
Analysis of B-H and J-H Hysteresis Characteristics
for Irreversible Demagnetization Modeling in

NdFeB PMSM Applications
Md Imtiaz Kamrul1, Shuhui Li2, Sayem Ul Alam3, Nathan Jeong4, Yang-Ki Hong5

Department of Electrical and Computer Engineering
The University of Alabama, Tuscaloosa, Alabama 35487, USA

1mkamrul@crimson.ua.edu, 2sli@eng.ua.edu, 3salam7@crimson.ua.edu, 4shjeong@ua.edu, 5ykhong@eng.ua.edu

Abstract—Research on Permanent Magnet Synchronous Ma-
chines (PMSMs) inherently involves cross-disciplinary efforts
spanning material science and electric machine design. Despite
extensive study within each domain, existing literature provides
limited systematic correlation study between the domain-specific
intrinsic (J–H) and normal (B–H) magnetic representations,
including in the context of irreversible demagnetization under
combined thermal and magnetic stress. This paper presents
a unified and detailed evaluation that explicitly bridges this
gap between the two domains. Specifically, by integrating the
material-centric intrinsic knee point (Hk) into a machine-design-
oriented non-linear Norton equivalent magnetic circuit, this
work systematically evaluates the parameters associated with
demagnetization representation in each domain. Additionally, it
establishes a rigorous basis for interpreting these parameters,
explicitly defining how intrinsic stability limits should be trans-
lated into practical machine design constraints. By establishing
clear connections between the two demagnetization frameworks,
this study offers new insights that are not explicitly addressed
in existing studies, enabling more effective cross-disciplinary
collaboration and robust PMSM design.

Index Terms—Magnetic hysteresis, coercivity, irreversible de-
magnetization, permanent magnet synchronous motor

I. INTRODUCTION

Rare-earth permanent magnets, particularly compositions
such as Neodymium–Iron–Boron (Nd–Fe–B) and Samarium–
Cobalt (Sm–Co), are getting more and more attention nowa-
days due to the rising demand for higher power density in
the advancement of electric machine technology [1], [2]. In
order to meet this growing demand, the materials science
domain focuses on enhancing intrinsic energy density. On
the other hand, in the engineering domain, these materials
are being pushed to their operational extremes in traction
applications ranging from hybrid electric vehicles (HEVs) to
wind turbine generators [1]. As operational demands drive
these machines closer to their thermal and magnetic limits, the
precise characterization in both domains of magnet stability
becomes significant.

The magnetic hysteresis loop represents the key metric for
the characterization of magnetic material [3], [4]; however,
a significant methodological divergence currently limits the
synergy between the material science and engineering field.
To a material scientist, a permanent magnet is a complex
physical system that is defined by its internal stability and

the microscopic energy barriers required to resist domain
reversal [1], [5]. Their analysis prioritizes the intrinsic (J−H)
curve, which explicitly characterizes the physics that maintain
the magnetized state against thermal and external agitation [6].
In contrast, electric machine designers predominantly treat
the permanent magnet as a linear component which is a
predictable energy source and can be characterized straight-
forwardly by the amount of flux it can deliver to the air
gap [7]. Consequently, engineering approaches concentrate
almost exclusively on the normal (B −H) curve, effectively
ignoring the internal physics in favor of simplified linear
models suitable for rapid electromagnetic design [2].

This gap creates a critical blind spot for both communities.
For the machine designer, standard frameworks approximate
safety using linear thresholds that work well for steady-state
operation but fail to detect the non-linear internal collapse
of the material under extreme stress [7]. This can lead to
a calculated “safety margin” that is physically unrealistic.
Conversely, the material science domain effectively charac-
terizes this internal stability, but predominantly under static,
uniform field conditions [5], [8]. This approach overlooks the
complex, multi-constraint, and dynamic magnetic condition
present in high-speed traction motor. Consequently, material-
centric models often lack the context of dynamic machine
operation, while machine-centric models lack the fidelity of
intrinsic material physics. This paper aims to bridge this
mutual gap, integrating the rigorous physics of the material
scientist with the practical, dynamic constraints of the machine
designer to reveal and prevent the latent vulnerabilities in
modern PMSM design.

