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INTERNATIONAL ELECTROTECHNICAL COMMISSION

METHODS FOR CALCULATING THE MAIN STATIC PERFORMANCE

INDICATORS OF TRANSDUCERS AND TRANSMITTERS

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
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ational co-operation on all questions concerning standardization in the electrical and electronic fl
end and in addition to other activities, IEC publishes International Standards, Technical Specif
hical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to
cation(s)”). Their preparation is entrusted to technical committees; any IEC National Comniittee in
e subject dealt with may participate in this preparatory work. International, governmental 4
Fnmental organizations liaising with the IEC also participate in this preparation. IEC(Collaborate
the International Organization for Standardization (ISO) in accordance with conditions detern
ement between the two organizations.

ormal decisions or agreements of IEC on technical matters express, as nearly‘as possible, an inte
ensus of opinion on the relevant subjects since each technical committee has representation
bsted IEC National Committees.

Publications have the form of recommendations for international usé.and are accepted by IEC
mittees in that sense. While all reasonable efforts are made to ghsure that the technical conten
cations is accurate, IEC cannot be held responsible for the way in which they are used or
terpretation by any end user.

der to promote international uniformity, IEC National Gommittees undertake to apply IEC PuH
parently to the maximum extent possible in their national and regional publications. Any di
ben any IEC Publication and the corresponding natianal.or regional publication shall be clearly ind
tter.

tself does not provide any attestation of confermity. Independent certification bodies provide cd
5sment services and, in some areas, access\to IEC marks of conformity. IEC is not responsiblg
Ces carried out by independent certification-bodies.

ers should ensure that they have the latest edition of this publication.

Bbility shall attach to IEC or its directors, employees, servants or agents including individual exp
bers of its technical committees and IEC National Committees for any personal injury, property dg

damage of any nature whatseever, whether direct or indirect, or for costs (including legal f4
hses arising out of the publication, use of, or reliance upon, this IEC Publication or any o
cations.

tion is drawn to the Nermative references cited in this publication. Use of the referenced public]
bensable for the correct application of this publication.

tion is drawn to, the possibility that some of the elements of this IEC Publication may be the s
t rights. IEC.shall not be held responsible for identifying any or all such patent rights.
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IEC TR 62967, which is a technical report, has been prepared by subcommittee 65B:
Measurement and control devices of IEC technical committee 65: Industrial-process
measurement, control and automation.

The text of this International Standard is based on the following documents:

Enquiry draft Report on voting
65B/961/DTR 65B/1016/RVC

Full information on the voting for the approval of this technical report can be found in the
report on voting indicated in the above table.
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This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch" in the data related to
the specific document. At this date, the document will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

A bilingual version of this publication may be issued at a later date.
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INTRODUCTION

This technical report provides a comprehensive illustration of the methods for calculating the
main static performance indicators of transducers, transmitters and similar measuring devices.
First of all, in order to avoid any misunderstanding, we would like to review the commonly-
accepted definition of transducers and transmitters. Generally speaking, in a measurement
field, a transducer is a measuring device which converts the non-electrical quantity to be
measured into corresponding electrical quantity, while a transmitter is a kind of transducer

which i

s required to provide a previously-given linear output.

The common-in-use standards [01]-[06]7 listed in the relevant documents to be considered in

ot ara _uveafil 1n Avaliiatine tha manain otatin Aarfarmanan indicatare AFf o

this re

oTraT—are HSe+ru— Cvaoroot g trro— ot StaHe IZASARASAREEL= LR A2 Heteateors—e+—e

instruments and other similar devices. But the relevant descriptions of calculation miet

standa
in the |

ds [01]-[05] are not complete and adequate in many ways. This fact was clearly
htroduction of IEC 61298 [03].

asuring
hods in
stated

On the whole, these publications [01]-[05] mainly contain relevant technical terms and

definiti

bns. Since in essence, they are not standards which are dedicated solely

calculation of performance indicators, so they contain no or only very/simple and inad

illustra

ions of the calculation methods. Moreover, as these contents have existed fo

tens of years, probably now is the time to make an all-roundsrevision and improvern

them.

Bince there are many static performance indicators that.should be calculated

calculation methods can form a rather complete system. Sonjit is better to create a sé¢

report

For th

Dr a separate standard.

main static performance indicators, the existing relevant IEC standards ha

to the
equate

about
hent of

and the

parate

e only

theorefical definitions, but have no specific caléulation methods. This does not mean that

these

ethods are too simple to mention. But @h the contrary, some of them are too

to be used in industry. Therefore, this report puts forward, improves and simplifies the ¢
relevarnt calculation methods, may probably:'serve as a good basis on which to create

calcul

The re

ion-oriented |IEC standard.

by usgrs to make rigorous acg¢eptance tests and wise applications, and by aut
metrolggical establishments to)verify the measuring device performance indicators
manufacturers or of the users.

difficult
xisting
a new

bort is intended for use by manufacturers to work out their factory-level test stapdards,

norized
of the

1 Numbers in square brackets refer to the Bibliography.
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METHODS FOR CALCULATING THE MAIN STATIC PERFORMANCE

INDICATORS OF TRANSDUCERS AND TRANSMITTERS

1 Scope

This Technical Report provides guidance on the assurance of reliability data of automation
devices. If the source of this data is calculation, guidance is given on how to specify the
methods used for this calculation. If the source is through observations, guidance is given on

labora
which

This dd

2 Ndg

The fo
conten

cited applies. For undated references, the latest edition of the referenced document (in

any anj

IEC 60p50-300, International Electrotechnical (Vocabulary — Electrical and elg
measufements and measuring instruments

Part 31

Part 31

Part 31

Part 31

IEC 60Dp50-351, International Electrotechnical Vocabulary — Part 351: Control technolog

IEC 60
Method

3 Te

ry tests, guidance is given on how to specify these tests and the conditiong
hey have been carried out.

how tt})describe these observations and their evaluations. If the source is the outcpme of

cument defines the form to present the data.

rmative references

constitutes requirements of this document. For dated references, only the

endments) applies.

1: General terms relating to measurements
2: General terms relating to electrical measurements
3: Types of electrical measuring instruments

4: Specific terms according to the type of instrument

770-1:1999 Transmitters for Use in Industrial-process Control Systems —
s forRerformance Evaluation

under

lowing documents are referred to in the text in such away that some or all ¢f their

edition

cluding

ctronic

Part 1:

defimiti

For the purposes of this document, the terms and definitions given in IEC 60050-300,
IEC 60050-351 and IEC 60770-1:1999, as well as the following apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp
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3.1 Basic terms

3.11

static characteristics

relationship of the output of a transducer to its input, when the measurand is at the state of
stabilization or very slow variation

Note 1 to entry: There are many performance indicators under the title of static characteristics.
Note 2 to entry: Static performance indicators are applicable only under a given interval of temperature.

3.1.2
static calibration
procesp in which the static characteristics are obtained under given static conditions

3.1.3 Input terms

3.1.3.1
lower range-value
lowest [value of the measurand

3.1.3.2
upper range-value
highest value of the measurand

3.1.3.3
measufring range
measufing region indicated by the upper and lowr«ange-values of the measurand

3.1.3.4
span

span, glso called the full-span input, is_the algebraic difference between the upper and lower
range-yalues of the measurand.

3.1.4 Output terms

3.1.4.1
zero-rgnge-value output
output when measurand-is at its zero range-value

3.1.4.2
lower-range-value output
output whenfmeasurand is at its lowest range-value

3.1.4.3
upper-range-value outpu
output when measurand is at its highest range-value

3.1.4.4

full-span output

algebraic difference between the upper-range-value output and lower-range-value output of a
device as defined by its working characteristics

3.1.5
linearity
closeness to which the output-input curve of a transducer approximates a straight line

Note 1 to entry: There should be no contribution of hysteresis and repeatability to linearity.
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3.1.6
conformity
closeness to which the output-input curve of a transducer approximates a certain curve

Note 1 to entry: There should be no contribution of hysteresis and repeatability to conformity.

3.1.7
reference characteristics
straight line, curve or equation which is used as a reference or a contrast

Note 1 to entry: Under a certain application situation, reference characteristics can be accepted as the true
characteristics of a transducer.

Note 2 t¢ entry: In this Technical report, reference characteristics are mainly used in the calculation of lifjearities,
conformities, and linearity (conformity) plus hysterresis.

3.1.8
working characteristics
output{input equation or curve, which is adopted as the true characteristics)of a transducer

Note 1 fo entry: Working Characteristics has taken into consideration the comibined contribution of |linearity
(confornity), hysteresis and repeatability.

3.1.9
utilization characteristics
relationship of the measurand to the output of a transducer

3.1.10
linear fransducer
kind of|transducers whose working characteristics are linear

3.1.11
non-linear transducer
kind of|transducers whose working characteristics are non-linear

3.2 Btatic calibration characteristics

3.21
up-trayel actual average characteristics
curve ¢onnecting all the/arithmetic average points of a group of measured data at|all the
calibration points inithe’up-travel

3.2.2
down-fraveltactual average characteristics
curve ¢onnecting all the arithmetic average points of a group of measured data at|all the
calibration“points in the down-travel

3.2.3

up-travel and down-travel actual average characteristics

curve connecting all the arithmetic average points of a group of measured data at all the
calibration points in the up- and down-travel

Note 1 to entry: It is also called the actual average characteristics (or curve) of a transducer.
3.3 Definitions of static performance indicators

3.3.1
resolution
smallest change in input that can cause observable change in output in the whole input span
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3.3.2
sensitivity
ratio of output change to its corresponding input change

3.3.3

hysteresis

for the same input and in the whole input span, difference between the values of the down-
travel actual average characteristics and the up-travel actual average characteristics

3.34

repeatability

for a si i group
of readings obtained when the input is approaching the same measuring point in thg same

directign for a number of test cycles

3.3.5
linearity
maximum deviation of the actual average characteristics (curve) from the“reference gtraight
line

Note 1 t¢ entry: Linearity is expressed as a percentage of full-span output.

Note 2 tp entry: According to different reference straight lines taken, thefe are different kinds of linearifies, with
the folloying as the main ones.

Note 3 t¢ entry: When expressed simply as linearity, it is assumedyto/be independent linearity.

Note 4 t¢ entry: The choice of linearities depends on the application situations of transducers.

3.3.51
absoldte linearity
also cglled theoretical linearity, it is calculated from the reference straight line or theoretical
straight line that can be specified before\the calibration test is made

Note 1 t¢ entry: Absolute linearity actually.shows the linearity accuracy of a transducer and is quite diffejent from
all the lipearities that follow.

Note 2 t¢ entry: Absolute linearity-is €xclusively used in transmitter applications.

