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Abstract
Expressions to simulate the intrinsic demagnetizing curve of permanentmagnets are derived from the
classical electrical analogy of a 2RLC circuit as an equivalent to amagnet under demagnetization in a
closedmagnetic circuit. Comparisons between experimental and theoretical intrinsicMxH curves
were carried out for hardmagneticmaterials, and the possibility of using this analogous circuit with
two components has also been investigated. The demagnetization curves of permanent sintered
magnets have been simulatedwith time domain analytical expressions obtained using an electric
equivalent circuit analogous to a closedmagnetic circuit. This has been carried out formagnets
measured at room temperature and at 373K. 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 earthmagnets and also other types of permanentmagnets. The Stoner-
Wohlfarthmodel 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 themagnetic
properties.

Symbol list:

Magnetic:

Br remanence; unit: tesla (T);

iHc intrinsic coercivity; unit: tesla (T);

bHc inductive coercivity; unit: tesla (T);

Mr remanent polarization; unit: tesla (T);

Ms saturation polarization; unit: tesla (T);

〈cosθ〉 degree of crystal alignment;

f volume fraction of themagnetic hard phase;

P packing factor of themagnet;

PM permanentmagnet;

Rp internal reluctance;

Rp
−1 internal permeance;

Electric:

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

i1(t) intensity of the current present in the capacitor; unit: ampere (A);

i2(t) intensity of the current present in the resistorR2; unit: ampere (A);

i3(t) intensity of the current present in the capacitorC; unit: ampere (A);
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j the same as -1 ;

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

R1 equivalent series resistance; unit: ohm (Ω);

R2 equivalent parallel resistance; unit: ohm (Ω);

t time elapsed in the processes offirst charge, discharge and second charge of the capacitorC; unit:
second (s);

t(i1°PC) time inwhich the first charging process of the capacitorC contained in the circuit 2RLC starts;
unit: second (s);

t( f1°PC) time at which the end of the first charging process occurs; unit: second (s);

t(iPD) time inwhich the discharge of capacitorC contained in electrical circuit 2RLC starts; unit:
second (s);

t( fPD) time inwhich the discharge of capacitorC in circuit 2RLC is completed; unit: second (s);

t(i2°PC) time inwhich the second charging process of capacitorC begins; unit: second (s);

t(SC) duration of a half-cycle of charge or discharge of capacitorC in circuit 2RLC of capacitorC
contained in electrical circuit 2RLC; unit: second (s);

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

ΔvC(t) electric potential difference between the capacitorC terminals; unit: volt (V );

ΔvL(t) electric potential difference between the inductor L terminals; unit: volt (V );

x1 the same as ⎜ ⎟
⎛
⎝

⎞
⎠

( )- - -+ + + ;R R C L

R LC

R R C L

R LC

R R

R LC2 2

2

2
1 2

2

1 2

2

1 2

2
unit: time inverse (s−1);

x2
the same as ⎜ ⎟

⎛
⎝

⎞
⎠

( )- + -+ + + ;R R C L

R LC

R R C L

R LC

R R
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2

2
1 2

2

1 2

2

1 2
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unit: time inverse (s−1);

x the same as + ;R R C L

R LC2
1 2

2
unit: time inverse (s−1);

y
the same as ( ) -+ +j ,R R C L

R LC

R R

R LC2

2
1 2

2

1 2

2
being that +R R

R LC
1 2

2

has units in inverse time squared (s−2);

z the same as +
+

;R R C L

R R
1 2

1 2
unit: time (s);

ε(t) triangular electrical potential source;

β 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 forcemicroscope 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, theRLC
circuit has been reported as an analogywithmechanical systems [5]. The circuit was shown and its responses in
the time domain in addition to a comparison between an electrical circuit and amass-spring-damper.
Moreover, the solution of partial differential equations by electrical analogy has been reported in the
literature [6].

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

Typically, a sintered rare earthmagnet has the characteristic intrinsic demagnetization curveMxHwith two
distinct regions [8]. Region 1 is the linear reversible part and region 2 corresponds to nonlinear irreversible
behaviorwhere partial undesirable demagnetization occurs at some locations in themagnet structure. The
remanence (Br) of amagnet is the highest polarization (Br=μ0Mr) obtained on a closemagnetic circuit after
saturation in a high pulsedmagnetic field and this is the starting point of region one. If the polarization (Mr)
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remains absolutely constant themagnetmaterial permeability would be a horizontal line (μr= 1). However, the
permeability for the demagnetization curve of practical rare earthmagnets is in the range of 1.04 to 1.10 [9]. This
means, that some phases in addition to the hardmagnet phase can exist in themagnets and has also been
attributed to spin fluctuations or small nuclei of domains [9, 10]. The intrinsic coercivity defines thefieldwhere
the polarization is reduced to zero [8]. Thismostly vertical curve in region two of the intrinsic curve is
characterized by the presence of demagnetizing fields (N) in the grain structure of realmagnets and the slope of
this deviation from the vertical line is given byN−1 [11].