This paper is organized into five sections to methodically
bridge these two fields. Section II describes the fundamental
constitutive relationships linking normal and intrinsic hystere-
sis behaviors, which establishes the physical basis for the
unified model. Section III investigates the demagnetization
region, specifically evaluating the intrinsic knee point (Hk)
as a temperature-dependent stability threshold. In Section IV-
A, a non-linear Norton equivalent magnetic circuit is designed
to explicitly model the interaction between air-gap permeance
and the magnet’s internal operating point to calculate flux link-
age. Subsequently, Section IV-B explains the demagnetization
Safe Operating Area, while Subsections IV-C and IV-D vali-
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date the proposed framework through a comprehensive thermal
sensitivity analysis, demonstrating the efficacy of the dynamic
safety metric in predicting irreversible demagnetization under
extreme operating conditions. Finally, Section V summarizes
the key contributions and concludes the research.

II. CONSTITUTIVE ANALYSIS OF HYSTERESIS AND
THERMAL INSTABILITY IN PERMANENT MAGNETS

The operational reliability of PMSMs is mainly determined
by the correlation between the macroscopic flux required for
torque production in electric machine design and the macro-
scopic domain stability of the magnet defined by material sci-
ence to resist demagnetization. In soft magnetic materials, the
distinction between intrinsic and normal behavior is often neg-
ligible; however, high-performance PMSMs using Nd–Fe–B
magnets exhibit strong dipole alignment that necessitates a
decoupled analysis of the normal (B–H) and intrinsic (J–H)
hysteresis loops. This section discusses the core associations
between these two characteristics and analyzes the physical
factors that contribute to irreversible degradation [8].

A. The Divergence of Normal and Intrinsic Perspectives

In materials science, the magnetic state of a permanent
magnet is strictly defined by its magnetic polarization, J ,
which represents the volume-averaged vector sum of atomic
magnetic dipole moments. As shown in Fig. 1, the magnetic
domain alignment evolves from a randomly oriented domain
structure in the unmagnetized state (point ’a’) to a highly
aligned configuration under an applied external magnetizing
field, H (point ’b’).

This intrinsic polarization is the physical source of the
magnet’s strength. However, in electric machine design and
finite element analysis (FEA), the magnetic behavior of the
permanent magnet is primarily characterized by the mag-
netic flux density, B, which governs the air-gap flux and
induces electromotive force (EMF) in the stator windings,
with B = ∇ × A. The scientific relationship between the
material-centric intrinsic curve (J–H) and the engineering-
focused normal curve (B–H) shown in Fig. 1 is determined
by the fundamental constitutive equation [6]:

B = J + µ0H (1)

where µ0 is the permeability of free space (4π × 10−7 H/m).
Since B intrinsically couples the externally applied magnetic
field with material magnetization, operating condition of the
magnet and their associated thermal impacts affect normal and
intrinsic demagnetization responses through distinct physical
mechanisms, as illustrated in Fig. 1.

The intrinsic (J–H) curve determines the inner integrity of
the magnetic domains. In modern sintered Nd–Fe–B grades,
this curve exhibits high squareness, that is maintaining a
near-constant polarization deep into the second quadrant. This
behavior indicates that the magnetic domains remain stable
and resistant to reversal under significant opposing fields.
Conversely, the normal (B–H) curve represents the net flux
density available to the external magnetic circuit. Due to the

Fig. 1. Comparison of B–H and J–H hysteresis loops of a ferromagnetic
material.

opposing element µ0H in the second quadrant, the B–H curve
is sheared downwards [5] relative to the J–H curve, as shown
in Fig. 1.

A major methodological issue in standard PMSM design
is the dependency on the B–H curve for safety assessment.
As illustrated in Fig. 1, at the point of normal coercivity
(HcB), the net flux density drops to zero, which can be
misinterpreted as complete demagnetization. On the other
hand, the intrinsic J–H curve reveals that at HcB , the material
retains a significant positive polarization (J > 0), signifying
that the internal magnetic domains remain largely aligned and
unreversed. True irreversible demagnetization occurs only at
the intrinsic coercivity (HcJ ). At this point, the polarization,
J , drops to zero, indicating permanent domain destabilization
and reversal. Therefore, while the B–H curve is sufficient for
determining steady-state performance (torque), the reliability
of the machine against irreversible fault conditions is strictly
influenced by the J–H curve and its proximity to the intrinsic
knee point.