3.3.5.2
terminpl-based linearity
linearity calculated.from the terminal-based straight line that is taken as the reference gtraight
line

Note 1 t¢ entry: \Terminal-based straight line coincides with the actual average characteristics (curve) at |ts upper
and lowgr limits’

Note 2 to entry: Terminal-based Linearity is easy to calculate, but its value is rather conserved.

3.3.5.3

shifted terminal-based linearity

linearity calculated from the shifted terminal-based straight line that is taken as the reference
straight line

Note 1 to entry: The shifted terminal-based straight line has the same slope as the terminal-based straight line
and can minimize its maximum deviation from the actual average characteristics (curve) by parallel shifting.

Note 2 to entry: If the device under test has a C-shaped actual average characteristics (curve), the shifted
terminal-based straight line will become the best straight line, or best line in short.

3.3.5.4

zero-based linearity

linearity calculated from the zero-based straight line that is taken as the reference straight
line
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Note 1 to entry: Zero-based straight line goes through the theoretical zero point and can minimize its maximum
deviation from the actual average characteristics (curve) by changing its slope.

Note 2 to entry: Sometimes zero-based straight line is also called the forced zero-intersecting best straight line.

3.3.5.5

front-terminal-based linearity

linearity calculated from the front-terminal-based straight line that is taken as the reference
straight line

Note 1 to entry: The front-terminal-based straight line goes through the front end of the actual average
characteristics (curve) and can minimize its maximum deviation from the actual average characteristics (curve) by
changing its slope.

Note 2 t¢ entry: Sometimes and in some references, the front-terminal-based straight line is also calle€d.fhe zero-
based sffaight line.

3.3.5.6
independent linearity
linearity calculated from the best straight line that is taken as the reference) straight line

Note 1 tp entry: The best straight line is a straight-line midway between the two ‘parallel straight lineg closest
together|and enclosing the actual average characteristics (curve).

Note 2 t¢ entry: The best straight line can minimize its maximum deviation frem the actual average charagteristics
(curve).

3.3.5.7
least-gquares linearity
linearity calculated from the least-squares straight:line which is adopted as the reference
straight line

Note 1 tp entry: The least-squares straight line can guarantee that, the sum of the squares of the devigtions of
the actudl average characteristics (curve) from it, is @iminimum.

3.3.6
conformity
maximym deviation of the actual average characteristics (curve) from the reference curye

Note 1 t¢ entry: Conformity is expressed as a percentage of full-span output.

Note 2 tp entry: According ton\different reference curves taken, there are different kinds of conformities,|with the
followind as the main ones¢

Note 3 t¢ entry: The.feference curve is usually in the form of an algebraic polynomial of a certain degree.
Note 4 t¢ entry: \When expressed simply as conformity, it is assumed to be independent conformity.

Note 5 t¢ entry.) The choice of conformities depends on the application situations of transducers.

3.3.7
absolute conformity

also called theoretical conformity, it is calculated from the reference curve or theoretical curve
that can be specified before the calibration test is made

Note 1 to entry: Absolute conformity actually shows the conformity accuracy of a transducer and is quite different
from all the conformities that follow.

Note 2 to entry: The reference curve should be specified according to the application requirement of the
transducer.

3.3.71
terminal-based conformity
conformity calculated from the terminal-based curve that is taken as the reference curve

Note 1 to entry: Terminal-based curve coincides with the actual average characteristics (curve) at its upper and
lower limits and can minimize its maximum deviation from the actual average characteristics (curve).
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3.3.7.2
zero-based conformity
conformity calculated from the zero-based curve that is taken as the reference curve

Note 1 to entry: Zero-based curve goes through the theoretical zero point and can minimize its maximum
deviation from the actual average characteristics (curve).

Note 2 to entry: Sometimes Zero-based curve is also called the forced zero-intersecting best curve.

3.3.7.3
front terminal-based conformity
linearity calculated from the front terminal-based curve that is taken as the reference curve

Note 1 tp entry: The front terminal-based curve goes through the front end of the actual average charagteristics
(curve) gnd can minimize its maximum deviation from the actual average characteristics (curve).

Note 2 tp entry: Sometimes and in some references, the front terminal-based curve is also called!the zefo-based
curve.

3.3.7.4
independent conformity
conformity calculated from the best curve that is taken as the reference curve

Note 1 tp entry: The best curve can minimize its maximum deviation from the actual average chara¢teristics
(curve).

3.3.7.5
least-gquares conformity
conformity calculated from the Least-squares curve that is taken as the reference curve

Note 1 t¢ entry: The least-squares curve can guarantee that the sum of the squares of the deviations of the actual
average |characteristics (curve) from it is a minimum.

3.3.8
combined linearity (conformity) and _hysteresis
extremg value of the systematic errof.of a transducer

Note 1 to entry: This performance”indicator shows the combined contribution, but not the pure addition, of
linearity [(conformity) and hysteresis.

3.3.9
uncertpinty
result @f an evaluation that shows a zone in which the true values of the measurand li¢ under
specifigd operating.-conditions

Note 1 tp entpy:\ It is a parameter that can reasonably show the scatterance of the values of the measurand, and
also a pgrameter connecting with the measurement result.

Note 2 toentryr UNcertainty can more reasonably Show the real picture of the total result of a measurement, both
qualitatively and quantitatively.

3.3.10

total uncertainty

combined linearity (conformity), hysteresis and repeatability, also called the primary
uncertainty, that is obtained from the static calibration under specified conditions and
calculated by using specified calculating methods based on the general principle of
measurement uncertainty

Note 1 to entry: In this Technical report, total uncertainty is the result of the combined contribution, but not the
pure addition, of linearity (conformity), hysteresis and repeatability. This performance indicator is also called the
reference accuracy.

3.3.11
zero drift
undesired change in zero-range-value output over a specified period of time
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Note 1 to entry: It is usually expressed as a percentage of full-span output.

3.3.12

drift of upper-range-value output
undesired change in upper-range-value output over a specified period of time

Note 1 to entry: It is usually expressed as a percentage of full-span output.

Note 2 to entry: For load cells sometimes this performance indicator is also called creep.

Note 3 t

o entry: If the specified period of time is very long, for example, several months or years, this
performance indicator is usually called long-term stability.

3.3.13
therma
undesi

Note 1 t

3.3.14
therma
undesi

Note 1 t
4 Me

4.1
411

The re
to the
corresy

The c3
power
system
The ex
manufg

Static
points
measu
desiral

| zero shift
ed change in zero-range-value output with environment temperature

entry: It is usually expressed as a percentage of full-span output per unit temperature.

| shift of upper-range-value output
ed change in upper-range-value output with environment temperature

entry: It is usually expressed as a percentage of full-span output perdnit temperature.
thods for calculating individual static performance indicators

Establishment of static calibration characteristics
General requirements for static calibration

quirement for the environment and the calibration operation will be specified ac
type and accuracy (uncertainty) degree of the device under -calibrat
onding products manufacturing.standards.

libration system should:.include devices for generating standard inputs, ex

cording
on by

Citation

supply, measuring insfruments. The accuracy (uncertainty) degree of the callifration

, in general, should, be about 3 times higher than that of the device under cali
act accuracy (uncértainty) degree required will be specified by the relevant fag
cturing standards.

ration.
tory or

calibration”should be carried out in the whole span of the measurand. The measuring

should (usually include points at the zero value and the maximum value
and,.Equally-spaced m = 5~11 measuring points, and n = 3~5 calibration cycl
les,\The data obtained from the calibration should contain as few suspe

of the
s, are
ct and

unreas

phable data points as possible (see Annex E).

Prior to the formal calibration cycle, the device under calibration should be exercised by a
number of full range traverses in each direction. At each measuring point, the input is held
steady until the output becomes stabilized at its desired final value. Tapping or vibrating the
device under calibration is not allowed unless the performance characteristics under study

require

4.1.2

4.1.21

s such action.

The calculation of static calibration characteristics

Up-travel actual average characteristics (}u,i)

_ 1 &
Vi = ;]Z;,yu,g/

(1)
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Where y, ; is the arithmetic average of a group of readings taken at the ith measuring point in

the up-travel and Vi is the jth reading at the ith measuring point in the up-travel (I = 1~m,
j=1~n).

4.1.2.2 Down-travel actual average characteristics (), ;)

_ 1&
Yai = ;Zyd,ij (2)
=

where )751’[ is the arithmetic average of a group of readings taken at the ith measuring“point in

the down-travel and Vai is the jth reading at the ith measuring point in thel”down-travel
(I=1~m,j =1~n).

4.1.2.3 Up- and down-travel actual average characteristics ( ;9

The foljowing formula is used:

_ 1 _ _

Vi :_(yu,[ +yd,i)
2 (3)

4.2 Bpan (xgg)

The foljowing formula is used:

XFS = Xmax = Xmin (4)

where [X.,55 is the upper range-value of the measurand and x,,;, is the lower range-vplue of
the mepsurand.

4.3 Full-span output (YFS)

The following formula is used:

YFS = Ymalx - Ymin (5)

where Yy, is the upper-range-value Output as defined by the working characteristics and
Ymin is the lower-range-value Output as defined by the working characteristics.

NOTE 1 Capital Y stands for outputs calculated from the characteristics which is derived from curve fitting (for
example, working characteristics, reference characteristics), and given characteristics (for example, those for
transmitters); while small y stands for the actual outputs (readings).

NOTE 2 In situations where individual performance indicator is calculated, full-span output can be calculated from
the reference characteristics, instead of the working characteristics.

NOTE 3 For devices having linear or C-shaped characteristics, it is also possible to use Y g = Y(x - Y(x

max) min)'

NOTE 4 In some applications where no strict requirement is needed, it is allowed to calculate the full-span output
by the formula (Yeg = Yinax = Yiin)-

4.4 Resolution (Rx)

The following formula is used:
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RX = Max | AXi’ min | (6)

where AX; i is the smallest change in input at the ith measuring point that can cause
observable change in output and Max | Ax; i, | is the largest Ax; ., effective over the
whole input span, namely the smallest change in input that can cause observable change in
output everywhere over the whole input span.

NOTE Dead band and threshold are usually regarded as the resolution at zero range-value.
4.5 Sensitivity (Si)

The sensitivity at the ith measuring point is calculated by the formula:

Si= Lim [ (7)

AY ) dY,
AXi—)O

AXi _d_Xi

where JAX; is the change in input at the ith measuring point and AY; is theychange in odtput at
the ith measuring point which is caused byAx;.

For lingar transducers, sensitivity is a constant:

S= Ymax - Ymin (8)
Xmax ~ Xmif
4.6 Hysteresis (§H)
The following formula is used:
Y,
& = MX 100% (9)
FS

where |AYy max = Max |)7d:l. W

vq4; is down-travel actual average characteristics and|is up-
travel gctual average characteristics.

NOTE The hysteresis\in this report includes both hysteresis and dead band, a practice similar to that| used in
IEC 60710 and IEC-64298.

