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Abstract—Variable-Flux Permanent Magnet Synchronous Ma-
chines (VFMs) employ low-coercivity permanent magnets whose
Magnetization State (MS) can be dynamically adjusted through
controlled current pulses. Achieving accurate MS regulation un-
der load, while avoiding torque discontinuities, requires injecting
current pulses that are not aligned with the magnets, resulting
in asymmetric demagnetization. These nonlinear magnetization
and demagnetization dynamics are not captured by conventional
control-oriented models, and are typically analyzed using compu-
tationally expensive finite element analysis (FEA) co-simulations,
which are impractical for control development and calibration.

This paper presents an enhanced, high-fidelity dynamic model
of VFMs, optimized for efficient simulation in Matlab-Simulink.
The model leverages precomputed lookup tables, obtained from
FEA or experimental data, including inverse flux linkage char-
acteristics and novel remagnetization and demagnetization maps
along orthogonal (r—y) magnet axes, enabling accurate represen-
tation of asymmetric PM behavior. Validation against transient
FEA simulations demonstrates that the proposed model achieves
comparable accuracy while reducing simulation time from 124
minutes to just 14 seconds, making it well suited for real-
time-oriented applications such as controller design and system
calibration.

Index Terms—Variable Flux Machines, Memory Motors, Mo-
tor Modeling, Flux Maps, Irreversible Demagnetization, Compu-
tational Efficiency.

I. INTRODUCTION

The growing demand for electric vehicles (EVs) has inten-
sified the need for high-performance, energy-efficient electric
machines. Currently, large part of the EV traction motors rely
on Permanent Magnet (PM) Synchronous Motors (PMSMs)
embedding rare-earth based magnets, normally NdFeB, to
achieve high power density and efficiency [1]-[4]. However,
the extraction and processing of rare earth elements pose sig-
nificant environmental and geopolitical concerns. Furthermore,
the global supply chain for rare earth materials is heavily
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concentrated, raising concerns about long-term sustainability,
price volatility, and resource security [5]. These challenges
have prompted researchers and industry to explore alternative
machine topologies that reduce or eliminate reliance on rare
earth magnets without compromising the machine perfor-
mance [6]-[9]. Among the feasible alternatives, Variable Flux
Machines (VFMs) have emerged as a promising rare-earth-
free solution [10], enabling extended speed range and mission
profile optimized efficiency by dynamically adjusting their PM
flux. This is attractive for EV traction motor-drives [11]-[16],
as well as for duty-cycle based applications such as washing
machines [17]-[19].

In a VFM, the PM flux is regulated through magnetization
and demagnetization current pulses compatible with inverter
ratings. A high PM magnetization is imposed in the low speed
range, thus maximizing the torque capability. At higher speeds,
when voltage limitation occurs, field weakening operation is
conveniently achieved by partially demagnetizing the PM. The
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Fig. 1: Open circuit FEA results. (a) symmetric magnetization
state. (b) deviated MS after asymmetric demagnetization.



Magnetization State (MS) manipulation can be achieved by
using d-axis current pulses, i.e. parallel to the PM direction,
to maintain a uniform PM magnetization, but this requires
interrupting the torque during the MS transient. Conversely,
using a dedicated mix of d- and g-axis currents for the de- or
re-magnetization pulse permits to maintain torque continuity,
but it may alter the PM flux direction, thus compromising
control accuracy and stability. An example of asymmetrical
demagnetization is given in Fig. 1.

In recent years, several studies have investigated VFMs,
proposing advances in machine design, modeling, and con-
trol strategies. Finite Element Analysis (FEA) is a standard
practice in the motor design stage, including machine topol-
ogy selection and electromagnetic design optimization. FEA
simulations can accurately represent the nonlinear magnetic
behavior of the machine, including saturation phenomena and
PM demagnetization and remagnetization [20], at the cost
of high computational burden and simulation time. This is
generally accepted at the motor design stage, when extensive
FEA simulations can be run overnight. Conversely, when
dealing with motor control development and calibration of
standard PMSMs, fast simulation models are necessary, as a
high number of simulations need to be executed in a reason-
able time. Fast simulation models for control development,
e.g. implemented in Matlab-Simulink, normally capture the
magnetic saturation phenomena by means of embedded Look-
Up-Tables (LUTs), but the PM demagnetization, inherently
present in VFMs, is hardly represented. For this reason,
VEM models for control development often exploit FEA-
based simulations or FEA-Simulink co-simulations [21]-[23],
accepting the associated high computational burden and execu-
tion time. This is a significant bottleneck for the VFM control
development.