B. Thermal Degradation and Intrinsic Stability Threshold

The intrinsic demagnetization resistance of sintered
Nd–Fe–B magnets is limited by thermal degradation. Partic-
ularly, the temperature dependence of the magnetocrystalline
anisotropy field (HA) [7] plays a central role in determin-
ing intrinsic coercivity (HcJ ) and, consequently, the stability
margin against irreversible demagnetization. In contrast to
soft magnetic materials, hard magnets exhibit a non-linear
degradation of stability as thermal agitation reduces the en-
ergy threshold required for domain wall deformation. This
degradation is commonly characterized through two reversible
temperature coefficients: α for remanence (Br) and β for
intrinsic coercivity (HcJ ).

To quantify this behavior, the instantaneous magnetic prop-
erties at operating temperature T are calculated relative to a
reference temperature T0 (typically 20 ◦C) using the following
linear approximations [9]:

Br(T ) = Br(T0) · [1 + α(T − T0)] (2)

HcJ(T ) = HcJ(T0) · [1 + β(T − T0)] (3)
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In commercial Nd–Fe–B grades, the coercivity coefficient β
(approximately −0.60%/◦C [9]) is significantly larger in mag-
nitude than the remanence coefficient α (typically −0.11%/◦C
[9]). This parametric discrepancy creates a critical blind spot
between material science and machine design. As rotor tem-
perature rises, torque capability that is primarily governed
by α degrades only marginally, while the intrinsic stability
margin that is governed by β may collapse rapidly and remain
undetected in conventional B–H based assessments.

The transition to irreversible demagnetization occurs when
the externally applied magnetic field, acting in conjunction
with thermal degradation, drives the magnet’s operating point
below the intrinsic knee point (Hk). Consequently, accurate
failure prediction requires a unified modeling framework that
explicitly couples the thermal state of the magnet with its
magnetic operating trajectory.

III. ANALYTICAL CHARACTERIZATION OF
DEMAGNETIZATION THRESHOLDS

A robust PMSM design requires a precise stability limit. In
PMSM design, normal coercivity often utilize for demagneti-
zation safety assessment, but this is analytically insufficient,
as it merely represents the zero-flux condition (B = 0) rather
than irreversible domain reversal defined by material science.
To address this, this section establishes the intrinsic knee point
(Hk) as the definitive engineering constraint.

A. The Intrinsic Knee Point (Hk) as a Failure Criterion

Ideally, the polarization J would remain constant at Br

until the external field H reached the intrinsic coercivity HcJ .
In practice, microstructural defects cause the curve to deviate
earlier at the knee point (Hk). This critical threshold is defined
where polarization drops to 90% of remanence [10]

J(Hk) = 0.90 ·Br (4)

To integrate this into the unified model, Hk is linked to
the temperature-dependent intrinsic coercivity (HcJ ) defined
in Section II, through the squareness factor (SQ) [10]:

SQ =
Hk

HcJ
⇒ Hk(T ) = SQ ·HcJ(T ) (5)

Equation (5) provides the critical link between the material
physics and the machine model, as it translates the thermal
degradation of HcJ defined in Equation (3) into a dynamic
stability threshold Hk(T ). This threshold acts as the hard
constraint in the Norton equivalent magnetic circuit detailed
in Section IV, defining two distinct states:

1) Safe Region (H < Hk): Domain displacement is re-
versible. The demagnetizing field magnitude is below
the threshold. Upon load removal, the magnet recoils
along the major loop to restore full Br.

2) Failure Region (H > Hk): The demagnetizing field
magnitude exceeds the intrinsic knee Hk, overcoming
domain pinning. This leads to plastic deformation of the
magnetic state and permanent loss of flux density.

Fig. 2. (a) Physical magnetic circuit illustrating the permanent magnet, air
gap, and winding. (b) Equivalent magnetic circuit model with MMF source
(Fm), series reluctances of the core (Rcore) and air gap (Rgap), and parallel
reluctance of the magnet (Rpm).

B. Modeling Recoil Permeability and Irreversible Loss

When a magnet is driven beyond the intrinsic knee point
(Hk), material science’s definition of reversible domain wall
motion is violated. Instead of returning along the original
saturation curve,the operating point follows a minor recoil loop
that is governed by a recoil permeability (µrec) [4]. This results
in a permanent degradation of the magnetic state, quantified
by a reduced remanence B′

r:

B′
r = Br −∆Birr (6)

where ∆Birr represents the irreversible loss of magnetic flux
density.

