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Abstract

Expressions to simulate the intrinsic demagnetizing curve of permanent magnets are derived from the
classical electrical analogy of a 2RLC circuit as an equivalent to a magnet under demagnetization in a
closed magnetic circuit. Comparisons between experimental and theoretical intrinsic M x H curves
were carried out for hard magnetic materials, and the possibility of using this analogous circuit with
two components has also been investigated. The demagnetization curves of permanent sintered
magnets have been simulated with time domain analytical expressions obtained using an electric
equivalent circuit analogous to a closed magnetic circuit. This has been carried out for magnets
measured at room temperature and at 373 K. Equivalent electric parameters influenced the various
regions of the demagnetization curve. It has also been shown that it was possible to simulate the
demagnetization curve of rare earth magnets and also other types of permanent magnets. The Stoner-
Wohlfarth model theoretical curves have also been used as a comparison. At last, the electrical
analogous parameters have been systematically varied in order to correlate them to the magnetic
properties.

Symbol list:

Magnetic:

B, remanence; unit: tesla (T);

H, intrinsic coercivity; unit: tesla (T);

wH. inductive coercivity; unit: tesla (T);

M, remanent polarization; unit: tesla (T);

M, saturation polarization; unit: tesla (T);

(cosB) degree of crystal alignment;

f volume fraction of the magnetic hard phase;

P packing factor of the magnet;

PM permanent magnet;

R, internal reluctance;

R, ! internal permeance;

Electric:

C fixed capacitance of the capacitor; unit: farad (F);

() intensity of the current present in the capacitor; unit: ampere (A);
(1) intensity of the current present in the resistor R,; unit: ampere (A);
i3() intensity of the current present in the capacitor C; unit: ampere (A);
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j thesameas/—1;

L input inductance of the inductor; unit: henry (H);

R, equivalent series resistance; unit: ohm (£2);

R, equivalent parallel resistance; unit: ohm (£2);

t time elapsed in the processes of first charge, discharge and second charge of the capacitor C; unit:
second (s);

ti1epc) time in which the first charging process of the capacitor C contained in the circuit 2RLC starts;
unit: second (s);

tacpo) time at which the end of the first charging process occurs; unit: second (s);

tipp) time in which the discharge of capacitor C contained in electrical circuit 2RLC starts; unit:
second (s);

t pD) time in which the discharge of capacitor Cin circuit 2RLC1is completed; unit: second (s);

ti2°pC) time in which the second charging process of capacitor Cbegins; unit: second (s);

tso) duration of a half-cycle of charge or discharge of capacitor Cin circuit 2RLC of capacitor C
contained in electrical circuit 2RLC; unit: second (s);

Av(t) electric potential difference between the source of electromotive force terminals; unit: volt (V);

Av(t) electric potential difference between the capacitor C terminals; unit: volt (V');

Avi() electric potential difference between the inductor L terminals; unit: volt (V');

Xy [(rrRC+L  [(RRC+IN®  RAR | =N
the same as ( IRLC \/( IRLC ) wic | unit: time inverse (s °);

X2

2
RRC+L RIRC+L R+R o . 1
the same as — — ;unit: time inverse (s );

2R, LC + 2R,LC 2RLC ) )

X the same as M; unit: time inverse (s~ 1);
2R,LC
y ) 2 . o . -
the sameas j (le;CLJcr L) — R};ngz , being that % has units in inverse time squared (s~ 2);
2 2 2
z the same as M; unit: time (s);
1 2
(0 triangular electrical potential source;
16} rate of change of the electric potential as a function of time of the permeameter; unit: volts per

second (Vs™1).

1. Introduction

In the past, electrical analogous have been reported for viscoelastic systems [ 1, 2]. More recently, electrical
analogous have been reported for an atomic force microscope and biomaterials [3, 4]. The purpose of the latter
was to develop analog electrical circuits, using resistors, capacitors and constant current sources which
automatically calculated the stress and strain-rate response of viscoelastic biomaterials. Furthermore, the RLC
circuit has been reported as an analogy with mechanical systems [5]. The circuit was shown and its responses in
the time domain in addition to a comparison between an electrical circuit and a mass-spring-damper.
Moreover, the solution of partial differential equations by electrical analogy has been reported in the

literature [6].

