.21 0.05 0.21 -0.13 0.71
1.25 0.03 0.31 0.05 0.21 0.06 0.21 -0.10 0.71
1.6 0.03 0.31 0.04 0.21 0.06 0.21 -0.08 0.71

2 0.03 0.31 0.04 0.21 0.06 0.21 -0.09 0.71
2.5 0.05 0.33 0.05 0.21 0.10 0.21 -0.06 0.71
3.15 0.04 0.33 0.04 0.21 0.11 0.21 -0.06 0.71

4 0.06 0.33 0.05 0.21 0.14 0.21 -0.02 0.71

5 0.03 0.33 0.04 0.21 0.16 0.21 -0.02 0.71
6.3 0.05 0.33 0.03 0.22 0.16 0.22 -0.13 0.71

8 0.03 0.33 0.02 0.22 0.21 0.22 -0.04 0.71
10 0.08 0.33 0.03 0.22 0.29 0.22 -0.02 0.71
12.5 0.04 0.33 0.03 0.22 0.35 0.22 -0.01 0.71
16 0.04 0.33 0.04 0.22 0.45 0.22 -0.03 0.71
20 0.09 0.33 0.06 0.22 0.59 0.22 -0.09 0.81
25 0.19 0.33 0.10 0.22 0.79 0.22 -0.16 0.81
31.5 0.21 0.33 0.14 0.22 1.05 0.22 -0.28 0.91
40 0.05 0.33 0.27 0.22 1.40 0.22 0.11 0.91
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Figure 9.3.1 Deviation of the magnitude from the KCRV for all frequencies of the comparison
with expanded uncertainties U; kcrv (K = 2)
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Figure 9.3.1 Deviation of the magnitude from the KCRV for all frequencies of the comparison
with expanded uncertainties U; xcry (kK = 2) (Cont.)
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Figure 9.3.1 Deviation of the magnitude from the KCRV for all frequencies of the comparison
with expanded uncertainties U; kcry (K = 2) (Cont.)
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Figure 9.3.2 Deviation of the phase shift from the KCRV for all frequencies of the comparison
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Figure 9.3.2 Deviation of the phase shift from the KCRV for all frequencies of the comparison
with expanded uncertainties U; xcry (K = 2) (Cont.)
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Figure 9.3.2 Deviation of the phase shift from the KCRV for all frequencies of the comparison
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10. Conclusion

The key comparison APMP AUV.V-K3.1 in vibration revealed the current calibration
capabilities of the six participants from APMP and AFRIMETS. All of the participating
laboratories provided their calibration results, which were mostly consistent with each other
within their declared expanded uncertainties for magnitude and phase results. For the phase shift,
only one participant failed to contribute to the weighted mean values calculated for five
frequencies out of a total of twenty-seven comparison frequencies.

The RMO key comparison in vibration APMP.AUV.V-K3.1 had been successfully finished.
All participating laboratories had their results linked to the KCRV of the relevant CIPM level key
comparison, namely CCAUV.V-K3, via linking laboratory NIM. The degrees of equivalence of
the participants to the KCRV can be used to support their calibration and measurement
capabilities.
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Annex A : Technical protocol

Technical Protocol of the APMP Key Comparison

APMP.AUV.V-K3.1

Task and Purpose of the Comparison

Since recent improvements at the APMP NMlIs have extended the low-frequency vibration limit
of calibration capabilities down to 0.1 Hz, the decision was taken to make a preparation of
comparison during the meeting of APMP TCAUV in 2017. The task of the comparison is to
compare measurements of linear vibration calibration within the frequency range from 0.1 Hz to
40 Hz. The results of this APMP comparison will, after approval by CCAUV, serve as evidence
at low vibration frequency for the registration of ‘calibration and measurement capabilities’ (CMC)
for NMls in the framework of the CIPM MRA.

It is the task of the comparison to measure the complex voltage sensitivity of one standard
acceleration measuring chain or simply calling an accelerometer standard set (including a quartz-
flexure servo-accelerometer of single-ended type and a signal conditioner) at different frequencies
with acceleration amplitudes as specified in section 3. The voltage sensitivity is to be calculated
as the ratio of the amplitude of the output voltage of the accelerometer standard set to the
acceleration at its reference surface. The magnitude of the complex voltage sensitivity shall be
given in millivolt per metres per second squared (mV/(m/s?)) and the phase shift in degrees.

For the calibration of the accelerometer standard set, laser interferometry in compliance with
method 1 or method 3 of the international standard 1SO 16063-11:1999 has to be applied, in order
to cover the entire frequency range.

The reported complex voltage sensitivities and associated uncertainties will be used for the
calculation of the degrees of equivalence between the participating NMI and to the weighted mean
link to CCAUV.V-K3.
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Pilot Laboratory

Pilot laboratory for this regional key comparison is

Precision and Dynamic Engineering Metrology Laboratory

Measurement Standards and Technology Division

June 2023

Center for Measurement Standards (CMS), Industrial Technology Research Institute (ITRI)

Building 16, No. 321, Section 2, Kuang Fu Road, Hsinchu, 30011, Taiwan

This is the address for delivery of the circulating artifact and the written and signed reports.

Contact Persons are

TU Tsung-Hsien

WANG Sheng-Han

Tel.:+886 3 574 3791

Tel.: +886 3 574 3719

e-mail:thtu@itri.org.tw

shwango@itri.org.tw

Fax:+886 572 6445

Co-Pilot laboratory for this regional key comparison is

Vibration and Gravity Laboratory

Mechanics and Acoustics Metrology Division
National Institute of Metrology, P.R. China
BeiSanHuanDongLu 18, ChaoYang District, 100013 Beijing, P.R. China

Contact Person is

YANG Lifeng

Tel:+86 10 64524606

e-mail: yanglf@nim.ac.cn

Fax:+86 10 10 64218628
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Device under Test and Measurement Conditions

For the calibration task of this key comparison, one quartz-flexure accelerometer set will be
circulated between participating laboratories. The set includes a ‘single-ended’ (SE) servo
accelerometer, namely a SA 704 (SN: to be decided), with a signal conditioner, namely MSA-I
(SN: to be decided) and a power supply for the conditioner.

The complex voltage sensitivity of the accelerometer set shall be calibrated according to those
procedures and conditions implemented by the laboratory in conformance with 1SO 16063-11. The
complex voltage sensitivities reported shall be for the complete accelerometer set (or acceleration
measuring chain), including all effects from the signal conditioner. The frequency range of the
measurements is from 0.1 Hz to 40 Hz. Specifically, the laboratories are supposed to measure at
the following frequencies (all values in Hz):

0.1, 0.125, 0.16, 0.2, 0.25, 0.315, 0.4, 0.5, 0.63, 0.8, 1, 1.25, 1.6, 2, 2.5, 3.15, 4, 5, 6.3, 8, 10, 12.5,
16, 20, 25, 31.5, 40.

