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ABSTRACT

The results of the SIM key comparison in the primary vibration calibration of the complex
charge sensitivity (magnitude and phase shift) concerning steady-state sinusoidal vibration
are presented. This regional key comparison followed the global CCAUV.V-K5 comparison
over the extended frequency range from 10 Hz to 20 kHz. Measurement results reported by
the two participants for magnitude and phase shift of complex charge sensitivity of back-to-
back and single ended accelerometers were compared. A link to the CCAUV.V-K5 with the
respective Degrees of Equivalence are reported.
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1 Introduction

This report presents the results of the regional key comparison, SIM.AUV.V-K5, in primary
vibration calibration (sinusoidal acceleration) according to ISO 16063-11 standard [2]. It has
the status of a Draft B report to be submitted for approval by the CCAUV. This comparison
was a regional key comparison following the CCAUV.V-K5 key comparison [5], thereby
providing regional support for the CIPM MRA in the field of vibration metrology.

The Technical Protocol (see Appendix A) specifies in detail the aim and the task of the
comparison, the measurement conditions, the transfer standards used, measurement
instructions and other items. A brief excerpt is given in the following sections.

2 Participants

Two National Metrology Institutes participated in this comparison, one representative of SIM
(the Regional Metrology Organization of the Americas) and one representative of EURAMET
(the Regional Metrology Organization of Europe); they are listed in Table 2.1.

Table 7.1 List of participants of SIM.AUV.V-K5 and measurement schedule.

Lal:l:::ory Acronym Country Cgl;::ry RMO Cal‘:::'t(lon
Physikalisch-
Technische PTB Germany DE EURAMET 44 (2023)
Bundesanstalt
Centro
Nacional de CENAM Mexico MX SIM 49 (2023)
Metrologia

3 Task and Purpose of the Comparison

Centro Nacional de Metrologia (CENAM, Mexico) is motivated to participate in the regional
key comparison SIM.AUV.V-K5 to confirm technical competence and to obtain evidence to
support CENAM’s CMCs for primary calibration of vibration transducers.

Physikalisch-Technische Bundesanstalt (PTB) was the pilot and linking laboratory, as it
participated in the last global key comparison, CCAUV.V-K5.

The task of the comparison was to measure the magnitude and the phase shift of the
complex charge sensitivity of two standard accelerometers (one of single-ended design and
one of back-to-back design) at different frequencies specified in the technical protocol (TP)
(c.f. Appendix A). The magnitude of the complex charge sensitivity was calculated as the
ratio of the amplitude of the accelerometer output charge to the amplitude of the acceleration
at its reference surface. The reference surface was defined as the top surface of the back-
to-back accelerometer (BB) and the top surface of the mounting adapter (mounting surface)
of the single-ended accelerometer (SE). The magnitude of the complex charge sensitivity
was given in units of pico-coulombs per meter per second squared: pC/(m/s?). Each



participant used its own calibrated charge amplifier to measure the output charge of the
accelerometer standards.

The specific task of this bilateral comparison is to measure magnitude and phase of the
complex charge sensitivity of two different accelerometers at specified frequencies with
primary means, according to ISO 16063-11 “Methods for the calibration of vibration and
shock transducers — Part 11: Primary vibration calibration by laser interferometry” —
Method 3: Sine-approximation method.

The reported measurement results were used to calculate the Degrees of Equivalence
(DoE) between CENAM and the CCAUV.V-K5 KCRVs, through the pilot laboratory, to link
CENAM to the CIPM KCRV. The results of the comparison will be used to provide additional
support for the revised CENAM CMCs.

4 Transfer Standards as Artifacts

For the comparison, a set of two piezoelectric accelerometers were circulated among the
participating laboratories:
¢ One transfer standard accelerometer, “single ended”, manufacturer: Briel & Kjeer,
type 8305-001 (SN: 2825607), identified as SE subsequently.
¢ One reference standard accelerometer, “back-to-back”, manufacturer: Briel & Kjeer,
type 8305 (SN: 895042), identified as BB subsequently.

5 Circulation of the Artifacts

The transfer standard accelerometers were delivered by CENAM personnel to PTB vibration
primary laboratory, where the initial measurements were performed. The accelerometers
were subsequently returned to CENAM for calibration.

6 Results of monitoring measurements

The artifacts were measured by PTB in January 2023, and a verification measurement (less
frequency steps) was performed in November 2023, to see whether the artefacts had drifted
over the course of 10 months. A deviation of less than 0.05% up to 8 kHz, and less than
0.2% to 17 kHz were found.

7 Results of the Participants

The following sections present both CENAM and PTB results using the agreed upon
reporting spreadsheet. The results presented are given as follows with the index i for each
frequency:

Quantity Component Variable Unit
Magnitude of the complex Value X; pC/(m/s?)
charge sensitivity exp. rel. uncertainty Urer xi %

Phase shift of the complex Value ?; °

o

charge sensitivity exp. uncertainty Ugp;



7.1 Results for the Magnitude of the Complex Sensitivity
7.1.1 The Single-Ended Accelerometer (SN 2825607)

Table 7.1.1. Reported participant’s results for the magnitude of the complex charge
sensitivity of the SE with relative expanded uncertainties (k = 2)

F PTB CENAM
reqriency X; Urerxi X; Urerxi
Hz pC/(m/s?) % pC/(m/s?) %

10 0.12991 0.2 0.12961 0.3
12.5 0.12984 0.1 0.12962 0.3
16 0.12986 0.1 0.12964 0.3
20 0.12985 0.1 0.12965 0.3
25 0.12985 0.1 0.12966 0.3
31.5 0.12982 0.1 0.12966 0.3
40 0.12980 0.1 0.12965 0.3
63 0.12978 0.1 0.12961 0.3
80 0.12976 0.1 0.12966 0.3
100 0.12975 0.1 0.12962 0.3
125 0.12975 0.1 0.12967 0.3
160 0.12974 0.1 0.12967 0.3
200 0.12973 0.1 0.12968 0.3
250 0.12972 0.1 0.12968 0.3
315 0.12972 0.1 0.12968 0.3
400 0.12973 0.1 0.12971 0.3
500 0.12973 0.1 0.12974 0.3
630 0.12973 0.1 0.12974 0.3
800 0.12980 0.1 0.12981 0.3
1000 0.12982 0.1 0.12987 0.3
1250 0.12988 0.1 0.12995 0.3
1600 0.12999 0.1 0.13013 0.3
2 000 0.13020 0.1 0.13026 0.3
2 500 0.13051 0.1 0.13065 0.5
3150 0.13101 0.1 0.13125 0.5
4 000 0.13180 0.1 0.13205 0.5
5000 0.13312 0.1 0.13322 0.6
6 300 0.13523 0.3 0.13537 0.6
8 000 0.13881 0.3 0.13907 0.8
10 000 0.14437 0.3 0.14454 0.8
11 000 0.14771 0.5 0.14825 1.1
12 000 0.15167 0.5 0.15194 1.1
13 000 0.15630 0.5 0.15698 1.1
14 000 0.16148 0.5 0.16252 1.1
15 000 0.16748 0.5 0.16855 1.1
16 000 0.17430 1.0 0.17554 1.5
17 000 0.18234 1.0 0.18317 1.5
18 000 0.19182 2.0 0.19334 1.5
19 000 0.19824 3.0 0.20168 1.5
20 000 0.21244 1.0 0.21366 1.5