As far as permanent magnets analogies is concerned, the mechanical and electrostatic analogy to magnets has
been reviewed for the purposes of developing an intuitive feel for the fashion in which energy is stored ina
magnet and showed that it is useful to use analogies to other types of physical consideration [7]. The magnetic
circuit representation of a magnet driving an external reluctance has been reviewed and the capacitive and
mechanical analogies to a magnet were considered. It has been also shown that these analogies have an
equivalent circuit representation that is identical to the one used to describe a magnet [7]. No extensive reports
on the electrical analogy for permanent magnets have been published in the literature.

Typically, a sintered rare earth magnet has the characteristic intrinsic demagnetization curve M x H with two
distinct regions [8]. Region 1 is the linear reversible part and region 2 corresponds to nonlinear irreversible
behavior where partial undesirable demagnetization occurs at some locations in the magnet structure. The
remanence (B,) of a magnet is the highest polarization (B, = 11oM,) obtained on a close magnetic circuit after
saturation in a high pulsed magnetic field and this is the starting point of region one. If the polarization (M,)
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remains absolutely constant the magnet material permeability would be a horizontal line (1, = 1). However, the
permeability for the demagnetization curve of practical rare earth magnets is in the range of 1.04 to 1.10 [9]. This
means, that some phases in addition to the hard magnet phase can exist in the magnets and has also been
attributed to spin fluctuations or small nuclei of domains [9, 10]. The intrinsic coercivity defines the field where
the polarization is reduced to zero [8]. This mostly vertical curve in region two of the intrinsic curve is
characterized by the presence of demagnetizing fields (N) in the grain structure of real magnets and the slope of
this deviation from the vertical line is given by N [11].

The intrinsic curve of an ideal magnet would be composed by just two lines forming a rectangular shape and
a unitary squareness factor (SF) [12]. The larger the squareness factor the closer the magnetic permeability is to
unity and the stronger the capacity of the material to resist a demagnetizing field. It also has a better stability to
temperature variations and a very small inclination of the horizontal line. The squareness factor is sensitive to the
material purity and alloy composition, processing conditions, grain size, homogeneity, rare earth and oxygen
content, abnormal or irregular grains. A mathematical equation to simulate the intrinsic curve of a magnet must
provide means to modify the horizontal slope of the linear reversible part of the curve and also the vertical linear
part of the intrinsic curve. Furthermore, in the nonlinear irreversible region this equation must provide a
smooth connection between these two lines accordingly to the squareness factor and the knee field (Hy) [12, 13].

The classical approach in modeling magnetic circuits uses the electric circuit analogy of Ohm’s Law [14—-17].
In this case, the normal (or inductive) demagnetization curve B x H is the relevant data for applications including
motors and generators. For these purposes, a permanent magnet (PM) can be represented by a Thevenin
equivalent circuit composed by a magnetomotive force source in series with an internal reluctance (R,) or by a
Norton equivalent circuit composed by a flux source in parallel with an internal permeance (R, Y. Similarities
and dissimilarities can be found in this analogy [18]. Concerning the former, equivalent circuits use resistances
to represent magnetic reluctances and voltage sources to represent magneto-motive forces. Regarding the
differences, an example is the contradiction in modeling magnetic cores that store energy with dissipative
components such as resistances which impairs the energy and power equivalence [19]. To overcome this
particular objection, a magnetic capacitor has been introduced in the equivalent electric equivalent circuits [20].

For the modeling of the intrinsic demagnetization curve M x H, which represents the response of the highly
complex material of a PM, the described approach used for the inductive demagnetization curve Bx H with a
flux source in parallel with a permeance is unsatisfactory and a more complex configuration must be evaluated.
It has recently been demonstrated the possibility to simulate curves of electrochemical capacitors using a
straightforward electrical circuit [21]. The aim of this study is to solve the problem of simulating the intrinsic
demagnetization curve of permanent magnets using the classical analogy between magnetic and electric circuits.
The starting point was to deduce the ODE for a circuit containing the three principal electric components. Thus,
the present study proposes analytical equations governing a theoretical analogous electric circuit for a PM using
a capacitor, an inductor, two resistances and a direct current source. Comparisons between experimental and
theoretical intrinsic M x H demagnetization curves were carried out for permanent magnets, and the possibility
of using this analogous circuit with only two components has also been investigated. At last, the electrical
analogous parameters have been systematically varied in order to correlate them to the magnetic properties.

