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PURPOSE

This document has been produced to improve the harmonization in determination of uncertainties in
force measurements. It provides information on measurement cgpabilities achieved by force
cdibration machines and gives guidance to cdibration |aboratories to establish a procedure for the
expresson of the overall uncertainty of cdibration results of force transducers for cdibrations
performed according to EN 10002- 3.
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| ntroduction

The uncertainty of measurement associated with the force scales redized a nationd
inditutes of metrology is derived from the Sl base units and ensured by means of severd
intercomparisons carried out worldwide in the past two decades. The relative uncertainty of
measurement with which vaues of force can be redized by deadweight force standard
machines is stated by various national laboratories asto be £2 x 10°. In practice, however,
when deadweight standard machines are used to cdibrate force transducers, the
differences between the results obtained with different slandard machines will generdly be
ggnificantly greater due to the interaction effect. This became evident aso in the past BCR
and WECC interlaboratory comparisons based on force transducer cdibrations that were
carried out in 1987 and 1991, respectively [ref. 1, 2].

However, the measurement results achieved with force calibration machines (aso
deadweight machines) that are inddled in accredited cdibration laboratories must be
tracegble to the units redized with the national standard machines. In addition, to establish
mutud confidence between the different cdibration services, the differences of the
cdibration results of a force measuring device mugt be within the limits of the accredited
best measurement capability of the laboratories concerned.

One of the recognised methods for investigeting the paragitic effects of force introduction
and irregularities of the cdibration machines and for taking them into account is the method
of interlaboratory comparison using precison force transducers as transfer sandards in a
limited range. The best measurement capability will thus be determined. By this technique,
the advantages of high resolution and short-term repesatability of the force transducers will
be exploited, whereas other systematic effects, such as those due to hysteresis, angular
position, long term drift and creep effect will be consdered in such away that this will not
influence the intercomparison results.

For commercid force transducers to be cdibrated in force caibration machines, the
cdibration and classfication procedure gpplied in Europe is tha given in the European
Standard EN 10002-3 [ref. 3]. Accordingly, in order to determine the uncertainty of
measurement of the cdibration results for a particular class of the device, the different
contributions to the uncertainty must aso be established.

Scope and field of application

The uncertainty requirements for the forces applied to cdibrate force transducers are
defined in severd standards, eg. EN 10002-3. However, the standards do not state a
procedure for the determination of their uncertainty and the overdl uncertainty of the
cdibration results. For the definition of the scope of accreditation of a calibration laboratory
and for the evdudion of the uncertainty of cdibration results, a guiddine that ensures
comparability of the cdibration results and their uncertainties is necessary.

PAGE 4 OF 16 EDITION 1® AUGUST 1996



2.2

2.3

31

3.2

EAL-G22 ¢« UNCERTAINTY OF CALIBRATION RESULTSIN FORCE
MEASUREMENTS

The scope of this guidance document is to provide a method to assess the best
measurement capability achieved by the force calibration machines of accredited cdibration
laboratories and to describe a procedure for the expresson of the overall uncertainty of
cdibration results of force transducers for cdibrations performed according to EN 10002-
3 a cdibration laboratories.

The method developed dlows the overdl uncertainties in force measurements to be
expressed, making dso use of the ingtrument classification criteria established in the fidd of
force measurement [ref. 4]. It is not the am of this document to provide a method for the
determination of the uncertainty of the force scaes redized by force sandard machines at
nationa ingtitutes of metrology, however, in many cases the method described may aso be
goplicable here. This guiddine is based on the method of estimation of uncertainty
described in document EAL-R2 and in Guide to the Expression of Uncertainty in
Measurement [ref. 5, 6]. Its concept may be applicable also to other fields of mechanica
measurements.

Types of force calibration machines and
examples of typical best measur ement
capability

The expected best measurement capabilities achieved by force cdibration machines
depend on the type of force redlization. Table 3.1 shows typica vaues. The uncertainty of
measurement with which vaues of forces are redized by desdweight force cdibration
machines in cdibration laboratories may be cdculated in away smilar to that of a sandard
machine and may be smaler than 5 x 10°°. But according to the up-to-date devel opment of
the force transfer standards, the effort and outlay for the traceability of a best measurement
capability smaller than 5 x 10° may be too large or technically infeasible. In most casesthe
requirements of the cdlibration |aboratory are satisfied if abest measurement capability of 1
x 10™* can be achieved. This enables the calibration |aboratory to calibrate force measuring
devices of the highest class 00 according to EN 10002-3.