The intrinsic curve of an idealmagnet 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 themagnetic permeability is to
unity and the stronger the capacity of thematerial 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. Amathematical equation to simulate the intrinsic curve of amagnetmust
providemeans tomodify 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 equationmust provide a
smooth connection between these two lines accordingly to the squareness factor and the knee field (Hk) [12, 13].

The classical approach inmodelingmagnetic circuits uses the electric circuit analogy ofOhm’s Law [14–17].
In this case, the normal (or inductive) demagnetization curve B xH is the relevant data for applications including
motors and generators. For these purposes, a permanentmagnet (PM) can be represented by a Thevenin
equivalent circuit composed by amagnetomotive force source in series with an internal reluctance (Rp) or by a
Norton equivalent circuit composed by aflux source in parallel with an internal permeance (Rp

−1). Similarities
and dissimilarities can be found in this analogy [18]. Concerning the former, equivalent circuits use resistances
to representmagnetic reluctances and voltage sources to representmagneto-motive forces. Regarding the
differences, an example is the contradiction inmodelingmagnetic cores that store energywith dissipative
components such as resistances which impairs the energy and power equivalence [19]. To overcome this
particular objection, amagnetic capacitor has been introduced in the equivalent electric equivalent circuits [20].

For themodeling of the intrinsic demagnetization curveMxH,which represents the response of the highly
complexmaterial of a PM, the described approach used for the inductive demagnetization curve B xHwith a
flux source in parallel with a permeance is unsatisfactory and amore complex configurationmust be evaluated.
It has recently been demonstrated the possibility to simulate curves of electrochemical capacitors using a
straightforward electrical circuit [21]. The aimof this study is to solve the problemof simulating the intrinsic
demagnetization curve of permanentmagnets using the classical analogy betweenmagnetic and electric circuits.
The starting point was to deduce theODE for a circuit containing the three principal electric components. Thus,
the present study proposes analytical equations governing a theoretical analogous electric circuit for a PMusing
a capacitor, an inductor, two resistances and a direct current source. Comparisons between experimental and
theoretical intrinsicMxHdemagnetization curveswere carried out for permanentmagnets, 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 themagnetic properties.

The organizational structure of this article has been divided into four parts. Firstly, deduction of the
equations throughwhich it is possible to simulatemagnetic hysteresis loops bymeans of the solution of ordinary
differential equations (ODE) obtained from the analysis in the time domain of an electricalRLC 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-Wohlfarthmodel, also based on a theoreticalmodel
[22]. Thirdly, the functionality of the equations deduced in this study is compared to demagnetization curves of
real permanentmagnets. Finally, various possible electric circuit configurations to simulatemagnetic curves are
also discussed and, at last, conclusions are presented.

2. Equivalent circuits and equations

Here the second quadrant curveMxHof a PM ismodeled using an equivalence between amagnet contained in
a closedmagnetic circuit with an electrical analogy circuit depicted infigure 1. The simulation is based on the
intensity of the electric current i1(t) present in the terminals of an electric circuit 2RLC fed by a source of
triangular electric potential ε(t). Itmust be noted that the shape of the demagnetization curve is highly sensitive
to themagnetizing field and saturationmust be ensured (and considered in the next sections) for the PM.

The expressions thatmake it possible to calculate the intensity of i1(t) existent at the electric circuit will be
presented for three conditions, namely:

• First charge process up to amaximumpositive potential;
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• First discharge process from themaximumpositive potential up to amaximumnegative potential of the same
magnitude as themaximumpositive potential; and

• Discharge process from themaximumnegative potential to themaximumpositive potential. In this last cycle
of discharge and charge of the capacitorC contained in the circuit 2RLC, the equation is obtained that allows
to calculate the values of i1(t) used to simulate the second quadrant of a permanentmagnet.