4.7 Repeatability (§R)

4.71 Calculating methods

The repeatability of a transducer is the extreme value of its random error. The repeatability at
a certain measuring point can be regarded as the extreme value of the sample standard
deviation, at a certain confidence level, of a group of readings taken at the point for n test
cycles. Repeatability is expressed as a percentage of full-span output. The largest
repeatability from the repeatability at all measuring points is chosen as the repeatability of the
transducer. Calculating formula is as follows:

CS\f{naX x100% (10)

F

&R =
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where

c is coverage factor, ¢ =t 0,95 and s, is the largest standard deviation, which is chosen
from the 2m sample standard deviations of m measuring points.

NOTE The choice of the largest standard deviation smax conforms with that of IEC 60770 and IEC 61298.
4.7.2 Determination of coverage factor

For a small sample (n = 3~5 cycles), t-distribution is more reasonable than normal distribution.
This report chooses t-distribution and adopts a coverage factor ¢ = t 0,95 (for a confidence
level of 95 %). In case of necessity, c may not be taken as t 0,95, but this should be clearly
stated.[Table T shows the relationship of coverage iacior ¢ = t U,95 In relation to the mumber
of test pycles n.

Table 1 — Form to present reliability data with its data types

(n) 2 3 4 5 6 7 8 9 10
t 0,95 12,71 4,303 3,182 2,776 2,571 2,447 2365 2,306 D262

4.7.3 Calculation of sample standard deviations

By using Bessel’'s formula, we can obtain 2m sample standard deviations:

n
— \2
Z(yu,ij - yu,i )
=

Sui = — (11)
n
21 Ydij ~ J/dz

sq; =\ — (12)

where B, ; is the sample standard deviation at the ith measuring point in the up-travel} sq; is
the sample standard® deviation at the ith measuring point in the down-travel, )7,” is the

arithmetic average of a group of readings at the ith measuring point in the up-travel, Yuji is the
jth readling at:the ith measuring point in the up-travel (i = 1~m;j = 1~n), y,; is the arifthmetic
averag

reading
measuring points, n is the number of test cycles.

of a group of readmgs at the ith measurlng pomt in the down travel yd i is [the jth

4.8 Linearity (L)

4.8.1 The general formula for calculating linearity

AY,
g = — =M% . 100% (13)
FS

where

AY| max = Max(§i —Yi) is the maximum deviation of the actual average characteristics from the
reference characteristics;
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y; is th

e actual average characteristics at the ith measuring point;

Y; is the reference characteristics at the ith measuring point, Ygg is the full-span output.

NOTE 1

Hints for calculating AY

1) By using the actual average characteristics ()71.), and with the best straight line as the reference characteristics,

we can obtain independent linearity.

1) By using the actual average characteristics ( y,), and with the working characteristics as the reference

characteristics, we can obtain a kind of absolute linearity. But, this kind of absolute linearity probably includes
components of hysteresis and repeatability, and therefore is, in a strict sense, not an indication of pure linearity.

NOTE 2| Sometimes and in case of necessity, it is permissible to calculate linearity simply from ‘a

calibrati
recomm

4.8.2
Pre-sp

NOTE 1

difficult fo obtain.

NOTE 2
NOTE 3

NOTE 4
a pre-sp

4.8.3

The pr

Formula (13).

The fomula for the terminal-based;straight line is as follows:

or

where

b = Ymax ~ Ymin

n readings, instead of from ( y,). As the calculation of some linearity is rather complicat
ended that the calculation should be done with computer software.

Absolute linearity (§L,ab)

pcify the equation of the reference straight line and use Formulay(13).

Among the several linearities in this report, and for the same linearity value, absolute linearity is

If interchangeability of characteristics is needed in a transducer( it'is desirable to adopt absolute
As transmitters have pre-specified characteristics, and therefore they adopt absolute linearity.

For transducers and transmitters having digital displays, the displayed readings and the measurd
ecified equation Y, = x, therefore absolute linearity is\adopted.

Terminal-based Linearity (SL,te)

nciple of calculating method is shown in Figure 1 and calculating formula is sh

)_’max _J_’min + J_’max ~ Ymin

Y,. = Ymin -
te min
Xmax ~ Xmin Xmax ~ Xmin

Yy, = a + bx

jroup of
ed, it is

he most

linearity.

nd have

own in

(14)

(15)

is the slope of the terminal-based straight line;

Xmax ~ Xmin

@ = Ymin —PXmin is the intercept of the terminal-based straight line;

Ymax »
X

NOTE 1

max’ Xmin

Ymin is the maximum and minimum values of the actual average characteristics;

is the maximum and minimum values of the measurand.

Terminal-based straight line is easy to obtain, and terminal-based linearity is easy to determine

an electric bridge circuit.

by using
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As compared with values of other linearities, the value of terminal-based linearity is rather large.

Shifted-terminal-based Linearity (SL,s,te)

Calculating formula is shown in Formula (13).

The slope of the shifted-terminal-based straight line is the same as that of the terminal-based
straight line. But it should be parallel-shifted so as to minimize the maximum deviations.

NOTE 1

In situations where no strict requirement is needed, shifted-terminal-based linearity may be used as a
substitute for independent linearity.

NOTE 2 _An example of the application of the shifted-terminal-based linearity is shown in in A.2.2.1 of Annex A.

4.8.5

The pr
Formul
followi

where
b ist

Zero-b
zero p

positivg and negative deviations respectively.

The calculating method for the zero-based straight line is shown in Clause A.1.

NOTE

Zero-based linearity (§L,ze)

nciple of calculating method is shown in Figure 2 and calculating formula“is sh
(13). According to the definition of zero-based straight line we_¢an work
g equation:

ze

ne slope of the zero-based straight line.

hsed straight line can be calculated as a straight.line that goes through the the
pint (x = 0, y = 0) and the centre of gravity ‘of the two points which have 1

ero-based straight line is simple in equation form and is therefore easy in application.

own in
put the

(16)

pretical
ninimal
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R 34
3 Actual rear end 3
> Actual curve >
Actual curve
. Zero-based
Max_lm_um straight line
deviation ;
Terminal-based
VY, straight line
/,
i Actual front end + maximum deviations
equal and
minimized
0 - 0l -
Span X input Span K input
100 % 100 %
IEC IEC
Figure 1 — Terminal-based Linearity Figure 2 — Zero-based Linearity

4.8.6 Front-terminal-based Linearity (§L.f,te)

The principle of calculating method is shown insFigure 3 and calculating formula is sHown in
Formula (13). A similar calculating method for\the front-terminal-based straight line is[shown
in Clause A.1.

NOTE 1| The calculating method for front-terminal-based straight line is similar to that used in calculating zero-
based s{raight line. The only difference lies*in“that the Front-terminal-based straight line has an intercept whose
value is [he y ordinate of the front end (with-abscissa x being zero) of the actual average characteristics.

NOTE 2| If adjustment is possible in a'transducer, front-terminal-based straight line can be turned intq a zero-
based sffaight line by parallel-shifting the coordinate system.

NOTE 3| In terms of the linearity value, front-terminal-based linearity is better than zero-based linearity. Front-
terminal{based straight ling can guarantee that the deviations around the zero input are relatively small.

4.8.7 Independent Linearity (§L,in)

The principle_of-calculating method is shown in Figure 4 and the calculating formula is[shown
in Formula((13). The calculating method for the best straight line is shown in Clause A.2.

NOTE 1 Among all the linearities, independent linearity is the best. For precise evaluation of linearity, it is
preferable to use independent linearity.

NOTE 2 If adjustment is possible in a transmitter, it is possible to make the best straight line the pre-specified
straight line by slope changing and parallel shifting, so as to obtain the highest absolute linearity.

NOTE 3 As the calculation of independent linearity is rather complicated, it is recommended that the calculation
should be done with a computer software.
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=3 | 24
% *%' Best straight line Y
2 2 S
Actual curve P
L~ 7 Actual curve l
-
\ g
!
Front-terminal-based
straight line .
-~
o tt maximum deviation + maximum deviation
< equal and minimized equal and minimizéd
Actyal front end
0 -— 0 —
Span X input Spah x input
100 % 100 %
IEC IEC
Figurg 3 — Front-terminal-based Linearity Figure4 — Independent Linearity
4.8.8 Least-squares Linearity (§L,ls)
The cajculating formula is shown in Formula(13).
The equation for the least-squares straight line“is as follows:
Y\, = a + bx (17)
where
X i$ the input of the transducer;
Y,s i$ the reference output of the transducer;
a,b i$ the intercept and slope of the least-squares straight line, and they are:
Tx.2 DAVEDD DD A
a= i 2| i 2| i (18)
mEx - (2x;)
- mZXiyZi—ZXi-Zzyi (19)
mEx© - (2x;)

Where,

DX = Xq + Xg Fo + Xy
2Yi= Y1+ Yot + Y

2XiYi = XqYq + Xo¥o +eos + XY
IXi2 = X412 + X2 +...F + X%

X; is the input at the ith measuring point;
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y; is the value of the actual average characteristics at the ith measuring point;
m is the number of measuring points.
NOTE 1 Least-squares straight line cannot guarantee that the maximum deviation is a minimum;

NOTE 2 For reducing deviations, a least-squares straight line can be parallel-shifted, so as to make the maximum
positive and negative deviations equal in absolute value;

NOTE 3 In situations where no strict requirement is needed, shifted least-squares straight line may be used as a
substitute for the best straight line for independent linearity.

4.9 Conformity (§C)

Tt ToTTt Sa~a~an

Moreovyer, a comparison between the conformities of the different kinds of transduters is
feasiblg only on condition that they have fitting functions of the same form and, thg same
degree|l Depending on the different forms and degrees of the fitting curves, there arg more
kinds aof conformities than those of linearities. This document recommends;.an the gremise
that thé requirement for conformity has been satisfied, that the use of algebraic polynomials
with deggrees as low as possible is desirable.

it s maaninaful ~nl after tha farm of thg fittina fiinctiane hac haoagn o
Conforpity—is—meaningful onbyra ofthefittingfunctichs—has hosen.

4.9.1 The general formula for calculating conformity

AY,
£C=—_SM3X , 100% (20)
Yes

where

AYG mak =Max (3 -Y;) is the maximum deviatiori<of the actual average characteristigs from
the reference characterjstics;

Vi is the actual average characteristics at the ith measuring point;
Y, is the reference characteristics at the ith measuring point;
Yes is the full-span output.

NOTE 1| Hints for calculating AY

L, max:

1) By uping the actual average-characteristics (yl. ), and with a best curve as the reference characterigtics, we

can ¢btain an independent-conformity.