Recent works have proposed simplified and time-efficient
dynamic models of VFMs aimed at enabling fast simulations
without compromising the accuracy needed to capture the
machine’s magnetic behavior. In [24], the VFM is modeled
using FEA pre-calculated LUTs of flux, inductance and torque,
computed as a function of current amplitude and rotor position.
The model is implemented on an FPGA-based P-HIL platform.
Instead in [25] the VEM is modeled based on experimental
measurements of inductance, mutual inductances and mag-
netization and demagnetization characteristics using current
pulses on the d-axis at locked rotor. The magnet flux is
then computed through spline-interpolated LUTs derived from
these measurements. A dynamic VFM model fully based on
Matlab/Simulink was proposed in [26], which uses magnetiza-
tion and remagnetization maps to track the magnetization state
of the PMs. Based on this state, the model employs inverse
flux LUTs computed for different values of MS. However,
all these models have so far exclusively assumed symmetric
magnetization of the PMs.

To overcome these limitations, this paper introduces an
improved VFM analytical model and its implementation in
fast simulation environment, able to capture symmetric and
asymmetric PM demagnetization. The model is based on pre-

calculated saturation and magnetization LUTs, either obtained
via FEA or by experiments, and it is directly executable
in Simulink or in equivalent simulation environments. The
developed model is compared against conventional FEA-based
co-simulation approach, demonstrating a reduction of the
simulation time by two orders of magnitude while maintaining
high fidelity in steady state and minor discrepancy during
sharp transients.

II. MOTOR UNDER TEST AND NEW VFM MODEL

The Motor Under Test (MUT) is a Surface-mounted PM
(SPM) synchronous machine embedding AINiCoS5 magnets.
The rotor includes and a carbon fiber sleeve for structural
integrity. The MUT, which is currently under manufacturing,
is designed as a scaled version of a VFM traction motor for
hybrid and full electric vehicles. The cross section of the MUT
is reported in Fig. 2, and the ratings are in Tab. L.

A. VFM Model and Complex Magnetization State

The motor model is written in the dq rotating reference
frame, with the d-axis defined by the physical PM orientation.
The complex Magnetization State (M S) is defined as:

Am

)\m,maa:

MS = . eM?Ms = MS- eIPms (1)

where bold symbols indicate a vector notation, \,, is the
PM flux linkage amplitude, Ap, e is its value at 100%
magnetization, M S is the magnitude of M S and ¢ is the
angle between the fundamental component of PM flux and the
d-axis. In the case of uniform magnetization, )\, is aligned
with the d-axis, so ¢;;5=0. The motor voltage equation and
magnetic model are expressed as:

dAaq

dt

Vdq = Rsidq +
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Fig. 2: Cross section of the VFM.

TABLE I: Ratings of the prototype

DC-link voltage 600 V

Maximum torque current 25 A

Maximum torque at MS 80% 35 Nm
Base speed at MS 80% 2600 rpm
Motor maximum speed 12000 rpm

Re-mag. current 70 A
Magnet AINiCo 5




{)\d = i (iaq, M S) -

Ag = Ag (2aq, M S)

where R, is the stator resistance, vqq, tqq and Agq are
the stator voltage, current and flux vectors, w is the electrical
0 -1
1 0
matrix form. The flux maps expressed in (3) include magnetic
self- and cross-saturation at different M.S. Such flux maps
are shown in Fig. 3, assuming ¢,;5=0. The torque Vs speed
operating limits at different M.S are represented as well.
Noticeably, higher M .S values permit higher peak torque, and
field weakening is effectively obtained via M .S regulation.

pulsation and J = is the imaginary unit expressed in

B. New Demag and Remag Maps in Magnitude and Phase

Low coercivity PMs can be de/remagnetized by use of
sufficient current in the negative/positive d axis, but the i,
current component also affects the magnetization limits, and
this is important when MS manipulations are performed under
load for the sake of torque continuity. This work defines
two characteristic maps in the dq current plane to model
the M S variations in magnitude and phase, to account for
asymmetrical demagnetization.