Depending on the stroke limitation of the shaker used in the NMI, some frequencies can be
considered optional as listed below.

0.1t00.4 0.5 to 20 25 to 40

optional mandatory optional

The measurement conditions should be kept according to the laboratory's standard conditions for
calibration of customers’ accelerometers for claiming their calibration capabilities or CMC where
applicable. This presumes that these conditions comply with those defined by the applicable ISO
documentary standards [1, 2, 3], simultaneously.

Specific conditions for the measurements of this KC are:

e Acceleration amplitudes: a range of 0.05 m/s? to 30 m/s? is recommended.

e  Ambient temperature and accelerometer temperature during the calibration:

e (23 £ 2)°C (actual values to be stated within tolerances of £ 0.3 °C).

e  Relative humidity: max. 75 %RH.

e The input line voltage of the power supply for the signal conditioner is 220 V.
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Circulation Type, Schedule and Transportation

The transducer set will be circulated between the participating laboratories considering a
measurement period of two weeks provided for each participating laboratory and one week for the
pilot laboratory.

At the beginning and the end of the circulation as well as between certain subsequent
measurements of participating laboratories, the transducer set is measured by the pilot laboratory

in order to check reference values and to monitor the stability of the transducer set.

The schedule is planned as follows:

Participant Measurement Transportation to next Participant
CMS-ITRI 2018/05/21 - 2018/05/27 2018/05/28 - 2018/06/04
NIM 2018/06/05 - 2018/07/08 2018/07/09 - 2018/07/15
NIMT 2018/07/16 - 2018/07/29 2018/07/30 - 2018/08/05
KRISS 2018/08/06 - 2018/08/19 2018/08/20 - 2018/08/26
NMISA 2018/08/27 - 2018/09/09 2018/09/10 - 2018/09/16
CSIR-NPLI 2018/09/17 - 2018/09/28 2018/09/29 - 2018/10/07
CMS-ITRI 2018/10/08 - 2018/10/12

The cost of transportation to the next participating laboratory shall be covered by the participating
laboratory. The transducer set has to be hand-carried with great caution. In case the transducer set
gets damaged or lost during transportation, the participating laboratory responsible for the delivery
should pay 6,000 € to the pilot laboratory.

Measurement and Analysis Instructions
The participating laboratories have to observe the following instructions:

e  The motion of the quartz-flexure accelerometer shall be measured on the moving part of the
horizontal vibration exciter, close to the accelerometer's mounting surface, since the
mounting (reference) surface is usually not directly accessible.

e  The mounting surface of the accelerometer and the moving part of the exciter must be slightly
lubricated before mounting.

e The cable between accelerometer and signal conditioner should be taken from the set
delivered to the laboratory.
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e Itis advised that the measurement results should be compiled from complete measurement
series carried out at different days under nominally the same conditions, except that the
accelerometer is remounted and the cable re-attached. The standard deviation of the
subsequent measurements should be included in the report.

e  Participants should not perform any experiments other than comparison measurements
stipulated in this protocol with the artifact.

Communication of the Results to Pilot Laboratory

Each participating laboratory shall submit one printed and signed calibration report for the
accelerometer set to the pilot laboratory, including the following:

e  Adescription of the calibration systems used for the comparison and the detailed information
about the mounting of the accelerometer

e Adescription of the calibration methods used
e Documented record of the ambient conditions during measurements

e The calibration results, including the relative expanded measurement uncertainty, and the
applied coverage factor for each value.

e A detailed uncertainty budget for the system covering all components of measurement
uncertainty (calculated according to GUM [4, 5]). Including, among others, information on
the type of uncertainty evaluation (A or B), assumed probability distribution and repeatability
component.

In addition, the use of the electronic spreadsheets that will be provided by the pilot laboratory for
reporting is mandatory. The consistency between the results in electronic form and in the printed
and signed calibration report is responsibility of the participating laboratory. The data submitted
in the electronic spreadsheet shall be deemed the official results submitted for the comparison.

The results have to be submitted to the pilot laboratory within six weeks after the measurements
have been completed.

The pilot laboratory will submit its set of results to the executive secretary of CCAUV in advance
to start the circulation for measurements by the other participating laboratories.
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Remarks on post processing

Presuming consistency of the results, the degrees of equivalence will be calculated according to
the established methods agreed upon already for CCAUV.V-K1. This regional key comparison is
to be linked to the CIPM key comparison CCAUV.V-K3. The degrees of equivalence will be
determined in reference to the key comparison reference value (KCRV) calculated for CCAUV.V-
Ks3.

References
[1] 1SO 16063-1:1998 ‘Methods for the calibration of vibration and shock transducers - Part 1:

Basic concepts.

[2] 1SO 16063-11:1999 ‘Methods for the calibration of vibration and shock transducers - Part

11: Primary vibration calibration by laser interferometry’.

[3] [ISO/IEC 17025:2017 ‘General requirements for the competence of testing and calibration

laboratories’.

[4] ISO/IEC Guide 98-3:2008 ‘Uncertainty of measurement -- Part 3: Guide to the expression
of uncertainty in measurement (GUM:1995).

[5] ISO/IEC Guide 98-3:2008/Supplement 1:2008 ‘Propagation of distributions using a Monte
Carlo method’.
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Annex A :

I.  Items List and Settings of Conditioning Amplifier

The set includes a ‘single-ended’ (SE) servo accelerometer, namely a SA 704 (SN: 1054), with a
signal conditioner, namely MSA-1 (SN:131211) and a power supply for the conditioner.

NO. Item Quantity
1 Servo accelerometer 1
2 Signal conditioner 1
3 Signal cable 1
4 Power cord 1
5 Technical protocol 1

Servo Accelerometer
SA 704 (SN: 1054)

Signal Cable

Signal Conditioner
MSA-I (SN:131211)
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Front side

Coarse Fine

Filter Setup

Rear side

Power input 220V Power on

Procedure of zero setting of conditioning amplifier:

1. Using the knob of ‘Coarse’ to adjust to zero first;

2. Using the knob of ‘Fine’ to adjust to zero precisely;

3. Setting the gain to 100 and repeat steps 1 and 2, to get more precise value of zero if
necessary.

4. "Input selection™ switch on the MSA-I conditioning amplifier should be on "Current

input”.
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Other settings:

Frequenc Filter Setu .
qHz y Hy P Gain
0.100 20 100
0.125 20 100
0.160 20 100
0.200 20 100
0.250 20 100
0.315 20 100
0.400 20 100
0.500 off 1
0.630 off 1
0.800 off 1
1.000 off 1
1.250 off 1
1.600 off 1
2.000 off 1
2.500 off 1
3.150 off 1
4.000 off 1
5.000 off 1
6.300 off 1
8.000 off 1
10.000 off 1
12.500 off 1
16.000 off 1
20.000 off 1
25.000 off 1
31.500 off 1
40.000 off 1