2) By using the actualiaverage characteristics ()_/i ), and with the working characteristics as the rgference

chargcteristicsy™we can obtain a kind of absolute conformity. But, this kind of absolute conformity probably
inclujes components of hysteresis and repeatability, and therefore is, in a strict sense, not an indication of pure
conf@rmity-

NOTE 2| ‘Semetimes and in case of necessity, it is permissible to calculate conformity simply from a pgroup of

calibration readings, instead of from ()_/i ).

NOTE 3 There are many kinds of conformities, such as: independent conformity of the first terminal-based
conformity of the second degree, zero-based conformity of the third degree, least-squares conformity of the fourth
degree.

NOTE 4 As the calculation of conformities, especially of the higher degrees, is rather complicated, it is recognized
that the calculation must be done with a computer software.

4.9.2 Absolute conformity (§C,ab)

Pre-specify the equation of the reference straight line and use Formula (20).

NOTE 1 Among the several conformities in this report, and for the same conformity value, absolute conformity Is
the most difficult to obtain.
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NOTE 2 If interchangeability of characteristics is needed in a transducer, it is desirable to adopt absolute
conformity.

4.9.3 Terminal-based conformity (§C,te)

The calculating formula is shown in Formula (20). The method for deriving the terminal-based
curve is shown in Annex B.

NOTE If smaller deviations are desired around the two ends of the input span, terminal-based curve may be a
better choice.

4.9.4 Zero-based conformity (§C,ze)

The ¢ ibuidiillg formuta—s—showmm—Formuta (20). Fhe—method—for dclivillg the—zerg-based
curve is shown in Annex B.
NOTE 1| Zero-based curve is simple in equation form and is therefore easy in application.
NOTE 2| A zero-based curve cannot necessarily guarantee that the zero-range-value output.isa zero.
§- A Actual rear end §- A
> >
o o
> Actual curve >
Aectual curve 1§ Py
-
o~
-
Tern] -~
3
Zerosbased
curve
/
7
z
+ maximum deviations
equal and minimized
timaximum deviations |
Actual front end equal and minimized
"
__ Span _ X input ‘- Span _ X input
100 % IEC 100 %o IEC
Figlire 5 — Términal-based conformity Figure 6 — Zero-based conformity
4.9.5 Front-terminal-based conformity (§C.f,te)
The catettatingformttais—shownintormita{(26—Themethodforderivingthefront-terminal-

based curve is shown in Annex B.

NOTE 1 If adjustment is possible in a transducer, front-terminal-based curve can be turned into a zero-based
curve by parallel-shifting the coordinate system.

NOTE 2 For the same form and the same degree of fitting curve, and in terms of the conformity value, front-
terminal-based conformity is better than zero-based conformity. Front-terminal-based curve can guarantee that the
deviations around the zero input are relatively small.

4.9.6 Independent conformity (§C,in)

The calculating formula is shown in Formula (20). The method for deriving the best curve is
shown in Annex B.

NOTE 1 For the same form and the same degree of fitting curve, and in terms of the conformity value,
independent conformity has the highest conformity among all the conformities.
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NOTE 2 If adjustment is possible in a transducer, it is desirable to make the best curve approximate the pre-
specified curve, so as to obtain a better absolute conformity.

R EN |
3 5
2 Actual curve ¥ o ¥_.
et > -
i Actual curve o | e
3 L
Front-terminal-based
curve
L
e
/
i Ak
!
! + maximum deviations
equal and minimized i
+ maximum deviations
equal and miningized —
Actdal front end
- 0 -
B Span X input I Span X input
an Lol b=t =
100 % IEC 100 Po IEC
Figure|7 — Front-terminal-based conformity Figure 8 — Independent conformjty

4.9.7 Least-squares conformity (§C,Is)

The calculating formula is shown in Formula (20).

The equation for the least-squares curve\expressed in algebraic polynomial is as follow

L)

Y= aptax+ax2+...+a,x" (21)
where
X is the input of the\transducer;
Yis is the reference output of the transducer;

ag...a,| is the cgefficients determining the form and position of the least-squares curve and

they can“be derived from the curve fitting of the actual average characteristics of a
transducer.

NOTE 1| Least-squares curve cannot guarantee that the maximum deviation is a minimum;

NOTE 2 For reducing deviations, a least-squares curve can be parallel-shifted, so as to make the maximum
positive and negative deviations equal in absolute value.

NOTE 3 |In situations where no strict requirement is needed, shifted least-squares curve may be used as a
substitute for the best curve for independent conformity.

NOTE 4 The calculating formula for the least-squares curve of the second degree is shown in B.2.4.2.

4.10 Drift and shift
4.10.1 Zero drift (DO)

The zero drift of a transducer (D0) can be calculated as follows:
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Dy = Y0 100 %
Yrs
- yO,max - yO,i %100 %
FS

is the initial zero-range-value output;
is the largest zero-range-value output over the specified period of time;

YEs

4.10.2

The drift of upper-range-value output of a transducer (Du) can be calculated:as follows:

where,
yu,i
yu,max

YEs

4.10.3
The Th

Where

is the full-span output (for convenience of calculation, actual full-span (eu
allowed to be used here).

Drift of upper-range-value output (Du)

A
D, = 24 %100 %
Yrs

_ |Yu,max ~Yuii

x100:%
Yrs

is the initial upper-range-value output;
is the largest upper-range-value output over the specified period of time;
allowed to be used here).

Thermal zero shift (y)

ermal zero shift of axtransducer (y) can be calculated as follows:

i ‘%(n) - ;0(T1)‘
Yes(rny (T2 =Th)

x100 %(/)

Yo(T1)
Yo(T2)

YEs(T1)

is the average zero-range-value output of a transducer at temperature Ty;

is the average zero-range-value output of a transducer at temperature To;

(22)

tput is

(23)

is the full-span output (for convenience of calculation, actual full-span output is

(24)

is the full-span output at temperature T, (for convenience of calculation, actual full-

span output is allowed to be used here).

If the zero-range-value output of a transducer is non-linear with temperature, the interval
(T, — T4) should be divided into several sub-intervals, and calculate these of all the sub-
intervals by using formula (3-27), and choose the y which has the largest absolute value.

4.10.4

Thermal shift of upper-range-value output ()

The Thermal shift of upper-range-value output of a transducer (y) can be calculated as follows:
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) |rs(r2) ~ Jrs(r)|
Yesr) (T2 - T1)

B x100 %(/) (25)

where

yps(m is the average upper-range-value output of a transducer at temperature T.

Yrsaray 1S the average upper-range-value output of a transducer at temperature T,.

Yes(T1) is the full-span output at temperature T, (for convenience of calculation, actual full-
span output is allowed to be used here).

If the Upper-range-value output of a transducer is non-linear with temperature, the-interval
(To—T}) should be divided into several sub-intervals, and calculate the B’s of)all tHe sub-
intervals by using formula (3-28), and choose the B which has the largest absglute valug.

5 Maethods for calculating combined static performance indicators

Under ptatic conditions, linearity (conformity), hysteresis and repéatability, when put 1Iorward
individyially, are called the individual performance indicators of/a transducer. Their djfferent
combirations form combined performance indicators. There are no mathemdtically-
determfinate relationships between the individual and combined performance indicators.

We will take the linear transducer as an example. to{illustrate the calculation of combined
performance indicators. The calculating principle ofsthie non-linear transducer is similar|to that
of the|linear transducer. In dealing with all the performance indicators, the prindiple of
extremg deviations is used exclusively in theirevaluation.

5.1 Combined linearity and hysteresis/(Linearity plus hysteresis) §LH

5.1.1 The general form of calculating formula

|AYLH,max|

gy =+ x100 % (26)

FS
where

Y Hmak IS the maximum deviation of the up-travel actual average characteristics (?l,i) and

the-down-travel actual average characteristics (yd,i )from the reference straight line.

NOTE 1| When making mention of § ,,, indication should be made of the kind of reference straight line.

NOTE 2 When working characteristics is used as the reference characteristics, the § ,, obtained may probably
include components of repeatability, and therefore is, in a strict sense, not an indication of pure combined linearity
and hysteresis (§ ).

NOTE 3 For non-linear transducers, combined conformity and hysteresis (§.,,) may be calculated in a similar way.
5.1.2 The calculation of reference line

A straight-line fitting is made of the up-travel actual average characteristics (y,,) and the

down-travel actual average characteristics ( y,;) by using a best straight line. A detailed
illustration of the calculation is shown in relevant parts of Annexes A, B and C.

5.2 Combined linearity, hysteresis and repeatability (SLHR)

This is also called the Linearity plus hysteresis plus repeatability.


https://iecnorm.com/api/?name=3eb4ddca8d40972850f513676f29a459

- 28 - IEC TR 62967:2018 © IEC 2018
In this case, the reference straight line is just the working straight line.
5.2.1 The general form of calculating formula

Max|B; +t 0,95s;

gLHR =t x100 % (27)
Yrs
where
B; is the extreme value of the total systematic error at the ith measuring point, which
can be found by using conventional non-statistical methods;
t 0,95s s threextreme vatue of the totatrandonr error at the ithmeasuring poimt._110,95 is

the coverage factor with a confidence of 95 % in the t-distribution. s, is thedsample
standard deviation at the ith measuring point.

Equation (2), can be also shown as:

|AYLHR,max

FS

where

YL HR max IS the maximum deviation of the LHR extreme-point envelope from the working
straight line.

NOTE 1| The &, here corresponds to the Ur in Annex F.

NOTE 2| For non-linear transducers, combined conformitycand hysteresis and repeatability §.,,z may be calculated
in a simijar way.

5.2.2 The alternative forms of the calculating formulas

Considering the difference of the upstravel actual average characteristics ()7W.) from the

down-travel actual average characteristics (y,;), Equation (3) may take the following|simple

forms:
§LHR =  Max| ¢ yruis SLHR 4] (29)
AY {yui ¥10,95s;
ELHRui = * AT ui x100% (30)
Yrs
AY| g T10,95s4;
G = ¢ L) ol 1000 (31)
Yrs
where
SLHR,ui IS the total uncertainty at the ith measuring point in the upper-travel;
SLHR,d,i IS the total uncertainty at the ith measuring point in the down-travel;

AY|yy; is the deviation of the up-travel actual average characteristics ( Yui) from the
working characteristics at the ith measuring point;

AY 4 is the deviation of the down-travel actual average characteristics ( Yd.i) from the
working characteristics at the ith measuring point;

is the sample standard deviation at the ith measuring point in the up-travel;
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Sq.| is the sample standard deviation at the ith measuring point in the down-travel;
t 0,95 is the coverage factor with a confidence level of 95 % in the t-distribution.

NOTE The adoption of the method of extreme-point envelope in 5.2.3.2 to calculate § ¢ is most desirable. The
method is clear in concept and simple in calculation.