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

( ) ( ) ( ) ( ) ( )e = D + + Dt v t i t R v t , 1L C1 1

whereΔvL(t) is the electric potential between the terminals of the inductor L andΔvC(t) is the electrical potential
between the terminals of the capacitorC.

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

( ) ( ) [ ( ) ] ( )( )e b= - - -t n t t1 2 1 , 2n
SC

where n represents the number of variations that the source presents between amaximumpositive value and a
maximumnegative value (or vice versa) of electric potential (or between a null value and amaximumpositive or
maximumnegative value of electric potential), andβ indicates 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,
if the 2RLC electrical circuit needs to be charged by amaximum instantaneous potential difference,Δv(t), that
varies between+1V and−1V and, considering that it is initially discharged and the source starts from a
potential voltage of 0V (which is common in order to avoid load short circuit)until it reaches a value of+1V,
then n= 1. After the terminals of the 2RLC circuit present a potential of+1V to source, the discharge and charge
operations proceedwith 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 chargingwith positive electrical
potential until the terminals of the 2RLC circuit present a value of+1V, and so on.

2.1. Charging process equivalent to themagnetization 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 i1(t)present in the branch of the source for thefirst 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-orderODE solutions originating from the analysis of the circuit presented infigure 1
for the capacitor charging process. Equation (3)was derived for the condition inwhich
[( ) ] ( )/ /+ - + >R R C L R LC R R R LC2 01 2 2

2
1 2 2 (see equation (6) e (7) as follow).

⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

( ) ( ) ( )b
= + + + +

+
+ -i t A e

R
Cx A e

R
Cx

R R
t R C z

1 1
, 3x t x t

1 1
2

1 2
2

2
1 2

2
1 2

Equation (3) allows to calculate the values of i1(t) for thefirst charge process of the capacitorC in the electric
circuit 2RLC, fed by a triangular electric potential source, ε(t), considering theODE solution of second linear
and non-homogeneous order.

Figure 1.Charging process of the capacitorC contained in the electrical circuit 2RLC powered by a triangular electric potential source
ε(t), which is assumed to be analogous or equivalent to a permanentmagnet in a closed demagnetization circuit.
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In equation (3)wehave that:

( )( )
( ) ( )b
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2
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+

+
z

R R C L

R R
. 81 2

1 2

2.2.Discharging process of capacitor C equivalent to reducing themagnetization field to zero
In order to obtain the expression the allows the calculation the values of i1(t) for thefirst discharge process and
second reverse charg process of the capacitorC in the electrical circuit 2RLC governed by a triangular source ε(t),
the circuit presented infigure 2was taken as a reference.

Bymeans of equation (9) it is possible to calculate the intensity of the electric current i1(t) for the condition in
which thefirst discharge process and thefirst 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.

⎜ ⎟ ⎜ ⎟
⎛
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⎞
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⎠
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In the equation (9)wehave that:

⎜ ⎟
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. 11
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2.3. Second charging process equivalent to the demagnetization
Bymeans of equation (12) it is possible to calculate the intensity of the electric current i1(t) for the condition in
which thefirst 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.

⎜ ⎟ ⎜ ⎟
⎛
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⎠

⎛
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Figure 2.Discharge process of the capacitorC contained in the electrical circuit 2RLC governed by a triangular electric potential
source ε(t).
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In equation (12)we have that:
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The following equations were employed for [( ) ] ( )/ /+ - + <R R C L R LC R R R LC2 0,1 2 2
2

1 2 2 theywere
used to plot the curves infigure 8 for the condition inwhich 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 i1(t) for thefirst charge
process of the capacitorC contained in the electric circuit 2RLC, fed by a triangular electric potential source, ε(t),
by the condition [( ) ] ( )/ /+ - + <R R C L R LC R R R LC2 0.1 2 2
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Bymeans of the equation (19), presented below, it is possible to calculate the values of i1(t) for thefirst
discharge process and the first reverse charge process of the capacitorC contained in the circuit 2RLC fed by a
triangular electric potential source, ε(t), by the condition [( ) ] ( )/ /+ - + <R R C L R LC R R R LC2 0.1 2 2
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In equation (19)we have that:
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Using equation (22), disposed below, it is possible to calculate the values of i1(t) for thefirst reverse discharge
process and second process charge of the capacitorC contained in the circuit 2RLC fed by a triangular electric
potential source, ε(t), by the condition [( ) ] ( )/ /+ - + <R R C L R LC R R R LC2 0.1 2 2