June 2023
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Il.  Reports Information

1. Calibration method.

2. Frequency range

3. Installation of equipment.

4. Environmental conditions, ambient temperature.

5. Uncertainty budget.

Example:

Laboratory | CMS-ITRI

Information

1. Sine Approximation Method

. Frequency range from 0.1 Hz to 40 Hz

) Horizontal / APS 500

2
3
4. (23+2)°C/55%RH
5

Sandard ; Standard
Uneonims Uncertainty U Uncertin contibuto
. i Uncrtany SAM: UrekS) conribation . ncertainty ncertainty contibution
E : wi) contribution ui(y)
u(xi) u(xi)
output voltage
1 u(@y) output phase N
recorder e.¢. ADC-tesolution) 1 e u(A )
(959 Jrecorders e.8. ADC-tesolution)
5 Ay |votaee fieringeffecton accelerometer ouput ampliude
D |oeatumementroquency bund limtaion u ) Wy |votase Blering cfecton secelerometer ouput phase e
> measurement(frequency band limitation)
3 () leffect of voltage disturbance on ac meter output voltage
i ® | measurement (e.¢. hum and noise) N W,y |cHectof voliage distnbance on accelrometer ouput phase "™
— ’ 2 measurement (e.e. hum and noise) ol
effectof ransverse, rocking. and bending acceleration on
4 U@ faceelerometer output vollage measurement (wansverse effct of transverse, rocking, and bending acceleration on
M) 4 W(¢up  [accelerometer output phase measurement (transverse u(d )
leffectof nterferometer quadrature output signal disturbance
lon phase amplitude measurement(e.g. offsets, voltage ) N
s wpug ¥ etfectof interferometer quadrature output signal disturbance
amplitude deviation, deviation from 90" nominal angle
. lon displacement phase measurement(e.. offsets, voltage
difference) 5 wpQ . u(A )
amplitude deviation, deviation from 90 nominal angle
s o Signal filtering effect on phase ampltude orence
e (frequency band limitation) drierence)
effectof vollage disturbance on phase amplitide s g |merferomete ignal fileingeffcton dispscement phase L
7 u(¢ ) [measurementle.g. random noise in the photoelectric ) lamplitude measurement (frequency band limitation o
measuring chains) leffect of voltage disturbance on displacement phase
effect of marion disturbance on phase amplitude 1 (o, [amplitude measurementie.g. random noise in the ey
< Wy [TEESEENIE 2 dift relative moton betveen the s ohotoclectric measuring chains)
laccelerometer reference surface and the spot sensed by the
etfect of motion disturbance on displacement phase
s Wy e measurementes. it ehive moton berveen .
effect of phase disturbance on phase amplitude A 5 )
9 Wy [TectOF phase disturbunce on phase amplitd 95200 he acceleromete reference surface and the spot sensed by
measurement(e.g. phase noise of the interferometer signals) ihe )
effectof phase disturbance on displacement phase
) Mgy esidud neferometic cticct on phase amplitde s y ) S I \
1 HOuRD | oo rement(interferomeer function) 0 W(¢.pp)  [amplide measurement(e.g. phase noise of the uy(A ¢
interferometer signals)
© vibration frequency measurement (frequency generator and residual interferometric effects on displacement phase
1 ufro) or) ui(s) 10 R v P w(A 9)
amplitude measurement(iterferometer function)
residual effects on sensitivity measurement(e.2. random esidual effects on phase shift measurement(.g. random
2 Uk [offectin repeat measurements: experimental standard ) 1 WA gr)  |effectin repeat measuremens; experimental sandard wi(A )
devitation of eithmetic mean) \devittion of arthmetic mean)

Note: The report file should be provided as word file with the scanning of signing pages.
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Annex B : Measurement Uncertainty Budget (MUB)

CMS-ITRI

Magnitude sensitivity

June 2023

D. Voltage Sensitivity uncertainty budget - CMS-ITRI
Standa_rd Uncertainty Estimated Uncertainty(%) - B Standard Uncelrjti?lr)\ty contribution
i Uncertainty SO -SAM- Urel(S) contribution Probability | Divisor Y)
contribution . Distribution | factor
) UiY) 0.1 Hz to 0.4 Hz | 0.5 Hz to 40 Hz 0.1 Hz t0 0.4 Hz | 0.5 Hz to 40 Hz
- accelerometer output voltage measurement(Type A
1 u(ty) repect stability) u(S) 0.23 0.18 normal 2 0.115 0.090
N voltage filtering effect on accelerometer output
2 u() amplitude measurement(frequency band limitation) u(S) 0.08 0.03 Rectangular 1782 0.046 0.017
3 u() effect of voltage disturbance on accelerometer wS) 0.02 0.02 Rectanqular 1732 0012 0012
o output voltage measurement (e.g. hum and noise) ¢ ’ ’ 9 . : ’
effect of transverse, rocking, and bending
4 u(ly) acceleration on accelerometer output voltage uy(S) 0.05 0.05 Rectangular 1.732 0.029 0.029
measurement (transverse sensitivity)
effect of interferometer quadrature output signal
5 disturbance on phase amplitude measurement(e.g. s 011 011 Rectanaul 1732 0.064 0.064
u(omo) offsets, voltage amplitude deviation, deviation Us(S) . : ectangular . . :
from 90° nominal angle difference)
interferometer signal filtering effect on phase
6 u(wm) amplitude measurement (frequency band limitation) () 0.03 0.03 Rectangular | - 1.732 0017 0017
effect of voltage disturbance on phase amplitude
7 u(Pmo) measurement(e.g. random noise in the photoelectric uy(S) 0.01 0.01 Rectangular 1.732 0.006 0.006
measuring chains)
effect of motion disturbance on phase amplitude
measurement(e.g. drift; relative motion between the
8 u(@wo) accelerometer reference surface and the spot U(S) 0.01 0.01 Rectangular | 1.732 0.006 0.006
sensed by the interferometer)
effect of phase disturbance on phase amplitude
9 (@ pp) measurement(e.g. phase noise of the interferometer Uy(S) 0.01 0.01 Rectangular 1.732 0.006 0.006
signals)
residual interferometric effects on phase amplitude
10 W(Qure) measurement(interferometer function) Uy(S) 0.02 0.02 Rectangular | 1.732 0.012 0.012
vibration frequency measurement (frequency
11 u(fee) generator and indicator) uy(S) 0.01 0.01 Rectangular 1.732 0.006 0.006
residual effects on sensitivity measurement(e.g.
random effect in repeat measurements;
2 U(See) experimental standard devitation of arithmetic u(S) 0.05 0.05 Rectangular | - 1.732 0.029 0.029
mean)
Combined Uncertainty of amplitude measurement (in %) 0.148 0.122
Expanded Uncertainty of amplitude measurement (in %)
_ 0.30 0.30
(Coverage factor k = 2)
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Phase shift