The organizational structure of this article has been divided into four parts. Firstly, deduction of the
equations through which it is possible to simulate magnetic hysteresis loops by means of the solution of ordinary
differential equations (ODE) obtained from the analysis in the time domain of an electrical RLC circuit fed by a
triangular electromotive force source. Secondly, proof of the functionality of the deduced equations by
comparing the yielded theoretical loops with the Stoner-Wohlfarth model, also based on a theoretical model
[22]. Thirdly, the functionality of the equations deduced in this study is compared to demagnetization curves of
real permanent magnets. Finally, various possible electric circuit configurations to simulate magnetic curves are
also discussed and, atlast, conclusions are presented.

2. Equivalent circuits and equations

Here the second quadrant curve M x H of a PM is modeled using an equivalence between a magnet contained in
a closed magnetic circuit with an electrical analogy circuit depicted in figure 1. The simulation is based on the
intensity of the electric current i, (f) present in the terminals of an electric circuit 2RLC fed by a source of
triangular electric potential £(f). It must be noted that the shape of the demagnetization curve is highly sensitive
to the magnetizing field and saturation must be ensured (and considered in the next sections) for the PM.

The expressions that make it possible to calculate the intensity of i; (f) existent at the electric circuit will be
presented for three conditions, namely:

+ First charge process up to a maximum positive potential;

3
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Figure 1. Charging process of the capacitor C contained in the electrical circuit 2RLC powered by a triangular electric potential source
(1), which is assumed to be analogous or equivalent to a permanent magnet in a closed demagnetization circuit.

+ Firstdischarge process from the maximum positive potential up to a maximum negative potential of the same
magnitude as the maximum positive potential; and

+ Discharge process from the maximum negative potential to the maximum positive potential. In this last cycle
of discharge and charge of the capacitor C contained in the circuit 2RLC, the equation is obtained that allows
to calculate the values of 7;(¢) used to simulate the second quadrant of a permanent magnet.

Figure 1 also illustrates schematically the current directions in the first charging process of the capacitor C
contained in the electrical circuit 2RLC powered by a triangular potential source (). For the first charging
process of the capacitor C, it is verified that:

e(t) = Av (1) + 4 (R + Av(t), 1

where Av;(¢) is the electric potential between the terminals of the inductor L and Av(#) is the electrical potential
between the terminals of the capacitor C.

The potential of the triangular electrical potential source, represented by e(t) in the previous equation, is
dictated by:

e() = (=D"Bl2(n — 1) tsc) — tl, @)

where n represents the number of variations that the source presents between a maximum positive value and a
maximum negative value (or vice versa) of electric potential (or between a null value and a maximum positive or
maximum negative value of electric potential), and Bindicates the rate of change of the potential difference
between the terminals of the triangular electromotive force source as a function of time. Therefore, for example,
ifthe 2RLC electrical circuit needs to be charged by a maximum instantaneous potential difference, Av(t), that
varies between +1 Vand —1 Vand, considering that it is initially discharged and the source starts from a
potential voltage of 0 V' (which is common in order to avoid load short circuit) until it reaches a value of +1 V,
then n = 1. After the terminals of the 2RLC circuit present a potential of +1 V'to source, the discharge and charge
operations proceed with negative electrical potential until the terminals of the 2RLC circuit present a value of —1
V,n=2.When n = 3, the source starts the operation of discharging and charging with positive electrical
potential until the terminals of the 2RLC circuit present a value of 41 V, and so on.

2.1. Charging process equivalent to the magnetization process

Based on the analysis of the 2RLC circuit shown in figure 1 and on the expression of the triangular source signal
shown in equation (2) for n equal to 1, equation (3) was obtained. Through this equation it is possible to calculate
the instantaneous intensity of the current 7;(¢) present in the branch of the source for the first process of charging
the capacitor. It should be noted that several steps to obtain equation (3) were omitted, as well as the possible
expressions for the second-order ODE solutions originating from the analysis of the circuit presented in figure 1
for the capacitor charging process. Equation (3) was derived for the condition in which

[(RIRC + L)/2R,LC)* — (R, + Ry))/R,LC > 0 (see equation (6) e (7) as follow).

. 1 1 B
i(t) = Aje™| — + Cxp | + Aye®| — + Co| + ————(t + R,C — 2), 3
(1) 1 (R 1) 2 (R 2) R1—|—R2( ) ) 3)

2 2

Equation (3) allows to calculate the values of i, () for the first charge process of the capacitor Cin the electric
circuit 2RLC, fed by a triangular electric potential source, £(t), considering the ODE solution of second linear
and non-homogeneous order.
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Figure 2. Discharge process of the capacitor C contained in the electrical circuit 2RLC governed by a triangular electric potential
source £(1).