Starting with the PM fully and uniformly magnetized
(M S5=100%, ¢p15=0), the Demag map determines M .S and
onrs when the VEM is subject to a demagnetizing current in
the 2nd quadrant. Similarly, the Remag map determines the
M S when a magnetizing current vector is imposed in the 1st
quadrant starting at full de-magnetization (M.S = 0). These
maps, reported in Fig. 4, can be determined either through
FEA or experiments.

C. Magnetization maps generation

The demag and remag maps were obtained following the
FEA-based methodology detailed in [26]. A series of transient
magnetic simulations are performed to evaluate how the M S
evolves under different current excitations in the dq plane.
For each point on the Demag map, the FEA simulation
starts at full PM magnetization (M S = 100£0) and then
subjected to a current pulse in the second quadrant of the dg
plane, maintained for a sufficient time to reach a steady state
condition. After the pulse, the current is removed, and the new
M S is measured at open circuit, thereby capturing the extent
of irreversible demagnetization. Similarly, for the Remag map,
the machine is initially fully demagnetized (M .S = 0), then
exposed to a current pulse in the first quadrant. The restored
MS is again captured at zero current. By systematically
varying the amplitude and direction of the current pulses
across the operating plane, a comprehensive characterization
of both the demag and remag behavior is achieved.

D. Proposed Two-PM Magnetic Model

A novel analytical model of VFM was derived, covering
the asymmetrical demagnetization phenomena. Two auxiliary
axes x,y are defined at +7 respect to the d-axis. The PM
flux linkage is divided into its projections on such axes, labeled
PM, and PM,, and treated as the combination of two virtual

0.8
0.6
04t ;
2 o2l Aa(ig, 0, MS40%) |
\; Ad(id7 07 1\’1850%)
~ Or Aa(iq, 0, MS60%) 1
-0.2 )\d(i{h 0, :M:S’?O%)'
0.4 i ; : Qa(ia, 0, MS80%) .
-30 -15 0 15 30 45 60
ig (A)
()
0.3 T r r r T
02}
1t !
z 0 (0, 4,, MS40%)
= 0 2,(0; i,, MS50%) 1
~< 01b 2 (0, iy, MS60%)
ool (0, g, MST0%) |
: A, (0, 74, MS80%)
-0.3 | . . . |
-30 -15 0 15 30 45 60
ig (A)
(b)
40 r .
MS40%
30 MS50%
g MS60%
& 20 MS70%
. MS80%
10 §
0 1 L 1 L L
0 2000 4000 6000 8000 10000 12000
n (rpm)

©)
Fig. 3: FEA calculated maps for different MSs, (a)
Ad (Tdq, MS) map at ¢ar5=0, (b) g (244, M.S) map at ¢s5=0
and (c) 7' — n profiles.

magnets with symmetric field (see Fig. 5a). Each virtual PM
has its magnetization state MS,, MS,. The complex M S,
its magnitude and phase are computed as:

1 _im ;o
MS:E(MSxe Ja +MSyeJ4)
(4)
_ 1| MS,+ MS,
2| MS,—-MS,
1 2 2
MS—i\/(MS£+MSy) +(MS, —MS,) (5a)
MS,— MS
— tap—! [ APy~ Moz
dpms = tan <MSy—|—MS$> (5b)

The graphical representation of the two-PM magnetic model
is reported in Fig. 5a. By the inverse of (5) a Demag and a
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Fig. 4: MS magnitude and phase characteristics of the MUT. (a) Demag and (b) Remag map.

Remag map are associated with each virtual PM, starting from
the maps in Fig. 4. Otherwise said, the complex M S reported
in Fig. 4 is converted into its cartesian components x,y. The
Demag and Remag maps of PM, and PM, for the MUT are
given in Fig. 5b and Fig. Sc.
Some remarks on the proposed two-PM model:
o the 4-7/4 orientation of the x, y axes permit capturing the
¢ s variation while preserving orthogonal coordinates.
« In principle, the model could be extended to an arbitrary
larger number of PMs. Nevertheless, the test adopted
for determining the demag and remag maps of the full
machine present two degrees of freedom, e.g. magnitude
and phase of M S. A representation with more than two
virtual PMs would lead to an underdetermined system.

