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MODELING OF THE NORMAL
MAGNETIZATION CURVE OF FERROMAGNETIC

Abstract. The normal magnetization curve is used in technical calculations of magnetic circuits when it is
required to investigate (to model) nonlinear inductive elements. Modeling of the normal magnetization curve by the
use of an analytical function allows describing with a high precision a real magnetization curve along all
characteristic sections and defining the magnetization curve by the continuous function. This procedure allows
avoiding breaks and discontinuities of the extreme dependences obtained as a result of differentiation. There are a lot
of ways of approximating the table function by the analytical function which with a particular degree of accuracy
models an initial function at the given points. Modeling of the normal magnetization curve of the ferromagnetic is
done by using the arctangent function for approximation of the curve and the Matlab software. The arctangent
function is chosen because this function and its derivative are easily calculated and also because this function
describes the normal magnetization curve with an adequate accuracy. There are also the experimental data of
magnetic field induction dependence on magnetizing field intensity and the approximating magnetization curve. The
obtained diagrams show that the table function is approximated by the analytical function of arctangent which with a
sufficient accuracy models the table function at the given points.

Key words: ferromagnetic, magnetization curve, experimental data, approximation, arctangent function.

Introduction. Modeling of the normal magnetization curve of the ferromagnetic is done by using the
Matlab software [1-7]. The Matlab software is based not only on the best practices of development and
computer realization of numerical methods build up for the last three decades but also on all experience of
formation of mathematics throughout all history of mankind. About one million legally registered users
already apply this software. The top universities and scientific centers of the world willingly use it in their
scientific projects. It is important that the Matlab software can be integrated with such popular software as
Mathcad, Maple and Mathematica. Thus, the Matlab system can become the excellent assistant in
scientific research.

Unfortunately, the numerical calculations which are carried out by students often are done by means
of the calculator that is almost manually. Modern computers are frequently used only for presentation of
the work. Actually students should be able not only to solve these or other engineering problems, but also
do them by using modern methods, that is, using personal computers.

The use of the computer simulation allows: to individualize and differentiate tutoring process; to
exercise control with diagnostics of mistakes and with a feed-back; to carry out self-testing and self-
correction of educational activity; to avoid during indoor classes the laborious routine calculations due to
performing them by computers; to visualize an educational information; to simulate and imitate the
studied processes or phenomena; to carry out the virtual version of the real laboratory works and
experiments by simulating them on the computer; to develop imaginary and theoretical thinking; to
enhance learning motivation; to form the culture of cognitive activity, etc.
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In M.Auezov South Kazakhstan State University computers are used on Physics classes for the
following activities: statistical processing of results of a laboratory experiment and plotting the diagrams
of the studied relationship; demonstration and study of processes which for various reasons can't be
observed in reality.

Application of Matlab software on Physics classes allows simulating and researching various physical
processes, saves time for practical classes, promotes deeper understanding the phenomena, increases
interest in studying physics; develops creativity of students.

In our early works [8-28] we have shown the potentials of the Matlab software for modeling and
visualization of physical processes in mechanics, molecular physics, electromagnetism and quantum
physics.

The normal magnetization curve is used in technical calculations of magnetic circuits when it is
required to investigate (to model) nonlinear inductive elements. The normal magnetization curve is
presented by the diagram of the magnetic field induction versus magnetic field intensity or reverse
functional dependence H(B). The normal magnetization curve has three segments: the initial segment
corresponding to lower part of the curve, the second segment corresponding to the swift increase of the
induction and the third segment corresponding to the saturation of the steel core of the inductor.

As an example in the table we have given the data for the magnetization curve of the steel 2312.

