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Abstract

The study has been conducted in the field of improving the metrological support in measuring the magnetic quantities
by developing a method and an instrument for measuring the magnitudes of dipole magnetic moments (Am?) and the
strength of the low-frequency (50—1000 Hz) magnetic field of the source. A measurement method has been developed that
refers to induction, namely the so-called point measurement methods, which involves the use of # primary measuring trans-
ducer s located at certain points in the space around the object under consideration.

The method is based on the analysis of multipole representation of the magnetic field and the use of twelve induction
sensors placed on the equatorial plane and cylindrical surface. This allows excluding the influence of higher-order harmonics
and reducing the methodological error of measurements.

A system of sensors has been proposed, which are located at points with given linear-angular coordinates and connected
in a certain way. In addition, a structural diagram of the measuring system has been proposed. Analytical expressions
for the measured parameters — the component of the dipole magnetic moment M,, M,, M. — have been obtained.
The methodological error has been analysed, and it has been proved that the proposed method provides measurement accuracy
within 0.1-5.2% at a distance of 1.5...4 of overall dimensions of the source. The errors associated with the inaccuracy of
positioning of the sensors have also been analysed.

The proposed method, as well as the instrument for measuring the low-frequency magnetic field parameters, are
practically intended for measuring external magnetic field parameters, such as magnetic dipole moments and magnetic field
strength, which is necessary for monitoring and addressing certain scientific and technological problems in various areas.
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Introduction

There are many areas of science and technology
that require measurements of magnetic quantities,
and thus require modern metrological support as
well as its improvement. The main parameters of
the external magnetic field of an object primarily
include the magnetic field strength (H, A/m), which
characterizes the field at a certain point in space, and
the magnetic dipole moment (M, A'm?). According
to DSTU ISO 80000-6:2016 “Quantities and units.
Part 6: Electromagnetic quantities”, the magnetic
dipole moment is a physical quantity that characterizes
magnetic properties of an object and determines the
strength and direction of the magnetic field genera-
ted by this object at long distances.

Measurements of the magnetic dipole moment
are crucial in certain fields of science and technology.

© HHIL «Inctutyr merpoJorii», 2025

For example, the magnetic dipole moment of a space
satellite is a critical parameter affecting its interaction
with the Earth’s magnetic field, influencing the
orientation and stability control.

It is essential that the magnetic dipole moments of
satellites may vary depending on their design, materials,
and mission requirements (0.1—100 A-m?) [1]. Accurate
characterization and control of these moments is
critical to the mission success, as unintended magnetic
interactions can cause perturbations in the satellite
orientation and trajectory.

Ukrainian metrological support in this field of
measurements needs some improvement, especially in
terms of procedures of measuring the magnetic moment
and the reference base of measurement standards in
this field. For some time, DSTU GOST 8.030:2009
was in force, which determined the primary standard
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Table 1

Characteristics of point and integral methods

Characteristic

Contour system

Point sensor system

Principle of operation

Integral measurement through flow
change

Local measurements at specific
points

* large objects,

* local objects,
» measurement of the magnetic

Scope * global measurements moment of small objects,
* detailed scanning
Sensitivity High with large field changes High, but depends on the accuracy of

the sensors

Components of magnetic
moment

One winding measures one component
either M, or M, or M,

The system measures three
components M, M, M,

Order of magnetic moment

Dipole component. Measuring the
quadrupole component requires
differential loop windings and signal
processing techniques

Dipole component, quadrupole
component

Data processing complexity

Relatively simple

Requires complex data processing

Localization accuracy

Low (does not provide spatial
information)

High (can obtain 3D field
distribution)

Features

* high sensitivity to changes in the
magnetic moment,

* monitoring of dynamic changes in the
magnetic field,

* possibility to control large objects

» flexibility in sensor placement and
the ability to measure under difficult
conditions,

» the ability to obtain a detailed spatial
structure of the magnetic field

High requirements for the accuracy of
geometric contour parameters

Requires calibration of each sensor

of the magnetic moment, the verification scheme, and
methods of the unit transfer. Methods with an error of
up to 10% were used to measure the magnetic moment.