7.1.2 The Back-to-Back Accelerometer (SN 895042)

Table 7.1.2. Reported participant’s results for the magnitude of the complex charge sensitivity
of the BB with relative expanded uncertainties (k = 2)

F PTB CENAM
requency X; Urerxi X; Urerxi
Hz pC/(m/s?) % pC/(m/s?) %

10 0.12852 0.2 0.12853 0.3
12.5 0.12861 0.1 0.12862 0.3
16 0.12869 0.1 0.12871 0.3
20 0.12876 0.1 0.12872 0.3
25 0.12889 0.1 0.12875 0.3
31.5 0.12894 0.1 0.12878 0.3
40 0.12895 0.1 0.12879 0.3
63 0.12898 0.1 0.12887 0.3
80 0.12902 0.1 0.12891 0.3
100 0.12907 0.1 0.12892 0.3
125 0.12910 0.1 0.12896 0.3
160 0.12913 0.1 0.12901 0.3
200 0.12915 0.1 0.12906 0.3
250 0.12919 0.1 0.12909 0.3
315 0.12922 0.1 0.12912 0.3
400 0.12925 0.1 0.12916 0.3
500 0.12928 0.1 0.12920 0.3
630 0.12931 0.1 0.12924 0.3
800 0.12937 0.1 0.12927 0.3
1000 0.12942 0.1 0.12934 0.3
1250 0.12948 0.1 0.12943 0.3
1600 0.12959 0.1 0.12958 0.3
2 000 0.12977 0.1 0.12972 0.3
2 500 0.13002 0.1 0.12998 0.5
3150 0.13042 0.1 0.13032 0.5
4 000 0.13106 0.1 0.13105 0.5
5000 0.13206 0.1 0.13193 0.6
6 300 0.13367 0.3 0.13360 0.6
8 000 0.13668 0.5 0.13652 0.8
10 000 0.14033 0.3 0.14100 0.8
11 000 0.14332 0.5 0.14351 1.1
12 000 0.14648 0.5 0.14674 1.1
13 000 0.14987 0.5 0.14984 1.1
14 000 0.15359 1.0 0.15381 1.1
15 000 0.15793 0.5 0.15806 1.1
16 000 0.16283 1.0 0.16274 1.5
17 000 0.16855 1.0 0.16812 1.5
18 000 0.17531 1.0 017477 1.5
19 000 0.18059 1.0 0.18079 1.5
20 000 0.18894 1.0 0.18857 1.5




7.2 Results for the Phase shift of the Complex Sensitivity
7.2.1 The Single-Ended Accelerometer (SN 2825607)

Table 7.2.1. Reported participant’s results for the phase shift of the complex charge
sensitivity of the SE with expanded uncertainties (k = 2)

F PTB CENAM

requency @i Up; @i Up;

Hz ° ° ° °
10 -0.03 0.2 -0.03 0.5
12.5 -0.05 0.2 -0.02 0.5
16 -0.02 0.2 -0.02 0.5
20 -0.02 0.2 -0.01 0.5
25 -0.04 0.2 0.00 0.5
31.5 -0.03 0.2 -0.01 0.5
40 -0.02 0.2 -0.01 0.5
63 -0.01 0.2 -0.01 0.5
80 -0.03 0.2 0.00 0.5
100 -0.01 0.2 -0.01 0.5
125 -0.01 0.2 -0.01 0.5
160 -0.02 0.2 -0.02 0.5
200 -0.02 0.2 0.00 0.5
250 -0.02 0.2 0.00 0.5
315 -0.02 0.2 0.00 0.5
400 -0.02 0.2 0.00 0.5
500 -0.02 0.2 0.00 0.5
630 0.02 0.2 0.00 0.5
800 -0.01 0.2 0.00 0.5
1000 -0.01 0.2 -0.02 0.5
1250 -0.02 0.5 -0.02 0.5
1600 -0.01 0.5 -0.03 0.5
2000 -0.01 0.5 -0.03 0.5
2500 -0.01 0.5 -0.04 0.5
3150 0.00 0.5 -0.06 0.6
4 000 -0.02 0.5 -0.07 0.6
5 000 -0.01 0.5 -0.09 0.7
6 300 -0.02 0.5 -0.12 0.7
8 000 -0.05 0.5 -0.14 0.7
10 000 -0.06 0.5 -0.20 0.7
11 000 -0.06 1.0 -0.18 1.1
12 000 -0.03 1.0 -0.15 1.1
13 000 -0.01 1.0 -0.28 1.1
14 000 -0.02 1.0 -0.31 1.1
15 000 -0.02 1.0 -0.48 1.5
16 000 -0.03 1.0 -0.57 1.5
17 000 -0.08 1.0 -0.81 1.5
18 000 -0.18 1.0 -0.76 1.5
19 000 -0.31 1.0 -0.82 1.5
20 000 -0.08 1.0 -0.58 1.5




7.2.2 The Back-to-Back Accelerometer (SN 895042)

Table 7.2.2. Reported participant’s results for the phase shift of the complex
charge sensitivity of the BB with expanded uncertainties (k = 2)