In equation (3) we have that:

BRZ
A =— 1+ x%2); 4
1 (xl xZ) (Rl RZ)( ZZ) ( )

A — BR,
, =
(1 — %) (R + R)

(1 + x12); (5

o_ |RRCHL  (RRCHLY R+R| ©
! 2R, LC 2R, LC RLC |
RR,C+ L RRC+LY R +R
o= — 1R C + I 1R C + _1+2; %
2R, LC 2R, LC 2R, LC
7 = R1R2C + L (8)
R + R,

2.2. Discharging process of capacitor C equivalent to reducing the magnetization field to zero

In order to obtain the expression the allows the calculation the values of i, (#) for the first discharge process and
second reverse charg process of the capacitor Cin the electrical circuit 2RLC governed by a triangular source (%),
the circuit presented in figure 2 was taken as a reference.

By means of equation (9) it is possible to calculate the intensity of the electric current 7;(¢) for the condition in
which the first discharge process and the first reverse charge process of the capacitor C occurs in a 2RLC circuit
due to annulment, gradual reduction and inversion of the existing potential difference between the terminals of
the triangular electromotive force source, which is equivalent to saying that in equation (2) n became equal to 1.

1 1
il(t) = A3e"1‘(Cx1 + —) + A4€X2t(CXQ + —) + (2 tscy+z—t— ch) (9)
R R) R+R
In the equation (9) we have that:
2/6R2X2 1
A3 =A — — Lo t . 10
3=A + o (n — o) (R 5 Ry) (xz (10PD) T f(sc) + z) (10)
B 20R.x 1
Ay =4 eX2tiorn) (x — x0) (R + R\ x Kirorn) 50+ 2 J (11)

2.3. Second charging process equivalent to the demagnetization

By means of equation (12) it is possible to calculate the intensity of the electric current 7, (¢) for the condition in
which the first process of reversed discharge and second process of charging of the capacitor occurs due to
cancellation, gradual reduction and inversion of the potential difference existing between the terminals of the
triangular source of electromotive force, which is equivalent to saying that in equation (2) n became equal to 2.

L(t) = A5exlt(L + Cxl) + A6€x2t(L + sz) + B (t+ RC—4 fsc) — z). (12)
R R, R+R
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In equation (12) we have that:

20R, % 1
A= - — T3 — tizop0) | 13
5 3 elioro (x, — 1) (R + Ry) \ + 3tsc) + 2 (i20PC) (13)
28R, xi 1
6 4+ eX2t20P0) (xl _ Xz)(Rl + Rz) (x1 + (SO) +z (120PC)) ( )

The following equations were employed for [(RiR,C + L)/2R,LCT* — (R, + R,))/R,LC < 0, they were
used to plot the curves in figure 8 for the condition in which the terms contained in equations (6) and (7) started
to result in negative values (the condition called ‘negative root’)

Making use of equation (15), shown below, it is possible to calculate the values of i, () for the first charge
process of the capacitor C contained in the electric circuit 2RLC, fed by a triangular electric potential source, e(t),
by the condition [(RiR,C + L)/2R,LC)* — (R, + Ry)/R,LC < 0.

e"‘t{[L& — C(xAg — J’A7)]C05(t)’) + l:RLAS — C(yA; + xAs)]sin(ty)}—i—
p(t) = :

? (15)
L(t —z+ RO
R+ R
In equation (15) we have that:
A= R (16)
R+ R
Ao — PRy (xz — 1)) a7)
y(R + R)
and
RRCH+ L — (18)
2R, LC

By means of the equation (19), presented below, it is possible to calculate the values of i, (f) for the first
discharge process and the first reverse charge process of the capacitor C contained in the circuit 2RLC fed by a
triangular electric potential source, £(£), by the condition [(R R, C + L)/2RLC]* — (R, + Ry)/R,LC < 0.

e’“{[iAg ~ Clxhy — yAs)] cos (1) + [iAm ~ C(yAs + XA10)] sin(ty)}
i () = 2 R

(19)

+ (Zt(sc)+Z— t— ROC)

R+ R
In equation (19) we have that:

A; cos (Ytropp)) + Ag sin (yt(i1opp))+
Z/BRZ

(tG10PD) — 2 — £(5C))
R R, (il1oPD) (SC)