In the practice of measuring dipole magnetic
moments, inductive methods have become widely
used. This is due to the linearity of transfer function
over a wide measurement range, high stability of
characteristics, and low temperature error in the wide
frequency range. Inductive methods are divided into
point and integral methods. Point methods involve the
use of a system of spatially distributed sensors around
the object under consideration. The application of
integral methods is associated with the use of contour
measurement windings as primary converters of the
magnetic field into an electrical signal, which enclose
the source of the magnetic field. Integral (contour
systems) and point methods have significant differences
in their principles of operation, technical characteristics,
and areas of application (Table 1).

Relevant issues include the assessment and
improvement of the accuracy of methods for measuring
the dipole magnetic moment. In [1], which highlights
the issue of increasing the accuracy of measurements
of the magnetic moment of small-sized satellites, a

methodological error of 2% and a general standard error
of 13% are specified. In [2], the errors of measurement
results for the dipole magnetic functional elements of
the satellite were estimated, but the methodological
error and its definition are not specified.

In [3], a measurement method and methodological
error of 4% are proposed, and the method is
applied only to coil-type objects and requires three
measurements. In [4], two methods of measurement
are proposed, but for an object of a disk geometric
shape. In [5], the light is shed on the procedure of
evaluating the uncertainties of the magnetic moment,
and the relevance of improving the metrological
support in this field of measurements is confirmed.

The purpose of this paper is to develop a method
of measuring the magnetic dipole moment, to increase
the accuracy of measurements, to develop a procedure
for the determination of methodological errors and to
contribute to the development of national metrological
support in this field.

Theoretical relationships
Let us consider the analytical representation of
the external magnetic field as the theoretical basis of
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Fig. 1. Model of an eccentric inclined magnetic dipole

the method under development. The external magnetic
fields of the currents at distances that are significant
compared to the overall dimensions of the source
have a dipole character. The model of an eccentric
inclined magnetic dipole is used, which is theoretically
substantiated in [6, 7] for the external magnetic field
of an object that has electro-radio equipment and was
practically used in [8]. The full magnetic potential of
such a source is described by expression (1):
U= M ,
4mr
where M is the magnetic moment of the external
magnetic field source: M =7 My +j M, +k M;
7 is the radius vector from the dipole moment to
the point of observation (Fig. 1).
Expression (1) is described in the Cartesian
coordinate system by a mathematical expression (2):

Mx(x—x0)+My (y—y0)+MZ (z—zo)

4n[(x—x0)2+(y—y0)2+(z—zo)2}%’

where x, =R, cos@,sin8,, y,=R;sin@,sinY,

hll

ey

U:

Zy=R,c088); x=Rcospsind, y=Rsingsin9,
z=Rcos9.

We expand expression (1) into a series by spherical
functions and, after appropriate transformations,

represent expression (3) in the form of a sum of spatial
harmonics:

© ntl
U= 41712[3 " (gun cOSMQ+h,, sinm@) P (cos6),(3)

n=l1 m=0

where R, @, 0 are coordinates; g,,, 4., are constant
coefficients of the series, equal to the multipole magnetic

moments; P (cos 9) are Legendre polynomials; # is
a serial number of the multipole; m is a serial number
of an elementary multipole of the n-th order.

Development of a measurement method

The principle underlying the proposed mea-
surement method is based on the use of a certain
number n of primary measuring transducers of the
induction type distributed in the space around the
source under consideration of the magnetic field in
certain coordinates. The primary measuring transducers
are connected in a certain way, which is mentioned
next. The technological performance of the sensors is
of no fundamental importance.

Let us consider the implementation of the method
of measuring the magnetic dipole moments. This
involves the creation of a stationary magnetometric
stand. Such a device is made of eight three-component
and four one-component sensors (Fig. 2, Fig. 3).

Fig. 2. Layout of primary measuring transducers
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Fig. 3. Connection diagrams of sensors of measuring channels X(a), Y(b), Z(c)

Three-component sensors 1—8 are located on
a cylindrical surface of radius R, four in two =7
planes. Single-component sensors 9—12 are located
uniformly on a circle of radius R, in the equatorial
plane XOY(Z=0).

The magnetic axes of the three-component sensors
are oriented along the directions X, Y, Z, and the
magnetic axes of the single-component sensors 9—12
are oriented along the coordinate direction Z and are
parallel to the measured components M., M,, M. of
the dipole magnetic moment.