E. Phasee Sensitivity uncertainty budget - CMS-ITRI

Standard STy Estimated Uncertainty(") Standard Unce@alnty contribution
i Uncertainty 1S0 -SAM - U(Aq) contribution Probability | Divisor Ui(y)
contribution - =g ; Distribution |  factor
) UiY) 0.1 Hz to 0.4 Hz | 0.5 Hz to 40 Hz 0.1 Hz t0 0.4 Hz | 0.5 Hz to 40 Hz
accelerometer output phase measurement(Type A
1 U(@uy) repeat stability) U(Ag) 0.19 0.13 normal 2 0.095 0.065
voltage filtering effect on accelerometer output
2 (ur) phase measurement(frequency band limitation) U A) 002 0.02 Rectangular | - 1.732 0.012 0.012
effect of voltage disturbance on accelerometer
3 u(@yp) Us(Ag) 0.02 0.02 Rectangular | 1.732 0.012 0.012

output phase measurement (e.g. hum and noise)

effect of transverse, rocking, and bending
4 uw(Qy1) acceleration on accelerometer output phase uy(Ag) 0.1 0.1 Rectangular | 1.732 0.058 0.058
measurement (transverse sensitivity)

effect of interferometer quadrature output signal
disturbance on displacement phase

5 u(@s.q) measurement(e.g. offsets, voltage amplitude Us(Ag) 0.1 0.1 Rectangular | 1.732 0.058 0.058
deviation, deviation from 90° nominal angle
difference)
interferometer signal filtering effect on

6 u(gs ) displacement phase amplitude measurement Us(Ag) 0.03 0.03 Rectangular | 1.732 0.017 0.017

(frequency band limitation)

effect of voltage disturbance on displacement
7 wW(Ps\p) phase amplitude measurement(e.g. random noise in U(Ag) 0.05 0.05 Rectangular | 1.732 0.029 0.029
the photoelectric measuring chains)

effect of motion disturbance on displacement
phase amplitude measurement(e.g. drift; relative
motion between the accelerometer reference
surface and the spot sensed by the interferometer)

8 u(Qs mp) Ug(Ag) 0.05 0.05 Rectangular 1.732 0.029 0.029

effect of phase disturbance on displacement phase
9 u((s pp) amplitude measurement(e.g. phase noise of the Uy(Ag) 0.05 0.05 Rectangular | 1.732 0.029 0.029
interferometer signals)

residual interferometric effects on displacement
10 u(Qs re) phase amplitude measurement(interferometer Uio(Ag) 0.05 0.05 Rectangular | 1.732 0.029 0.029
function)

residual effects on phase shift measurement(e.g.
random effect in repeat measurements;
experimental standard devitation of arithmetic
mean)

11 u(Agge) Uy (Ag) 0.06 0.06 Rectangular | 1.732 0.035 0.035

Combined Uncertainty of amplitude measurement (in °) 0.144 0.126

Expanded Uncertainty of amplitude measurement (in °)

(Coverage factor k = 2) 0 00
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1. NIM

Magnitude sensitivity

D. Voltage Sensitivity uncertainty budget - NIM

Standard Uncertainty Estimated Uncertainty(%) Standard Uncertainty contribution Ui(y)
i Uncertainty 1S0 -SAM- Urel(S) - Probability Divisor
contribution . Distribution factor
u(xi) ui(y) 01Hzto<04Hz | 0.4Hztod0Hz 01Hzto<04Hz | 04Hztod0Hz

accelerometer output voltage

1 u(dy) measurement(waveform recorder; e.g. ADC- u(S) 0.006 0.006 Rectangular 1.732 0.003 0.003
resolution)

. voltage filtering effect on accelerometer output
2 u(@e) amplitude measurement(frequency band limitation) UAS) 0.01 001 Rectangular 1782 0.006 0.006
3 (o) effect of voltage disturbance on accelerometer w(S) 0.02 0.02 Rectangular | 1732 0012 0,012

output voltage measurement (e.g. hum and noise)

effect of transverse, rocking, and bending
4 u(fy) acceleration on accelerometer output voltage uy(S) 0.02 0.02 Rectangular 1.732 0.012 0.012
measurement (transverse sensitivity)

effect of interferometer quadrature output signal
disturbance on phase amplitude measurement(e.g.

5 u(Pme) offsets, voltage amplitude deviation, deviation Ue(S) 01 01 Rectangular 1732 0.058 0.058
from 90° nominal angle difference)
6 Woms) interferometer signal filtering effect on phase wW(S) 0.01 0.01 Rectangular | 1.732 0.006 0.006

amplitude measurement (frequency band limitation)

effect of voltage disturbance on phase amplitude
7 w(@mp) measurement(e.g. random noise in the photoelectric ur(S) 0.05 0.05 Rectangular 1.732 0.029 0.029
measuring chains)

effect of motion disturbance on phase amplitude
measurement(e.qg. drift; relative motion between the

8 W Qo) accelerometer reference surface and the spot u(S) 0.05 0.05 Rectangular | 1.732 0.029 0.029
sensed by the interferometer)
effect of phase disturbance on phase amplitude
9 (P pp) measurement(e.g. phase noise of the interferometer uy(S) 0.05 0.05 Rectangular 1.732 0.029 0.029
signals)
residual interferometric effects on phase amplitude
10 W(Qmge) measurement(iterferometer function) Uso(S) 0.05 0.05 Rectangular | 1.732 0.029 0.029
vibration frequency measurement (frequency
11 u(frg) generator and indicator) un(S) 0 0 Rectangular | 1.732 0.000 0.000
residual effects on sensitivity measurement(e.g.
random effect in repeat measurements;
12 U(Sge) experimental standard devitation of arithmetic uy(S) 0.05 0.05 Rectangular 1.732 0.029 0.029
mean)
Vibration set acceleration sensitivity amplitude
13 u(sv) and phase shift stability U(S) 0.2 0.1 normal 3 0.067 0.033
14 u(su) effect of other effects on accelerometer output we(S) 0.05 0.05 Rectangular | 1.732 0.029 0.029
voltage measurements
Combined Uncertainty of amplitude measurement (%) 0.115 0.099
Expanded Uncertainty of amplitude measurement (%)(k=2) 0.30 0.20
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Phase shift