(y cos (ytirorp)) — X sin (ytirorp))) L extiorD)

(xAg — yA7) cos (yti1opp)) — (YA7 + XxAg) sin (yt10pp))+
26R,
R+ R,

— sin (¥#(10pPD)) T eXtioPD)

Ag = (20)

$in (Yt i10ppy) (7 SN (PEG1oppy) + X €08 (P1opDy)) + €08 (P(i10p0) (¥ €OS (PEi10pDy) — X SIN (PG10PD)))
and

Az cos (yti1orp)) + Ag sin (yt1opp))+
(y sin (ytiropn) + x €08 (YiroPD)) | xtropp)_ 20R2 (tatorny — 2 — ts0)
R+ R

(xAg — yAz7) cos (ytiiorp)) — (yA7 + xAg)sin (yti1opp))+
20R,
R+ R,
0= — - - (21
sin (yt(i10pp)) (¥ sin (Yt1opp)) + X €OS(Yti1opp))) + €OS(¥ti10rD)) (¥ €OS (VEi1opp)) — X SN (¥ti10PD)))

+ cos (yt(i10pPD)) +eXttoPD)

Using equation (22), disposed below, it is possible to calculate the values of i, () for the first reverse discharge
process and second process charge of the capacitor C contained in the circuit 2RLC fed by a triangular electric
potential source, £(), by the condition [(RiR, C + L)/2R,LC)* — (R + Ry)/R,LC < 0.

6
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e_’“{[%f\u + C(yAn, — XAM)] cos(ty) + [RLAlz — C(yAn + XA12)] sin(ty)}+
y(t) = (22)

2 2
+L(t + RzC — 4 t(gc) - Z)
R+ R

In equation (22) we have that:

Ag cos (ytizopc)) + Aro sin(ytizorcy)+
cos (Vo — x sin (20 ~ 20BR
(7 cos (ytizorcy) (izorc) +ei@ero f—zR (3 tsc) + z — Kizorc)
| )

(yAio — xAg) cos (ytizopc) — (YAg + XxAig) sin (ytizoprc))+

— sin (yt20pc) 4 eizero 20R,
s R+ R
11 = - ; ;
08 (yti20p)) (¥ €08 (ytizopc)) — X Sin(¥tizopc))) + sin(¥izopc)) (x €Os (Vti2opc)) + ¥ Sin (¥ii20pc)))
(23)
and
Ay cos (ytizopc)) + Alo Sin (¥ti2opc))+
(x cos (ytiizopc)) + ¥ sin(ytizopc))) 4 ei20p0) 28R, (B ey + 2 — tirorc)
1+ R
(yAip — xAg) cos (Ytizopc)) — (A9 + xAjg) sin (ytirorc))+
+ cos (y20r0) | _ stzonc_20R2
R+ R
Ap = — - ; . (24)
sin (yt(i20pc)) (X €Os (¥tizorc)) + ¥ sin(Ytizorc))) + €Os(¥tiropc)) (¥ €Os(Ytizorc)) — X SIn(Yt(i2opc)))
3. Experimental

The modeling proposed does not require any feature of the permanent magnet to be known, so that its
implementation is material agnostic. In order to assess its results, the most common type of hard magnets rare-
earth-based were explored to clarify correlations between (micro)structural characteristics, analogous electric
parameters, and magnetic properties. For the case of rare-earth PMs, Pr¢Fe;¢Bg sintered permanent magnets
with optimized processing conditions according to [23, 24] were used. The hysteresis shape quantification was
determined using Hy/H,; definition [12, 13]. Equivalent electric parameters used to yield modeled
demagnetization curves were acquired via best fitting. [t must be mentioned that the shape of the
demagnetization curve is highly sensitive to the magnetizing field and saturation must be ensured for the rare
earth permanent magnets. Although some vibrating sample magnetometers are capable of saturating the rare
earth magnet, generally, this demagnetization curve is determined using a close circuit hysteresis-meter after
magnet saturation in a high intensity magnetic field generated by capacitive pulse discharge on a magnetizing
coil. The present model and equations only simulate curves of permanent magnets that have been fully
magnetized to saturation. Distortions on the second quadrant demagnetization curves of rare earth magnets
caused by poor magnetization have not been incorporated on the present model. Electrical units were omitted
for the magnetic parameter and simulations since inside a real permanent magnet the electrical parameters are
only imaginary figures.