To find the values M,, M,, M., the magnetic po-
tential (1) is written down, which characterizes the
external magnetic field of the source, in the cylindrical
coordinate system:
2R*-Z*

1 Rz

Hy

3 2 R(R* -42%)

o0

T

n
— Z (gnm cosme+

n=l1 (R2 + 22 )T m=0 @)

z
VR? + 22 .

The components of the magnetic field strength in
the cylindrical coordinate system are the differentiation
of the magnetic potential by coordinates R, @, z:

b=V g~ 0U g oU
OR Rdp Oz

For practical analysis, it is sufficient to limit the

series to n = 3. The radial component will be equal to:

+hyy sinme) By’

2 2
z(4R" -z )-I-

[3g ﬁ"‘(gn cosQ+ Sin(P)

4n (R2+z )

2 A2
+3(g,, €082+ /1y, sin 2@)M—§

Rz(SR*>-22%)

4—15(g32 CoS 2+ hy, sin 2(p) (R2 2)
+z

(R+2)" 2 (R2+22)

2 42
: . Rz(3R 492 ) 3
(R2+22)/2 2 (R2+Zz)/2 2

0% +15(g55 €08 3¢+ Ay sin3¢)

+3( gy COSQ+ Iy sin @) (R2 o )%

27R*z* —4(R* + ) N
9,
(R2 +272 )A

+=( g3 cos @+ sin )

2
R@AR-329, o (5)
(R +22 )4
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The tangent component of the magnetic strength is determined by the expression:

1 .
H, :%[(gn sinQ—/y, COS(P)

1 . z . R
W—H(gﬂ sinQ—h,, COS@)W-I- 6(g22 sin2¢—h,, cosZ(p)——

(R +2?) (R*+2?) R+2)
(6)
3 . R*—47° . Rz . 2
—E(g31 51n([>—}131c0scp>)—7/2+30(g32 sin2¢ -/, cos2(p)—%+45(g33 8in 3¢ — /5 c0s 30) g
(R2+22) (R2+22) (R2+zz)
The axial component of the external magnetic field strength has the form:
1 R*-27° . 3 z(3R*-27%) . \R(R*-47%)
H, Z_[_g10—+3(g11COS(P*'}ﬁlsm(P) —5 8 —3(g21C0S(p+h2151n(p)—+
T (R ) (R2+2) 277 (R2+22) (R?+22)"
2 2/p2 Q.2 4 2 4.2
4—15(g22 cos2Q+hy, sin2(p)L%+%g30 3R(R" 8z )%+8z —I?S(g31 cosQ+ /1, sjn(p)RZGR—{Z)_
(RZ-I-ZZ) (R2+zz) (R2+22)
20p2 g2 3
—15( g5, €08 20+ Iy, sin2(p)R(}2—6;)+105(g33 cos 3@+, sin30) Rz 5+t (7)
(R2+22) (R2+22)

Measuring channel X. Sensors Ix—8x of this
channel are connected, as follows from Fig. 3(a),
electrically in series, respectively.

The magnetic axes of coils 1x, 3x and 5x, 7x are
radial, and coils 2x, 4x and 6x, 8x are tangential to
a circle of radius R. Therefore, the magnetic axes
of these coils are exposed to the radial (5) and
tangential (6) components of the source magnetic field,
respectively, as well as the magnetic field of external

in direction with the components of the magnetic field
in coils 1x, 4x, 5x, 8x and is opposite to them in coils
2x, 3x, 6x, 7x. Therefore, the total magnetic field,
which the magnetic axes x of the coils are exposed to,
is equal to the sum of the magnetic field component
and the magnetic field of external sources for coils 1x,
4x, 5x, 8x and the difference of these fields for coils
2x, 3x, 6x, 7x.