The vaues in Table 3.1 can be used as best measurement capabilities a accredited
|aboratories on the assumption that the cdibration laboratory will disseminate the quantity
of force with the best measurement capability obtained as the mean vaue of at least three
cdibrations, each carried out in different angular positions, equdly distributed around the
centrd axis of the force cdibration machine. This method of measurement has to be used
because force is a vectorid quantity. For this reason the difference between the rotation
effects of the force standard machine and the force cdibration machine will basicaly not be
conddered in the caculations d the best measurement capability. If the rotation effect of
the force cdibration machine is unreasonably large, the reason for thisis to be examined as
it may be due to afaulty dignment of the machine.
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Table 3.1: Ranges of typical best measurement capabilities

Types of force calibration machines Examples of typical best measurement
capability (expanded relative
uncertainty)

Deadweight force calibration machine 5x10°to1x 10

Hydraulic amplification force calibration 1x 10* to 5x 10

machine

Lever amplification force calibration 1x 10*to5x 10*

meachine

Comparator force calibration machine with 5x 10* to 5x 10°
one or three reference force
transducers

In hydraulic and lever amplification machines, the lower vaues for the best measurement
capability can be achieved by the correction of the systematic component of the
amplification effect. For the determination of the best measurement capability of the
comparator type force cdibration machine, it is desrable to first cdibrate the maching's
incorporated reference force transducer in a force sandard machine and findly carry out
the calibration of the force cdlibration machine by means of the force transfer sandards.

M easur ement plan to determine the best
measur ement capability achieved by the force
calibration machines

To get the rlevant input quantities for the determination of the uncertainty according to the
EAL-R2 the following measurement plan should be applied.

Sdlection of several force transducers as transfer standards which cover the whole
range of forces of the force cdibration machine. The working ranges of the transfer
standards should normally begin a 40 % or 50 % of the nomina force of the transfer
gandard. This would minimize the influence of the interaction effect. Thisin generd
requires the gpplication of three to five trandfer dtandards. Separate transfer
standards for tension and compression may be needed.

Cdlibration of these transfer standards in a nationd force standard machine to
determine ther reference vaues. (The measurement shdl be carried out in n
rotationa positions (at least three) and shdl include hysteress measurements. The
measurements are to be repeated once in at least one of the rotationa positions.)

Cdlibration of the force cdibration machine under consideration by means of transfer
dandards. The measurement procedure will be smilar to the cdibration of the
transfer standard.
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Determination of the reative deviations between the reference vaues and the results
of the overdl mean vaues of the cdibration of the force calibration machine for each
force step within the total measurement range.

Recdlibration of the transfer sandards in the nationd force standard machine to
check the cdlibration status.

Evaluation of the expanded uncertainty of
measur ement of the reference values

For the evauaion of the rdative uncertainties of measurement EAL-R2 is gpplied in
connection with the Guide to the Expression of Uncertainty in Measurement [ref. 6].
The standard relative uncertainty and the related expanded relative uncertainty associated
with the reference vaues of the transfer standards will be calculated in three steps

Step 1: Determination of the expanded relative uncertainty Wy, for the redlization of
force by the force standard machine.

The expanded relative uncertainty with which the unit of force is redized by atypicd
national force standard machine is eg. Wign= 2 x 10” for a deadweight machine
[7]. For lever or hydraulic amplification machines, Wi may be evauated from basic
principles or it may be determined experimentdly by means of comparison
measurements with deadweight machines. Typicd vdues of the uncertainties of
messurement are e.g. 1 x 10 to 2 x 10,

Step 2: Determination of the expanded reative uncertainty Wiy of the calibration of
the transfer sandards in the force sandard machine.