E. Phasee Sensitivity uncertainty budget - NIM

Standard Uncertainty Estimated Uncertainty(°) Standard Uncertainty contribution Ui(y)
i Uncertainty 1SO -SAM - U(Ag) P ——" Probability Divisor
contribution - =HE h Distribution | factor
) ui(y) 01Hzto<04Hz | 0.4Hztod0Hz 01Hzto<04Hz | 0.4Hztod0Hz
accelerometer output phase
1 u(oyy) measurement(waveform recorder; e.g. ADC- Uy (Ag) 0.015 0.01 Rectangular 1.732 0.009 0.006
resolution)
voltage filtering effect on accelerometer output
2 u(Qye) phase measurement(frequency band limitation) Uy(Ag) 0.01 0.01 Rectangular 1.732 0.006 0.006
3 Woun) effect of voltage disturbance on accelerometer u(Ag) 002 002 Rectangular 1732 0012 0.012

output phase measurement (e.g. hum and noise)

effect of transverse, rocking, and bending
4 u(Qy) acceleration on accelerometer output phase Uy (Ag) 0.04 0.04 Rectangular 1.732 0.023 0.023
measurement (transverse sensitivity)

effect of interferometer quadrature output signal
disturbance on displacement phase

5 u(Qs o) measurement(e.g. offsets, voltage amplitude Us(AQ) 0.1 0.1 Rectangular 1.732 0.058 0.058
deviation, deviation from 90° nominal angle
difference)

interferometer signal filtering effect on
6 u(Qsr) displacement phase amplitude measurement Us(AQ) 0.01 0.01 Rectangular 1.732 0.006 0.006
(frequency band limitation)

effect of voltage disturbance on displacement
7 (@ \p) phase amplitude measurement(e.g. random noise in W(Ag) 0.05 0.05 Rectangular 1.732 0.029 0.029
the photoelectric measuring chains)

effect of motion disturbance on displacement
phase amplitude measurement(e.g. drift; relative
motion between the accelerometer reference
surface and the spot sensed by the interferometer)

8 u(s o) Ug(Ag) 0.05 0.05 Rectangular 1.732 0.029 0.029

effect of phase disturbance on displacement phase
9 u(Qs pp) amplitude measurement(e.g. phase noise of the Us(A@) 0.05 0.05 Rectangular 1.732 0.029 0.029
interferometer signals)

residual interferometric effects on displacement
10 u(Qs re) phase amplitude measurement(interferometer Uy(Ag) 0.05 0.05 Rectangular 1.732 0.029 0.029
function)

residual effects on phase shift measurement(e.g.
random effect in repeat measurements;

11 u(Apre) experimental standard devitation of arithmetic Uy (Ag) 0.002 0.002 Rectangular 1.732 0.001 0.001
mean)
Vibration set acceleration sensitivity amplitude
12 u(ov) and phase shift stability U(AQ) 0.2 0.1 normal 3 0.067 0.033
13 uou) effect of other effects on accelerometer output U(A9) 0.05 005 Rectangular | 1732 0.029 0.029
voltage measurements
Combined Uncertainty of amplitude measurement ( °) 0.113 0.097
Expanded Uncertainty of amplitude measurement ( °)(k=2) 0.30 0.20
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NIMT

ity

avi

Magnitude sens

Standard Uncertainty Uncertainty o
i contributon 150-SAM Urel) contributon wg.mgg DISOE |1 to 0.8 HAD.S 0 1.6 Hb 1.6 to 4 Ha>4 to 5 He |55 to 8 Hz b to 40 Hz
06) 1) istribution
1 u(ly) Vibration velocity (Uncertainty of tracing back) uy(S) Normal 2 0.10 0.10 0.10 0.10 0.10 0.10
2 u(d) Votage Ux uy(S) Normel 2 0.03 0.03 0.03 0.03 0.03 0.03
3 Angular frequency of v signal 15(S) Squere 1732 0.001 0.001 0.001 0.001 0.001 0.001
4 u(lc) Amplfier gain 14(S) Normel 2 0.02 0.02 0.02 0.02 0.02 0.02
3 ) Frequency response u5(S) Normal 2 0.1 0.1 0.1 0.1 0.05 0.05
6 (i) Transverse motion 1) Stuare 1732 0.007 0.007 | 0.007 0.007 | 0.007 0.007
1 (i) Harmonics u(S) Squere 1732 0.001 0.00 0.001 0.001 0.001 0.001
8 U(0g) Hum ug(S) Normel 2 0.01 0.01 0.01 0.01 0.01 0.01
9 u(l) Noise 1) Norml 2 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.001
10 U(0ggro) Effect of geometric location ) Sauare 1732 0.001 0.001 0.001 0.001 0.001 0.001
11 () Sensor attachment () Square 1732 0 0 0 0 0 0
12 () Cable routing and fixing up(S) Square 1.732 0.5 0.2 0.18 0.16 0.16 0.14
13 u(l) Relative motion u(S) Squere 173 0.05 0.02 0.01 0.01 0.01 0.001
14 u(l) Temperature change uS) Squere L2 | 00015 | 00015 | 00015 | 00015 | 0.0015 | 0.0015
15 u(l) Linearity us(S) Suare 1732 0.001 0.001 0.001 0.001 0.001 0.001
16 U(fges) Temporal instability of v signal ueld) Square 1732 0.001 0.001 0.001 0.001 0.001 0.001
17 U(0ggmo) Residual effects () Square 1732 0.05 0.05 0.05 0.05 0.05 0.05
18 U(0p) Repeatabilty u(S) Norml ! 0.0094 | 0.0071 | 0.0044 | 0.0051 | 0.0081 | 0.0033
Combied Uncertainty 0.298 | 0.254 | 0.238 | 0.223 | 0.205 | 0.190
Expanded Uncertaity 0.60 | 0.51 | 0.48 | 0.45 | 0.41 | 0.38
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Phase shift