The resulting electrical signal of the X channel is

sources, which will interfere. This field coincides equal in total to:
1 . ) .
E,=— 2(H +H -H -H =
T L N e L
¢=0 ¢=90 ¢=180 ¢=270
tz tz tz *z
1 R2 R2 2 _R2
- D2 30y 2 S e ®
f (R2+22)2 (R2+22)2
8

+Z(—1)i+1H,~x] =Eq+Eg3+...+AE,,

i=1

where E,; is a useful signal of the first harmonic,
proportional to g,; Ey3 is the third harmonic inter-

ference signal proportional to the coefficients g;;, g;3;

8
: 1 j . .
AE, :k—Z(—l)lHH,-x is the interference created
i=l1 .
by the magnetic field H, of external sources.
It can be seen from expression (8) that the sig-
nal Ex does not contain interference generated

by even harmonics. Third harmonic interference is
excluded from the measurement result at 6z2= R?,
i.e. when z=\/1/_6-R the interference signal is close
to zero. In this case, the expression for the resulting
signal has the form:
By =8.16-81 . +AE,,
k fR3

whence the magnitude of the magnetic dipole mo-
ment M, =0.12Ek R’.
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Fig. 4. Switching schemes of primary measuring transducers

The sensitivity of the measuring channel X is equal
816 mV
k, ~mOe’
factor of a certain sensor.
Similar actions and transformations will be done

for channels Y, Z. As a result, the following is obtained:

to Sy, where k. is the conversion

8.16 mV
for channel ¥: M, :O.12EykfR3, Shy ZT 00"
for channel Z2 M, =0.23EzkfR3, Sy =£ , mV .

kf mOe

The conducted analysis has shown that the
proposed solution with placement of sensors in the
equatorial plane and on the cylindrical surface excludes
the influence of higher-order multipoles, including
the fifth harmonic, on the accuracy of measuring the
magnetic dipole moments.

The primary measuring transducers of the
developed measuring instrument are located at specified
points and data from them are sent sequentially in time
to the measuring channel, where they are converted,
measured, processed and displayed or memorized.
Sensors are connected to the measuring channel
using system switches (SS) (Fig. 4). The survey is

implemented using a system switch, which is managed
by a microcontroller using the appropriate software.

When constructing the structural diagram of
the developed measuring instrument, the functional
composition of the microcontroller should be taken
into account, as well as the features of the inclusion
of measuring converters that ensure the performance of
the functions of measurement conversion, measurement
itself and information conversion. Taking into account
the above and the scheme in Fig. 4, the structural
diagram of the designed measuring instrument can be
presented in the form of Fig. 5.

Measurements of dipole moments by point
magnetometric devices are associated with a metho-
dological error caused by spatial harmonics — higher-
order multipoles of the external magnetic field under
consideration. Therefore, the estimation of the error
of the method of measuring dipole moments will be
considered. In accordance with expressions (4—7):

5= a 100%, ©)
H

where H (n=3,5,...) isln—th harmonic magnetic field
strength; H, = M/(2rR*) is the magnetic field strength
of the first harmonic, proportional to the measured
dipole moment M.

Channel Svst
Sensors % ye telln Input Attenpa- Amplifier Micro- Display
XYz switeh divider tor controller module
X X
v
Reference IR
O Exit 1t Peuphe!al
voltage communica-
SOurce tion module
Fig. 5. Structural diagram of the developed measurement instrument
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Fig. 6. Dependence & = f(R/L) for channels X, Y (a) and channel Z (b) of the device

For a measuring device whose sensors are located
on a cylindrical surface (Fig. 2), the methodological
error of measuring magnetic dipole moments M,, M,
will be determined by the ratios:

-2

5, =310 +(15g5, +1122g, +61548g,5)-100%,
81

o 31072 15h,, —1122h., +61548h..)-100%

y = h“R( 51 53+ 55)' 0.

Taking into account (9) and the value of the
coefficients of the fifth harmonic, the methodological
error will be equal to:

4 L 4
8, =0.2606k,, [Rj -100%, 6 =0.266k,, (Rj -100%, (10)
where k,, is a similarity coefficient for electrical
devices of general industrial design containing first-
order power circuits, 0 <k, <2; L, ., are overall
dimensions of the external magnetic field source in
the orthogonal directions X, Y, Z.

When measuring the dipole moment M., the
methodological error &, for three options for the
location of the z-th coils will be determined by the
following expressions:

for coils 1z—12z at z=,/1/6R and R,=131R

102
5, = —M-IOO%;
&io
for coils 1z—8zat z, =0.361R §,, = —%100%;

R'g

for coils 1z—12z at z =0.3R and R,=1.373R

5, = 220850 100v,
Rgy,
The methodological error of the M. measurement
will accordingly be equal to:

>a|h

4
5,. =0.43k,, (%) =2.7-102k,, (

j 00%

4
622=1.31kM£Z—1§J =82-102k,, [ ) 100%,

w|t~

4
8, =2.32k,, [%} =14.5-102k,,

VR

ij -100%,
R

from where it is clear that 65, >9,, >9,,.
Fig. 6 shows the dependences of

8,=8,=f(R/L,) (a) and &, =f(R/L.) (b),

from which it follows that at a distance of 1.5...4
dimensions L of the magnetic field source, the
maximum error value is 5.2...0.1% under £, = 1.
This is less than the methodological error of the
known magnetometric method using four sensors
(DSTU GOST 8.030) by 1.2...7 times.

