Memponozia, ingpopmayiitno-eumiprosansui mexnonozii ma cucmemu

UDC 621.317.44
O. Degtiarov, O. Zaporozhets, R. Alrawashdeh

DOI: 10.30748/501.2018.155.14

Kharkiv National University of Radio Electronics, Kharkiv

ESTIMATION OF UNCERTAINTY MEASUREMENT OF PARAMETERS
OF THE EXTERNAL MAGNETIC FIELD OF TECHNICAL MEANS

A methodology for estimating the uncertainty of indirect measurements of the magnitude of the magnetic mo-

ment created by an external magnetic field of a technical device is proposed. Previously, to estimate the measured
value, direct, multiple measurements of the useful signal were performed. The measurements were performed at

eight points with different coordinates. An induction type sensor was used for the measurements. Direct measure-

ments were also made of the distance from the geometric center of the magnetic field source under investigation to

the sensor. Model equation is completed. The specification of measurements is made. An uncertainty budget for
measuring the magnetic moment has been compiled. Found the total uncertainty of measuring the magnetic moment.

Extended uncertainty found.

Keywords: measurement uncertainty, indirect measurement, magnetic moment, induction sensor, uncertainty

budget.

Introduction

Problem statement. Magnetic measurements are
widely used in many branches of engineering and sci-
ence. The scope of their application is constantly ex-
panding. An important place among magnetic meas-
urements is taken by measuring the magnetic moment of
a technical device — the source of a magnetic field. Ac-
cording to regulatory documents, the parameters that are
subject to control for sources of an external magnetic
field are the magnitudes of their magnetic moments.

The magnetic moment (M, A-mz) is a cumulative

characteristic of the external magnetic field of a techni-
cal object. Through this parameter, you can determine
the field strength at any point in space, the structure and
spatial configuration of the magnetic field of a technical
tool [1]. Magnetic moment measurements are in demand
in the field of electric power industry, design, develop-
ment and operation of electrical machines and appara-
tus, space research, navigation, military affairs, electro-
magnetic compatibility, etc. To solve a number of tasks
in these areas of technology, there is a need to improve
metrological assurance magnetic measurement. This
includes analytical modeling of the field, development
of more accuracy measurement methods, processing of
results and their presentation through uncertainty pa-
rameters in accordance with international requirements.

The analysis of recent researches and publica-
tions. Works [2-3] give general recommendations for
the estimation of uncertainty of indirect measurements,
but there is no complete scientific methodology for es-
timating the uncertainty of the measurement of the
magnetic moment.

In the work [4] it was shown that the application of
point methods, which use inductive sensors as primary

measuring transducers, greatly simplifies the implemen-
tation of measuring systems. This gives them the prop-
erty of mobility, which allows the use of such devices
for monitoring the level of the magnetic field in indus-
trial conditions and on stationary magnetometric stands.
The methodical errors are defined in the work, but there
is no definition of uncertainty of measurements.

In [5-6], the character of the distribution of a mag-
netic field is studied. The necessity of improvement of
metrological characteristics, applied measuring instru-
ments is established. In [7], it was shown that the devel-
opment of measurement systems of magnetic parame-
ters is important for increasing the accuracy of the
measurement. Alternative methods for measuring mag-
netic moment are proposed in [8], but there are certain
limitations of the application of these methods for mag-
netic field sources of various sizes and non-rendered
data on uncertainty of measurements.

The disadvantage of the model of the measuring
system proposed in [9], on the basis of which the means
of measuring magnetic quantities are developed, is the
lack of estimation of uncertainty of measurements. In
[10], the methodology for estimating the uncertainty of
measurements of type A and type B is not detailed.

Thus, it is necessary to solve interconnected tasks
for the creation of high-precision methods for measur-
ing magnetic quantities, as well as developing a meth-
odology for estimating the uncertainty of these meas-
urements.