Source: © simenergy.ru

Ne 1 2 3 4 5 6 7 8
H, A/m 0 68 76 86 96 140 190 240
B, T 0 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Ne 9 10 11 12 13 14 15 16 17
H, A/m 300 400 550 1000 1600 3400 7700 13400 19400
B, T 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

There are many ways of approximation of table function by analytical function which with a
particular degree of accuracy models the initial function at the given points. These mathematical ways of
description of the table function are based on application of various mathematical functions. Modeling of
the normal magnetization curve by using analytic function allows with a high precision describing a real
magnetization curve along all characteristic segments, defining the magnetization curve by the continuous
function. This procedure allows avoiding breaks and discontinuities of the extreme dependences obtained
as a result of differentiation. In general, power functions are widely used since they allow carrying out
calculations of magnetic circuits with alternating magnetic fields. The accuracy of approximation of a real
curve by power polynomial is proportional to the determination number of its coefficients. Hyperbolic
sine and tangent at their expansion in a series turn into power polynomial. The results of approximation by
a hyperbolic sine and tangent are close to approximation by a power polynomial, and in many cases they
almost exactly coincide with data of natural experiments.

The arctangent function is widely used nowadays for approximation of the magnetization curve
because this function and its derivative are easily calculated and also because this function with an
adequate accuracy describes the normal magnetization curve.

Formulation of the problem. Let us consider the approximation of the normal magnetization curve
by the function containing arctangent and three adjustable coefficients

B(H):p]-arctg(pZ-H)+p3-H

The unknown coefficients (p/, p2, p3) may be determined by using least square technique. According
to this technique the approximating function is determined as the minimum of the sum of squares of the
calculated approximating function deviation from experimental points. This criterion of the least square
technique is written as the following expression:

N N 5
252 =Z(p1-arctg(p2-Hi)+p3-Hi —Bl.) — min
i=1

i=1
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The necessary condition for existence of the function minimum is the equality to zero of its partial
derivatives with respect to unknown variables p/, p2 and p3. As a result we obtain the following system of
equations:

N N
%zy :0;22-(p]-arctg(p2'Hl.)+p3-Hl.—Bl.)-arctg(p2-l—ll.):0
P i=1 i=1
rl-H,

a N N
—36'=0,)> 2-(pl- 2-H, 3-H -B)-—2——"L _—9
5192; g‘ (pt-aretg(p2-1,)+ p3-H, - 5) I+ p;-H

aiié‘z :0;i2-(p1-arctg(p2-Hl.)+p3-Hl. —Bi)-Hl. =0
Ps i=i i=1

The solution of this system of nonlinear equations allows determining the coefficients of the
approximating function.

There is the listing of the program for approximation at small magnitudes of the magnetizing field:

>> H=[0 68 76 86 96 140 190 240]; % in A/m

>> B=[00.4050.60.70.8091];%inT

>> plot(H,B,'0")

>>orid on

>>p1=0.984;

>>p2=7.273*10."-3;

>>p3=1.935%10.7-5;

>>hold on

>>B=p1*atan(p2*H)+p3*H;

>>plot(H,B,'-");

The result is presented in the fig.1

B=B(H)
1.4 T T T
| | | :
| | | O  experiment
12— ____ : ,,,,,,, 4‘ ,,,,,,, Jr _ aproxsimation |_|
| | | 1
| | | |
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| | |
| | | O 1
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— | | | |
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Figure 1 - Approximation of the magnetization curve by arctangent function
at small magnitudes of the magnetizing field

The listing of the program for approximation at large magnitudes of the magnetizing field:
>> H=[300 400 550 1000 1600 3400 7700 13400 19400];% in A/m
>>B=[1.11.2131415161.71.819];%inT

>> plot(H,B,'0")

— 100 ——
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>> orid on

>>p1=0.984;
>>p2=7.273*%10."-3;
>>p3=1.935*10."-5;

>> hold on

>> B=p1*atan(p2*H)+p3*H;

>> plot(H,B,'-");

The result is presented in the fig.2
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X 1(')4

Figure 2 - Approximation of the magnetization curve by arctangent function
at large magnitudes of the magnetizing field

This approximation is odd and may be applied for calculation of magnetic circuits with stationary as

well as with alternating fields.
The listing of the program for approximation at magnitudes of the magnetizing field from zero up to

