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Abstract

Objectives. In a measuring system based on the inductive transmission of information from a moving structure
to a stationary signal receiver, the signal carrying useful information about the parameters of the moving structure
is formed by a magnetic system containing a permanent magnet mounted on the stationary part of the measuring
system. The magnetic field of the permanent magnet (MFPM) determines the magnetic flux, and, consequently, the
induction current in a conducting coil located on the moving structure. In order to theoretically justify the parameters
of the measuring system including the optimization of its components, a simple and easy-to-use analytical model
of the useful signal for determining the requirements for the mathematical description of the MFPM is required. The
use of known solutions for developing an analytical model of the useful signal of the measuring system is complicated
by the need to use inverse trigonometric functions or the results of numerical calculations. The present work sets out
to obtain an exact solution to the problem of calculating the MFPM and on this basis to develop a simple, convenient
analytical model of the normal component of the magnetic induction vector (NCMIV) of a permanent magnet used
to develop an analytical model of the useful signal.

Methods. The equivalent solenoid method was used along with mathematical analysis approaches.

Results. Anexactsolutionfor calculating the normalcomponent ofthe magneticinductionvector ofthe parallelepiped-
shaped permanent magnet was obtained. Based on this, a straightforward and easy-to-use analytical model of the
NCMIV was developed, which closely approximates the formula derived for the exact solution.

Conclusions. The developed analytical model of the NCMIV can be used for theoretical development of an analytical
model of the useful signal of a measuring system with inductive transmission of information about the parameters
of a moving structure to a stationary signal receiver.
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Pe3iome

Lenu. B nameputenbHom cuctemMe ¢ MHAYKUMOHHOW nepegaden nHopmMmaumm ¢ nepemMeLlalolLencs KOHCTPYKUUN
Ha HEeNOABMXHbLIN NPUEMHUK MHPOPMALMOHHBIA CUrHAS, HECYLLUNI MHOPMALIMIO O NapamMeTpax nepemMeLLaloLLLencs
KOHCTPYKUMN, POPMUPYETCS MArHUTHOM CUCTEMOW, coaep Xallen NOCTOSAHHbIM MarHUT, YCTAHOBJIEHHbIN HA HEMNOA-
BUXKHOW HaCTN N3MEPUTENIbHOM cucTeMbl. MarHUTHOE nose NoCTOSAHHOro marHuta (MIMMNM) onpenenset MarHUTHbBIN
NoTOK, N, CNefoBaTesibHO, MHAYKLUMOHHLIV TOK B PYrOM 3/1IEMEHTE MarHUTHOW CUCTEMbI — NPOBOASILLIEM BUTKE, pac-
NMOJIOKEHHOM Ha NEePEMELLAIOLLENCS KOHCTPYKLMK. [1ns TeopeTnieckoro 060CHOBaHMS NapaMeTPOB U3MEPUTENbHOM
CUCTEMbI, B T.4. A4J19 ONTUMM3aLMKN ee COCTaBHbIX YacTel, Heobxoavma nNpocTas, yaobHas ans NPpUMEHEHUS aHan-
Tnyeckas moaenb MHPopmMaumMoHHoro curHana (AMUC), uto onpeaenseT TpeboBaHUsa K MatemMaTn4eckomy onmca-
Huto MIMMM. M3BecTHble pelleHus 3agad rno pacyety MMM conepxat obpaTHble TPUroHoMeTpuyeckne OyHKLUN
VNN NpeacTaBeHbl Pe3ybTaTaMm YACTIEHHbIX PACHETOB, YTO 3aTPYAHSET UX UCMONb30BaHNe Ans padpabotkn AMUC
M3MEPUTENBHON CUCTEMBI. Lienblo JaHHOM CTaTbu ABASETCH NOSyYeHne TOYHOro pelleHns 3agadu pacyderta MMM
1 pa3paboTka Ha OCHOBAHUM 3TOr0 TOYHOIO PELLEHMS aHANIUTUYECKOM MOAENN HOPMaJIbHOWM COCTaBNSIOLLEN BEKTOPA
MarHuTHom nHaykumm (HCBMIW) nocTosHHOrO MarHuTa, ucnosib3dyemom ans paspabotkn AMUC.