F PTB CENAM

requency ?; Ugi ?; Ugi
Hz ° ° o o
10 180.11 0.2 180.09 0.5
12.5 180.12 0.2 180.10 0.5
16 180.12 0.2 180.11 0.5
20 180.16 0.2 180.11 0.5
25 180.14 0.2 180.11 0.5
31.5 180.11 0.2 180.09 0.5
40 180.11 0.2 180.08 0.5
63 180.11 0.2 180.08 0.5
80 180.11 0.2 180.08 0.5
100 180.10 0.2 180.09 0.5
125 180.11 0.2 180.11 0.5
160 180.10 0.2 180.10 0.5
200 180.08 0.2 180.10 0.5
250 180.07 0.2 180.09 0.5
315 180.07 0.2 180.08 0.5
400 180.06 0.2 180.08 0.5
500 180.06 0.2 180.06 0.5
630 180.09 0.2 180.05 0.5
800 180.05 0.2 180.05 0.5
1000 180.04 0.2 180.03 0.5
1250 180.03 0.5 180.03 0.5
1600 180.03 0.5 180.03 0.5
2 000 180.02 0.5 180.03 0.5
2 500 180.02 0.5 180.02 0.5
3150 180.01 0.5 180.01 0.6
4 000 179.99 0.5 180.00 0.6
5000 179.97 0.5 179.97 0.7
6 300 179.98 0.5 179.92 0.7
8 000 179.87 0.5 179.93 0.7
10 000 180.03 0.5 179.88 0.7
11 000 180.07 1.0 180.07 1.1
12 000 179.97 1.0 179.96 1.1
13 000 179.92 1.0 179.99 1.1
14 000 179.86 1.0 179.91 1.1
15 000 179.86 1.0 179.84 1.5
16 000 179.82 1.0 179.59 1.5
17 000 179.78 1.0 179.62 1.5
18 000 179.55 1.0 179.48 1.5
19 000 179.42 1.0 179.39 1.5
20 000 179.65 1.0 179.61 1.5




8 Degree of Equivalence with Respect to the CIPM KC
Reference Value

8.1 Linking

Introduction

A comparison within a regional metrology organization (RMO) can be approved as a regional
key comparison within the framework of the CIPM MRA and included in the Key comparison
database (KCDB) if the results are linked to the key comparison reference values (KCRVSs)
of the respective CIPM key comparison. It is therefore required to link the results of this
comparison to the CCAUV.V-K5 KCRVs.

The methodology used to link the results of the RMO key comparison, SIM.AUV.V-K5 to
those of the CIPM key comparison CCAUV.V-K5 is described below. In the following, the
CIPM key comparison CCAUV.V-K5 is referred to as the CIPM comparison and the RMO
key comparison SIM.AUV.V-KS5 is referred to as the RMO comparison.

Task of Linking

The participating laboratory of the RMO comparison submitted results for the calibration of
a SE accelerometer and a BB accelerometer at specified frequencies in the frequency range
from 10 Hz to 20 kHz, using laser interferometry in accordance with ISO 16063-11. The
Degrees of Equivalence (DoEs) were calculated for the laboratory results relative to the
respective KCRYV for the SE accelerometer as well as the BB accelerometer.

The linking task required the transformation of the RMO calibration results into quantities
appropriate for the CIPM comparison in order to be compared with the CIPM KCRV. It
includes the calculation of:

a) the differences between the combined RMO results and the CIPM quantities for the
NMiIs participating in both the CIPM and the RMO comparisons and

b) the differences between the transformed RMO results and the corresponding KCRV
for the laboratories.

c) the uncertainties associated with these differences.

8.2 Linking procedure for magnitude

The linking followed the method outlined in [3] which has been used in earlier accelerometer
RMO comparisons. Mathematical deduction is shown to avoid any confusion. The only
assumption made is that there is no correlation between the measurements made by a
laboratory on one accelerometer for the CIPM comparison and the measurements made on
another accelerometer for the RMO comparison by the same laboratory.

The measurand in the CIPM comparison is denoted by X. The values x;, u(xy), ..., Xy, u(xy)
denote the best estimates and associated standard uncertainties of the laboratories.



The measurand in the RMO comparison is denoted by Y. The values y;, u(y1), ..., Vs, u(¥ar)
denote the best estimates and associated standard uncertainties of the laboratories.

Furthermore, G = {1, ...,p} (p < min(N, M) is the index set of the linking laboratories which
participate in both the CIPM and RMO comparison. The laboratories are labelled such that
any number within G denotes the same laboratory in both comparisons.

The value r = x/y denotes the transformation factor between the two measurands to make
the link between the two comparisons. The transformation factor is estimated using the
KCRYV of the CIPM comparison and the combined results in the RMO comparison of the
linking laboratory. The estimated transformation factor is then applied to the results of the
RMO comparison. For reference, the r values are listed as the last column in the DOE
tables.

Since no information about correlations is available, the estimators x4, ..., xy, y1, ..., Y @re
treated as being uncorrelated. Let x denote the KCRV of the CIPM comparison and y the
weighted value of the linking laboratory in the RMO comparison.

;V=1 le 2 1
il €2)) u?(x) = —————
X = 1 N 1
I T =lu2(x,)
Tu (xl) L
Vi
2L 1
BT D) W2(y) = ————
Y= 1 -
R €
ZleG uZ(yl) u?(y;)

Note: In this RMO comparison, PTB was the only linking laboratory. The measured values
reported by PTB with the associated uncertainties were used as the linking values.

Then r is estimated according to

u?(x) x?

r= )2 +Fu2(3’)

x 2
y us(r) =

z; = ry; denotes the corrected measurand in the regional comparison.

The uncertainty in the difference
Vi
d =ry —x=x(——1)
l l y

is given by the following equations where



_n

P y

To calculate the uncertainties on d; the proper mathematical tool is the law of error
propagation. This requires partial differentiation of the formulas with proper respect to
dependencies.

The calculations split up in two cases:

1) [ is not a participant of the CIPM comparison. This means that x, y, and y; are
independent.
By use of the law of error propagation we find

2

@) = (22 w00+ (22) w0 + (22w

2
= (p; — D*u?(x) + 12 <1 +pf %) u?(y;)

2) lis a participant of the CIPM comparison. This means that y and y, are no longer
independent.
By use of the law of error propagation, and by noting that u(y, y,) = u?(y), we find

ad\* ad\* ad\* ad, ad,
2 - 2 2 2 2
u(dp) <6x> u (x)+(6y) u (y)+(ayl) u“(y) + 3y aylu(y,yz)

2
= — D*u?(x) +r? <1 + (o — 2) %) u?(y;)

The degrees of equivalence are defined as the differences between the corrected results in
the RMO comparison and the KCRYV of the CIPM comparison compared to the uncertainties
on d; with a confidence of approx. 95% or k= 2, i.e.