| Standard c%,%a% czg.aé Probebily -
1 SE:EQS 1S0-SAM-U(A ¢) 83%55: Distbution Divisor 011008Hz [M0.8t01.6Hz| >l.6t04Hz | »to8Hz | >8t040Hz
u(xi) ui(y)
1 Uy Vibration velocity (Uncertatinty of tracing back) uy(Ag) Normal ) 0.050 0.050 0.050 0.050 0.050
2 u(,) Votage Ux w4 ¢) Normal 2 0.100 0.100 0.100 | 0.100 0.100
3 u(9y) Angular frequency of v signal (A p) Square 1732 0.000 0.000 0.000 | 0.000 0.000
4 U(9y0) Ampifier gain 1A 9) Norml 2 0.100 | 0100 | 0100 | 000 | 0.100
5 (9 Feqreucy response (A g) Norml 2 0.100 0.100 0.100 | 0.100 0.100
6 U(¢g) Trarsverse motion (A g) Square 1732 0.000 0.000 0.000 0.000 0.000
1 Harmonics 1A 9) Square 1732 0.000 | 0.000 | 0.000 | 0.000 | 0.000
8 Hum (A g) Norml 2 0.010 0.010 0.010 | 0.010 0.010
9 Nokse u(Ag) Normal 2 0.010 0.010 0010 | 0.010 0.010
10 Effect of geometric location ugA o) Square 1732 0.010 0.010 0.010 0.010 0.010
11 u(A pgy) | Sensor attanchment u(dg) Square 173 0.000 | 0.000 | 0.000 | 0000 | 0.000
12 u(A pgy)  |Cable routingand fidng (A g) Squere 1731 0300 | 0200 | 0140 | 0000 | 0.070
13 U(Apgy) - [Reltive motion uy(d ¢) Square 1732 0.200 0.100 0.100 | 0.050 0.050
14 u(A gy |Temperature chage (A 9) Square 1732 0.010 0.010 0010 | 0.010 0.010
13 u(A og) Linearty us(d 9) Square 1732 0.010 0.010 0010 | 0.010 0.010
16 u(A o) Temporal instability of v signal ug(A o) Square 1732 0.010 0.010 0.010 0.010 0.010
17 u(A gKre)  [Residualeffect (A ) Square 1732 0.100 | 000 | 0100 | 000 | 0.100
18 u(A pKre)  |Repeatabilty (A g) Norml ! 0.0025 | 0.0016 | 0.0008 | 0.0004 | 0.0008
Combied Uncertaty 0.416 | 0.305 | 0.270 | 0.236 | 0.225
Expanded Urcertaity 0.83 | 0.61 | 0.54 | 0.47 | 0.45
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V.

ity

avi

Magnitude sens

D. Voltage Sensitivity uncertainty budget - KRISS

Uncertainty contribution
Uncertainty component Comment Symbol | Type | Distribution | Factor
01 Hz 0.125 Hz 0.16 Hz 0.2 Hzto |0.315 Hzto|< 0.4 Hzto| < 1.25 Hz to
’ ' ’ 0.25 Hz 0.4 Hz 1.25 Hz 40 Hz
accelerometer output voltage DAQ resolution and calibration ul B rectangular | 0577 | 45E-02 | 45E-02 | 45E-02 | 45E02 | 45E-02 | 19E-01 | 12E-01
measurement
effect of laser wavelength recommendation value u2 B normal 1 1.5E-04 1.5E-04 1.5E-04 1.5E-04 1.5E-04 1.5E-04 1.5E-04
voltage disturbance hum on accelerometer output voltage u3 B rectangular | 0577 | 8.4E-06 | 8.4E-06 | 8.4E-06 | 8.4E-06 | 8.4E-06 | 5.1E-04 | 4.6E-05
measurement
effect of transverse, rocking, and
bending acceleration on accelerometer  |transverse acceleration on accelerometer ua B U-type 141 7 1E-06 71E-06 71E-06 71E-06 7 1E-06 71E-06 7 1E-06
output voltage measurement (transverse |output voltage measurement
effect of cosine error interferometer misalignment u5 B rectangular 0.577 7.2E-04 7.2E-04 7.2E-04 7.2E-04 7.2E-04 7.2E-04 7.2E-04
harmonics on accelerometer output total distortion on accelerometer output 6 A rectangular 0577 5.8E-06 5.8E-06 5.8E-06 5.8E-06 5.8E-06 8.0E-07 6.8E-07
voltage measurment voltage measurment
effect of voltage disturbance on phase random noise in the photoelectric
. measuring chains on phase amplitude u7 B rectangular 0.577 1.1E-02 1.1E-02 1.1E-02 1.1E-02 1.1E-02 1.1E-02 1.1E-02
amplitude measurement
measurement
relative motion between the
m:mn.ﬁ of motion disturbance on phase  |accelerometer aaq.m:om surface and the u8 B normal 1 3.3E-02 3.36-02 3.3E-02 3.3E.02 3.3E.02 3.3E-02 3.3E:02
amplitude measurement spot sensed by the interferometer on
phase amplitude measurement
vibration frequency measurement deviation of sample clock from u9 B rectangular | 0577 | 5.8E-03 | 5.8E-03 | 5.8E-03 | 5.8E03 | 5.8E-03 | 5.8E-03 | 5.8E-03
generator clock
residual effects on sensitivity repeat measurements; experimental
. : . ul0 A normal 1 5.0E-01 4.5E-01 3.0E-01 2.0E-01 2.2E-02 2.3E-02 2.2E-02
measurement standard devitation of arithmetic mean
Relative combined standard uncertainty in % 5.0E-01 4.5E-01 3.1E-01 2.1E-01 0.061 0.196 0.123
Relative expanded uncertainty (k=2) in % 1.0E+00 | 9.1E-01 6.1E-01 4.2E-01 0.122 0.392 0.246
Stated relative expanded uncertainty in % 1.3 1 0.8 0.5 0.3 0.4 0.3

Page 65 of 70



June 2023

APMP.AUV.V-K3.1

Phase shift

E. Phasee Sensitivity uncertainty budget - KRISS

Uncertainty contribution

Uncertainty coponent Comment Type Distribution Factor
0.1 Hz to 40 Hz
accelerometer output phase measuremen ADC-resolution ul B rectangular 0.577 3.6E-05
voltage disturbance on accelerometer output phase hum and noise 2 B rectangular 0577 4.7E-02
measurement
ransver king, and bendin leration on nsver: leration on lerom
transverse, rocking, and bending acceleration ol transverse acceleration on accelerometer output u3 B U-type 1 7 0E-04
accelerometer output phase measurement phase measurement
<o_$.@m disturbance on displacement phase random noise in the photoelectric measuring chains u4 B rectangular 0.577 5.0E-06
amplitude measurement
motion disturbance on displacement phase drift; relative motion between the accelerometer
- P P reference surface and the spot sensed by the ub B rectangular 0.577 1.2E-02

amplitude measurement .

interferometer
n:mmm disturbance on displacement phase phase noise of the interferometer signals ué B rectangular 0.577 2.9E-04
amplitude measurement
delay of laser interferometer delay of laser interferometer u7 B rectangular 0.577 4.2E-06

random effect in repeat measurements;
residual effects on phase shift measurement experimental standard devitation of arithmetic ug A normal 1 1.7E-02

mean

combined standard uncertainty 0.051
expanded uncertainty (k=2) in° 0.103
stated expanded uncertainty in° 0.2
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Magnitude sensitivity