MeToabl. /Icnons3oBanncb MeToa4bl MAaTEMaTUYECKOrO aHanM3a 1 MeTo[, 3KBMBAJIEHTHOIO COJieHoMaa.
Pe3ynbTathl. [onyyeHo TO4HOE peLleHne 3agaydm pacdieta HCBMU MMM, nmetowero dopmy napannenenunena,
Ha OCHOBaHWM KOTOPOIro NOJIy4EHO BbIpaXXeHne, annpokcummpytowee Gopmysy TOYHOMO PELLEHUS, — aHannTuye-
ckasa mogens HCBMU.

BbiBogbl. [onyyeHHasa aHanutuyeckas moaens HCBMW moxeT ObITb MCMONb30BaHa AJ19 TEOPETMHEeCcKon paspa-
60Tkn AMUC namepuTtenbHOM CUCTEMbI C MHOYKLMOHHONM nepepayein nHgopmMaumm o napamMmeTpax nepemellan-
LEeNCs KOHCTPYKLMY Ha HENOLBWXKHBIV NPUEMHUK CUrHana.

KnioueBble cnoBa: NOCTOSHHbBIA MarHUT, MarHUTHas NHOYKUWNA, 3KBUWBAJIEHTHbIN CONIEHOMA, HOpMasibHaa CoCTaB-
nqarouwaa, adHanntnyeckasda Mmoaesib

Ana untupoBaHua: 3akaTtoB M.M. AHanuTuyeckas MOAOeslb HOPMasibHOM COCTaBASIOWLEN MarHUTHOMW WHAOYK-
UMM NOCTOSIHHOrO MarHuTa. Russian Technological Journal. 2025;13(5):87-94. https://doi.org/10.32362/2500-
316X-2025-13-5-87-94, https://www.elibrary.ru/SPEPVZ

Mpo3payHoCTb GUHAHCOBOI AeATeNbHOCTU: ABTOP HE NMEEeT PUHAHCOBOW 3aMHTEPECOBaHHOCTY B NPeacTaB/eH-
HbIX MaTepuanax uim metTonax.

ABTOp 3aaBnseT 06 OTCYTCTBUU KOHMIVKTA MUHTEPECOB.

INTRODUCTION defining its status into electrical impulses, which are

subsequently transmitted to a radio transmitter. A radio

Aradio channel is mostly used to convey information  signal receiver is mounted on the stationary part, such

about the parameters of a structure that changes position a5 the body of the vehicle, close to where the pneumatic
relative to a stationary signal receiver (consider, for  tire wheel changes position.

instance, relaying gas pressure readings within a vehicle’s Transmitting information via a radio channel often

tire). In this Situation, measurement transducers are encounters Challenges Stemming from limitations
mounted on the structure to transform characteristics  imposed on the use of electromagnetic radiation. In

Russian Technological Journal. 2025;13(5):87-94
88


mailto:zakatov46@mail.ru
https://doi.org/10.32362/2500-316X-2025-13-5-87-94
https://doi.org/10.32362/2500-316X-2025-13-5-87-94
https://www.elibrary.ru/SPEPVZ

Analytical model for the normal component
of magnetic induction of a permanent magnet

Mikhail M. Zakatov

a measuring system with inductive transmission of
information about the state of a moving structure [1, 2],
the useful signal carrying information about the state
of the structure is formed by a magnetic system,
which is formalized as shown in Fig. 1. A rectangular
conducting coil (1) is positioned on the upper edge
of a permanent magnet (PM), which is configured
as a parallelepiped with a height of A and the base
having dimensions a and b. In a plane parallel to the
PM upper edge, a structure with a placed-in rectangular
coil 2 travels relative to the magnet at velocity V, with the
center of coil 2 (point O,) projected onto the Ox axis in
a manner that its projection (point A) traverses along the
Ox axis. The distance between the plane and the upper
edge of the magnet is equal to d. The electrical resistance
of coil 2 is dictated by the design specifications.

When coil 2 travels within the magnetic field of
a permanent magnet (MFPM), an induced electric current
arises within coil 2. The intensity of this current is influenced
by the velocity of coil 2, as well as its internal electrical
resistance and the normal component of the magnetic
induction vector (NCMIV) of MFPM perpendicular
to the plane of coil 2. This induced current in moving
coil 2 subsequently produces an alternating magnetic field
around coil 1. The electromotive force of coil 1 resulting from
the magnetic flux of the alternating magnetic field created
by the induced current in moving coil 2 acts as a signal for
carrying useful information about the system parameters.