U, = 2yu?(d,)

8.3 Linking procedure for phase shift

For this comparison, a linking procedure for phase shift similar to that reported in [4] was
followed. The phase degree of equivalence of CENAM for this SIM KC with respect to the
CCAUV.V-K5 phase reference value (KCRV) is given by

— CENAM PTB
di=¢ -

uZ (dl) — uZ ((pCENAM) + u2 ((pPTB)



The degrees of equivalence are again defined as the differences between the corrected
results in the RMO comparison and the KCRV of the CIPM comparison compared to the
uncertainties on d; with a confidence of approx. 95% or k = 2, i.e.

Ul = Zﬂ u? (dl)

It was not found relevant to include the correction values (or their uncertainties) in the tables
as they were way below the stated uncertainties.

8.4 Analysis

The measurement results were reported by the participants using the mandatory report
spreadsheet (Excel file). To comply with the resolution implied by the measurement
uncertainty and to generate a consistent picture in this report, all input data were rounded
before further calculation in the following way:

Quantity Unit Representation
Magnitude of complex sensitivity pC/(m/s?) 0.xxxXX
Relative uncertainty % X.XX
Phase shift of complex sensitivity | Degrees [°] X.XX
Uncertainty of phase shift Degrees [°] X.XX

This space intentionally left blank.



8.5 Magnitude of the Complex Sensitivity of the SE
Table 8.5.1. Degrees of equivalence to the CCAUV.V-K5 KCRYV for the magnitude of the SE

T CENAM CCAUV/ SIM

d, u(d)) r u(r)

Hz pC/(m/s?) pC/(m/s?) Abs (%)
10 -0.00029 0.00046 0.9743 0.0079
12.5 -0.00021 0.00040 0.9750 0.0046
16 -0.00021 0.00040 0.9748 0.0045
20 -0.00019 0.00040 0.9748 0.0045
25 -0.00019 0.00040 0.9747 0.0045
31.5 -0.00016 0.00040 0.9749 0.0045
40 -0.00015 0.00040 0.9750 0.0045
63 -0.00017 0.00040 0.9751 0.0045
80 -0.00010 0.00040 0.9754 0.0045
100 -0.00013 0.00040 0.9752 0.0045
125 -0.00008 0.00040 0.9752 0.0045
160 -0.00007 0.00040 0.9753 0.0045
200 -0.00005 0.00040 0.9755 0.0045
250 -0.00004 0.00040 0.9757 0.0045
315 -0.00004 0.00040 0.9758 0.0045
400 -0.00002 0.00040 0.9758 0.0045
500 0.00001 0.00040 0.9759 0.0045
630 0.00001 0.00040 0.9760 0.0045
800 0.00001 0.00040 0.9756 0.0045
1 000 0.00005 0.00040 0.9759 0.0045
1250 0.00007 0.00040 0.9759 0.0046
1600 0.00014 0.00040 0.9764 0.0046
2000 0.00006 0.00040 0.9762 0.0046
2 500 0.00014 0.00065 0.9763 0.0046
3150 0.00023 0.00065 0.9760 0.0046
4 000 0.00024 0.00066 0.9762 0.0046
5000 0.00010 0.00079 0.9757 0.0046
6 300 0.00014 0.00089 0.9761 0.0120
8 000 0.00025 0.00116 0.9777 0.0119
10 000 0.00017 0.00121 0.9774 0.0117
11 000 0.00053 0.00175 0.9757 0.0186
12 000 0.00026 0.00179 0.9767 0.0185
13 000 0.00066 0.00185 0.9768 0.0180
14 000 0.00101 0.00192 0.9753 0.0183
15 000 0.00104 0.00198 0.9741 0.0172
16 000 0.00121 0.00310 0.9781 0.0304
17 000 0.00081 0.00321 0.9723 0.0292
18 000 0.00148 0.00469 0.9708 0.0519
19 000 0.00337 0.00662 0.9792 0.0748
20000 0.00119 0.00375 0.9735 0.0251
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Figure 1. Degrees of Equivalence (Magnitude, SE-type) after linking to
CCAUV.V-K5 Reference Value
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8.6 Magnitude of the Complex Sensitivity of the BB
Table 8.6.1. Degrees of equivalence to the CCAUV.V-K5 KCRYV for the magnitude of the BB

S CENAM CCAUV /SIM

d, u(d,)) r u(r)

Hz pC/(m/s?) pC/(m/s?) Abs. (%)
10 0.00001 0.00046 0.9960 0.0082
12.5 0.00001 0.00040 0.9954 0.0047
16 0.00002 0.00040 0.9947 0.0046
20 -0.00004 0.00040 0.9940 0.0046
25 -0.00014 0.00040 0.9932 0.0046
31.5 -0.00016 0.00040 0.9929 0.0046
40 -0.00016 0.00040 0.9927 0.0046
63 -0.00011 0.00040 0.9924 0.0046
80 -0.00011 0.00040 0.9919 0.0046
100 -0.00015 0.00040 0.9915 0.0046
125 -0.00014 0.00040 0.9911 0.0046
160 -0.00012 0.00040 0.9909 0.0046
200 -0.00009 0.00040 0.9907 0.0046
250 -0.00010 0.00040 0.9904 0.0046
315 -0.00010 0.00040 0.9904 0.0046
400 -0.00009 0.00040 0.9902 0.0046
500 -0.00008 0.00040 0.9900 0.0046
630 -0.00007 0.00040 0.9901 0.0046
800 -0.00010 0.00040 0.9896 0.0046
1000 -0.00008 0.00040 0.9896 0.0046
1250 -0.00005 0.00041 0.9895 0.0046
1600 -0.00001 0.00041 0.9895 0.0046
2000 -0.00005 0.00041 0.9890 0.0046
2 500 -0.00004 0.00066 0.9887 0.0047
3150 -0.00010 0.00066 0.9891 0.0047
4 000 -0.00001 0.00066 0.9882 0.0047
5000 -0.00013 0.00079 0.9891 0.0061
6 300 -0.00007 0.00089 0.9903 0.0126
8 000 -0.00016 0.00127 0.9858 0.0193
10 000 0.00066 0.00119 0.9904 0.0134
11 000 0.00019 0.00172 0.9923 0.0199
12 000 0.00026 0.00176 0.9936 0.0195
13 000 -0.00003 0.00180 0.9952 0.0192
14 000 0.00022 0.00228 0.9991 0.0339
15 000 0.00013 0.00190 0.9957 0.0184
16 000 -0.00009 0.00293 0.9974 0.0331
17 000 -0.00043 0.00303 1.0006 0.0320
18 000 -0.00054 0.00315 0.9992 0.0308
19 000 0.00020 0.00330 1.0120 0.0309
20000 -0.00038 0.00346 1.0171 0.0293
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Figure 2. Degrees of Equivalence (Magnitude, BB-type) after linking to
CCAUV.V-K5 Reference Value
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8.7 Phase shift of the Complex Sensitivity of the SE