III. PROPOSED SIMULATION MODEL

The proposed simulation model was developed in Matlab-
Simulink, although an equivalent formulation can be imple-
mented in other simulation environments (e.g. PLECS). It is
formed by the electric motor, including its electromagnetic and
mechanical models, the inverter and its discrete-time control.
Among these, standard models [27], [28] are adopted for
the inverter, control and mechanical model, so they will not
be further treated hereafter. The key innovation regards the
electromagnetic model, reported in Fig. 6.

The model input is the 3-phase inverter voltage. The Electro-
Motive Force (EMF) is computed in stationary a3 coordinates,
and integrated to obtain the stator flux linkage A,g. This
is rotated to obtain Ay, and then the PM component is
subtracted:

)\L,dq = Adq -MS- )\m,maz (6)

where Ap, 4, is the armature flux vector, i.e. the flux vector
upon removal of the PM contribution:

)\L,d = /\d(idaianS) - )\d(0,0,MS) (7)
>\L,q = )\q(idvianS) - )\q(0,0,MS)

In the proposed model, the current vector %4, is com-
puted based on the nonlinear armature flux maps iq, =

7 M5, = 100% q MS, = 83.3%
N 5 MS = 65%
S 20:,,’ Pus = 20°
7’ d 7 d
2 MS = 100% . .
s Pus=0 MS, =36.8%
/7
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(@)
25
= Ms,
o =
25 i i
20 > MS,

MS, ]|

Fig. 5: (a) Vector representation of the z,y virtual magnets;
(b) Demag maps for PM, and PM,; (c) Remag maps for
PM, and PM,,.

taq(AL,dg, M S), which are obtained upon manipulation of the
flux maps reported in Fig. 3 based on (7).

id - id()\L,dv)\L,tpMS) (8)
iq = iq(AL.d> AL.g» MS)

Therefore, Ar g, includes magnetic self- and cross-
saturation characteristics, while \,, contribution is added on
varying M S.
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The core of the proposed model are the green and red
blocks of Fig. 6, capturing the saturation characteristics and
the M S variations in magnitude and phase based on the
Demag and Remag LUTs of PM, and PM,. The flow
chart for M S determination is given in Fig. 7. M S, (k) is
decreased to the Demag LUT output if this is lower than
the M S, (k-1) at previous time step. Otherwise said, M .S, (k)
will remain constant at M .S, (k-1) until the current vector
exceeds the corresponding contour in Fig. 5b, otherwise it
will decrease according to the same map. The dual approach
is adopted for re-magnetization, using the Remag map of
MS,.. The same principle is applied for obtaining M .S, (k).
The two magnetization states are combined according to (5)
to determine M S(k), which is fed to the inverse armature
flux map block. The magnitude of M S is used to interpolate
the appropriate values from the inverse armature flux map
LUTs, while M S itself is used to subtract the PM flux
component from the flux obtained from the EMF integrator.
The corresponding block diagram is reported in Fig. 8.
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Fig. 9: Simulation results: two demagnetization pulses. Blue:
proposed model; Red: symmetric model in [26]; Yellow:
JMAG FEA simulation.

IV. SIMULATION RESULTS

The proposed simulation model is validated by comparison
against transient FEA simulations carried in JMAG Designer
[29] environment and against the Simulink symmetric M S
model in [26]. In the two Simulink models, the VFM is
closed loop current controlled, whereas the current waveform
is directly imposed in JMAG.

An example of results is reported in Fig. 9, with the
machine externally driven at 1000 rpm and starting with
MS = 100£0. A first, symmetric demagnetization pulse
is applied at iq =-17 A, i,=0 A and released, followed
by a second asymmetric demagnetization using ig =-19 A,
14=24 A, also released. The dq current and flux linkage
waveforms are represented for the three models. The model in
[26] captures the symmetric pulse but fails to capture that the
PMs are asymmetrically demagnetized at the end of the second
pulse, as witnessed by the non-zero A, component of the flux
linkage (Fig. 9). In contrast, the proposed model tracks the
FEA results and the deviated PM flux with negligible steady-
state error and minimal transient discrepancy.
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Fig. 10: Open circuit voltage waveforms at different stages of
the demagnetization process. Simulation results: two demagne-
tization pulses. Blue: proposed model; Red: symmetric model
in [26]; Yellow: JIMAG FEA simulation. (a) Complete time
waveform; (b) detail before the first demagnetization pulse;
(c) detail after the first symmetrical demagnetization; (d) detail
after the asymmetrical demagnetization pulse.