>
xv

Permanent magnet

Fig. 1. Schematic of the magnetic system

Various analytical [3—11] and numerical [ 12-24] techniques
have been established for analyzing and calculating the
properties of magnetic fields within diverse magnetic
systems. The present study employs the equivalent solenoid
method to precisely calculate the NCMIV distribution
within the MFPM in the plane parallel to the PM upper edge.
These findings are then used to create the NCMIV analytical
model, which can be used to develop analytical models
for magnetic fluxes responsible for generating induced
electric currents in conducting coils 1 and 2. The findings
regarding the MFPM distribution, as detailed in [11], are
expanded upon by additional calculations focusing on the
MFPM distribution in the geometric area near permanent
magnet.

PROBLEM STATEMENT

Figure 2 depicts the magnetic field produced by a permanent magnet that is uniformly magnetized along the
Oz axis. The origin of the coordinate system Oxyz is placed at the magnet base center. Based on Fig. 2, we calculate
the normalized MFPM NCMIV, B_ (x, y, z), at point M(x, y, z) located in the specified plane z > H.

Permanent magnet

Ag )

Fig. 2. Geometric layout for calculating MFPM NCMIV

Utilizing the equivalent solenoid approach [3—6], we substitute the permanent magnet with a system of surface
electric currents, characterized by a linear density A, flowing in planes perpendicular to the Oz axis. Then, a surface
electric current of strength /= Adh flows along a strip spanning the PM side surface, with a width of d/ and situated at
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a height / above its base. The strip perimeter is defined by the segments AD, DC, CB, and BA, where |AD| = |CB|=b,
IDC| = |BA|=a.

The magnetic field strength, B, (x, y, 2), created by current / flowing through segment AD at point M(x, y, z) is
determined by the following equation [3]:

Ky  cosa—cosP
B,n(x,y,z2)=———— 1
AD (X5 Y5 2) i " O]
where 7, is the distance from point M(x, y, z) to segment AD.
The magnetic induction vector B, is directed at an angle vy to the Oz axis.
Based on Fig. 2, the following relationships are derived:

vl
—cosP = > 2 > , 2)
\/(x+621j +(y+§j +(z—h)?
é_y
— 2
cosa = > ) 5 (3)
J(H;) N —
x+2
2

cosy =

“)

+a2+( —hz.
X 5 z—h)

The NCMIV B, [, generated by the electric current flowing through segment AD is determined by the following
equation:
Bap,(x,¥,2) = Bsp(x,y, z)cosy. 5

The NCMIV arising from the electric currents within segments DC, CB, and BA are determined in the same way.
The NCMIV produced by the electric current / flowing through a strip of width dh at a height # above PM is the
sum of NCMIVs generated by the currents within segments AD, DC, CB, and BA:

th(-x:ya Z) = BADZ(xay, Z)+BDCZ(x>y: Z)+BCBZ(x>ya Z)+BBAz(x:y’ Z)' (6)

In the following, the AD, DC, CB, and BA symbols denote the PB side surfaces containing corresponding
segments.

Taking into account Egs. (1)—(6), the formula for calculating the normalized NCMIV of the electric current on the
side surface AD is derived as follows:

H
o [ Bap:(x, », 2)dh =| arcsin b — arcsin oz H) +
Ho* J@ BB 2) ok BB HP) .
+| arcsin C1o” —arcsin op(2— H) )
\/(Otfz +BE)BE +22) \/(ocfz +BHBE +(z— H)?)

here a b o b+ B x+ 2
w ===, = — . = —_.
=5 Vs Qo 5 Y, Pr 5

The normalized MFPM NCMLV, B, (x, , z), equals the sum of the normalized NCMIVs of all electric currents
on the PM side surfaces. Taking into account (7), we obtain the following:
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B, (x, y, 2) i arcsin din? arcsin o, (z—H)
zn\ X Vs Z)= _
N R N (R R0
(®)
+| arcsin %ia? — arcsin %ip (2 —H) sign(B;) |,
Jo +p2)B2 +22) Yoy +B2)B7 + (2= 1Y)

b b a a a b b
where 0, =§—y, o4y =E+y, B, =x+5 (for AD); a5 =x+5, Olyy =5—x, B, =y+§ (for DC); a5, =y+5,

b a a a b
Ay =2y, By=2—x (for CB); 0y =——x, ayp =2 +x By =_-y (for BA).
The NCMIV of the electric current on the CB side surface changes sign at x > %, similar to the NCMIV of the

b
electric current on the BA side surface at y > > The change of NCMIV signs is taken into account by the function.