Table 8.7.1. Degrees of equivalence to the CCAUV.V-K5
KCRYV for the phase shift of the complex sensitivity of the SE

Frequency CENAM

d, u(dy)

Hz ° °
10 0.000 0.54
12.5 0.030 0.54
16 0.000 0.54
20 0.010 0.54
25 0.040 0.54
31.5 0.020 0.54
40 0.010 0.54
63 0.000 0.54
80 0.030 0.54
100 0.000 0.54
125 0.000 0.54
160 0.000 0.54
200 0.020 0.54
250 0.020 0.54
315 0.020 0.54
400 0.020 0.54
500 0.020 0.54
630 -0.020 0.54
800 0.010 0.54
1 000 -0.010 0.54
1250 0.000 0.71
1600 -0.020 0.71
2 000 -0.020 0.71
2 500 -0.030 0.71
3150 -0.060 0.78
4 000 -0.050 0.78
5000 -0.080 0.86
6 300 -0.100 0.86
8 000 -0.090 0.86
10 000 -0.140 0.86
11 000 -0.120 1.49
12 000 -0.120 1.49
13 000 -0.270 1.49
14 000 -0.290 1.49
15 000 -0.460 1.80
16 000 -0.540 1.80
17 000 -0.730 1.80
18 000 -0.580 1.80
19 000 -0.510 1.80
20 000 -0.500 1.80
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8.8 Phase of the Complex Sensitivity of the BB

Table 8.8.1. Degrees of equivalence to the CCAUV.V-K5 KCRV
for the phase shift of the complex charge sensitivity of the BB

Frequency CENAM

d; u(dy)

Hz ° °
10 -0.020 0.54
12.5 -0.020 0.54
16 -0.010 0.54
20 -0.050 0.54
25 -0.030 0.54
31.5 -0.020 0.54
40 -0.030 0.54
63 -0.030 0.54
80 -0.030 0.54
100 -0.010 0.54
125 0.000 0.54
160 0.000 0.54
200 0.020 0.54
250 0.020 0.54
315 0.010 0.54
400 0.020 0.54
500 0.000 0.54
630 -0.040 0.54
800 0.000 0.54
1 000 -0.010 0.54
1250 0.000 0.71
1600 0.000 0.71
2 000 0.010 0.71
2 500 0.000 0.71
3150 0.000 0.78
4 000 0.010 0.78
5000 0.000 0.86
6 300 -0.060 0.86
8 000 0.060 0.86
10 000 -0.150 0.86
11 000 0.000 1.49
12 000 -0.010 1.49
13 000 0.070 1.49
14 000 0.050 1.49
15 000 -0.020 1.80
16 000 -0.230 1.80
17 000 -0.160 1.80
18 000 -0.070 1.80
19 000 -0.030 1.80
20 000 -0.040 1.80
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9 Conclusion

This regional key comparison was organized to confirm technical competence and support
the improvement of calibration and measurement capabilities (CMCs) of CENAM for primary
calibration of accelerometers by laser interferometry. The procedure was very similar to that
of the CCAUV.V-K5. Two piezoelectric accelerometers, one BB type and one SE type, were
calibrated in the frequency range of 10 Hz to 20 kHz. In the case of the SE accelerometer,
a mounting fixture like the one used in APMP.AUV.V-K5 [6] was used to ensure identical
mounting conditions for both participants.

Despite the challenges involved, this regional comparison is considered successful since
the results reported by the participants are consistent over the whole frequency range in
both magnitude and phase, thus establishing new and consistent degrees of equivalence.
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Appendix A: Technical Protocol

Technical Protocol for SIM.AUV.V-K5 & SIM.AUV.V-S1
2023-05-03

Task and Purpose of the Comparison

The Centro Nacional de Metrologia (CENAM, Mexico) is motivated to participate in the
bilateral comparison SIM.AUV.V-K5 to confirm technical competence and get evidence to
support CENAM’s CMCs for primary calibration of vibration transducers.

CENAM and the Instituto Nacional de Calidad (INACAL, Peru) are motivated to participate
in the trilateral comparison SIM.AUV.V-S1 to confirm their technical competence and
provide evidence to establish CMCs in secondary calibration.

Physikalisch-Technische Bundesanstalt (PTB) will be acting as pilot and linking laboratory,
as it has taken part in the global CCAUV.V-K5.

The reported sensitivities and associated uncertainties are then to be used for the
calculation of the Degrees of Equivalence (DoE) between CENAM, INACAL and the
CCAUV.V-K5 KCRVs. CENAM and INACAL will be linked to the KCRV of this former
comparison via the pilot laboratory. The results of the comparison will be used to provide
additional support to the revised CMCs to get compatibility with the results of the CCAUV.V-
K5. These results are expected to serve as evidence to be the foundation for the registration
of the CMCs of CENAM and INACAL considering primary and secondary calibration of
vibration transducers, as applicable.

Although separated in two distinct RMO-comparisons the measurements will be performed
with a single set of artifacts, which is the reason to combine the technical protocols into a
single document.

SIM.AUV.V-K5

The specific task of this bilateral comparison is to measure magnitude and phase of the
complex charge sensitivity of two different accelerometers at specified frequencies with
primary means i.e., according to ISO 16063-11 “Methods for the calibration of vibration and
shock transducers — Part 11: Primary vibration calibration by laser interferometry”.

SIM.AUV.V-$1

The specific task is the measurement of the magnitude of the charge sensitivity of the same
set of accelerometers at specified frequencies with secondary means i.e., according to ISO
16063-21 “Methods for the calibration of vibration and shock transducers — Part 21: Vibration
calibration by comparison to a reference transducer”.