It is also crucial to consider the estimation of
positioning errors of sensors both in angular and
linear coordinates, since they can significantly affect
the accuracy of measurements. The inaccuracy of
installing sensors in given coordinates on the values
AR=Az, Ap=AB=Aa in a given coordinate sys-
tem leads to the occurrence of a random linear-
angular error in measuring the dipole moments of
the magnetic field sources, the value of which is
determined by the formula:

where AE; is an absolute error of the signal measure-
ment by the i-th sensor; E; is an effective value of
the useful signal in the i-th sensor.

Taking into account expression (8), the expres-
sions for the useful signal, the final expressions for
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Table 2
Calculated values of the linear-angular error o, %
R/L
Sensor location
1.5 2.0 2.5 3.0 3.5 4.0
Equatorial plane 1.23 1.00 0.86 0.76 0.70 0.65
Spherical surface 0.51 0.41 0.35 0.31 0.28 0.26
Cylindrical surface 0.18 0.15 0.13 0.12 0.11 0.10

estimating the linear-angular error of measuring the
magnetic moment M, (i = x, y, z) of the field source
with the overall size L, in the corresponding coordi-
nate direction by the developed devices, have the form:

1 AR ., Aa .
G‘(y)_5\/5(2R+4Sm22J'100A) (Z:\/l/_6-R)’

6, = 7AR+3sin2A2“]-100% (z=\1/6-R; R=1.31R),

2:5\5[ R

1 (AR ., A«
GZ 25\/§[9R+4SIH2 2}'100% (21:0.361R),

- =23§(9A:+4sin2 A;"J-loo% (z,=0.3R: R=1373R).

Table 2 shows the calculated values of the linear-
angular component of the measurement error of
the dipole magnetic moment of a field source with
a linear overall size L=0.6m at different ratios
R/L(AR=3mm, Aa=3°).

When assessing the overall accuracy of mag-
netic moment measurements, it should be taken into
account that measurements are often performed under
difficult conditions, as well as under the influence
of temperature, mechanical and electromagnetic
interference. It is also necessary to take into account
the features of sensor calibration, their characteristics
and other factors. In this context, within the
specified research area, a procedure for evaluating
the uncertainties of point methods of measuring
the magnetic moment has been proposed, which is
reflected in the [9—10] of the authors of this paper.

At the same time, some aspects of the uncertainty
evaluation require further studies.

Thus, a method and instrument for measuring
the magnetic dipole moments, which implements
the method, are proposed. A feature is the possibility
of excluding non-informative spatial harmonics and
reducing methodological error.

Conclusions

1. Based on the multipole representation of the
external magnetic field, a method of measuring the
magnetic dipole moments of magnetic field sources
has been developed. The method involves the use of
twelve induction sensors with their placement around
the source under consideration in the equatorial plane
and cylindrical surface, which ensures the exclusion
of non-informative signals caused by higher-order
multipoles. This method is implemented with the help
of a measuring instrument that has correspondingly
protected measuring channels. It is intended for use
in industrial conditions on stationary magnetometric
stands for monitoring the parameters of field sources.

2. It has been proven that by choosing the scheme
of the optimal arrangement of sensors when combining
them into a single system, the influence of multipoles
of higher orders is eliminated, and the methodological
measurement error is reduced.

3. It was identified that the measuring instrument,
the sensors of which are placed on a cylindrical surface,
has better metrological characteristics compared to
instruments with other variants of sensor placement,
and thus it is recommended to equip stationary
magnetometric stands with these instruments.