4, Results and discussion

4.1. Stoner-wohlfarth loops

The classical theoretical loops yielded by mathematical expressions are presented in figure 3 (see 22). The data
used yielded these theoretical curves with the time domain ordinary differential equations deduced in this study
are presented in table 1. In general, it can be seen that the circuit presented in figure 1 as an electrical equivalent
to a permanent magnet and the related expressions also can simulate the theoretical curves of the Stoner-
Wohlfarth magnetic loops in very good fitting for most of the overlaps. The most distinct overlap was found for
the SW3 curve (45°).
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-1 h 1
— - — _/
/—_ e ﬁ [ —
74
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i)(r) First capacitor charge process

i)() First capacitor discharge process

—i\(#) Second capacitor charge process

Figure 3. Graphical adaptation of the hysteresis loops for the Stoner-Wohlfarth (SW) model [22]. Curves are labeled according to the
enclosed area (from SW1 for the first loop with the biggest area down to SW5 for the line at 45 degrees).

Table 1. Parameter values for the simulations curves shown in figure 3.

Name Angle Ry R, C L 6] tso

SW1 0 0.002 700 67 1x107° 0.015 67

SW2 10 0.015 12 65 1x107° 0.015 45

SW3 45 0.015 2.5 53 2.8x 107" 0.015 40

SW4 80 0.83 5 89 1x107* 0.015 44

SW5 90 0.40 0.6 0.01 1x107* 0.015 67
4.2. Permanent magnets

The room temperature (298 K) demagnetization curve of a Pr ¢Fe;4Bg sintered magnet compared to a
theoretical curve yielded by the deduced analytical equation (12) is shown in figure 4. The polarization or
remanent magnetization with Tesla units has been used because this makes the X and Y axis with similar scales.
Equivalent electric parameters for the magnet tested at room temperature (figure 4(a)) correspond to R;
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Figure 4. (a) Demagnetization curve of a Pri¢Fe;4Bg sintered magnet (SF = 0.93) compared to a theoretical curve yielded by the
analytical equation (red). (b) Demagnetization curve at 373 K of the Pr; sFe;Bjg sintered magnet (SF = 0.90) overlapped to the
theoretical curve yielded by the analytical equation (red).
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Figure 5. (a) Theoretical demagnetization curves for various values of R; with R, =22; C=79; L=1 X 107 3=0.015and tscy=73.
(b) Theoretical 373 K demagnetization curves for various values of R, with R, =30; C=67; L=1 x 10~* $=0.015and tsc)=22.

=0.026; R, =22;C=79;L =1 x 1073 B=0.015and t5c,) = 73. An excellent overlap of the demagnetization
curves has been obtained with these equivalent parameters. Equivalent electric parameters for this magnet tested
at 373 K (figure 4(b)) correspond to Ry = 0.014; R, = 30; C=67; L =1 x 10 % 3=0.015 and tscy=22. Again,
an excellent overlap of the demagnetization curves has been obtained with these new equivalent parameters.

The theoretical demagnetization curves for various values of R; with the other parameters kept constant are
shown in figure 5. This parameter influences significantly the theoretical demagnetization curves of an
equivalent permanent magnet. It affects the dramatically the shape of the curve (squareness factor), remanent
polarization and intrinsic coercivity.

The theoretical demagnetization curves for various values of R, with the other parameters kept constant are
shown in figure 6. This simulation parameter also influences significantly the theoretical demagnetization curves
of an equivalent permanent magnet. It also affects the dramatically the shape of the curve but mainly the initial
slope of the linear part of the curve, that is, the inclination, which can be related with the magnetic permeability
of the permanent magnet. The polarization and intrinsic coercivity were also affected, but in a lesser extent than
the previous case (R)). Itis also clear from figures 6(a) and (b) that the present model can model distinctly the
effect of the temperature on the sintered permanent magnet since quite distinct curves have been obtained with
both simulations. In other words, simulated curves for 373K on figure 6(b) are not a replica of the curves for
room temperature shown in figure 6(a).