Certificate No AVIVS-3709
UNCERTAINTY BUDGET MATRIX (UBM)
Procedure No AVIVS-0001
Agtororcer Guide 1z the Expression of Uncertainty in Messuremant, msued by B IEC, IFCC. IS0, IUPAC, IUPAP, OIML - IS0 1995 (ISEBN 90.47.90168-0)
Mo & Briel & Kjer
-~ " " model: Endeveo Metrologist
Description: Sensitivty callbration (modulus) as per ISO 16063-11 method 3 Sarial Range: 0.1 Hz to 20 kHz
number: lan Veldman
Mathematical Model: S=ii/a na_ﬁﬂu"q
Input Quantity Degrees of
Symbol {Source of Uncertainty) Standard Uncertainty Contribution Ully) Retavity |
01Hz | >02Hz | 1Hz | »1kMz | SkHz | >TkHz | >12KkHz | >15kHz it Remarks
02Hz <iHz [to1kHz | <5kHz | toThHz | to12kHz | to15kHz | to20kHz
Il ¥ Standards and Reference Equipment (Uncorrelated) ¥ % % % % % % % % % v
Pa output si on phase amplitude 0,006 0006 | 0006 | 0058 | ons | 015 0173 0,289 100 nfinte (£ n!i.,.!ui...llﬁeq
P [Effect of voltage disturbance on phase ampitude measurement 0,000 opoo | 000 | Do | 0001 | 000 0,001 0,002 100 e (e e s v . R
Puo  |Efect of molion disturbance on phase amplitude measurement ogz | 0006 | 0003 | OMt5 | 0zt | 044 | o4z | o4ee 100 infrite |eenemalcn beteen s sk e .
P Effect of phase disturbance on phase amplitude measurement 0,006 0,008 00 | 0029 0,058 0,058 0,115 0,289 100 infinite | Corrected for using Heydemann comection procedure
Pre Residual interferometric efiects on phase amplitude measurement 0012 0mz 0,006 0.006 0,058 0,029 0058 0,115 100 infinite | Not aware of any
frg | Vibration frequency measurement accuracy 0,006 0006 | 0020 | o040 | o0car | oS 0,144 0,173 100 infinite IS0 16063-11 requirement: < 0,05 % of reading
by |Uncertainty on laser 0,000 0000 | 0000 | 0000 | 0000 | 0,000 0,000 0,000 100 infinite | Uncertainty quoled on certificate
iy (Acceleromeler outpud voltage measurement (ADC resclution‘accuracy) 0.087 0,005 0056 | 0035 0,045 0,035 0,035 0,035 100 infinite | Manulacturer's specification worse case on 1V range
S |Fitering effect on senstivity measurement 0045 o046 | 0058 | 0058 | 015 | 0118 0,115 0231 100 infiite  [e={t1, }
Gey |Charge amplifier gain accuracy 0,100 0,100 0050 | 0100 | 0100 0,100 0,100 0,100 100 infinite | Conditiong amplifier uncertainty
¥ Unit Under Test | Calibration (Uncorrelated) ¥
iy |Effect of voltage disturbance on aco output voltage 0035 0025 | 0015 | 00 | 0025 | 0025 0.100 0,150 100 infinite  (Ung = %4@/100)"; Maximum allowed by 1SO 16063
0y |Effect of transverse motion on output voltag 0025 0015 | 0025 | 0025 | om0 | 0050 0,125 0125 100 nfinite fora ity of 1%
O |Residual effects on acceleromeler output voltage measurement 0025 0025 | o025 | 0035 | 0025 | 0050 0050 0,050 100 infinite | Tribo-slectric effect
0, |Standand deviation on acoskerometer output vollage measurement 0300 0200 | o100 | 0150 | 0200 | 0380 0450 0,500 7 |ESOM for sensivity calulation using 4 paints
Ao LEM TOTAL COMBINED UNCERTAINTY
Best Measurement Capability (Excluding UUT CombadUnearal | vomiamcrtowy | 014 [ g7 | o0t [ omee [ oms [ o [ oss [ ome [ v i Chected and Aproned By
- k=2
contribution) Expanded Uncertainty s5a5% 028 023 020 | 03 085 0.4 1M 140 k= 2,00
Uncertainty of Measurement including UUT Combned Unceranty Ty cooiouceremy | 034 | 025 | 0447 | 0243 | 0395 | 0% | o732 | o882 | Ve  infie
contribution) Expanded Uncertainty m M: 08 05 03 | o5 | o8 12 15 18 k= 2,00
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Phase shift

Certificate No AVIVS-3709
UNCERTAINTY BUDGET MATRIX (UBM)
Procedure No AVIVS-0001
Refarance: Guid of Uncartainty issued by BIPM, [EC, IFCC, 150, IUPAC, IJPAP, OIVL - (50 1565 (SEN S2-67-10188-5)
Make & T
: Endevon Meicologist
Description: Complex Sensitivity Calibration (Phase) as per ISO 16063-11 method 3 kﬁ:—f Range: 0,1 Hz to 20 kHz
number: e lan Veldman
Mathematical Model: mﬂ—-us = :c._-_-_-uwa = mﬂﬂi_-aca = mﬂﬁﬂag = pﬂoot_—ﬂa L Umv_ua_ﬂﬁ
Input Quantity . | Degrees of
Symbol — (Source of Uncertainty) Standard Uncertainty Contribution Ui(y) Reliability Pt
01Hz | >100Hz | >1kHz | 5kHz | >12kHz | >15kHz infnite Remarks
to100Hz | to1kHz | <5kHz | to12kHz | to15kHz | to 20 kHz
u _ ¥ Standards and Reference Equipment (Uncorrelated) ¥ ¥} v} W] y] ¥} i % v
910 __%aa:a!&ﬂ.__ signal disturbance on displacement phase measurement 0035 0046 | 0075 | 0115 | 0231 | 0202 100 it |88 s temmeeedre
9.0 |Effectof voltage disturbance on displacement phase measurement 0.029 0040 | 0058 | 0069 | 0144 | 0202 100 it [
G, |Effectof motion disturbance on displacement phase measurement 0029 0029 | 0058 | 0089 | 0115 | 0231 | 100 | infinite [foe motoebehioen sensing sool exter and accoerometr.
@0 Effect of phase disturbance on displacement phase measurement 0,040 0,040 0,115 0,087 0,144 0173 100 infinite | Comected for using Heydemann correction procedure
Psne Residual interferometric efiects on displacement phase measurement 0012 0012 0,046 0,058 0,173 0173 100 infinite | Not aware of any
Ly Environmental effects on phase shift measurement 0017 0017 0,029 0,058 0.115 0.087 100 infinite {150 16063-11 requirement: < 0,05 % of readiing
Puv Accelerometer output phase measurement (ADC resolution/accuracy) 0,025 0,025 0,100 0,150 0,200 0175 100 infinite | SAM phase calculation accuracy
@, |Filering effect on accelerometer output phase measurement 0,029 0,029 0087 | 0231 0,289 0,289 100 infinite  |e=(ifHp)2
@ca  |Charge ampiifier phase accuracy 0035 0,040 0050 | 0127 0,127 0127 100 infinite | Certified value
¥ Unit Under Test / Calibration (Uncorrelated) ¥
ip  [Effectof voltage disturbance on accelerometer output phase measurement 0012 0023 0,069 | 0144 0231 0,289 100 infinite  |Unao = %{d/100)2; Maximum allowed by IS0 16063
iy Effect of i mation on accelerometer output phase measurement 0012 0017 0029 | 0058 0,058 0,058 100 infinite [Tt error for a tra
Oges  [Residual effects on accelerameter output voltage measurement 0,005 0010 0025 | 0025 0,025 0,058 100 infinite | Tribo-electric effect
g Standard deviation on accelerometer phase shift measurement 0,050 0,090 0,100 0,150 0,250 0.550 100 infinite  |ESDM for sensitivity calulation using 5 cycles minimum
#bout UBM TOTAL COMBINED UNCERTAINTY
Best Measurement Capability (Excluding UUT Combined Uncertainty (Normal)| ¥ Confidence Level¥ | 0,09 0,10 022 0.3 0.54 058 Ve infinite Checked and Approved By:
contribution) Expanded Uncertainty o acs 02 020 04 07 11 115 k= 2,00
C_._Oﬁ_dﬁm_._q of Measurement H—_._O_-._nm_._a uuT Combined Uncertainty (Normal)| ¥ Confidence Level ¥ 0,10 013 0.24 039 0,60 080 Var infinite
contribution) Expanded Uncertainty nmmu.. 02 03 05 08 12 16 k= 2,00