5.2.3 The method for calculating the working characteristics

5.2.3.1 The general principles governing the choice and calculation of the working
characteristics

The following points should be taken into consideration:

o Thg way in which the transducer under calibration is used.
e Thg simplification of transducer application.

e The possibility to have a better value of total uncertainty.
5.2.3.2 The method of L(C)HR extreme-point envelope

In gengral, the total uncertainty of a transducer depends on the .¢@mbined contribytion of
linearity (conformity), hysteresis and repeatability. As shown in Figure 9, we can find, gt the x;

measufing point, the up-travel average point ?u,i and the down-travel average point Yd.i
respecfively. According to 4.7.3, we can also find, at the x;*measuring point, the u% -travel

samplg standard deviation s ; and the down-travel sample standard deviation Sq,i respgctively.
In orddr to find the two extreme- points at the x; point i Is subtracted from cs ;, apd csg ;
is addgd to csy ;. Thus at the x; measuring pomt we obtam two extreme-points, namely:

Yu,i, min = yu,l’ —CSy,i (32)
Yai max = Yd,i TCSq; (33)
yd,i,max
g i
3
>
/ ! yu,i,min
0 =

X. X input
IEC

Figure 9 — The method of L(C)HR extreme-point envelope

By doing this way, we can obtain 2m (m is the number of the measuring points) extreme
points, and thus forming an envelope, namely an actual uncertainty zone, in which the true
values of the measurements lie at the given confidence level.
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With this actual uncertainty zone, we can easily draw a best straight line to approximate the
zone, thus obtaining the transducer's working straight line. After having found the working
straight line and by using Equation (3), the calculation of the total uncertainty becomes quite
easy. For detailed illustration, please see relevant parts in Annexes A, B and C.

NOTE This method can be regarded as a geometrical method, clear in concept and easy to use. It provides a
most effective way to solve for the combined linearity (conformity) plus hysteresis plus repeatability (¢L(C) HR),
and therefore the working characteristics of the transducer.
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Annex A
(informative)

Methods and examples for calculating linearities

Numerical examples for calculating zero-based linearity

A group of calibration data is given in Table A.1, calculate the zero-based straight line and the
zero-based linearity.

Table A1
Inpdit x 0,00 1,00 2,00 3,00 4,00 5,00
Outgut y 0,03 10,05 20,20 29,60 39,90 50400
A.1.1 The general principle of calculation
Zero-bgsed straight line is a line that goes through the theoretical zero point (x = 0, y =|0) and

the center of gravity of the two points which respectively have~minimal positive and n

deviati
approx

A.1.2

The lin
chosen

bns. As it is not possible to find the zero-based straight line directly, therefore n
mations are the only way to do the job.

Solving for the first approximating straight line

e going through the theoretical zero point(x =0, y =0) and the actual rear

as the first approximating straight lipe;~with the equation form as: Y,, 1) =

bgative
nhultiple

end is
0,00x.

The dgviations of the actual average characteristics (curve) from the first approx|mating

straight line are shown in Table A.2.
Table A.2
) 0,00 1,00 2,00 3,00 4,00 5,00
AY, L ) +0,030 +0,050 +0,200 -0,400 -0,100 0,000
A1.3 Solving for the second approximating straight line
From Table A.2)ywe find that at points 3 and 4, namely at the two points with x =2.p0 and

x=3.0
negatiy

D, there appear, respectively, the maximum positive deviation and the mg
e deviation. The next step is to find the coordinates of the centre of gravity of

points,

Ximum
he two

namely point 3 and 4.

2+3

voa= 253 og0: y., = 202042960
’ 2

= =24,90
Y3,4 2

Therefore the equation for the second approximating straight line is:

The de

= wx =9,9600x
2,50

Y34
X3,4

Y.

ze

(2) ~

viations from the second approximating straight line is:
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Table A.3
X 0,00 1,00 2,00 3,00 4,00 5,00
INSS +0,030 +0,090 +0,280* -0,280* +0,060 +0,200

Obviously from Table A.3, at points 3 and 4, there appears the maximum positive deviation
and the maximum negative deviation, being minimized and equal to each other in absolute
value. Therefore, the second approximating straight line is the zero-based straight line we
want to obtain. The zero-based linearity is:

0,280

100 % = +0,562 %
(5-0)x9,9600

Loe =
NOTE 1| The terminal-based line and terminal-based linearity for the data in this example are:

Y = 0,0300+9,9940x; L, = —0,825 %;
NOTE 2| The front-terminal-based line and terminal-based linearity for the data in this‘example are:

Yf.te =0,0300+4+9,9480x; LfAte = +0,551 %. ¢

A.2 |Numerical examples for calculating independent linearity

Solve for the best straight line and independent linearity for a group of calibration data. The

original data and the intermediate results of calculation are given in Table A.4.

Table A.4
Input x 1,00 2,00 3,00 4,00 5,00 6,00
Output 2,02 4,00 5,98 7,90 10,10 ||12,05
Deviatigns from the terminal-based straightline AYte 0,00 -0,026 | -0,052 | -0,138 | +0,056 0,00
AY'te =|100 AYte 0,00 -2,60 -5,20 | -13,80 | +5,60 0,00
A.2.1 The principle of a precise method
The kely to the calculation of the independent linearity is to find the best straight line| There
are twg ways to do the job: analytical method and graphical method, with the latter beirl]g easy
and strpight-ferward. Our illustration is focused on graphical method.
The pr hod of

Sun’s convex polygon wh|ch was flrst publlshed in [08] in Annex G. The method is simple and
yet powerful in working out computer programs as well as in calculating manually with its
modified form, the Method of Transformed Convex Polygon. As it is almost impossible to build
the original convex polygon manually, the following is a procedure to find the best straight line
with the help of the transformed convex polygon.

A.2.1.1 Finding the terminal-based straight line of the calibration data

It is easy to obtain: Y,, = 0,0140+2,0060x

The deviations of the calibration data from the terminal-based straight line are shown in Table
A4
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A.2.1.2 Amplifying the deviations

For easy graph making, the deviations are amplified by the same factor. In our case the factor
is 100 and the amplified deviations are also shown in Table A.4

A.2.1.3 Finding the transformed convex polygon

Mark all the deviation points on a coordinate graph paper and draw a convex polygon from the
points, with all the points either inside the polygon or at its sides as shown in Figure A.1.

i

Y IEC
Figure A.1 — The transformed convex polygon

A.2.1.4 Drawing the vertical lines and finding the longest one

Draw Jertical lines from all thé yertices of the polygon to their opposite sides or bases. Find
the lorlgest vertical line within the polygon. From our visual observation, the vertigal line
drawn from vertex 4 is the:longest.

If it is dlifficult to find.the longest vertical line within the transformed convex polygon by visual
observption, themby using the following formulas, the lengths of all the vertical lineq within
the original convex polygon can be calculated as follows. Suppose we want to find the| length
(absolyte value) of the vertical line which is drawn from vertex 4 to side 1 and 5:

_ iY1(X4 —X5)+YaX5 —X1) +Y5(X4 —X4)i
Ay 4,5 =
X5 —X1

[2,02(4,00 - 5,00)+7,90(5,00 — 1,00)+10,10(1,00 — 4,00)
5,00 — 1,00

AY(1,4,5) = -0,180

Similarly, the length of another vertical line is:

|Y4 (X5 —Xg)+Y5(Xe —X4)* Ve (Xs —X5)|

X6 —X4

Ayu, 5.6) =
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7,90 (5,00 - 6,00) + 10,10 (6,00 — 4,00) + 12,05 (4,00 - 5,00)|
6,00 — 4,00

Ay, s,6) = -0,125

A.21.5 Finding the best triangle

From Figure A.1 and from our calculations above, the vertex from which the longest vertical
line is drawn is point 4, and the two end points of its opposite side or base are point 1 and
point 5. The three data points can form a triangle, with two sides 4-1 and 4-5 and a base 1-5.
This triangle is constructed from the original calibration data, and is called the Best Triangle
hereafter.

A.2.1.j Drawing the best straight line

The line connecting the two midpoints of the two sides of the best triangle is~ust the best
straight line we want. The derivation of the equation for the best straight ling" is as flollows.
First cdlculate the coordinates of the midpoint of side 4-1:

g = XitXa 1004400 o0 yitYa 2025790 _, 6
: 2 2 : 2 2

Then cplculate the coordinates of the midpoint of side 4-5:

+ g
xp5= <4 X6 _400%500 50, oo YaEys 790+ 1010 g o
’ 2 2 ’ 2 2

Therefpre the slope of the best straight line is:

b= Ya5 — Y1,47,> 9,00 — 4,96

= =2,0200
X4’5 — X1’4 4,50 - 2,50

The intercept of the best straight.line is:

asyy4 — bxq =496 —2,02x25=—0,0900

Finally] the equation\for the best straight line is:

Yin = —0,0900+2,0200x

The delviations of the actual average curve from the best straight line are:

Table A.5
X 1,00 2,00 3,00 4,00 5,00 6,00
Ay, +0,090 * +0,050 +0,010 -0,090 * +0,090 * +0,020

From Table A.5, we can see that we have three points (with asterisk) where the signs of the
same maximum deviation appear in an sign-alternating way:

AY =+0,090

in,max



https://iecnorm.com/api/?name=3eb4ddca8d40972850f513676f29a459

IEC TR 62967:2018 © IEC 2018 - 35 -

Actually, the absolute value of the maximum deviation is just half of the length of the longest
vertical line. It is the smallest maximum deviation that can be obtained. The principle of
alternating points, where the same smallest maximum deviations appear with alternating signs,
is a powerful criterion for the existence of a best straight line or a best curve. No other fitting
straight lines or curves have this peculiarity.

A.2.1.7 Calculating the independent linearity

Lin = 4+ AYin,max =+ AYin,max

(Yin,max - Yin,min) b(xmax - Xmin)

. 0,090 40,891 %
2,0200(6,00 ~1,00)

A.2.2 The principle of the makeshift methods

The sHhifted-terminal-based straight line and the shifted-least-squares’line can be usqd as a
makeshift for best straight line.

A.2.2.1 The shifted-terminal-based straight line

There gre several ways to find the equation of the shifted-terminal-based straight line| Here,
we jusf show the equation and the corresponding linearity:

Yste = —0,0270 + 2,0060x Lg 4o = £0,97 %
A.2.2.2 The least-squares straight line
The equation for the least-squares straight line and the corresponding linearity:

Y)s=0,0287+2,0106x Lig = —1,13 %

A.3 |A comparisonofithe results of all kinds of linearities

For the same calibration data in Table A.4, the results of all kinds of linearities arg listed
below for comparison. Here obviously, the independent linearity is the highest linearity. It is
recommended. thiat independent linearity is used whenever there is a requirement fdr strict
evaluation of linearity.