Purpose of the article. The purpose of the article
is the development and improvement of metrological
assurance of magnetic measurements. This includes
developing:

— more accuracy methods for measuring the mag-
netic moment;
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— development of a methodology for estimating the
uncertainty of point measurement methods.

This will facilitate the comparison of measurement
results and harmonization of regulations in the field of
magnetic measurements at the international level.

Exposition of basic material

Method of measuring magnetic moment. The
magnetic field of the source in the space, where the cur-
rent density is zero and rotH = 0, can be described by
scalar magnetic potential U . In this case, the vector of

the intensity of the magnetic field H = —grad U . Mag-

netic potential U is the solution of the Laplace equation

vViu=0 [4]. The components of the magnetic field
strength are determined by differentiating the magnetic
potential by the current coordinates. The magnetic po-
tential of the field source can be described by a spheri-
cal harmonic Gaussian series (1) in the form of the sum
of multipoles of the spatial harmonics of a dipole, quad-
rupole, octupole, etc. constituents:

1 1 & .
U= I > T > (gnm cosme+hy, sinme)-
n=1 m=0
Py’ (cos6), )

where R, @, 6 — spherical coordinates of the observa-
tion point;

gam » ham — coefficients of a series that determine
the magnitudes of zonal, axial and sectoral harmonics of
multipole magnetic moments, [ A-m" ! J;

n — the ordinal number of the spatial harmonic of
the magnetic field of the Gaussian series;

m — the ordinal number of the n-th harmonic
elementary multipole;

P (cos0) — attached Legendre functions.

The components of the magnetic field strength are
differentiated by the potential from the expression (1)
by coordinates R,¢,0. For example, the axial compo-
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The essence of the proposed method is as follows.
It is proposed by the induction sensor at the points of

2

the equatorial plane 0 =90° with the value of the angu-
o; =(2i-145", ¢ =(2k-9)45,

i=1.4, k=5.8 to measure of the useful signal

lar coordinates

E;, mV, which induced by the magnetic field intensity
(2). The resulting signal is equal to
8 4 E1-(-D)" Ry /R’ -1
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From expression (3) it turns out that the measur-
able useful signal corresponding to the axial magnetic
moment is determined by the expression:

(€))

E, ~Ey =20 @
k¢R

From expression (4) it turns out that the axial mag-
netic moment of the source of the magnetic field is equal
E, kR’

PR (%)

Expression (5) is an equation for measuring the ax-
ial magnetic moment, that is, the model equation.

The estimation method of uncertainty of dots-
methods of measurements of magnetic momentum.
We define the standard and extended uncertainty of
measuring the axial dipole magnetic moment. We will
do this for the developed method — the method of eight
points [4]. Preliminarily performed direct multiple
measurements of the useful signal (U, mV) (tabl. 1)
and distances (R, m) from the geometric center of the
source of the external magnetic field to the primary
transducer (tabl. 2).

M=gjg =

nent:
Table 1
Results of direct repeated observations of the useful signal, mV
20,23 20,23 20,21 20,23 20,22 20,23 20,21 20,20
20,24 20,22 20,23 20,22 20,23 20,23 20,22 20,22
20,20 20,23 20,22 20,21 20,23 20,22 20,23 20,23
Table 2

Results of direct multiple observations of the distance

(the geometric center of the source of the external magnetic field to the primary measuring transducer), mm

250 249 250 250 251 250 250 250
250 250 250 250 250 250 250 250
249 251 250 250 250 250 250 250
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Coarse errors and errors were excluded from the
number of observations and corrections were made for
known systematic effects.

1. We make the specification of measurements [2;
11]:

a) measurement conditions: normal laboratory;

b) analysis of technical characteristics.

A «UT 632» digital voltmeter is used to measure
the useful signal.

To measure the distance (transducer), a 1000 mm
measuring line is used (JICTY T'OCT 427: 2009).