7700 A/m:

>>H=[0 68 76 86 96 140 190 240 300 400 550 1000 1600 3400 7700];

>> B=[00405060.70.80911.112131.41.51.61.7];

>> plot(H,B,'0");

>> plot(H,B,'0");

>> orid on

>>p1=0.984;

>>p2=7.273*10."-3;

>>p3=1.935%10.7-5;

>>hold on

>>B=p1*atan(p2*H)+p3*H;

>>plot(H,B,'-");

The result is presented in the fig.3

— 101 =——
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Figure 3 - Approximation of the magnetization curve by arctangent function
at magnitudes of the magnetizing field from zero up to 7700 A/m

Conclusion: Modeling of the normal magnetization curve of the ferromagnetic is done by using the
arctangent function for approximation of the curve and the Matlab software. The arctangent function is
chosen because this function and its derivative are easily calculated and also because this function
describes the normal magnetization curve with an adequate accuracy. There are also the experimental data
of magnetic field induction dependence on magnetizing field intensity and the approximating
magnetization curve. The obtained diagrams show that the table function is approximated by the analytical
function of arctangent which with a sufficient accuracy models the table function at the given points.
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@OEPPOMATHETHUKTIH HEI'I3I'TI MATHUTTEJIY KUCBIFbBIH MO/IEJIIEY

AHHOTanusi. MarHuTTiK Ti30eKTep/i TEXHHUKAJBIK €CENTEeYIEp/e ChI3BIKTHIK €MEC MHAYKTHBTI JJIEMEHTTEP i
3epTTereHae (Moenaeyne) HeTi3ri MarHTTeNy KHUCHIFBl KOJIJaHBLIAIbL. MarHuTTenymiH HeTi3rl KHCHIFBIH
QHAINTHKAIBIK (YHKLHA KOMETiMeH MoJesbaey OapiblK CHUIATTaMAJIBIK OeiMIepe HAKThl MarHUTTENy KHUCHIFBIH
YKOFaphl TONIIKIICH CHITaTTayFa, JudQepeHnnaniay HOTIKeCiHAe maifaa O0maTelH SKCTPEMANIb! TOYCIAITIKTepAeT]
y3imictepai OONIBIPMAaNUTBIH Y3IIKCI3 (DYHKIMSIMEH MarHUTTENy KUCHIFBIH OpHATyFa MYMKIHIIK Oepeni. benrini 6ip
JIOIIIKIIEH OepisireH Hykrenepzeri Oacrankbl (YHKUHMSHBI MOJENBIACHTIH aHAINTHKAJIBIK (DYHKIMSIMEH KeCcTeliK
(GYHKIMSHBI KAKBIHIACTBHIPYIBIH KOINTereH oaictepi Oap. @DeppOMarHeTUKTIH HETri3ri MarHuTTeNlly KHCBIFBIH
MoJienbiey YiliH 013 Matlab skyiieciH yoHe MarHUTTeNy KHCBIK CHI3BIFBIH alllIPOKCUMALUsIIAY YIIiH, (YHKIUSHBIH
031 MEH OHBIH TYBIHJBICBIH €CENTey KapanaibIMJIbUIBIFbIHA, COHJAM-aK TKIPUOETIK MarHUTTENy KHCHIFBIH
JKETKUTIKTI TOJJIIKIICH CUITATTAThIHA OAIaHBICTBI, apKTaHTCHC (DYHKIWSICHIH TaHIAIbIK. HakTel (heppoMarHeTHk
YIIiH MarHUTTIK WHAYKUUSHBIH MAarHUTTEYII OpicTeH TOYENAIriHIH SKCIEPUMEHTTIK MAITIMETTepi MEH OJIap.IbIH
anMpOKCUMAIMsIaHFaH KHUCHIK KenripinreH. Kenripinren cyperTeH (kecte OOMBIHIIA) HYKTEIEPMEH OepiireH
(YHKIUSHBI )KETKUTIKTI TOJIIIKIIEH apKTaHTeHC (DYKIMSICBIMEH aNpOKCHMANMSIaHFaH, SSFHA 0acTankbl (pyHKITHSTHBI
MOJIETIBJICHTIH aPKTAHI€HC (QYKIUSICHI apPKbIIbI aJIbIHFAH MArHUTTEIY KUCBIFbI KOPCETLITEH.