Independent linearity L =+0,89 %
Shifted-least-squares linearity L =20,95 %
Shifted-terminal-based linearity L =20,97 %
Zero-based linearity L=1%1,00 %
Front-terminal-based linearity L=4%1,03%
Least-squares linearity L=—1,13%
Terminal-based linearity L=—1,38%
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Annex B
(informative)

Methods and Examples for Calculating Conformities

B.1 The general principle for calculating conformities

The method for finding the reference curves for calculating conformities is based on
Chebyshev’s theory of best approximation. More specifically, it is based on the principle of
alternating points and an extended Remez’s algorithm. Here, the fitting curves exclusively

take thgformofamatgebrarcpotymomiatofa—certaimdegree—Fhemaimpoints—of-the—=atgorithm

are as follows.

B.1.1 Determining the degree of the fitting curves
The foljowing hints may be helpful:

1) Acgording to the fitting accuracy needed to meet the conformity requirement;
2) Acgording to the general shape of the actual average curve and by experience;
3) Frdm an equally-spaced difference quotient table;

4) By fa specially-created computer program.

B.1.2 Choosing the number of the alternating points
1) If t:[ere are n unknowns in the polynomial, (n+1):=.K alternating points should be ch¢sen;

2) If the polynomial is required to pass through-p points, the number of the alternating points
shquld be r

3) Disfributing n points on x-axis in an orderly way. In the first approximating calculatipn, the
n ppints may be placed roughly equally’ spaced, and preferably, with the front and the rear
ends of the actual average curve included. Find the first approximating curve which goes
through the n points. Find the “deviations of the actual average curve from the first
approximating curve.

B.1.3 Determining the locations of the alternating points

Starting from the second approximation, the determination of the locations of the k altefnating
points will proceed according to the following considerations:

1) ThI deviations-of the points chosen should be sign-alternating;

2) The¢ poinfs.--Where there exists the largest positive deviation or the largest nggative
deviation)y'should be first included in the candidate alternating points. The larger the
deyiation of a point is, the more possible the point is to be chosen;

3) Zero deviation may be regarded as the smallest positive deviation or as the smallest
negative deviation.

B.1.4 Finding the finally-successful alternating points

The whole process in which the finally-successful alternating points are found is an iterative
one. Once we find the deviations at the alternating points to be sign-alternating, equal in
absolute value, and the largest of all. This is an indication that we have arrived at the finally-
successful alternating points. The fitting curve corresponding to the finally-successful
alternating points is just the reference curve needed. The deviations at the alternating points
are the smallest for the same group of calibration data, for the same form and degree of the
fitting curve, and for the same constraints put upon.
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B.2 Numerical examples for calculating conformities

A group of calibration data of a non-linear transducer is given in Table B.1. Solve for the
terminal-based curve and terminal-based conformity, the zero-based curve and zero-based
conformity, the front-terminal-based curve and front-terminal-based conformity, the best curve
and independent conformity, the least-squares curve and the least-squares conformity. At last,
give a short discussion of the way the theoretical curve is chosen.

Table B.1
Input x 0,00 1,00 2,00 3,00 4,00 5,00
Outduty 0,10 T,00 T,80 2,60 3,00 30

Solution: Looking at Figure B.1, by our experience, the form of the fitting curvé\is'chos¢n as a
quadraftic polynomial Y = a+bx+cx2.

o |
4+
3 - L)
2 =
1+
0 1 1 1 1 1 1 —
0 1 2 3 4 5 6 X

IEC
Figure B.1 — The-curve roughly drawn from the given data

B.2.1 Solving for the terminal-based curve of the second degree and the terminal-
based conformity of the second degree

B.2.1.1 Finding the first approximating curve

We know that threesun-collinear points on a plane will determine exclusively a quadrati¢ curve
in the fform of(ayalgebraic polynomial. Therefore, we can choose 3 points from Table B.1,
roughly equally-spaced and with the first and last points included:

x=0.00.y=0.10:x=300.y=2.60:x=5.00.y=380

Create a linear system of equations with 3 unknowns:
0,10-[a+b(0,00)+¢(0,00)2] = 0,00
2,60-[a+b(3,00)+¢(3,00)2] = 0,00

3,80-[a+b(5,00)+c(5,00)2] = 0,00

Solve for the 3 coefficients, and we have:

a =0,1000; b = 0,9733; ¢ = —0,0467
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the equation of the first approximating curve is:

Yie,(1) = 0,17000+0.9733x—0,0467x2
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The deviations at the calibration points are:
Table B.2
X 0,00 1,00 2,00 3,00 4,00 5,00
AY (4 0,000 -0,027 -0,060 +0,000 * -0,246 * 0,000
B.2.1.2 Finding the second approximating curve

According to the explanations in B.2.1.1, we know that a quadratic pelynomial

has 3

unknowns, so we have to choose 3 + 1 = 4 alternating points. Since in thisycase what wle need
is a tefminal-based curve which should pass through 2 fixed points, so\the actual number of

alternating points is 4 —2 =2. From Table B.2, we find at x = 3,00; there is the
deviation +0,000, and at x = 4,00, there is the largest negative deviation —0,246, as

positiv

largest

shown

As we
same |

This ed

by the asterisks. The 2 points are chosen as the alternating_points:

x = 3,00, y = 2,60; x = 4,00, y=3,00

hope that at alternating points, the deviations‘should be sign-alternating and
hrgest absolute value, therefore we can constfuct a complementary equation:

2,60—[a+b(3,00)+c(3,00)2]\=={3,00— [a+b(4,00)+c(4,00)2]}

uation and the other 2 equationsform the simultaneous equations in 3 variables
0;10=[a+b(0,00)+¢(0,00)2] = 0,00
3,80—[a+Db(5,00)+¢(5,00)2] = 0,00

(2,60+3,00)—[2a+b(3,00+4,00)+¢c(3,002+4,002)] = 0,00

Solve the equations for the unknowns, we have:

a =0,1000; b = 0,8500; c = —0,0220

of the

Hence the equation of the second approximating curve of the terminal-based curve of the
second degree is:

The de

Yie, (2) = 0,1000+0,8500x—0,0220x2

viations at the calibration points are:
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Table B.3
X 0,00 1,00 2,00 3,00 4,00 5,00
AY (o 0,000 +0,072 +0,088 +0,148 * -0,148 * 0,000

From Table B.3, we can see that at the 2 alternating points the deviations are sign-alternating
and of the same largest absolute value £0,148, as shown by the asterisks. Therefore we have
arrived at the finally-successful alternating points and the second approximating curve is the

termina

B.2.1.3

B.2.2

In this

—Finding the terminat-based conformity of the second degree

I-based curve of the second degree.

AYte,max . 0,148

=+4,000 %
3,80 — 0,10

Cte=i

Yte,max _Yte,min

Solving for the zero-based curve of the second degree and the zero-base
conformity of the second degree

case, the fitting curve is forced to pass the theoretical~zero (x =0, y =0),

so the

coefficlent of the constant term of the quadratic polynomial a =0, and the fitting curvg takes

the for
2+ 13

B.2.2.1
From T

as the
the foll

x = 3,0

From the 3 points we can constriict the simultaneous equations in 3 variables:

2,60—]

3,00—[b(4,00)+6{4,00)2] = -u

m Y = bx + cx2. As we have only 2 unknowns, the namber of the alternating p

3. Suppose the absolute value of the deviations atdhe alternating points is p.

Finding the first approximating curve

able B.3, and taking into consideration of’the fact that zero deviation may be re
smallest positive deviation as well as*the smallest negative deviation, we can
bwing 3 points as the alternating points:

D,y =2,60; x=4,00,y=3,00:%=5,00,y = 3,80

b(3,00)+c(3,00)2])= u

3,80—

b(5,00)+c(5,00)2] = u

pints is

garded
choose

Solve t

b=0,9

he equations for the unknowns, we have:

613; c = —0,0452

Hence the equation of the first approximating curve of the zero-based curve of the second

degree

Y e, (1

)

The de

is:

= 0.9613x—0.0452x2

viations at the calibration points are:
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Table B.4
X 0,00 1,00 2,00 3,00 4,00 5,00
AY . 4y +0,100 +0,084 +0,058 +0,123 * -0,122 * +0,124 *

From Table B.4, we can see that at the 3 alternating points the deviations are sign-alternating
and of the same largest absolute value +0.123, namely p = 0.123, as shown by the asterisks.

Therefore we have arrived at the finally-successful

alternating points and this first

approximating curve is the zero-based curve of the second degree we need. The slight
difference of the 3 deviations from one another is caused by the limited number of significant

digits ysed-i-computing-
B.2.2.2 Finding the zero-based conformity of the second degree:
Cpe = AYze max =+ 0,123 = 13,345 %
Yze,max _Yze,min 3,677 — 0,00
Obviously, it is a little better than the terminal-based conformity of-the second degree.
B.2.3 Solving for the front-terminal-based curve of the’second degree and the 1
terminal-based conformity of the second degree
In this [case the fitting curve is forced to pass the fronend (x = 0, y = 0,1), so the cosg

of the
= 0,11
2+ 13

B.2.3.1

Here W
curve

simultgneous equations in 3 variables:

onstant term of the quadratic polynomial a =\0,1, and the fitting curve takes the
- bx + cx2. As we have only 2 unknowns,“the number of the alternating pq
3. Suppose the absolute value of the deviations at the alternating points is p.

Finding the first approximating curve

ront-

fficient
form Y
ints is

e choose the same 3 alternating points as those we choose for the first approx{mating

n solving the zero-based-.curve of the second degree. Thus we can constr

2,60—[0,10+Db(3,00)+¢(3,00)2] = +
3,00—[0,10+b(4,00)+c(4,00)2] = —

3,80—[0,104b(5,00)+¢(5,00)2] = 41

ict the

Solve t

Te equations for the unkImowTTs, we have:
a =0,1000; b = 0,9097; c = —0,0387

Yite, (1) = 0,1000+0,9097x—0,0387x2

The deviations at the calibration points are:
Table B.5
X 0,00 1,00 2,00 3,00 4,00 5,00
NG 0,000 +0,029 +0,035 +0,119 * -0,119 * +0,119 *
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From Table B.5, we can see that at the 3 alternating points the deviations are sign-alternating
and of the same largest absolute value +0,119, namely p = 0,119, as shown by the asterisks.

Therefore we have arrived at the finally-successful

approximating curve is the front-terminal-based curve of the second degree we need.

B.2.3.2 Finding the front-terminal-based conformity of the second degree

Itis al

AY,
Cre = £ temax  _,  O0M9 33930,
Yf.te,max _Yf.te,min 3,681 - 0,10

alternating points and this first

e that

at the
deviati
second

B.2.4

In this
have 4
front e
find the

As we
find 4
variabl
deviati

B.2.4.1

The 4

The sin

ittle better than the zerao-hased rnnfnrmity of the second dpgrpp We can also s
front end the deviation is zero and remains rather small until x = 2. If very
bns are desired around the front end, in this case the front-terminal-basedcurv{
degree may be a better choice.