The quantity determined in the cdibration of a force transducer used as transfer
standard for the sdlected force steps is its calibration coefficient Ky which is the
ratio of the vadue of the force Fiq, applied to the vaue x indicated by the force
transducer.

- @

To diminate the influence of the rotation effect the indicated value x taken in the
equation (1) is the mean vaue of n rotationd positions of the transducer uniformly
paced around its axis.
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X 2

Qos

1
X ==
n

i=1

where Xx; are the vaues indicated by the force transducer in the different rotationd
positions.

The rdative variance of the mean indicationis

U*(x) _1ag
x? n 3 x?

WA (X) = ©)

with assumed equd variance of the indication in the different rotationa postions. This
variance is esimated by the haf-width a., oOf the maximum possble variation of
repeatability without rotation of the transducer (rectangular probability distribution).

For the gpplication of the transfer standard the influence of the drift D has to be
incorporated by afurther relative uncertainty contribution as follows:

mﬁ(o):% @

where its vaue is estimated by a triangular probability distribution of half-width ag;s
of reaive variaion of sengtivity. This assumption is judified if the comparison
measurements are made during a short period of time (typicaly about one month).

Remark: If the drift is not time-dependent, the triangular distribution has to be
replaced by the rectangular distribution.

The combined standard relative uncertainty of the vaue of force indicated by the
transfer standard w(Ksy) and its expanded relative uncertainty Wiy (coverage factor
k = 2) can be determined by the following equations:

W(Kig )= /W (X)+w* (D) Q)

Wy =k W(K,) (6)
Step 3: Cdculation of the expanded rdative uncertainty of the reference vaues Wi,

Findly, the expanded rdative uncertainty of the reference value will be evauated as
follows-

W, =k (W () + WP (Kig) 7
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Table 5.2 shows typicd examples of the expanded relative uncertainty of reference vaues
of four different qualities of force transfer sandards in relation to the different types of force
standard machines. The transfer standards with the lowest relative uncertainty achievable to
date, as shown in column 2, are the force transducers for the range between 100 kN and
500 kN. For the range bdow 2 kN (column 3), it is ill very difficult to find transfer
gandards of low relative uncertainty. If the force standard machines are not deadweight
machines, the uncertainties of the trandfer gandards are not very important as shown in
columns 4 and 5. However, in the case of forces above 3 MN investigations have to be
carried out to select the proper transfer standards.

Table 5.2: Examples of expanded relative uncertainty of reference values

For ce standard machine

Deadweight Deadweight L ever or Lever or
£ 2kN hydr. ampl. hydr. ampl.
Wean 2x10° 2x10° 1x 10* 2x 10*

Examples of force transfer standards

agit 3x10° 5x 10° 5x 10° 1x10*
wWA(D) 15x 10%° 42 x 10™° 42 x 10™° 17 x10°
Arep 1x10° 15x 10° 25x10° 5x 107
W2 (X) 11x 10 25x 10 7x 101 28x 10"
Wigd 25x 10° 42 x10° 44x10° 89x 10°

Expanded relative uncertainty of reference values
Wiy 32x10° 47x10° 1,1x 10" 22x 10"

Calculation of the best measur ement
capability achieved by the force
calibration machine

After the completion of the cdibration of the force cdlibration machine its best
measurement capability in relaive terms may be determined according to the following two
further steps. The calculation is based on the assumption that the force transducer to be
cdibrated will not introduce further components of uncertainty.

Step 4: Determination of expanded relative uncertainty Wi, related to the redlization
of force by the force calibration machine.
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The input estimates for the determination of the rdative uncertainty W, are defined
in Table 6.1 and dotained by the direct comparison of the reference values with the
indicated force vaues of the force cdibration machine.

Table 6.1: Uncertainty contributions for the determination of the best measurement
capability for the selected steps within a force range of the force calibration machine
(a: relative half-width of the maximum deviation)

Uncertainty contribution Half- Probability distribution Input
width a estimate

Relative deviation between triangular distribution Dy
reference values of force and values
realized in the force cdlibration

machine

Relative lack of repeatability of a_ . rectangular distribution Dy
force calibration machine determined e

with unchanged position of the force

transducer

arel_dev

Remark: uncertainty of force
transducer has been considered here
to be negligible

Relative deviation of hysteresis By om rectangular distribution D,
between reference hysteresis of the -

transfer standard and hysteresis

measured in the force calibration

machine.