Since the function B_ (x, y, z) is even with respect to both x and y coordinates, determining its distribution within
a specified plane only requires evaluating it in one quarter as limited by the inequalities 0 < x and 0 < y. To simplify
B, (x, y, z) for further investigations, formula (8) is decomposed into a Taylor series. The analysis indicates that
formula (8) can be replaced by the more concise and computationally efficient NCMIV analytical model as follows:

2 P 2 P
BZH(O,O,Z)( z ] -1 ( - ] -1 at |x|£xmax’ |y|gymax’

max xmax

an.anal(x’y’ Z):

)

0 at |x| > X ax

y|>ymax’

where x_ ., V.. are the “dimensions” of the magnetic field in the plane z = const, i.e., the coordinates x_, ., v, ..»
which depend on the coordinate z, are chosen so that the MFPM NCMIV becomes equal to zero in the region
|x| 2 X y| 2 Yax Of the plane z = const.

In Fig. 3, the graphs of the dependencies of the normalized MFPM NCMLV, B, (x, y, z), in the plane z = 13 mm
are presented as a function of the x-coordinate at various y-coordinate values, with the following PM parameters:
a=b=16mm, H=8 mm. The values of B, (x,y, z) are calculated using the exact formula (8) for graphs /, 2, and 3 and

formula (9) for graphs 4, 5, and 6.

2.5
=
s ]
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> N
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Fig. 3. Graphs of the normalized MFPM NCMIV: 1 is B
3isB,(x,8,13),4is B x,0,13),5isB

.(x,0,13), 2is B, (x, 4, 13),
Xx,4,13),and 6is B (x, 8, 13)

zn.anal( zn.anal( zn.anal

The analysis reveals a significant difference between the calculation results using the exact formula (8) and those
using the approximation formula (9) for points in the plane with coordinates x > 6 mm, y > 6 mm. The relative error, 0,
of the MFPM NCMIV calculations based on the analytical model belongs to the segment 15% < & <33%.

For points on the plane with coordinates x < 6 mm, y < 6 mm, the relative error 6 is less than 15%. Moreover, for
points on the plane limited by the inequality » < 4 mm, where 7 is the distance between the coordinate system origin
and the point on the plane, the relative error is & < 3.8%; for points of the plane limited by the inequality » < 2 mm, the
relative error is 8 < 2.6%.
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The parameters of the useful signal of the measuring system, including its amplitude and time-dependent shape
over its duration, are determined by the rate of change of magnetic fluxes within coils 1 and 2 when the center of
coil 2 is above the center of PM cross-section. Since the magnetic fluxes and the rate of their changes are primarily
determined by the central part of the MFPM NCMIV as represented by the points in the plane with coordinates
limited by the inequalities x < 6 mm and y < 6 mm, the error in calculating the useful signal parameters in this case
is minimal.

At high values of the MFPM NCMIV coordinates, the MFPM peripheral part decreases rapidly, while the rate of change
of the magnetic fluxes determined by the MFPM peripheral part is less than that determined by the MFPM central part.

Error estimations derived from NCMIV calculations employing the approximation formula (9) reveal the potential
of the analytical NCMIV model for creating an analytical model for the useful signal of the measuring system. This
analytical model achieves a calculation error for useful signal values not exceeding 15%.

CONCLUSIONS
Based on the results of the research, the following 2. The obtained expression for the NCMIV analytical

can be deduced: model enables straightforward calculations of the
1. An analytical formula for calculating the NCMIV of magnetic fluxes within coils 1 and 2.
the parallelepiped-shaped MFPM, which is oriented 3. The feasibility of applying the NCMIV analytical
perpendicular to a specified plane aligned with the model to theoretically develop an analytical model
PM end face, has been derived by applying the for the useful signal of the measuring system with
equivalent solenoid technique. inductive signal transmission is confirmed.
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