Note 1: Pilot laboratory will measure only by primary means.
Note 2: SIM.AUV.V-K5 will be linked to the CCAUV.V-K5.



Participants

SIM.AUV.V-K5:

Physikalisch-Technische Bundesanstalt (PTB)
Pilot

Centro Nacional de Metrologia (CENAM)

SIM.AUV.V-§1

Physikalisch-Technische Bundesanstalt (PTB)
Pilot

Centro Nacional de Metrologia (CENAM)

Instituto Nacional de Calidad (INACAL)

Dr. Leonard Klaus

Department 1.71 Realization of Acceleration
Bundesallee 100

38116 Braunschweig. Germany

Tel: 531-592 — 1243

E-mail: leonard.klaus@ptb.de

M. en C. Arturo Ruiz Rueda

M. en C. Manuel A. Gonzalez Duran
Direccién de Vibraciones y Acustica

km 4.5 carretera a Los Cués

El Marqués, Querétaro. C.P. 76246 México
Tel: 442 211 0500 — 3577, 3572

E-mail: arruiz@cenam.mx
mgonzale@cenam.mx

Dr. Leonard Klaus

Department 1.71 Realization of Acceleration
Bundesallee 100

38116 Braunschweig. Germany

Tel: 531-592 — 1243

E-mail: leonard.klaus@ptb.de

M. en C. Arturo Ruiz Rueda

M. en C. Manuel A. Gonzalez Duran
Direccién de Vibraciones y Acustica

km 4.5 carretera a Los Cués

El Marqués, Querétaro. C.P. 76246 México
Tel: 442 211 0500 — 3577, 3572

E-mail: arruiz@cenam.mx
mgonzale@cenam.mx

Ing. Giancarlos M. Guevara Chuquillanqui
Area de Electricidad y Termometria

Calle de la Prosa 150. San Borja, Lima, Peru
Tel: 640 882 0 - 1514

E-mail: gguevara@inacal.gob.pe




Devices under Test

For the calibration tasks of both comparisons, a set of two piezoelectric accelerometers will
be circulated among the participating laboratories. The individual transducers are:

e a Bruel & Kjaer 8305-001 (SN: 2825607) “single ended” (SE) type
e aBriel & Kjeer 8305 S (SN: 895042) “back-to-back” (BB) type.

Figure 1. Devices under test

Conditions of measurement
SIM.AUV.V-K5 Primary means (ISO 16063-11)

The accelerometers are to be calibrated for magnitude and phase of their complex charge
sensitivity according to those procedures and conditions implemented by the NMI in
conformance with 1ISO 16063-11, which provide magnitude and phase information of the
artefact. The sensitivities reported shall be for an accelerometer alone, excluding any effects
from the charge amplifier used for signal conditioning.

The frequency range of the measurements was agreed to be from 10 Hz to 20 kHz.
Specifically, the laboratories are supposed to measure at the following frequencies (all
values in Hz):

10, 12.5, 16, 20, 25, 31.5, 40, 50, 63, 80, 100, 125, 160, 200, 250, 315, 400, 500, 630, 800,
1000, 1250, 1600, 2000, 2500, 3150, 4000, 5000, 6300, 8000, 10 000, 11 000, 12 000,
13 000, 14 000, 15 000, 16 000, 17 000, 18 000, 19 000, 20 000.

The charge amplifier used for the calibration is not provided within the set of the artifacts, it
must therefore be provided by the individual participant and calibrated properly. As a
guideline for calibration the document “Calibration of conditioning amplifiers for dynamic
application: Guideline DKD-R 3-2” shall be used (https://doi.org/10.7795/550.20190425EN).
The simplified Method presented in section 3.2.1 shall be used by both participants using a
100 pF standard capacitor.

The calibrations shall be carried out in accordance with the usual procedure of the laboratory
for the calibration of customer accelerometers, except as otherwise indicated in this protocol.



The SE type accelerometer is mounted on a mechanical adapter, which was designed and

manufactured according to the drawing below:
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Figure 2. Mechanical adapter for SE type accelerometer (all dimensions in mm)

SIM.AUV.V-S1 Secondary means (ISO 16063-21)

The accelerometers are to be calibrated for magnitude of their complex charge sensitivity
according to those procedures and conditions implemented by the NMI in conformance with
ISO 16063-21, which provide magnitude information of the artefact. The sensitivities
reported shall be for an accelerometer alone, excluding any effects from the charge
amplifier.

The frequency range of the measurements was agreed to be from 10 Hz to 10 kHz.
Specifically, the laboratories are supposed to measure at the following frequencies (all
values in Hz):

10, 12.5, 16, 20, 25, 31.5, 40, 50, 63, 80, 100, 125, 160, 200, 250, 315, 400, 500, 630, 800,
1000, 1250, 1600, 2000, 2500, 3150, 4000, 5000, 6300, 8000, 10 000.

The charge amplifier used for the calibration is not provided within the set of the artifacts, it
must therefore be provided by the individual participant and calibrated properly. As a
guideline for calibration the document “Calibration of conditioning amplifiers for dynamic
application: Guideline DKD-R 3-2” shall be used (https://doi.org/10.7795/550.20190425EN).
The simplified Method presented in section 3.2.1 shall be used by the secondary laboratory
of CENAM using a 100 pF standard capacitor.

The calibrations shall be carried out in accordance with the usual procedure of the laboratory
for the calibration of customer accelerometers.

For comparison calibration, the mechanical adapter should not be used. The measurements
for comparison method shall be carried out after the conclusion of the primary calibrations
by laser interferometry.



PTB takes part in SIM.AUV.V-S1 as linking laboratory using the calibration results from the
primary calibration by laser interferometry acquired in SIM.AUV.V-K5 (c.f. previous section)

General Specifications:
Specific conditions for the measurements are:

Acceleration amplitudes: preferably 50 m/s? to 100 m/s? but a range of 2 m/s? to
200 m/s? is admissible for both, primary and secondary means.

Ambient temperature and accelerometer temperature during the calibration:
(23 = 3) °C (actual values to be stated within tolerances of £ 0.3 °C).

Relative humidity: max. 75 %.

Mounting torque of the accelerometer: (2.0 £ 0.1) N m.

Measurement instructions
SIM.AUV.V-K5 Primary means (ISO 16063-11)

The measurand is the magnitude and phase of the complex charge sensitivity.