Solving for the best curve of the second degree and the independent
conformity of the second degree

case there is no constraint of any kinds applied on the quadratic polynomial,
alternating points. Usually, roughly equally-spaced 3 points, preferably includ
hd and the rear end, may be chosen to construct the first approximating curvg
finally-successful alternating points step by step.

oints as the candidate alternating points and.construct the simultaneous equatio
bs as our first approximating curve. As we' did before, the absolute value
bns at the alternating points is taken as ;.

Finding the first approximating: curve

andidate alternating points are:
x =7\0,00, y = 0,10; x = 3,00, y = 2,60;

x =4,00, y = 3,00; x = 5,00,y = 3,80

hultaneous equations in 4 variables:

0,10—[a+b(0,00)+¢(0,00)2] = 4+

Solve t

Z,60—[a+Db(3,00)Fc(3,00)2T= —
3,00—[a+b(4,00)+c(4,00)2] = 4+

3,80—[a+b(5,00)+¢(5,00)2] = —

he equations for the unknowns, we have:

a=0,2156; b = 0,8500; ¢ = —0,0312

small
of the

SO we
ng the
. Then

already have the front-terminal-based curve, by studying Table B.5, it is very ¢asy to

nsin 4
of the

Hence the equation of the first approximating curve of the best curve of the second degree is:
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The deviations at the calibration points are listed in Table B.6.
Table B.6
X 0,00 1,00 2,00 3,00 4,00 5,00
AYin’ ) -0,116* -0,034 +0,009 +0,116 * -0,116 * +0,116 *

From Table B.6, we can see that at the 4 alternating points the deviations are sign-alternating

and of
Theref
approx

B.2.4.2

NOTE

terminal
deviation]
digits is
the front|

B.2.5

The led

The fo
are as

the same largest absolute value 0,116, namely y = 0,116, as shown by the as
bre  we have arrived at the finally-successful alternating points and’“\th
mating curve is the best curve of the second degree we need.

Finding the best conformity of the second degree
C,, = AYin,max _ 0,116 _ 43445 %
Yin,max _Yin,min 3,684 - 0,216

n terms of the numerical value, the best conformity of the second\degree is slightly larger than t
based conformity of the second degree. This is caused by & smaller Y_o for the former. The n
AY = +0,116 is the smallest for all kinds of fitting curves™in. this example. If the number of si
large enough in computing, we will arrive at the result that the best conformity of the second de
terminal-based conformity of the second degree, in this\case, are the same, namely £3,333 %

conformity of the second degree

st-squares curve of the second degree takes the following equation form:

Y,s = at+bx+cx2

mulas for calculating the’coefficients, which are useful in creating computer pro
follows:

_ 204 y)-E(x X) = Z(xy)- Z(x, X%)
2

erisks.
s first

he front-
haximum
gnificant
jree and

Solving for the least-squares curve of the second degree and the least-squares

grams,

2(x, x)-Z(xz, x2) - {Z(x , xz)}
AWAVER VAN WAV \12\ AWAv: VAN W AVIIRY
b = L\I\’ y, L\I\ y I\ l L\/\ y y, L\I\’ N ’
2 2 2\
Z(x, x)-i(x . X )— {Z(x )X )}
m m m

In the above formulas, y are all actual average characteristics )_/,. and the notation }(j ,k),
which appears several times, should be recovered to its real form in actual calculation:

2(J k) = 2(-k) = (2i-2k)/m
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In this example, i = 1~m , and m = 6. So the least-squares curve of the second degree is:

Y, = 0,1179+0,9104x—0,0375x2

The deviations at the calibration points are shown in Table B.7.

Table B.7
X 0,00 1,00 2,00 3,00 4,00 5,00
AY -0,018 +0,009 +0,011 +0,089 -0,159 * +0,068
The legst-squares conformity of the second degree:

The co|
shortag

B.2.6

1)

2)

Acd
In
diff]

Acq

of the performance of the already-existing transducer.

AYis,max 0,159

= = -4,399%
Yis,max _Yis,min 37324—0,1 179

Cis =

nformity is much (about 32 %) larger than the best conformity of the second degfee. Its
e is self-evident.

A rough principle guiding the choice of the théoretical curve

ording to the requirements of the system in which the transducer is only a component.
his case the theoretical curve is mostly pre-specified. But this may result ih more
culties in transducer manufacturing.

ording to the working curve obtained in the calibration test, as this may make {ull use
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Annex C
(informative)

Examples for calculating transducer individual
and combined performance indicators

General principles of calculation
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1) Make an examination to see if there are any suspect data points and unreasonable data
points (usually caused by temperature contributions) in the original calibration data. If

the
SOU
Sus§
ind
2) Ma
che
ind
NOTE
may be
and the
not advi

dealing
their exi

cators.
ke use of the method of L(C)HR extreme-point envelope to calculate the

cators remains to be done by conventional methods.

sed for discovering the suspect data points, while the method of compdrison of adjacent-in-cycle

Wm&umwwmﬁtmum
rces and get rid of them. Then do the calibration again. Only the data free@r¢m any

pect and unreasonable data points are suitable for calculating the perfofmance

working

racteristics and the total uncertainty. The -calculation of individual perfofmance

t is suggested that the statistical detection method and the panorama-visuakjnspection method in |JAnnex E

Hata pair

banorama-visual inspection method in Annex E are used for discoverifg the unreasonable data po|nts. It is

tence, to remove the troubles and to start a new calibration teSt again for trouble-free original datg.

able to discard the suspect or unreasonable data points by statisticahmethods. The correct altitude toward
vith them is: neither to accept nor to discard them rashly. Instead;~try hard to discover the real regsons for

C.2 [Numerical examples

C.21

Table [C.1 shows the original calibrationtdata of a certain linear transducer. Thg

Numerical example 1

data,

accord|ng to our inspection, are free fronw suspect and unreasonable data points. Cglculate
the indjvidual and combined performance indicators of the transducer.

Table C.1 — The original data obtained in the calibration

Trayel Input Transducer output
(x) (y)
Y4 Y, Y, Ya Ys
0,0 0,66 0,65 0,78 0,67 0,0
2,0 190,9 191,1 190,3 190,8 19D,4
! 4,0 382,8 382,3 383,5 381,8 38p,8
uf 6,0 574,5 576,4 576,0 576,2 57p,4
8,0 769,4 769,2 770,4 769,8 771,5
10,0 963,9 963,1 965,2 964,7 966,0
10,0 964,2 963,1 966,5 965,7 967,2
8,0 770,6 772,4 771,0 770,8 772,1
Down 6,0 577,9 577,4 577,1 578,1 578,3
1 4,0 384,0 384,8 384,2 384,9 384,2
2,0 191,6 192,2 191,8 191,5 191,9
0,0 1,66 1,65 1,54 1,47 1,66
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C.2.11 Listing the intermediate calculation results

All the intermediate calculation results are listed in Table C.2. According to the methods in
Clause A.2, we obtain the best straight line of the actual average characteristics:

y. = —0,4592 + 96,4006x

and the best straight line of the up-travel actual average characteristics and the down-travel
actual average characteristics:

yiy = —0,7108 + 96,4144x

Table C.2 — The intermediate results of calculation
Transduicer Input 0,0 2,0 4,0 6,0 8,0 10,0 Remafk
(x)
Up-travgl average 0,712 190,70 382,64 575,70 770,06 964,58
output
(Yui)
Down-travel average 1,596 191,80 384,42 577,76 771,38 965,74
output
(Yai)
Hysteresis 0,884 1,100 1,780 2,060 1,320 1,160 AY4 mbx
(AY) = 2,040
The best fitting line -0,711 192,12 384,95 577578 770,60 963,43 Yes
of the up-travel and _
= 964,14
down-travel average
charactgristics(Y ;)
The up-fravel 1,423 -1,418 -2,307 -2,076 -0,544 1,146 AY |y dax
linearity|land * =12 3 7
hysteredis o
deviatiohs Calculated ffom the
A best fitting|line of
(AYy1n) the up-traviel and
The down-travel 2,307 -0,318 -0,527 -0,016 0,776 2,307 down-travel pverage
linearity|land N * characterist|cs(y, )
hysteregis
deviatiops
(Ayd,LH)
The actyal average 1,454 191,24 383,53 576,73 770,72 965,16
charactgristics
()
The bes} fittingdine -0,459 192,34 385,14 577,94 770,75 963,55 Yes
of the ag¢tual = 964,00
average
charactdristics
(Y,)
Linearity deviations 1,613 -1,092 -1,613 -1,214 -0,026 1,613 AY | ax
(AY)) * * * =+1,613
Calculated from the
best fitting line of
the actual average
characteristics
(Y
The up-travel 0,072 0,339 0,635 0,768 0,926 1,130 S, max
standard deviations = 1130
(sy)
The down-travel 0,087 0,274 0,402 0,498 0,814 1,172 S4 max
standard deviations =1172
(sq)
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In order to build the extreme-point envelope, we have first to find the 2m = 12 extreme points
according to the method in 5.2.3.2. All the intermediate calculation results are listed in Table

C.3.
Table C.3 - Finding the extreme points n=5c =1 0.95=2.776
Input (x) 0,0 2,0 6,0 8,0 10,0
Average points (y,;) 0,712 190,70 382,64 575,70 770,06 964,58
Up-
Cs,, ; 0,200 0,941 1,762 2,132 2,571 3,125
Travel
Extreme points y, | =
_ 0,512 189,76 380,88 573,57 767,49 961,46
(yu.i -CSu’i)
Input (x) 0,0 2,0 6,0 8,0 10,0
Average points (y,; ) 1,596 191,80 384,42 577,76 771,38 965,74
Down-
Csy; 0,241 0,760 1,117 1,382 2,259 ,253
Travel :
Extreme points y, ; =
_ ' 1,837 192,56 385,54 579,14 773,64 968,99
(Vi +C5d’i)

C.2.1.3 Finding the best fitting straight line

According to Clause A.2, the best fitting straight line (here the best working line) of th

12 extreme points:

Yin = Y HrS —2,4445+ 96,7156

D

2m =

The dejviations of all the 12 extreme points from the best working line are shown in Talle C.4.
In Table C.4 there are also deviations of the up-travel actual average characteristics|and of
the down-travel actual average characteristics from the best working line.

Table-C.4 — The deviations from the best working line

Input 0,0 2,0 4,0 6,0 8,0 10,0 Remar

(x)

Best wofking line -2,445 190,99 | 384,42 | 577,85 | 771,28 | 964,71 Yeg = 967,16
(Yinr)

Deviatiolns of the up-travel 2,957 -1,228 -3,540 -4.281 -3,792 -3,256 R 4,281
extreme points . ’
Deviations of the down-travel | 4,281 1,574 1,119 1,293 2,358 4,281

extreme points . .