In the context of machine design, this irreversible degrada-
tion dictates a significant adjustment to the magnetic circuit
model. If the instantaneous operating point (Hm) evaluated
in Section IV exceeds the intrinsic stability threshold (Hk),
the Norton flux source (ϕr) should be irreversibly reduced
to reflect the new B′

r. Therefore, accurate PMSM modeling
requires treating the magnet not as a static component, but
as a history-dependent source where the material limit (Hk)
continuously constrains the machine performance (ϕr).

IV. RESULTS, ANALYSIS, AND PRACTICAL IMPLICATIONS

To rigorously quantify PMSM operational boundaries, the
physical distinction between flux generation in machine design
and intrinsic coercivity governed by material science should be
mathematically decoupled. Accordingly, this section integrates
the thermal degradation mechanisms analyzed in Section II
with the stability thresholds established in Section III into a
unified Norton equivalent framework. This topology facilitates
the simultaneous evaluation of the electromechanical torque
capability and the safety margin against irreversible demag-
netization during deep flux-weakening and fault operating
conditions.

A. Analytical Derivation of the Non-Linear Norton Equivalent
Circuit

To evaluate the risk of irreversible demagnetization, the
physical PMSM structure in Fig. 2(a) is discretized into
a lumped-parameter Equivalent Magnetic Circuit (EMC), as
shown in Fig. 2(b). This study employs a Norton equivalent
topology, where the permanent magnet is modeled as a con-
stant flux source (ϕr) in parallel with an internal reluctance
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Fig. 3. FEA model configuration: (a) 3D isometric view of the magnetic test
circuit, and (b) 2D cross-sectional dimensions (in mm).

(Rpm). This formulation is particularly well suited for de-
magnetization analysis as it explicitly preserves the parallel
nature of rotor leakage paths and also facilitating a direct nodal
solution for the magnet’s operating point (Bm, Hm).

The magnetic behavior of the system is governed by the
conservation of flux at the magnet poles. The Norton flux
source ϕr represents machine design capability, as well the
theoretical remanent flux available for torque production and
has been modified based on the thermal coefficient α derived
in Equation (2):

ϕr = Br(T )Am (7)

where Am is the pole cross-sectional area. The magnet’s
internal resistance to demagnetizing fields is characterized
by the internal reluctance Rpm, derived from the magnet
geometry and its relative recoil permeability (µrec):

Rpm =
lm

µ0µrecAm
(8)

The operating point of the magnet is determined by the
magnetic potential difference (Fm) across the source nodes.
By applying Nodal Analysis to the circuit in Fig. 2(b) yields
the governing flux balance relationship:

ϕr = ϕpm + ϕgap + ϕleak (9)

BrAm = Fm

(
1

Rpm
+

1

Rleak

)
+

Fm − Fcoil

Rgap +Rcore
(10)

where Rgap = g′/(µ0Agap) accounts for the effective air-
gap reluctance including slotting effects, and Fcoil represents
the opposing demagnetizing MMF generated by the stator d-
axis current. Solving this system for Fm yields the instanta-
neous magnetic field intensity

Hm =
Fm

lm
, (11)

This calculated Hm serves as the bridge between the field
of material science and machine operation. While Equation

Fig. 4. Simulation results of the mean magnet flux density versus the applied
demagnetizing current.

TABLE I
CHARACTERISTICS OF ND–FE–B MAGNET GRADES

PM Grade Remanence Br (T) Coercivity Hc (MA/m)
N35H 1.21 0.911
N38H 1.26 0.943
N40H 1.27 0.951
N42H 1.30 0.979
N45H 1.35 1.01

(10) determines the magnetic operating point associated with
torque production, the demagnetization safety is verified by
mapping Hm onto the intrinsic J–H curve to ensure it remains
above the temperature-dependent intrinsic knee point (Hk(T ))
defined in Equation (5).