The theoretical demagnetization curves for various values of C with the other parameters kept constants are
shown in figure 7. This parameter influences significantly the magnetic polarization of an equivalent permanent
magnet. The intrinsic coercivity was also affected but in a lesser extent than the remanent polarization. As
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Figure 6. (a) Theoretical demagnetization curves for various values of R, with R; =0.026; C=79; L =1 X 107 8=0.015and
tscy="73. (b) Theoretical 373 K demagnetization curves for various values of R, with R; =0.014; C=67; L=1 X 107% 8=0.015and
t(sc) =22.
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Figure 7. (a) Theoretical demagnetization curves for various values of Cwith R; = 0.026; R, =22; L=1 X 1073 8=0.015and
tisc)=73. (b) Theoretical 373 K demagnetization curves for various values of Cwith R; = 0.014; R, =30; L=1 x 107% 8=0.015and
fsoy=22.
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Figure 8. (a) Theoretical demagnetization curves for various values of L with R; = 0.026; R, = 22; C=79; #=0.015 and s, = 73. (b)
Theoretical 373 K demagnetization curves for various values of L with Ry = 0.014; R, = 30; C=67; 3= 0.015and tsc, = 22.
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Figure 9. (a) Theoretical demagnetization curves for various values of fsc, with R; = 0.026; R, =22; C=80; L=1 x 10> and
B=10.015. (b) Theoretical 373 K demagnetization curves for various values of s, with R, = 0.014; R, =30; C=67;L =1 x 10 *and
B3=0.015.
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Figure 10. 2RLC circuit with R; in series with C and simulations curves for the SW model.
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Figure 11. Theoretical simulation curve for the SW2, SW3, SW4 and SW5 for the analogous 2RLC circuit with R, in paralell with C.

observed in real rare earth permanent sintered magnets, with the reduction of remanence there is a tendency of
improvement in the intrinsic coercivity [25]. The remanence of a sintered magnet is governed by several intrinsic
and extrinsic parameters (B, = (cosO)fPpM,) [26]. Similarly, intrinsic coercivity is also a complex magnetic
property dependent of several parameters (1, H. = o py Ha — NegeJs » 00 = vy Qo) [27-29]. Thus, it is
possible to modify the curve to fit any experimental demagnetization curve but it is not possible to know which
physical parameter is actually being changed on the remanence or coercivity.

The theoretical demagnetization curves for various values of L with the other parameters kept constants are
shown in figure 8. Rather distinctly from the previous cases, this parameter influences only the squareness of the
transition region between the horizontal and vertical linear lines of an equivalent permanent magnet. The
intrinsic coercivities and remanences were not affected by changing this parameter. L value of 0.1 and 0.01 yield a
negative root, which invalidates the theoretical equation for curve simulation. The theoretical demagnetization
curves for various values of #(sc, with the other parameters kept constants are shown in figure 9. It can be readily
noted that, similarly to room temperature simulations, these parameters also influence significantly the
theoretical demagnetization curves of an equivalent permanent sintered rare earth magnet at 373 K.

4.3. Electric circuits
In order to verify if other electric circuits were also able to yield equations that simulate the demagnetization
curve of permanent magnets various simpler circuits were also presented in this investigation. The good results
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Figure 12. Theoretical simulation curve for the SW2, SW3, SW4 and SW5 for the analogous circuit 2RC.

presented previously can also be obtained using another 2RLC circuit, a variation in which the resistance R; is in
series with the capacitance C, as shown in figure 10. It is also shown some simulation results of the SW curves
based on this second analogous circuit. The SW simulation curves for this second circuit were similar to those
obtained using of the 2RLC circuit that had the resistance R; in series with inductance L, shown in figures 1 and
2. The simulation graphs of the SW curves obtained with this second 2RLC electrical circuit were obtained with
parameters different from those generated based on the first 2RLC analogous circuit for the simple constructive
matter (the equations of the first one were different, but obtained in the same way). In this work it was preferred
to use the 2RLC circuit with R in series with the inductance for a simple matter of choice and nothing else.

A third electrical analogy circuit used for modeling and simulations together with SW1 is depicted in
figure 11. This analogy circuit does not allow changing the horizontal inclination of the curves, presenting
poorer simulations loops than the previously shown circuits. A fourth electrical analogy circuit used for
modeling and simulations together with SW1 is depicted in figure 12. The equations for this analogy circuit
allows better simulations loops than the previously one, and would be quite similar to the 2RLC circuit. This is
rather expected given the small values (very closed to zero) employed for L in the 2RLC circuits.

