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Abstract—This paper presents a computationally efficient
method for determining the feasible operating range of Variable-
Flux Machines (VFMs) under inverter voltage constraints. Re-
magnetization transients in VFMs demand substantial current
and armature flux, resulting in elevated voltage requirements
and pronounced speed limitations. To address this, the proposed
approach leverages precomputed Finite Element Analysis (FEA)
flux and magnetization maps to define torque-speed boundaries
under voltage-limited conditions while considering the high
voltage demand during remagnetization, eliminating the need
for iterative field simulations or FEA co-simulation. The method
is validated through driving cycle simulations, demonstrating
the reduction in available traction and braking torque due to
the inability to re-magnetize the machine beyond the voltage-
speed limit. The results provide key insights for optimizing
magnetization state control and mission profile planning in
traction applications using VFMs.

Index Terms—Variable Flux Machines, Memory Motors, Volt-
age Limitation, Re-Magnetization, Torque-speed profile, Driving
Cycles, Load Profile.

I. INTRODUCTION

Permanent Magnet Synchronous Motors (PMSMs) are
widely adopted in high-performance traction motors, thanks
to their high efficiency and power density [1]-[5]. However,
the supply chain instability and environmental cost of the rare-
earth magnets, particularly NdFeB magnets, are leading the
search for alternative solutions that do not rely on rare-earth
magnets [6]-[8]. One of the potential candidates is Variable-
Flux Machines (VFEMs) [9], also known as memory motors.

The VFMs utilize low-coercivity permanent magnets (PMs)
to allow PM flux regulation [10]-[12]. This process is also
called Magnetization State (MS) manipulation, performed by
injecting magnetization or demagnetization current pulses in
specific directions of the dgq plane. This permits achieving
improved efficiency and extended speed region compared to
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conventional Neodymium-based PMSMs [13]-[16]. In par-
ticular, a high MS is desirable at standstill and in the low
speed range, to obtain high torque ratings. When targeting
higher speed, so inverter voltage limitation is reached, effective
field weakening is achieved by reducing the MS, i.e. partially
demagnetizing the low coercivity PMs. The feasible operating
area of VFMs is often considered as the envelop of maximum
torque Vs speed profile associated with each MS [17]-[20].

The MS manipulation can be performed at zero load and
speed for washing machine application [21]-[23]. However,
interrupting torque is required before applying magnetization
or demagnetization processes, and it is not realistic for traction
applications. Performing MS manipulation without stopping
motor is challenging, as inverter current and voltage limits
bring critical constraints. The re-magnetization transients is
particularly critical, as a large current pulse is required. Such
high current pulse significantly increases the flux linkage
of the motor, easily saturating the available inverter voltage
at non-zero speed. While existing strategies address loaded
operation [11], [24], they do not explicitly account for volt-
age constraints during remagnetization transients, which can
significantly restrict feasible operating areas with respect to
the maximum torque Vs speed envelop at different MS. This
is often evaluated by means of finite element analysis (FEA)
based simulations which are highly computational intensive,
requiring significant simulation time and storage demand.

To cover this lack, this paper proposes a novel method for
determining feasible operating areas under inverter voltage
constraints, including the remagnetization transients. Unlike
FEA-based approaches, the proposed method entirely relies on
the manipulation of pre-calculated flux maps and magnetiza-
tion maps. The method, validated on a full-scale vehicle across
two simulated driving cycles, enables the rapid and accurate



Fig. 1: Cross-section of the VFM prototype under test.

TABLE I: Motor data

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
Remag current 70 A
Nominal flux linkage 0.374 Vs

evaluation of the remagnetization voltage limit in the torque-
speed domain and permits the optimization of the MS control
strategy for any vehicle mission.