The primary measuring transducer is an inductive

transducer (conversion factor ky =6+ 107 A/mV);

c¢) make a model equation
M =0.125-k¢ R34 - Uppg - (6)

d) correlation: none of the input values is consid-
ered correlated with the others to any significant degree.
2. We define the arithmetic average of the results
of repeated observations of the useful signal by the for-
mula
_ 124,
Uind = 2—2 Uind i= 20.22 mV .
i=1
Determine the standard deviation of observations
of the useful signal by the formula

5(Ujng ) =0.01mV

and standard uncertainty of evaluation of the measure-
ment result of the useful signal by the formula

s(Uig) = 001 _ 5002 mv.

NeT

3. We define the arithmetic average of the results
of repeated observations of the distance from the geo-
metric center of the source of the external magnetic
field to the primary measuring transducer

24
Rind = %zRind i = 250mm .
i=l
Determine the standard deviation of observations
of the distance from the geometric center of the source
of the external magnetic field to the primary measuring
transducer

s(Rjyq) = 0.29 mm

and standard uncertainty of measurement of the distance
from the geometric center of the source of the external
magnetic field to the primary measuring transducer

s(Ripg) = 929 _ 0,059 mm .

\24
4. Find the standard uncertainties of the other es-
timates of the input values for type B.
Assuming that within the limits of error, the errors are
uniform distributed, we find

u(ky) _0001_fyoe A

NE) m-V
5. We define the values of the sensitivity coeffi-
cients as partial derivatives of the model equation (6)
with respect to the input values in accordance with the
expression (7)

oot
boox;

1

; @)

- aXl X1,X2,.- X
0 o] Am?
¢(Ujpg) =0.125k(R” = 0012
¢(Ripg) = 0.375k,UR? = 0.003Am;
o(ky) = %1?\7 =3.9-107 Vm®.

We draw up a budget of uncertainty (tabl. 3).

Table 3
The budget of the uncertainty of measuring the magnetic moment
Distribution
. . Number of of the o Contribution
Input Estimated input Standgrd degrees of | probability of Sensm\./lty of uncertainty,
value value uncertainty . coefficient
freedom the input A-m2
value
: 2
Uing 2022 mV 0,002 mV 23 Normal dis- ) - o, Am® 2,4-1077
tribution vV
Normal dis-
R; 1077
ind 500 mm 0,18 mm 23 tribution 0.003 Am 5,4-10
A 4 A uniform dis-
k — 6-107" — 1074 vm’ 1077
£ — p— © tribution 0.3-107" Vm 0.18-10
M 2310 A-m? | 1.97-1077 Am? - - - -
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6. Find the total uncertainty estimates of the axial ud
magnetic moment. In view of the nonlinearity of the Veff = m4—c4 =
model, the total uncertainty is found taking into account Z&
the higher members of the Taylor series by the formula =1 Vi

4
3 22 3 1 aZf — uC 7 —
u.(M,)= ciu(x;)+ — + — —\4 — —\4 A
e (M) E i) iél 2| ox;0x; (@e@)! (u@®e®)" | (utkp)etkp))
’ + +
Vi Vi o0
5 1/2
3 4
LI e TN T = 1,97-107
2 1 J
aXi aXIaXJ = — — — — ~23.
(w(@)e(D) +(u®)e(®))*
= [02 (Vina )uz (Ving) + o? (Ring )u2 (Ring) + 9. Find extended uncertainty
. . _ oy -7 _
5 5 5 112 =2.07-1.97-107 =410 Am?
o*M o*M o*M
+l [ z ] J{ z J J{ z ] + - 10. Write the measurement result in the form
3 5 3
2(Lov oR okf M =(0.230%0.001)mA -m?, p=0.95 .

=7 2 R
=1.97-10 " Am™. Conclusion
7. Find an estimate of the measured value.