2
1 2 2
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3. Experimental

Themodeling proposed does not require any feature of the permanentmagnet to be known, so that its
implementation ismaterial agnostic. In order to assess its results, themost common type of hardmagnets rare-
earth-basedwere explored to clarify correlations between (micro)structural characteristics, analogous electric
parameters, andmagnetic properties. For the case of rare-earth PMs, Pr16Fe76B8 sintered permanentmagnets
with optimized processing conditions according to [23, 24]were used. The hysteresis shape quantificationwas
determined usingHk/Hcj definition [12, 13]. Equivalent electric parameters used to yieldmodeled
demagnetization curves were acquired via bestfitting. Itmust bementioned that the shape of the
demagnetization curve is highly sensitive to themagnetizingfield and saturationmust be ensured for the rare
earth permanentmagnets. Although some vibrating samplemagnetometers are capable of saturating the rare
earthmagnet, generally, this demagnetization curve is determined using a close circuit hysteresis-meter after
magnet saturation in a high intensitymagnetic field generated by capacitive pulse discharge on amagnetizing
coil. The presentmodel and equations only simulate curves of permanentmagnets that have been fully
magnetized to saturation.Distortions on the second quadrant demagnetization curves of rare earthmagnets
caused by poormagnetization have not been incorporated on the presentmodel. Electrical units were omitted
for themagnetic parameter and simulations since inside a real permanentmagnet the electrical parameters are
only imaginary figures.

4. Results and discussion

4.1. Stoner-wohlfarth loops
The classical theoretical loops yielded bymathematical expressions are presented infigure 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 infigure 1 as an electrical equivalent
to a permanentmagnet and the related expressions also can simulate the theoretical curves of the Stoner-
Wohlfarthmagnetic loops in very goodfitting formost of the overlaps. Themost distinct overlapwas found for
the SW3 curve (45°).
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4.2. Permanentmagnets
The room temperature (298K) demagnetization curve of a Pr16Fe76B8 sinteredmagnet compared to a
theoretical curve yielded by the deduced analytical equation (12) is shown infigure 4. The polarization or
remanentmagnetizationwith Tesla units has been used because thismakes the X andY axis with similar scales.
Equivalent electric parameters for themagnet tested at room temperature (figure 4(a)) correspond toR1

Figure 3.Graphical adaptation of the hysteresis loops for the Stoner-Wohlfarth (SW)model [22]. Curves are labeled according to the
enclosed area (fromSW1 for thefirst loopwith the biggest area down to SW5 for the line at 45 degrees).

Table 1.Parameter values for the simulations curves shown infigure 3.

Name Angle R1 R2 C L β t(SC)

SW1 0 0.002 700 67 1× 10−5 0.015 67

SW2 10 0.015 12 65 1× 10−5 0.015 45

SW3 45 0.015 2.5 53 2.8× 10−1 0.015 40

SW4 80 0.83 5 89 1× 10−4 0.015 44

SW5 90 0.40 0.6 0.01 1× 10−4 0.015 67
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= 0.026;R2= 22;C= 79; L= 1× 10−3;β= 0.015 and t(SC)= 73. An excellent overlap of the demagnetization
curves has been obtainedwith these equivalent parameters. Equivalent electric parameters for thismagnet tested
at 373K (figure 4(b)) correspond toR1= 0.014;R2= 30; C= 67; L= 1× 10−4;β= 0.015and t(SC)= 22. Again,
an excellent overlap of the demagnetization curves has been obtainedwith these new equivalent parameters.

The theoretical demagnetization curves for various values ofR1 with the other parameters kept constant are
shown infigure 5. This parameter influences significantly the theoretical demagnetization curves of an
equivalent permanentmagnet. It affects the dramatically the shape of the curve (squareness factor), remanent
polarization and intrinsic coercivity.

The theoretical demagnetization curves for various values ofR2 with the other parameters kept constant are
shown infigure 6. This simulation parameter also influences significantly the theoretical demagnetization curves
of an equivalent permanentmagnet. It also affects the dramatically the shape of the curve butmainly the initial
slope of the linear part of the curve, that is, the inclination, which can be relatedwith themagnetic permeability
of the permanentmagnet. The polarization and intrinsic coercivity were also affected, but in a lesser extent than
the previous case (R1). It is also clear fromfigures 6(a) and (b) that the presentmodel canmodel distinctly the
effect of the temperature on the sintered permanentmagnet since quite distinct curves have been obtainedwith
both simulations. In otherwords, simulated curves for 373Konfigure 6(b) are not a replica of the curves for
room temperature shown infigure 6(a).