B. Impact of Magnet Grade on the Demagnetization Safe
Operating Area (SOA)

The selection of permanent magnet grade represents a
direct coupling between machine design objectives and ma-
terial science constraints. To quantify this sensitivity, five
commercial Nd–Fe–B grades (N35–N45) were analyzed, with
their key magnetic properties summarized in Table I. Within
the Norton framework, upgrading the magnet grade directly
enhances machine performance by increasing remanence (Br).
This linearly scales the Norton flux source (ϕr = BrAm),
resulting in higher air-gap flux density and proportional torque
capability.

Beyond performance enhancement, the magnet grade also
defines the material stability limit. Higher-grade magnets
exhibit increased intrinsic coercivity (HcJ ), which shifts the
intrinsic knee point (Hk) toward higher negative field inten-
sities. This shift expands the Safe Operating Area (SOA),
enabling the machine to sustain significantly higher negative d-
axis currents (id) during flux-weakening without crossing the
irreversible threshold. In contrast, lower-grade magnets such
as N35 constrict the SOA, forcing the machine designer to
limit high-speed power capability to ensure the instantaneous
operating point (Hm) remains within safe material limits.
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C. Simulation-Based Evaluation of Demagnetization Suscep-
tibility

To validate the analytical framework, a 3D Finite Element
Analysis (FEA) was conducted in Ansys Maxwell using
the geometry in Fig. 3. The model utilized high-resolution
meshing and open boundary conditions to accurately map the
flux distribution near critical edges. The simulation results
demonstrated in Fig. 4 clearly illustrate the divergence between
machine-level performance metrics and material-level stability
constraints.

While higher-grade magnets provide a linear increase in
baseline air-gap flux density and thus torque capability, their
primary advantage is the non-linear expansion of the stability
region. As shown in Fig. 4, lower grades (N35) suffer a sharp
flux collapse, indicating that the instantaneous operating point
(Hm) has breached the intrinsic knee (Hk). These results con-
firm that robust PMSM design requires explicit consideration
of material selection to decouple torque capability from the
risk of irreversible demagnetization.

D. Impact of Temperature on Permanent Magnet Performance

Operating temperature serves as the dominant physical
coupling between machine design objectives and material
science constraints in PMSMs. To quantify this sensitivity,
temperature-dependent magnetic characteristics of N45-grade
Nd–Fe–B were synthesized from commercial specifications
[9] across a range of 20◦C to 120◦C, as shown in Fig. 5.
This dataset establishes the temperature-dependent baselines
required for evaluating demagnetization behavior within the
Norton equivalent framework.

The analysis reveals a critical divergence in thermal sensitiv-
ity. While the remanence (Br) degrades moderately with tem-
perature, governed by the remanence coefficient α, the intrinsic
magnet stability characterized by the intrinsic coercivity (HcJ )
collapses rapidly due to the significantly larger magnitude of
coefficient β. Moreover, increasing temperature reduces the
magnetocrystalline anisotropy energy, thereby lowering the
energy barrier for domain reversal and allowing substantially
smaller opposing magnetic fields to suppress the intrinsic
magnetization (J).

For the electric machine designer, this discrepancy dictates
a shrinking Safe Operating Area (SOA). As illustrated in
Fig. 5, the intrinsic knee point (Hk) to shift aggressively
toward lower field magnitudes with increasing temperature,
even though the normal coercivity (HcB) appears relatively
stable. Consequently, a demagnetizing current (id) that is
perfectly safe at room temperature may drastically overshoot
the thermally contracted Hk at 120◦C, triggering immediate,
irreversible flux loss.

V. CONCLUSION

This paper bridges the interdisciplinary gap between ma-
chine design and material science by decoupling the roles of
normal (B−H) and intrinsic (J−H) hysteresis loops. While
standard design practices correctly utilize the B − H curve
for torque production, this study demonstrates that such an

Fig. 5. Demagnetization curves (B–H and J–H) for an N45-grade Nd–Fe–B
magnet at various operating temperatures.

approach alone obscures the true intrinsic stability limit of the
magnetic material. Simulation results confirm that the intrinsic
knee point (Hk) acts as the definitive failure threshold, partic-
ularly under thermal stress where the material constraint (HcJ )
degrades significantly faster than the performance-oriented
metrics such as normal coercivity (HcB). Consequently, ensur-
ing robustness in high-performance traction systems requires
a unified methodology that actively validates the machine’s
instantaneous operating point (Hm) against the thermally
sensitive intrinsic Safe Operating Area (SOA).
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