Deviations of the up-travel 3,157 -0,290 -1,780 -2,150 -1,220 -0,130 AY | 4 max = 4,041
actual average . '
characteristics

Deviations of the down-travel | 4,041 0,810 0,000 -0,090 0,100 1,030

actual average .

characteristics

Deviations of the Actual 3,599 0,260 -0,890 -1,120 -0,560 0,450 AY| ax = 3,599
average Characteristics . '
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According to the method of extreme-point envelope, the total uncertainty is numerically
determined by the maximum deviation of the extreme points from the best working line. In
Table C.4, we find that the 3 maximums equal-in-absolute-value and sign-alternating
deviations 4,281 (as shown by the asterisks) indicate that the 3 corresponding data points
are the finally-successful alternating points. Therefore the total uncertainty of the transducer
is:

AY| HR max <100%

Ur=g yr
FS
4 4,281 <100% = +0,443 %
96,716 x (10,0—0,0)
C.2.1.4 A complete list of the individual and combined performance_indicators|of the
transducer

C.2.1.4.1 Equation of the best working straight line

The equation is calculated from the L(C)HR extreme-point envelope) (actual uncertainty|zone):

Y R = —2,4445+96,7156X%

C.2.1.4.2 Equation of the best utilization straight line

Calculated from the best working straight line:

XL HR = 2,5275 x10702+1,0340 x 1002 y

C.2.1.4.3 Linearity
Calculated from the data in Tabte.€.2 and Table C.4 in Annex C:

AYL max| 1,613

= =+0,167%
Yes 964,01

gL = *

(This ig the independent linearity, calculated relative to the best reference straight line)

(This is the theoretical linearity, calculated relative to the best working straight line)

C.2.1.4.4 Hysteresis

Calculated from the data in Table C.2 in Annex C:

Ay max| 2,060
Yes 964,01

€y = + = 1+0,214%
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5 Linearity plus hysteresis

Calculated from the data in Table C.2 and Table C.4 in Annex C:

_ +|AYLH,max| 2,307
T Vs 964,14

ELH = +0,239%

(This is calculated relative to the best reference straight line)

(This is calculated relative to the best working straight line)

C.21.4

Calculd

C.21.4

Calculd
straigh

NOTE

straight
results ¢
dealing
relative
linearity
holds go

The de|

I‘I'\'YLH maxl 4504+
Slp=+¢ : =— =+0,418%
Yes 967,16

.6 Repeatability

ted from the data in Table C.2 in Annex C:

_ , losmaxl _ 2,776 x 1,172

= £0,337%
Yes 964,01

SR

.7 Total uncertainty (linearity plus hysteresis plus repeatability)

ted from the data in Table C.2 and Table C.4 in Annex C and with the best \
I line and the actual uncertainty zone:

R |YLHR,max| _ 4,281

= 3 = +0,443%
SLrR Yes 967,16 °

n this example some performance indicators are given two results, one being relative to the best r
ine, the other relative to'the best working straight line. But it does not mean that we need to givg
t all times. The chojiceNis up to the requirement of the readers. If there is no special requireme

ith linearity, and~linearity plus hysteresis, it is advisable that our readers use only the resu

plus hysteresis)\'are exclusively calculated in relation to the best reference straight line. This n
pd for all thé fellowing examples.

viation-eurves in this example are shown in Figure C.1 and Figure C.2.

vorking

bference
the two
ht, when
ts given

o the best reference straight line. Without prior statement, the two performance indicators (linedrity, and

ote also
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A

0,443 \ /
0,332
0,221
CHR 7]
0,111 Q\\\ I— e ol ]
< |- CH™]
< 0,000 L=
Z 10 \\20——30__40,———~so 60 70— 80 90 X (%)
0
-0,111 K___‘——h e — ]
-0,221 sl
-0,332
T~ CHR -] )
—0,443
' IEC
C — Cdnformity; CH — Conformity plus Hysteresis
CHR —] Conformity plus Hysteresis plus Repeatability
Figure C.1 — Deviation curves whichlare calculated relative
to relevant best reference lines. of the first degree
0,443
0,332
|.CHR
0,221
F—— | _'_'_’_'_,_,_,-o—"'-'_;
0,111
9 \\ [ CH—|
>, 0000 10 2? 30 40 50 60 70 80 90— | -
"o _ S [ X %)
’ |- CH™|
D —
-0,221
-0,33
CHR _| |
—0,443
' IEC

C — Conformity; CH — Conformity plus Hysteresis
CHR — Conformity plus Hysteresis plus Repeatability

Figure C.2 — Deviation curves which are calculated relative
to the working line of the first degree
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Numerical example 2

The original data is the same as that in numerical example 1. The only difference is that the
transducer is regarded as a non-linear one and a quadratic polynomial is used to fit the data
(namely the 2m
indicators of the transducer.

12 extreme points). Calculate the individual and combined performance

The calculation results are listed below, but the calculation process is omitted for brevity. The
deviation curves in this example are shown in Figure C.3 and Figure C.4.

The best working curve of the second degree:

Confol
o = =
gc =0,
Hysten
¢y =0,
Repea
R =0,
Confol
ScH = 1
Sch =
The to

(confor

SCHR =

mities:
,035 %
B19 %

esis:
P14 %
ability:
B37 %

mity plus hysteresis:

0,109 %
,365 %

fal uncertainty:

mity plus hysteresis plus repeatability, and

+0,390 %

Your = —1.9318+96.2884x+0.0427x2

(calculated relative to the best reference curve)
(calculated relative to the best working curve)

(coverage factor c =t 0,95 = 2,776)

(calculated relative to the\best reference curve)
(calculated relative to'the best working curve)

it is calculated with the best working curve of the second degree and the
actualkuncertainty zone)
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Figure C.3 — Deviation curves which are calculated relative
to relevant best reference lines of the' second degree
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Figure C.4 — Deviation curves which are calculated relative
to the working line of the second degree

c.2.3 Numerical example 3

The original data is the same as that in numerical example 1. In this example, the outputs of
the transducer remain unchanged, but the inputs (x) are amplified by a factor of 100. Suppose
the transducer has a working equation of the form: Y = x. That is to say that this transducer is
regarded as a transducer with a digital display.
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The calculation process is omitted for brevity. The calculation results are listed below. In this
case the full-span output is Y5 = 1000, a little different from that in numerical example 1, so
performance indicators have values which are also a little different from their

some
counte

Linear

&L= —

rparts in numerical example 1.
ity:

3,484 % (calculated in relation to the given working straight line)

¢ = +0,167 % (calculated in relation to the best reference straight line)

Hysteresis:
&y = 0,206 %
Linearjty plus hysteresis:
&Ly = 73,542 % (calculated in relation to the given working straight lin€)
¢LH = #0,239 % (calculated in relation to the best reference straight line)
Repeatability:
¢r = 0,825 % (coverage factor ¢ =t g5 = 2,776)
The total uncertainty: (conformity plus hysteresis plus repeatability)
&LHr =|—3,855 % (calculated with the given“straight line and the actual uncertainty zon
§|_HR)= +0,443 % (calculated with the-best reference straight line and the actual uncertainty
zone

The equation of the best reference straight line:

NOTE

Y =-2,4445+0,9672x

t is obviousithat, with ELHR = — 3,855 %, this transducer is not satisfactory as a digital indicator. K

with ELHR = +0,443"% which is calculated with the best reference straight line and the actual uncertainty

has the

botentiahto become a very good digital indicator, if the transducer has physical adjustment mean

owever,
zone, it
s, which

can be L1sed to-make the given straight line to become a best straight line.
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Annex D
(informative)

Examples for calculating transmitter individual

D.1 General principles of calculation

and combined performance indicators

The calculation of transmitter individual and combined performance indicators is the same as
that for transducers. The only difference lies in that the working straight line for transmitters is

given iradvarce:

D.2 |Numerical example

Table D.1 shows the original calibration data of a certain transmitter. The data, accor

our ingpection, are free from suspect and unreasonable data pointsOThe given

ding to
vorking

equatign is: 'Y = 2,0000 + 0,8000x. Calculate the individual and“Combined perfofmance
indicatprs of the transmitter.
Table D.1 — The original data obtained in the calibration
Transmitter output
Input
Trayel (y)
(x)
Y4 Y2 Y3 \ Ys
0,0 1,9995 1,9994 1,9996 1,9993 1,9p94
2,0 3,5966 3)5968 3,5963 3,5966 3,5p67
! 4,0 5,1942 5,1945 5,1941 5,1944 5,1p46
U 6,0 6,7957 6,7955 6,7953 6,7956 6,7p56
8,0 8,3995 8,3992 8,3993 8,3998 8,3p94
10,0 9,9987 9,9989 9,9986 9,9987 9,9p89
10,0 9,9995 9,9991 9,9993 9,9992 9,9p95
8,0 8,3996 8,4000 8,3995 8,3999 8,3p97
Down 6,0 6,7960 6,7962 6,7959 6,7963 6,7p62
1 4,0 5,1943 5,1947 5,1944 5,1946 5,1p48
2,0 3,5966 3,5969 3,5966 3,5967 3,5p68
0,0 1,9997 1,9996 1,9999 1,9997 1,9p95

D.3 Calculation results

The calculation process is omitted for brevity. The calculation results are listed below. The
deviation curves in this example are shown in Figure D.1 and Figure D.2.

Linearity:

&L

&L

—0,0692 % (calculated relative to the given working straight line)

10,0320 % (calculated relative to the best reference straight line)
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esis:

&, = 0,0072 %

Linearity plus hysteresis:

& .p = —0,0705 % (calculated relative to the given working straight line)

&Ly = ¥0,0334 % (calculated relative to the best reference straight line)

Repea

The to

SLHR

SLHR =

The eq

NOTE

that cald
straight

ability:

¢r = 0,0080 % (coverage factor ¢ =ty g5 = 2,776)

tal uncertainty (conformity plus hysteresis plus repeatability)t
= —0,0777 % (calculated with the given straight line and the actual uncertainty

+0,0401 % (calculated with the best reference straight line and the actual unce
zone)

uation of the best reference straight line:

Y =1,9969+0,8000x

t is evident that the total uncertainty calculated with the best reference straight line is much be
ulated with the given working straight)line. If the transmitter has physical adjustment means, t
ine can be made to become a best, straight line.

A

zone)

rtainty

fter than
he given

A —————
m‘"‘\_ 10 20 3 40 5 a0 70 g0 =————gn——H |

.
\ CH —_] &L__ CH
-y
[~ :
] T CHR ™|

C — Conformity; CH — Conformity plus Hysteresis

CHR —

Conformity plus Hysteresis plus Repeatability

Figure D.1 — Deviation curves which are calculated relative
to the given working straight line
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