The theoretical demagnetization curves for various values ofCwith the other parameters kept constants are
shown infigure 7. This parameter influences significantly themagnetic polarization of an equivalent permanent
magnet. The intrinsic coercivity was also affected but in a lesser extent than the remanent polarization. As

Figure 4. (a)Demagnetization curve of a Pr16Fe76B8 sinteredmagnet (SF= 0.93) compared to a theoretical curve yielded by the
analytical equation (red). (b)Demagnetization curve at 373K of the Pr16Fe76B8 sinteredmagnet (SF= 0.90) overlapped to the
theoretical curve yielded by the analytical equation (red).

Figure 5. (a)Theoretical demagnetization curves for various values ofR1 withR2= 22;C= 79; L= 1× 10−3;β= 0.015 and t(SC)= 73.
(b)Theoretical 373K demagnetization curves for various values ofR1 withR2= 30;C= 67; L= 1× 10−4;β= 0.015 and t(SC)= 22.
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Figure 7. (a)Theoretical demagnetization curves for various values ofCwithR1= 0.026;R2= 22; L= 1× 10−3;β= 0.015 and
t(SC)= 73. (b)Theoretical 373K demagnetization curves for various values ofCwithR1= 0.014;R2= 30; L= 1× 10−4;β= 0.015 and
t(SC)= 22.

Figure 6. (a)Theoretical demagnetization curves for various values ofR2 withR1= 0.026;C= 79; L= 1× 10−3;β= 0.015 and
t(SC)= 73. (b)Theoretical 373K demagnetization curves for various values ofR2 withR1= 0.014;C= 67; L= 1× 10−4;β= 0.015 and
t(SC)= 22.

Figure 8. (a)Theoretical demagnetization curves for various values of LwithR1= 0.026;R2= 22;C= 79;β= 0.015 and t(SC)= 73. (b)
Theoretical 373K demagnetization curves for various values of LwithR1= 0.014;R2= 30;C= 67;β= 0.015 and t(SC)= 22.

10

Phys. Scr. 98 (2023) 115025 APRFernandez et al



Figure 9. (a)Theoretical demagnetization curves for various values of t(SC)withR1= 0.026;R2= 22;C= 80; L= 1× 10−3 and
β= 0.015. (b)Theoretical 373K demagnetization curves for various values of t(SC)withR1= 0.014;R2= 30;C= 67; L= 1× 10−4 and
β= 0.015.

Figure 10. 2RLC circuit withR1 in series withC and simulations curves for the SWmodel.
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observed in real rare earth permanent sinteredmagnets, with the reduction of remanence there is a tendency of
improvement in the intrinsic coercivity [25]. The remanence of a sinteredmagnet is governed by several intrinsic
and extrinsic parameters (Br= 〈cosΘ〉fPμ0Ms) [26]. Similarly, intrinsic coercivity is also a complexmagnetic
property dependent of several parameters ( )m a m a a a a= - = yH H N J ,c A s K exc0 0 eff [27–29]. Thus, it is
possible tomodify the curve tofit any experimental demagnetization curve but it is not possible to knowwhich
physical parameter is actually being changed on the remanence or coercivity.

The theoretical demagnetization curves for various values of Lwith the other parameters kept constants are
shown infigure 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 permanentmagnet. 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 t(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 earthmagnet at 373K.

4.3. Electric circuits
In order to verify if other electric circuits were also able to yield equations that simulate the demagnetization
curve of permanentmagnets various simpler circuits were also presented in this investigation. The good results

Figure 11.Theoretical simulation curve for the SW2, SW3, SW4 and SW5 for the analogous 2RLC circuit withR1 in paralell withC.
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presented previously can also be obtained using another 2RLC circuit, a variation inwhich the resistanceR1 is in
series with the capacitanceC, as shown infigure 10. It is also shown some simulation results of the SWcurves
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 resistanceR1 in series with inductance L, shown infigures 1 and
2. The simulation graphs of the SWcurves obtainedwith this second 2RLC electrical circuit were obtainedwith
parameters different from those generated based on the first 2RLC analogous circuit for the simple constructive
matter (the equations of thefirst onewere different, but obtained in the sameway). In this work it was preferred
to use the 2RLC circuit withR1 in series with the inductance for a simplematter of choice and nothing else.

A third electrical analogy circuit used formodeling 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 infigure 12. The equations for this analogy circuit
allows better simulations loops than the previously one, andwould 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.