Po3po0Oka mMeroxy i 3aco0y BHMipIOBaHHS
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AHoTamis

IIpoBeneHo mociimkeHHS B rajy3i BIOCKOHAJIEHHSI METPOJIOTIYHOro 3a0e3MeYeHHs BUMiplOBaHb MATrHiTHUX BEJIUYMH
LIUISIXOM PO3POOKKM METOAY Ta 3aco0y BMMIpPIOBAaHHS BEJIMYMH AMIIOIbHUX MArHiTHMX MOMEHTIB (AM?) Ta HaIpyXeHOCTi
HusbkoyactotHoro (50—1000 TI'u) marHiTHoro moJjs maxkepeja. Po3poOlieHO MeTon BUMIpIOBaHHS, 11O BiIHOCHUTBLCS
0 iHAYKIIHUX, a caMe TaK 3BaHMWX TOYKOBUX METOMIB BMMIpIOBaHb, 110 Mepeadayae BUKOPUCTAHHSI PO3TAlllOBaHUX
y BU3HAUEHMX TOUYKAX MPOCTOPY HABKOJIO JOCIIIKYBAHOrO 00’€KTa 7 MEPBUHHUX BUMipIOBAJIbHUX MepeTBOpioBayiB. [TokazaHo
rnepeBaru, HeIoJikKyd Ta cepu 3aCTOCyBaHHS TOYKOBMX MarHiTOMETPUYHUX METOJIB.

Meton 6a3yeTbCsl Ha aHalli3i MYJBTHITOJIBHOTO TIPEACTABICHHSI MArHiTHOTO TIOJSI Ta BUKOPMCTAHHI IBaHAMISTH
IHOYKUiIMHMUX JaBayiB, PO3MIllIEHMX Ha eKBaTOpialbHili TMJOIIMHI Ta UMJIIHAPUYHiN TmoBepxHi. Lle mo3Boiisie BUKIIOUUTH
BIUIMB TAapMOHIK BUIIMX MOPSIAKIB i 3MEHIIUTU METOANYHY TMOXUOKY BUMIipIOBaHb.

3anpornoHOBaHO CUCTEMY IEPBUMHHUX BUMiplOBaJbHMX IEPETBOPIOBAYiB, $IKi PO3TalllOBaHi B TOYKax i3 3alaHUMU
JIIHIHHO-KYTOBUMM KOOpPAMHATAMU Ta 3’€lHAHi NMEBHUM YWHOM. 3aIlpOIIOHOBAHO CTPYKTYPHY CXeMY BHMipIOBaJIbHOI
cucteMu. OTpUMaHO aHAJITUYHI BUPaA3U IS BUMIpIOBAaHUX MapaMeTpiB — KOMITOHEHT IWIOJIbHOTO MarHiTHOro MOMeHTY M,,
M,, M.. BUKOHaHO aHaJli3 METOIMYHOI TIOXUOKHU Ta JOBEAEHO, 11O 3alpOINOHOBAHMI METOM 3a0e3Meuye TOYHICTh BUMipIOBaHb
y mexax 0,1—5,2% na Binctani 1,5...4 rabapuTHUX po3MipiB mKepena. BukoHaHo aHasli3 MOXUOOK, OB’ SI3aHUX i3 HETOUHICTIO
MO3UILIiII0BaHHS MEPBMHHUX BUMipIOBaJIbHUX IMEPETBOPIOBAUiB.

3arponoHOBaHMIT METON, a TaKOX MPUCTPId IJIsT BUMipIOBaHHS TapaMeTpiB MarHiTHOTO ITOJSI HU3bKOI YacTOTH,
MPaKTUYHO NPU3HAYEHO JIsI BUMIpIOBAaHHS IapaMeTpiB 30BHIILIHHLOTO MATHITHOTO TOJsI, TaKMX SIK MarHiTHi JUMOJbHI
MOMEHTH Ta HamMpyXeHiCTb MAarHiTHOTO TIOJIs, 10 HEOOXiTHO IUIsi MOHITOPWHTY i pO3B’SI3aHHSI TEBHUX HAYKOBO-
TEXHOJIOTIYHUX 3aBIaHb Y Pi3HUX Taly3siX TEXHOJIOTIl.

KuiouoBi cj10Ba: 30BHILIIHE MarHiTHE MoJie; MAarHiTHUM MOMEHT; MarHiTOMETPUYHUIA METOJ; BUMipiOBaJibHA CHCTEMA;
METOAMYHA ITOXKOKA.
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