The motion of the SE accelerometer shall be measured on the polished top surface
of the mechanical adapter, close to the accelerometer's mounting surface since the
mounting (reference) surface is usually not directly accessible.

The motion of the BB accelerometer mounted in the normal position shall be
measured with the laser directly on the (polished) top surface of the transducer
without any additional reflector or dummy mass.

The mounting surfaces of the accelerometer and the moving part of the exciter shall
be slightly lubricated before mounting.

The cable between the accelerometer and charge amplifier will be provided by the
pilot laboratory (PTB).

To reduce the influence of non-rectilinear motion, the measurements shall be
performed for at least four different laser positions, which are equally spaced over
the respective measurements surface.

It is advised that the measurement results shall be compiled from complete
measurement series carried out on different days, under nominally the same
conditions, except that the accelerometer is remounted, and the cable reattached.
The standard deviation of the subsequent measurements should be included in the
report.

The charge amplifier used for the measurement of the accelerometer’s response
shall be calibrated with the equipment traceable to national measurements standards
and the method used shall be reported.

SIM.AUV.V-S1 Secondary means (ISO 16063-21)

The measurand is the magnitude of the complex charge sensitivity.

No mechanical adapters shall be used for the accelerometer calibrations.

The SE type accelerometer shall be calibrated against a reference accelerometer
previously calibrated by primary means.



e The BB type accelerometer shall be calibrated with a SE accelerometer previously
calibrated by primary means.

¢ The mounting surfaces of the accelerometers and the moving part of the exciter shall
slightly be lubricated before mounting.

e The cable between the accelerometer and charge amplifier will be provided by the
pilot laboratory (PTB).

e It is advised that the measurement results shall be compiled from complete
measurement series carried out on different days, under nominally the same
conditions, except that the accelerometer is remounted, and the cable reattached.
The standard deviation of the subsequent measurements should be included in the
report.

e The charge amplifier used for the measurement of the accelerometer’s response
shall be calibrated with the equipment traceable to national measurements
standards.

Communication of the results

The pilot laboratory will provide a spreadsheet template to all participants in which the
reported results will be transferred to the pilot.

In addition, the participants will provide a PDF of their result spread sheet in order to avoid
or detect any transmission errors, a tabulated uncertainty budget covering all calibration
done within the scope of the relevant comparison, a description of the used calibration
equipment.

These documents must be submitted to the pilot laboratory within six weeks after the
measurements.

Circulation type

The set of artifacts is at PTB since June 2022. PTB will start the loop of the comparison
measurements within SIM.AUV.V-K5. Then the artifacts be primary calibrated at CENAM
followed by the secondary calibration at CENAM for SIM.AUV.V-S1. Finally, INACAL will
receive the same set of artifacts for their calibration in the scope of SIM.AUV.V-S1

The cost of transportation between PTB and CENAM will be covered by CENAM. As an
alternative, the artifacts may be hand carried by a member of the participating laboratory.

From CENAM to INACAL and back: The cost of transportation will be covered by INACAL.
As an alternative, the artifacts may be hand carried by a member of the participating
laboratory.

Time schedule

The measurement period is 4 weeks for both devices for primary means and 4 weeks for
secondary means (both devices). The schedule is planned as follows



Measurement

Participant (Calendar week)
PTB 44-47 | 2023
Transportation 48 / 2023
CENAM (primary) 49-50 /2023 and 01-02 / 2024
CENAM (secondary) 03-06 / 2024
Transportation 07 /2024
INACAL (secondary) 08-11/2024




Appendix B: Measurement Uncertainty Budgets of the participants

CENAM
Uncertainty budget for magnitude
Frequency (Hz)
Probability
i Source of uncertainty distribution Factor 10 >2000 > 5000 >7000 | >13000
model to to to to to
2000 5000 7000 12 500 20 000
1 Voltage measurement 0 0.000 0.000 0.000 0.000 0.000
1a. Acquisition card calibration Normal (k=2) 0.50 0.005 0.005 0.005 0.005 0.005
1a. ADC-resolution Rectangular 0.58 0.001 0.001 0.001 0.001 0.001
1c. Repeatability Normal (k=1) 1.00 0.030 0.030 0.030 0.030 0.030
2 | Voltage filtering effect on accelerometer output 0 0.000 0.000 0.000 0.000 0.000
2a. Conditioning amplifier calibration Normal (k=2) 0.50 0.025 0.025 0.025 0.025 0.025
3 | Hum and noise Normal (k=1) 1 0.100 0.200 0.200 0.200 0.300
4 | Transverse, rocking and bending acceleration Rectangular 0.58 0.058 0.115 0.173 0.173 0.346
5 | Interferometer quadrature output signal disturbance Normal (k=1) 1 0.030 0.050 0.075 0.100 0.250
6 | Interferometer signal filtering effect N/A N/A - - - - -
7 | Voltage disturbance on phase amplitude measurement Rectangular 0.58 0.020 0.020 0.020 0.020 0.020
8 | Motion disturbance on phase amplitude measurement Rectangular 0.58 0.058 0.058 0.058 0.058 0.058
9 Phase disturbance on phase amplitude measurement Rectangular 0.58 0.030 0.030 0.030 0.030 0.030
10 | Residual interferometric effects on phase amplitude meas. Rectangular 0.58 0.020 0.020 0.020 0.020 0.020
11 | Vibration frequency measurement Normal (k=2) 0.50 1.70E-08 | 1.70E-08 | 1.70E-08 | 1.70E-08 | 1.70E-08
12 | Residual effects on sensitivity measurement Normal (V4 ) 0.50 0.020 0.020 0.020 0.030 0.030
Uncertainty for vibration transducer (Magnitude) (%) k=1 0.15 0.25 0.29 0.30 0.53
(%) k=2 0.29 0.50 0.57 0.59 1.06