Tyiiin ce3nep. PeppoMaHEeTHK, MATHUTTETY KUCHIFBI, TOKIPHOETiK OepiireHaep, anmpoKCUManus, apKTaHTeHC
(YHKIUACHL.

— 102 ——
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MOJIEJIMPOBAHUE OCHOBHOI KPUBO HAMATHUUYEHUS ®EPPOMATHETUKOB

AnHoTanusi. OCHOBHas KpHUBas HAMarHWYMBAHUS HCHOJB3YETCS MPHU TEXHUYECKHX pacueTax MarHUTHBIX
nernei, xorna TpeOyercst uccieaoBarh (MOAEIMPOBATh) HEJIMHEHHbIE WHIYKTUBHBIE DJIEMEHTHL. MoJenupoBaHue
OCHOBHOW KpWBOW HaMarHWYMBaHUs C IIOMOINBIO AHAIUTHYECKOW (YHKIMU IT03BOJSIET C BBICOKOH TOYHOCTBIO
OMHUCaTh PeajbHYI KPUBYIO HAMArHUYMBAHMS HA BCEX XapaKTEPHBIX ydacTKaX, 3aJaTb KPUBYI0 HAMarHUYMBAaHUS
HenpepbIBHON (yHKIMEH, 4YTo Mo3BOJISIET H30eKaTh H3JIOMOB M Pa3pbIBOB IKCTPEMANIBHBIX 3aBUCHMOCTEH,
MOJy4aeMbIX B pesynbraTte auddepeHipoannsi. CymecTBYIOT MHOKECTBO CIIOCOOOB amlIIPOKCHMAITMH TaOINIHO
3aJJaHHON (YHKIUN aHAJUTUYCCKOH (YHKIHEH, KOoTopas C OIpeJeNiCHHON CTENeHbI0 TOYHOCTH MOJEIUPYET
UCXONHYI (YHKIMIO B 3aJaHHBIX ToYKax. J(mg MonenmupoBaHWs OCHOBHOW KpPHWBOH HaMarHUYWBaHUS
(deppomarneTka  HaMu BblOpaHa cucrema Matlab u  apkTaHreHcHas (QYHKIMs alpOKCHMAIUU KPUBOK
HaMarHMYMBAHUS W3-3a TIPOCTOTHI BRIYMCICHUH caMoi ()YHKIIMHU U €€ TIPOU3BOAHOM, a TaKKe TOCTATOYHON TOUHOCTH
0TOOpakeHHs] OPUTHHATFHON KPUBOW HaMarHUYMBaHU. [IpecTaBieHbl SKCIIepUMEHTAIbHbBIC JaHHBIC 3aBHCUMOCTH
HHAYKIUY MarHUTHOTO IO OT HamnpsyKeHHOCTH HaMarHWYMBAIOUIETO MOJS C  ANMpPOKCHUMAIMOHOW KPHBOMN
HaMmarHuuuBaHusl. M3 mpeicraBieHHOW KapTHHBI BHUIHO, YTO TAOJIMYHO 3ajaHHas (QYHKLIUS anlpOKCUMHUPYETCS
aQHAJIMTUYECKON (DyHKIMEW apKTaHTeHca, KOTOpas C JOCTaTOYHOW CTENEHbI0 TOYHOCTH MOJICIUPYET HCXOJIHYIO
(YHKIMIO B 33/IaHHBIX TOYKAX.

KiaoueBble cioBa. @DeppoMarHeTUKu, KpuBas  HaMarHUYMBaHMs, OKCIIEPUMEHTAIbHBIE  JaHHBIE,
anmpOKCUManus, (GyHKIHS apKTaHTeHCa.
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