Afifth electrical analogy circuit (RC) used formodeling and simulations togetherwith 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

Figure 12.Theoretical simulation curve for the SW2, SW3, SW4 and SW5 for the analogous circuit 2RC.
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simulations that include only the second quadrant, however, it is necessary for the simulation of hysteresis
curves of thefirst and third quadrants for some types ofmagnets. Figure 15(a) shows the demagnetization curve
of a Pr16Fe76B8 sinteredmagnet compared to a theoretical curve produced by an analytical equation based on a
RC series circuit and (b) at 373K. Somewhat better fitting overlapwas obtained in the latter.

At this juncture, the physicalmeaning of these electrical parameters can only be inferred based on the
microstructural knowledge of the permanentmagnet. Nevertheless, some imperfections on themagnet of
practical nature can be attributed to the resistances on the electrical circuit. Amagnet has pores, secondary
phases and lattice defects, which could be represented by these resistances.R1 can be attributed to

Figure 13.Theoretical simulation curve for the analogous circuitRC.

Figure 14.Theoretical circuits that yield equations that do not allow SW loops simulations.
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microstructural features since it changesMr and iHc. Similarly,R2 can also bemicrostructural once for the 373K
curve only iHc is influenced.C ismainly related to the saturation polarization onceMr is themain changed
parameter. Themodel does not allow simulatingmagnets containingmagnetically 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 resultingmagnetic properties can be associated to these electrical
parameters in order to obtain a better understanding of the physicalmeaning of this equivalent electricalmodel.
Further investigations are underway in an attempt to associatemagnetic behavior to the electrical simulations
parameters.

Intuitively onemight think that a real permanentmagnet could be exchanged by a coil with an inductance L
as it is carried out inmost practical applications. This seems not to be the case as far as thematerial is concerned,
as show infigure 14 for circuits that do not allow simulations of the SWcurves. As far as the capacitor towork
verywell in themagnet analogous itmust be remembered that very often in the literature amagnet is depicted as
a charged capacitor with the positive and negative charges in the north and south pole, respectively. Although the
present time domain equationsmodel using a 2RLC circuit does not allow the simulations of non-fully
magnetized permanentmagnets it still presentsmore flexibility than previous attempts reported in the literature
[30, 31]. The previousmodel presented in the literature showed that the error function equationwas used
because the authors were interested in the cumulative probability that the grains have reversed to the left of the
remanence. Thefirst part of the equationwas the dominant termof the equation in the second quadrant. The
second termof this equation captures the adjustment for alignment and is a smaller correction. Its effect was
easier to see in thefirst quadrant, with a slight positive slope, where the probability term is constant, fixed at 1
[30]. Apart from this equationmodel using the error function equation no other simulationsmodels have been
reported in the literature forMxHdemagnetization curves.

The potential application of the proposed approach has impact on the design and optimization of
permanentmagnets for specific industrial and scientific applications. Thus, by systematically varying only the
〈cosΘ〉 of various sinteredmagnets it is possible to verify which electrical parameters are necessary to be altered
aswell, whichwould lead to better prediction of practicalmagnets behavior.

5. Conclusions

It has been shown that it is possible to simulate the demagnetization curves of permanent sinteredmagnets using
time domain analytical expressions obtained using an electric equivalent circuit analogous to a closedmagnetic
circuit. The presentmodel 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 permanentmagnet, which is associated to a physical characteristic of themagnetic alloy and to the
processing conditions. As far as the simulations curves are concerned, the 2RLC circuit works very satisfactorily
inmost cases whereas other possible circuits have some kind of hindrances for some simulations curves. It is
possible to simulate the demagnetization curve of rare earthmagnets and also any other types of permanent

Figure 15. (a)Demagnetization curve of a Pr16Fe76B8 sinteredmagnet (SF= 0.93) compared to a theoretical curve produced by an
analytical equation based on aRC series circuit ploted in (red)withR1= 0.05;C= 77,5;β= 0.015 and t(SC)= 75. (b)Demagnetization
curve at 373Kof the Pr16Fe76B8 sinteredmagnet (SF= 0.90) compared to a theoretical curve produced by an analytical equation based
on aRC series circuit plotted in (red)withR1= 0.015;C= 66;β= 0.015 and t(SC)= 22.
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magnets. Although themodel allows simulating any demagnetization curve it does not discriminate which
physical parameter is being changed on the permanentmagnet.
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