6.2 The corresponding relative variances are to be determined according to the following

equations.
w*(Dy) = ai'% (8)
W (D,)= Been ©
WZ(DHF% (10)

6.3 The combined standard relative uncertainty wi.m and the expanded relative uncertainty Wigm
related to the redization of force by the force cdibration machine are to be determined
according to the following equations (11) and (12):
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Wy, =W (Dp) + WA (Dy) + W (Dy,) (12)
V\4cm = k' chm (12)

Table 6.4 shows four typicd examples of the measurement results obtained by force
cdibration machines. The vaues indicated in column 2 for the deadweight machine are
more common for machines with a capacity above 2 kN. The comparison measurements of
the lower capacity machines will generdly show relative deviations (a.¢_dey) 8sindicated in
column 3. Unless the systematic variation of the multiplication retio a increasing forces is
compensated in a lever of hydraulic amplification machine, the reldive deviation will
presumably be between 1 x 10 and 5 x 10™*. Column 4 shows the typica vaues of alever
or hydraulic amplification machine. The relative deviatiion of the comparator machine in
colum 5 depends on the structure of the loading frame and control system of the machine.
In addition, the components of the uncertainties of the incorporated reference force
transducer used and its long-term ingtability must be consdered as indicated in step 5.

Step 5: Cdculation of the best measurement capability Whmc
The best measurement capability achieved by the deadweight and lever of
hydraulic amplification machines will be calculated by the following equation:

— 4 2
V\{)mc =k Wrefv + \N2

fem

(13)

Table 6.4: Examples of relative expanded uncertainty obtained by force calibration
machines

Examples of force calibration machine

Deadweight Deadweight Lever or Comparator
I [ hydr. ampl. Machine

ay 5x 10° 1x 10" 2x 10" 4x 10"
w2 (D,) 42x10%° 1,7 x 10° 6,7 x 10° 27x10°®
8 rom 1x10° 1x10° 25x10° 5x 107
w?(D,,) 33x10™ 33x10™ 21x107°  83x10%
B fom 5x 10° 5x 10° 25x 10° 1x10*
w?(D,,) 83x 10%2 83x 10 21x10%°  33x10°
Wian 4x 10° 8x 10° 1,8x 10" 35x 10"

In the caculation for machines of the comparator type, two additiond uncertainty
components, i.e. the uncertainty Wi v Of the reference force transducer itsdlf and the
estimated long-term instability Wi ingy Of the reference force transducer, must be
consdered and gpplied in the following equation:
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fem ref_tra

V\écm = \/Wrzefv + W2 + W2 + Wrzef_instab (14)

6.6 Table 6.6 findly shows the typicd overdl results of the best measurement capability for
different types of force calibration machines. The relative uncertainty of the reference force
transducer will be calculated according to the procedure of sections 7 to 9. The long-term
ingtability of the reference force transducer is to be determined from previous cdibrations
or by edimatons. This uncertainty component may be cdculaed by assuming a
symmetricaly triangular digribution of variation in sengtivity.

Table 6.6: Examples of the best measurement capability Wy

Forcecalibration machine

Deadweight Deadweight Lever or Compar ator
I [ hydr. ampl. machine
era‘_tra B B N 3X 10_4
Wit instab - - - 2x 10"
Wiy 32x10° 47x10° 35x10° 35x10°
Wign 43x 10° 83x 10° 18x 10* 35x 10*
Whme 54 x 10° 95 x 10° 18x 10* 5x 10*

7  Uncertainty contributions derived from
the calibration results and estimation of
variances

7.1 Since the adoption of the new European Standard EN 10002-3 by the member countries
in 1992, a uniform procedure for the calibration and classfication of force transducers can
be applied n Europe. The classification components of EN 10002-3 ddliver the input for
the evduation of the standard uncertainty of the cdibration results according to EAL-R2.
The uncertainty contributions of force transducers are determined from repeated
observations. They are conddered uncorrdated input quantities. Table 7.1 shows the
proposed probability distribution of these input quantities.
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Table 7.1: Probability distributions assumed for the different input quantities
(a: relative half-width of the maximum deviation of the input quantity)