Page 68 of 70



APMP.AUV.V-K3.1 June 2023

VI. CSIR-NPLI

Magnitude sensitivity

D. Voltage Sensitivity uncertainty budget - C SIR-NPLI

Standand Uncertainty
. Uncertainty . L 01HzZ f 05Hz < 0Hz £ f AL5Hz £ f
! cont ribution 180 -SAM- Ure(S) contribution | _ 4 oz <20Hz <315Hz < 40Hz
) i
1 i) accel erometer m\nlmge measurement{ waveform u(®) 0.139 0115 0.115 0.115
recorder; ez ADC-resolufi on) !
5 W) voltage filtering effect onaccel erometer ouput ) 0115 PR P P
- ) amplitude measiremert{frequency band limi tafi o) ) o R o e
. wi) effect of voltage distwbance on accel erometer output (s 0.115 P P P
? ) voltage measurement (e.g. lum and noise) . R o U
effect of trarsverse, rocking and bending accelerafion
4 ui,) on accel erometer output voltage measurement u(s) 0.115 0.06 0.06 0.09
(ranswverse sersifivity)
effect of interferometer quadratire ouput si gral
5 . di sturbance on phase amplitude measurement{e g (<) 0115 e n o P
- WPuio) offsets, voltage amplitude deviation deviationfrom =) o e o i
90" nomirel angle difference)
6 W) nterferometer sigal filterirg effect enplase u(s) 0.115 0.06 0.06 0.09
amplitude measiremert (frequency band limitati o) !
effect of voltage distwbance on phase amplitude
7 w(pvn) measremert{e.g random noise inthe photoelectric u(s) 0.115 0.06 0.09 0.115
measiring cheirs)
effect of motion distirbance onplase amplitude
g o measiwrement(e.g, drift: relative motion betw een the s 0.1731 PR P A
Presin) accelerometer reference surface and the spot sersed A T o o e
by the interfer ometer)
effect of plase dishwbarce on phase amplitude
9 L O measwremert(e.g phase moise of the interferometer uy(S) 0.115 0.11 0.11 0.115
si gl 5)
residinl interferometric dfects onplase amplituda p 1= na1s o yes S
10 WPy ) p . wofS 0.115 0.115 0.115 0.115
measirement(interferometer finet on)
vibration frequency measurement (frequercy sener ator
11 frc) N N 7= &) 0.00 0.00 0.00 0.00
i andindicator) e
resicipl effects on sensifivitymeasurement(e.g.
12 u Ses) random effectin repeat measuremerts; experimental uAS) 0289 0.173 0.242 0.289
standard devitation of arithmetic mean)
Combined Uncertainty (in 24 0.50 035 0.40 0.45
E xpanded Uncertainty (k=2) in %o 100 0.70 0.80 0.90
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E. Phasee Sensitivity uncertainty budget - CSIR-NPLI

Standand Uncertaint
- ncertainty
Uncertainty . - 0.1Hz% f 0.5Hz% f 20Hz< f 31.5HzE f
i - IS0 -SAM - U(A ntributi
! contribution (49) o 1:_‘0_) P < ps5H < 20Hz < 315Hz < 40Hz
ufxi)
| accelerometer oufput phase measurement(waveform A 0173 R " 0144
! ey recorder; e.g ADC-resolufion) u(4e) T o o o
3 o) voltage filtering effect onaccelerometer output phase wlAD) 0173 0 0.133 0133
i measurem ent frequency band limitat on) -
3 wo,D effect of voltage distrbance on acce.lerometer output w(Ao) 0173 0. 0115
phase measurement (e. 2 lum and noise) R
effect of ransverse, rocking and bending acceleration
4 wo,7) onaccelerometer oufput phase measurement ufAp) 0.173 0. 0.115 0.115
(transverse sensifivity)
effect of interferometer quadrature oufput siznal
R N distrbance on displacement phase m easurement{e.g A
b o {Ag) 0.029 0.029 0.029 0.029
4 e, ) offsets, voltage amplitude deviation deviationfrom AP
00° nominal angle difference)
interferometer signal filtering effect on displacement
6 wo. g phase amplitude measurement (frequency band ufAg) 0.029 0.029 0.029 0.029
limitation)
effect of voltage distrbance on displacement phase
7 wp, o) amplitude measurement{e.g random noise in the u{Ap) 0.029 0.029 0.029 0.029
photoelectric measuring chains)
effect of motion distrbance on displacement phase
3 o N amplitude measurement{e.g drift; relative motion wAD) 00 P P 00
Paam) between the accelerometer reference surface and the = T T o T
spot sensed by the interferometer)
effect of phase disnwrbance on displacement phase
9 WQ. o) amplitude measurement{e.g phase noise of the ufAg) 0.115 0. 0.115 0.115
inferferometer signals)
10 . residual interferom etric effects on displacement phase (Ao) R PR PR R,
e 52 amplitude m easurement{interfer om eter function) YS9 T o T T
residual effects onphase shiftmeasurement{e.g.
11 wAegg) random effectin repeat measurements; experimental uy(Ag) 0.289 0.173 0.242 0.289
standard devitation of arithmetic mear)
Combined Uncertainty (in %) 0.50 0.35 0.40 0.45
Expanded Uncertainty (k=2) in ® L00 0.70 0.80 0.90

Page 70 of 70