Beyond the flux analysis, Fig. 10 reports the details of
the machine’s back-EMF waveform before the demagnetiza-
tion (Fig. 10b), after the symmetrical demagnetization pulse
(Fig. 10c) and after the second, asymmetrical demagnetizing
pulse (Fig. 10d). As can be noted, the model in [26] correctly
captures the EMF after the first current pulse, but it fails
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Fig. 11: Simulation results: demagnetization pulse followed
by two remagnetization pulses. Blue: proposed model; Red:
symmetric model in [26]; Yellow: JMAG FEA simulation.

tracking the second pulse, showing an EMF phase shift of
40° and a magnitude overestimation of 40%. Conversely, the
proposed model is coherent with the JMAG reference during
the full simulation. The only noticeable difference lies in
the space harmonic content, which is modeled in the IMAG
FEA and omitted in Simulink. This approximation is generally
accepted for motor control development.

A second test, depicted in Fig. 11, was carried simulating a
remagnetization transient. The test started again from a fully
magnetized machine (MS = 100£0). A first symmetrical
demagnetization pulse (iq =-22.5 A, 1,=0 A) is applied
and released, followed a symmetric remagnetization pulse
(iqg =42.5 A, i;=0 A) and an asymmetric pulse (iq =50 A,
14=25 A). The first pulse symmetrically demagnetizes the
machine to MS = 30Z0. The first remagnetization pulse
leads to M S = 400, and the last pulse to M S = 65£13.5°.
Again, the model in [26] correctly tracks the symmetrical
pulses, but fails representing the asymmetrical magnetization,
which is instead included in the proposed model. This is
further confirmed by the EMF waveforms reported in Fig. 12,



depicting the details of open circuit voltage at each magneti-
zation stage.

Finally, the computational burden of the proposed model
is compared against the FEA-based simulation in terms of
execution time and storage demand, demonstrating a signif-
icant improvement. The results are shown in Tab. II. All
simulations were executed on the same workstation with a
system configuration of 32GB RAM, an Intel Core i9-12900
processor @2.50GHz and 1TB NVMe SSD. The proposed
Simulink model was executed 10 times, averaging the sim-
ulation time over the different iterations, both for the Demag
and the Remag tests. Due to the heavy computations involved
at each time step in the FEA model, which need to generate
large-sized files, the step time in JMAG was set to be an order
of magnitude larger than in Simulink, owing to space and time
limitations. While Simulink used a variable step time limited to
2us, the JIMAG simulations were run with step times of 20us
for the Demag test and 50us for the Remag test. Despite the
considerably larger time step, the proposed model reduces the
computational time by ~500 times, and the storage demand
by three orders of magnitude. Overall, the results demonstrates
that the proposed model can effectively reduce the simulation
time with minimal loss in accuracy when compared to FEA-
based cosimulaiton approaches.

It is also worth highlighting that the phase current was
directly imposed in the FEA simulation. If the motor control
and inverter models were included, as is done in Simulink, the
required simulation time would have been significantly higher.

V. CONCLUSIONS

In VFMs, magnetization state transients under load can lead
to asymmetrical demagnetization of the PMs, a phenomenon
typically analyzed using computationally intensive FEA or co-
simulation methods. This work introduces an enhanced ana-
Iytical magnetic model capable of accurately capturing such
asymmetrical demagnetization effects. The model is integrated
into a fast dynamic simulation framework suitable for control
development and calibration tasks. Compared to traditional
FEA-based co-simulations, the proposed approach offers a
substantial improvement in computational efficiency, reducing
simulation time by approximately 500x and memory require-
ments by three orders of magnitude, without compromising
accuracy. The methodology is validated using an SPM VFM
prototype, designed as a down-scaled proof-of-concept for
traction applications, confirming its effectiveness and practical
relevance for fast, accurate simulation and control design.

The proposed model was developed in Matlab-Simulink.
Anyway, being a fully LUT-based model, the same approach
can be adopted in other simulation environments, such as
PLECS.
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TABLE II: Model performance assessment

[1]

[2

—

[3

[t

[4]

[6]

[7

—

[8

=

[9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

Computational Time Storage Demand
Modeling Approach
Demag Test Remag Test | Demag Test Remag Test
Proposed Simulink Model ~1ls ~14s ~27MB ~27MB
FEA-based JMAG 23.1) ~75min ~124min ~46GB ~23GB
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