Estimated relative
variance

Uncertainty contributions
(input quantities)

Probability distribution

zero deviation rectangular distribution w2, = a%
reproducibility without rotation  rectangular distribution W .= a%
reproducibility with rotation U-shaped digtribution W, = a%
inter polation deviation triangular distribution \Niip = a%
. . . . 2
resolution rectangular distribution we, =2 A
reversibility (hysteresis) rectangular distribution W2, = a%

Calculation of uncertainties

After the relaive variance for each force step has been determined, the relative combined
gandard uncertainty w and the reative expanded uncertainty Wi, for k = 2 will be
caculated by the following equations (15) and (16) for each force step.

\Ntra = \/Wier + Wrzep + Wrzot + \Niip + Wrzes + \Nfev (15)
W =K W, (16)

The relative expanded uncertainty of calibration W will be determined by consdering the
best measurement capability of the force cdibration machine asfollows
W=k" Jw

tra

+ Wore (17)

Calculation of therelative uncertainty
of calibration results according to
EN 10002-3

The evauation of the cdlibration results alows the force measuring devices to be put into
four different classes according to EN 10002-3. Table 9.1a contains the maximum
permissible errors for the classfication in class 00. These values are used as input quantities
to determine the relative variance according to the formulas of Table 7.1. The results of the
maximum overdl uncertainty applying equations (15) to (17) are shown for class 00 in

Table 9.1b.
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The relative uncertainty of the force transducer cdibration is to be caculated after having
obtained the calibration results for each force step. For a given class, the rdative
uncertainty will be determined from the highest calculated vaue of the uncertainty within the
range of forces. In generd, this relative uncertainty will refer to the lowest force of the
range.

Table 9.1a: Maximum relative errors and corresponding variance

Error of calibration force Wy, 0,01%

Uncertainty contributions max. error rel. variance
(input quantity) Class 00 Class 00
zero deviation 0,012 % 1,2x10°
reproducibility without rotation 0,025 % 52 x 10°
reproducibility with rotation 0,05 % 31x10°®
interpolation deviation 0,025 % 26x 10°
resolution 0,025 % 52 x 10°
reversibility (hysteresis) 0,07 % 41x 108

Table 9.1b: Maximum relative uncertainty for class 00

Combined rel. standard uncertainty Wi 0,029 %
Expanded rel. uncertainty W 0,059 %
Max. rel. uncertainty of calibration W 0,06 %

Table 9.2 shows in the lagt column the maximum possible reative uncertainty for al of the
four classes of EN 10002-3. It has been cdculaied usng maximum permissble errors
according to the standard as input quantities to the equations (15) to (17). In the middle
column, the minimum values of eech dass are given. They are identica with the maximum
vaues of the respective higher class. However, for class 00 the minimum uncertainty cannot
be lower than the best measurement capability of the force cdibration machine. The
uncertainty of the cdibration results will be caculated according to equation (17). If this
vaue is smdler than the minimum vaue for the dass given in Table 9.2, the value from the
table is to be usad. All other quantities influencing the measurement result in practice, eg.
long-term ingtability and temperature influence, need to be additiondly taken into account
by the user of the calibrated device.
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Table 9.2: Limits for the expanded relative uncertainty for different classes of EN 10002-3

min. max.
Class 00 Whime 0,06 %
Class 0.5 0,06 % 0,12 %
Class 1 0,12 % 0,24 %
Class 2 0,20 % 0,45 %

10 Block diagram

10.1 Fg. 1 shows the block diagram of the uncertanty chain developed in this guidance
document. The uncertainties are defined at four different levels. To define the scope of
accreditation of alaboratory, the required input quantities are added at two different levels.
For the expresson of the uncertainty of the cdibration results of the force transducer, the
respective input quantities are combined with the uncertainty of the [aboratory.
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Fig. 1. The hierarchy of force cdibration and its consequences for the uncertainty at the different
levels
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