In view of the non-linearity of the model, the as-
sessment of the measured value is made by the formula

1. A methodology for estimating the uncertainty of
the eight-point method for measuring the axial dipole

(8): magnetic moment is proposed. The proposed approach
n can be applied in estimating the uncertainty of the exist-
M= 1 z f(U,Ry )= ing and developed point methods for measuring the di-

| pole magnetic moment.
24 . ) 2. The results obtained facilitate the comparison of
=£kz:,lf(U1,k:R1,k) =23-10 "A-m~. (8)  measurement results and the harmonization of regula-

tory documents in the field of magnetic measurements
at the international level.

k= 1t0.95(Ver) - 3. The results of the work contribute to the intro-
Effective number of degrees of freedom duction of the concept of uncertainty in the domestic
metrological practice.

8. Calculate the coverage ratio as follows [12]:
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OUIHKA HEBUSHAYEHOCTI BUMIPIOBAHb
NMAPAMETPIB 30BHILLHbOIO MArHITHOIro nond TEXHIYHMX 3ACOBIB

O.B. JlertsaproB, O.B. 3amopoxeiis, Paki AnmbpaBamnigex

Mema pobomu — po36umox i 600CKOHANEHHS MEMPONOIUHO20 3a0e3neyeHHs MAeHIMHUX suMiptosans. Lle sxarouae 6 cebe
CMBOpeHHs OiNblt MOYHUX MeMOOi6 SUMIPIOBAHHS MASHIMHO20 MOMEHIMY, CEOPEHO20 306HIUHIM MACHIMHUM NOTEM MEXHIYHO20
3aco6y i po3podKy Memooon02ii OYiHIOBAHHA HeBUSHAUEHOCTI MOYKOBUX MemO0i6 BUMIPIO8AHL MACHIMHO20 MOMEHMY. 3anpono-
HOBAHO MemOoO0N02iI0 OYIHKU HEGUSHAYEHOCTI ONOCepeOKOBAHUX GUMIDIOBAHL GENUUUHU MASHIMHO20 MOMEHMY, CMEOPEHO20
306HIWHIM MASHIMHUM NOJeM MeXHiuH020 3acody. OyiHKka cmanoapmuoi i po3uwuperoi HeU3HAYEeHOCME GUKOHYBANACS O MOY-
K06020 Memooy GUMIPIOBAHHS OUNOTLHO20 MACHIMHO20 MOMEHNY, CMBOPEHO20 306HIUHIM MACHIMHUM NOJEM MEXHIYHO20 3aCO-
6y. danuii memoo GUMIpi08antsa npunycKac GUKOPUCMAHHA 8 AKOCMI NEPEUHHUX SUMIPIOBATLHUX NePemEopIosayie iHOYKYIUHUX
oamuuxie. Jlamuux po3smauwiogyemovcs 6 60CbMi KOHMPOIbHUX MOYKAX 3 3a0anumu Koopounamamu. Ilonepeduvo, ona oyinku
BUMIPIOBAHOI 6enuUUUHY OYIU BUKOHAHI Npami, 0a2amopaszosi UMIPIO8AHHA KOPUCHO20 cucHany. Taxooc 6yau UKOHaHi npami
BUMIDIOBAHHS 8I0CMAHT 810 2e0MEMPUYHO20 YEeHMPY 00CTIONHCYBAHO20 0XHCepend MASHIMHO20 oA 00 damuuKa. 3 yucia cnocme-
pedicelb OV GUKIIOYEHT 2pyOi nOXUOKY | NPOMaxu i 6HeceHi Nonpasku Ha 6ioomi cucmemamuyti eghpexmu. CK1adeHo mooenvHe
pisuanna. Kopenayia: swcoona ix exiOHUX eeaudun He po32isioaembCsl KOPEIAMUSHOIO 3 THWMUMU 8 AKUL-He0YOb 3HAYMIU Mipi.
Crnaodeno 6100cem HegU3HAUEHOCNE GUMIPIOBANHS MACHIMHO20 MOMEHMY. 3HAUIOEHO CYMAPHY HEEUSHAYEHICIb OYiHKU MACHIM-
HO20 MOMeHmY. 3 npudUnYU HeNiHIUHOCMI MOOeNi, CYMAPHY HeBUSHAYEHICMb 8U3HAYEHO 3 YPAXYeaHHAM euwux unenie paoy Teii-
a0pa. 3naiioeno cmanoapmuy HeGU3HAYeHiCMb ONOCEPeOKOBAHUX GUMIPIOGaHD. 3Hatidena po3uiupena HegusHnayenicms. 3anpo-
NOHOBAHULL NIOXIO MOdHce 6YMU 3acmMOCco8aHUll NPU OYIHYI HEBUSHAUEHOCMI ICHYIOUUX | PO3POOTIOBANHUX MOYKOBUX MEMOOi8 GUMi-
PIOBAHHA OUNONBLHO2O MacHIMHO20 Momenmy. Ompumani pe3yrbmamu CHPUsIOMb NOPIGHAHHI pe3Vabmamie UMIPIO8aHb i
2apPMOHI3AYI] HOPMAMUBHUX OOKYMEHMIE 8 001acmi MASHIMHUX SUMIDIOBAHbL HA MINCHAPOOHOMY pigHi. Peszynomamu pobomu
CRPUAIOMb BNPOBAOICEHNIO KOHYenYii HegUHAYeHOCI 8 BIMYUZHAHY MEMPON02IYHY NPAKMUKY.