A fifth electrical analogy circuit (RC) used for modeling and simulations together with SW1 is depicted in
figure 13. This analogy circuit also does not allow changing the horizontal inclination of the curves, presenting
poorer simulations loops than the previously shown circuits. Figure 14 shows various circuits that do not allow
simulating the Stoner-Wohlfarth loops. It should be noted that the input inductance L can be eliminated for
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Figure 13. Theoretical simulation curve for the analogous circuit RC.
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Figure 14. Theoretical circuits that yield equations that do not allow SW loops simulations.

simulations that include only the second quadrant, however, it is necessary for the simulation of hysteresis
curves of the first and third quadrants for some types of magnets. Figure 15(a) shows the demagnetization curve
of a Pri¢Fe;Bg sintered magnet compared to a theoretical curve produced by an analytical equation based on a
RCseries circuit and (b) at 373 K. Somewhat better fitting overlap was obtained in the latter.

At this juncture, the physical meaning of these electrical parameters can only be inferred based on the
microstructural knowledge of the permanent magnet. Nevertheless, some imperfections on the magnet of
practical nature can be attributed to the resistances on the electrical circuit. A magnet has pores, secondary
phases and lattice defects, which could be represented by these resistances. R; can be attributed to
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Figure 15. (a) Demagnetization curve of a Pr;sFe;4Bg sintered magnet (SF = 0.93) compared to a theoretical curve produced by an
analytical equation based on a RC'series circuit ploted in (red) with R; = 0.05; C=77,5; 3= 0.015 and t(sc, = 75. (b) Demagnetization
curve at 373 K of the Pr¢Fe;Bg sintered magnet (SF = 0.90) compared to a theoretical curve produced by an analytical equation based
ona RCseries circuit plotted in (red) with R; = 0.015; C= 66; 5=0.015 and #(sc, = 22.

microstructural features since it changes M, and ;H.. Similarly, R, can also be microstructural once for the 373K
curve only ;H_. is influenced. Cis mainly related to the saturation polarization once M, is the main changed
parameter. The model does not allow simulating magnets containing magnetically soft secondary phases that
yield kinks on the second quadrant of the demagnetization curve. The alloy composition, additions and
processing conditions can be changed and the resulting magnetic properties can be associated to these electrical
parameters in order to obtain a better understanding of the physical meaning of this equivalent electrical model.
Further investigations are underway in an attempt to associate magnetic behavior to the electrical simulations
parameters.

Intuitively one might think that a real permanent magnet could be exchanged by a coil with an inductance L
asitis carried out in most practical applications. This seems not to be the case as far as the material is concerned,
as show in figure 14 for circuits that do not allow simulations of the SW curves. As far as the capacitor to work
very well in the magnet analogous it must be remembered that very often in the literature a magnet is depicted as
acharged capacitor with the positive and negative charges in the north and south pole, respectively. Although the
present time domain equations model using a 2RLC circuit does not allow the simulations of non-fully
magnetized permanent magnets it still presents more flexibility than previous attempts reported in the literature
[30, 31]. The previous model presented in the literature showed that the error function equation was used
because the authors were interested in the cumulative probability that the grains have reversed to the left of the
remanence. The first part of the equation was the dominant term of the equation in the second quadrant. The
second term of this equation captures the adjustment for alignment and is a smaller correction. Its effect was
easier to see in the first quadrant, with a slight positive slope, where the probability term is constant, fixed at 1
[30]. Apart from this equation model using the error function equation no other simulations models have been
reported in the literature for M x H demagnetization curves.

The potential application of the proposed approach has impact on the design and optimization of
permanent magnets for specific industrial and scientific applications. Thus, by systematically varying only the
(cos ©) of various sintered magnets it is possible to verify which electrical parameters are necessary to be altered
as well, which would lead to better prediction of practical magnets behavior.

5. Conclusions

It has been shown that it is possible to simulate the demagnetization curves of permanent sintered magnets using
time domain analytical expressions obtained using an electric equivalent circuit analogous to a closed magnetic
circuit. The present model uses only a triangular electrical potential source, a capacitor, an inductor and two
resistances. Each individual equivalent electric parameter influences a specific region of the demagnetization
curve of the permanent magnet, which is associated to a physical characteristic of the magnetic alloy and to the
processing conditions. As far as the simulations curves are concerned, the 2RLC circuit works very satisfactorily
in most cases whereas other possible circuits have some kind of hindrances for some simulations curves. Itis
possible to simulate the demagnetization curve of rare earth magnets and also any other types of permanent
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magnets. Although the model allows simulating any demagnetization curve it does not discriminate which
physical parameter is being changed on the permanent magnet.
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