Uncertainty budget for phase

Frequency (Hz)
Probability
i Source of uncertainty distribution Factor 10 > 5000 >9000 | >14000
model to to to to
5000 9 000 14 000 20 000
1 Voltage measurement - 0.00 0.00 0.00 0.00
1a. Repeatability Normal (k=1) 1.00 0.040 0.040 0.060 0.060
2 | Voltage filtering effect on accelerometer output - 0.000 0.000 0.000 0.000
2a. Conditioning amplifier calibration Normal (k=2) 0.50 0.050 0.100 0.150 0.150
3 | Hum and noise Normal (k=1) 1 0.200 0.300 0.500 0.500
4 Transverse, rocking and bending acceleration Rectangular 0.58 0.029 0.058 0.115 0.173
5 | Interferometer quadrature output signal disturbance Normal (k=1) 1 0.050 0.050 0.050 0.100
6 | Interferometer signal filtering effect NA NA - - - -
7 | Voltage disturbance on displacement phase measurement Rectangular 0.5773503 0.020 0.020 0.020 0.020
8 | Motion disturbance on displacement phase measurement Rectangular 0.5773503 0.058 0.058 0.058 0.058
9 Phase disturbance on displacement phase measurement Rectangular 0.58 0.030 0.030 0.030 0.030
10 | Residual interferometric effects on displacement phase meas. Rectangular 0.58 0.020 0.020 0.020 0.020
11 | Residual effects on phase shift measurement Normal (V4 ) 0.50 0.025 0.030 0.030 0.075
Uncertainty for vibration transducer (Phase) () k=1 0.23 0.34 0.55 0.57
(k=2 0.46 0.67 1.09 1.14




PTB

Measurement uncertainty for magnitude

DUT B&K 8305 or 8305-001 + B&K 2650

acceleration: 100 m/s?

Voltage typic. 1V

Sample rate 10 MS/s @ 12 Bit

combined frequency ranges

Disturbing Component comment 95% value distribution |factor 10Hzto5kHz [to 10 kHz [to15kHz |to 20 kHz
deviation of sample clock

frequency of SAM from generator clock rectangular 1,73205081 5,77E-05 5,77E-05 5,77E-05 5,77E-05
sampling of NI PXI-5922 or

Accelerometer Voltage HP3458A 5,00E-04|rectangular 1,73205081 2,89E-04 2,89E-04 2,89E-04 2,89E-04
wave length, optical adjustment,

Velocity amplitude deviation between the two beams 1,16E-05|normal 2 5,80E-06 5,80E-06 5,80E-06 5,80E-06

harmon. Distortion mainly 1st harmonic Steiner 1 7,84E-06 7,84E-06 7,84E-06 7,84E-06

Humm on Voltage typical TmV 5,00E-07|Steiner 1,00 5,00E-07 5,00E-07 5,00E-07 5,00E-07
MC on influence to SAM

Noise on Voltage duration 20ms, Un=1,0mV normal 1 3,30E-06 3,30E-06 3,30E-06 3,30E-06
S(transv) = 0,7%

Transverse Motion a(transv) < 4% u-type 1,41421356 1,98E-04 1,98E-04 1,98E-04 1,98E-04
S =0,005m/s?/ p€

Base strain sensitivity €< 0,1 um/m 0,000005|rectangular 1,73 2,89E-06 2,89E-06 2,89E-06 2,89E-06

mounting S = 6e-4/Nm; dM = 0,2 Nm 0,00012|rectangular 1,73205081 6,93E-05 6,93E-05 6,93E-05 6,93E-05
S=2,5e-4 /K

Temperature dT=0,3K 0,000075|rectangular 1,73 4 .33E-05 4 33E-05 4, 33E-05 4 33E-05
S=1/a *(m/s?)IT

Magnetic field B <0,03mT 0,0000003|rectangular 1,73 1,73E-07 1,73E-07 1,73E-07 1,73E-07
S=0,008 m/s* at 154 dB

Airborne acoustics max sound level 88 dB 8,00E-08|rectangular 1,73 4 62E-08 4 62E-08 4 62E-08 4 62E-08
noise level equiv. of 2 nm
after demodulation,

Noise on Interferom. Monte Carlo normal 1 1,10E-04 3,00E-04 6,20E-04 1,10E-03

a-synchronous

Measurement voltage/acceleration/voltage 1,00E-04|rectangular 1,73 5,77E-05 5,77E-05 5,77E-05 5,77E-05

charge ampl. calibration 2,12E-04 2,12E-04 2,12E-04 2,12E-04

resid. influences 1,00E-04 |normal 1,41421356 7,07E-05 7,07E-05 7,07E-05 7,07E-05

exp. std. dev 2,30E-04 1,60E-04 4,40E-04 6,60E-04

rel. std. uncertainty in % 0,0501 0,0549 0,0874 0,1353

rel. comb. exp. Uncertainty (k=2) in % 0,1002 0,1098 0,1748 0,2707

stated rel. comb. exp. Uncertainty in % 0,1000 0,3000 0,5000 1,0000




Measurement uncertainty for phase shift

DUT B&K 8305 or 8305-001 + B&K 2650
acceleration: 100 m/s®
Voltage typic. 1V
Sample rate 10 MS/s @ 12 Bit
combined frequency ranges
Disturbing Component comment 95% value distribution  |factor 10Hzto1kHz |to10kHz |to 20 kHz
Channel a-synchronisity all frequencies <10 ns normal 2 1,80E-03 1,80E-02 3,60E-02
Monte Carlo,
multiples of 20ms equivalent
Humm (50 Hz) are evaluated displacement amp. 4 pm  |normal 1 8,00E-03 1,00E-03 1,00E-03
Noise on accelerometer
Voltage output Monte Carlo, SNR=500 <2mV @ 1V normal 1 4,00E-04 4,00E-04 4,00E-04
1 % transv. Sensitivity
Transverse/Rocking motion @ 10% transv. Excitation |rel. Phase 0 ... 2pi U-type (by MC) 1 7,00E-04 7,00E-04 7,00E-04
delay of Laser Vibrom. absolute correction uncert. of correction
+ Mixer + Filter 1,54us applied 60 ns rectang. 1,73 1,25E-02 1,25E-01 2,49E-01
including Stability,
Calibration Charge Amplifier |reproducibility,
B&K 2650 methode (black box) <0,02° normal 2 2,00E-02 2,00E-02 2,00E-02
noise level equiv. of 2 nm
Noise on heterodyne after demodulation,
interferometer channel Monte Carlo < 2nm normal 1 1,43E-04 1,43E-02 5,73E-02
drift, relative motion
evaluation as velocity
Motion disturbance and period by period estimated < 0,02° normal 2 1,00E-02 1,00E-02 1,00E-02
exp. Std. deviation typical < 0,02° normal 2 1,00E-02 1,50E-02 2,00E-02
std. uncertainty in1° 0,029 0,130 0,260
exp. Uncertainty (k=2) in1° 0,057 0,259 0,520
stated exp. Uncertainty in1° 0,200 0,500 1,000
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