Knrouosi cnosa: nesusnauenicmo 6UMIDIOBAHHS, HENPAMI GUMIPIOGAHHS, MASHIMHUL MOMeHM, THOYKYIUHUL 0amyuk, 0io-
0dicem HeBUHAYEeHOCMI.

OLIEHKA HEOMPEOENEHHOCTU U3MEPEHUN
NAPAMETPOB BHELUHEIO MATHUTHOI'O NonsA TEXHUWYECKUX CPEACTB

A.B [lertsipes, O.B. 3anopoxen, Paku AnbpaBarmigex

Ipeonoscena memodono2us OYeHKU HeONPEOCACHHOCMU KOCEGCHHBIX USMEPEHULL 6CIUYUHbL MASHUMHO20 MOMEHMA, CO30AH-
HO20 GHEUHUM MASHUMHbIM NOJLeM MEXHU4ecko2o cpeocmea. IlpedsapumenvHo, 0N OYEeHKU USMEPAEMOU 6eIUYUHbL ObLIU Gbl-
NOIHEHbL NPAMbLE, MHO2OKPANHbIE USMEDEHUs NOAE3H020 CusHana. Mzmepenus GbInOIHeHbL 8 80CbMU MOUKAX C PAZHBIMU KOOD-
Oounamamu. [ usMepenull UCNOIb308aK OAMUUK UHOYKYUOHHO20 muna. Taxoice ObLiu 8bINOIHEHbL NPAMbBLE USMEPEHUSL PAC-
CMOSIHUSL OM 2e0MEMPUUECKO20 YEHMPA UCCAeOYEMO20 UCMOYHUKA MASHUMHO20 nois 00 damuuxa. CocmaeneHo mooenbHoe
ypasnenue. Cocmasnena cneyugpurxayus usmeperui. Cocmaegnern 6100cem HeonpedeneHHOCu USMEPEHUs MASHUNHO20 MOMEH-
ma. Haiidena cymmapnas HeonpedeieHHocmy usmMeperus MazHumno2o momenma. Hatioena pacuupennas neonpedenennocme.

Knrouesvle cnosa: neonpedeniennocms usmMepenus, KOC6CHHbLE USMEPEHUS, MASHUMHBLIL MOMEHNM, UHOYKYUOHHBLU OQMYUK,
61000icem HeonpedeleHHOCIU.
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