II. MOTOR UNDER TEST AND VFM MODEL

The Machine Under Test (MUT) is a 3-pole-pair VFM
Surface-mounted PM (SPM) machine equipped with AINiCo5
magnets and a carbon fiber sleeve for rotor structural integrity.
The geometry is shown in Fig. 1 and its ratings are listed
in Table I. This machine was in-house designed as a down-
scaled proof-of-concept traction motor for hybrid and full
electric vehicles. A prototype of this machine is currently
being manufactured. The M S of VFMs is defined as:

Am

)\m,maa:

MS =

6]

where ), is the PM flux linkage and A, j,qq corresponds to
100% magnetization. The motor voltage equation is expressed
in the dgq rotating reference frame:

. dA
Vdqg = Rsldq + qu + OJJ)\dq )

where bold symbols indicate a vector notation, Ry is the
stator resistance, vq4q, %4q and Ag, are the stator voltage,
current and flux vectors, w is the electrical pulsation and
7=~
1 0

Due to magnetic saturation and cross-saturation phenom-
ena, the flux linkage is a nonlinear function of both current
components, over the MS:

Ad = Mg (1, 7q, MS) 3)
/\q = )‘q (idvileS)

is the imaginary unit expressed in matrix form.

Such nonlinear characteristics, often called flux maps, can
either be computed through FEA simulations or measured in
experiments. The flux maps of the MUT are shown in Figs. 2a
and 2b, omitting cross-saturation for ease of visualization. The
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Fig. 2: FEA calculated maps for different MSs, (a) Ay map,
(b) Ay map and (c) T' — n profiles.
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steady-state 1" — n profiles at V. = 600V and I,,,, = 25A
are depicted in Fig. 2c for different M S values between 40%
and 80%. Any M S value lower than 40% is not considered,
as it does not produce significant torque or speed advantages.
Conversely, M S >80% is avoided as it is prone to undesired
demagnetization.

A. Demag and Remag Maps

In VFMs, the M S variation is performed by imposing
current pulses in the dg plane. The amplitude and direction
of the current pulse required to achieve the target M S can
be represented in the Demag and Remag maps [25], reported
in Fig. 3. Starting with a fully magnetized machine (M S =
100%), the Demag map indicates the M S achieved after a
demagnetization current pulse in the second quadrant of the dgq
plane. Similarily, the Remag map reports the M .S achieved for
any remagnetization current pulse in the first quadrant while
starting from M S = 0. Detailed procedures to obtain these
maps are available in [25], [26].

As an example of the demagnetization process, if the motor
operates at high MS (e.g. 80%), a dg-current pulse of i4=-
17 A and i,=8 A demagnetizes the machine to M 5=50% ac-
cording to Fig. 3a. Similarly, if the VEM operates at low M.S
(e.g. 20%), a current pulse ¢4=70 A, i,=17 A remagnetizes
the VEM to M S=80% based on Fig. 3b.
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Fig. 3: M S characteristics of the MUT. (a) Demag map. (b) Remag map; the red curve represents the current trajectory for

obtaining constant 7= 19 Nm.
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Fig. 4: A, vs M .S re-magnetization characteristic.

B. Demag and Remag Under Load

Combining the Demag and Remag maps with flux maps
represented in Figs. 2a and 2b, the flux linkage generated
during M S variation transition can be obtained, thus the
involved electromagnetic torque can be computed.

Based on the Demag and Remag maps and the associated
torque map, optimal amplitude and direction of the current
pulses can be derived. In particular, the current pulse per-
mitting to change MS under load without perturbing the
controlled torque can be computed. The red line of Fig. 3b
shows the current trajectory for maintaining a constant torque
of 19 Nm during remagnetization.

III. RE-MAGNETIZATION VOLTAGE LIMIT
A. MS — \. Remag Curve

Low-coercivity magnets allow demagnetization with rela-
tively low current pulses; however, re-magnetization inher-
ently requires significantly higher current, as evidenced by
the Demag and Remag maps in Fig. 3. Focusing on the
remagnetization characteristic, for each point of the Remag
map the corresponding torque and flux linkage magnitude
during the M S transition are computed using the flux maps
(3). These represent the torque and flux linkage magnitude
during the remagnetization current pulse, labeled 7). and A,
respectively, where the subscript r stands for remagnetization.

The red line in Fig. 3b indicates the current pulses required
to remagnetize the machine while imposing a constant torque
of T, = 19 Nm, i.e. the maximum torque achievable at the
lowest considered MS = 40%. When moving along this
trajectory, the A\, Vs M S law is obtained, called MS — A,
Remag curve, depicted in Fig. 4. Otherwise said, the M.S—\,.

Remag Curve T-n Curve
Vinax | . Avmax R i MSVmax‘ t T.(n)
r Y
n n|lw
P " 30

Fig. 5: Block diagram depicting the calculation of the re-
magnetization voltage limit curve.

Remag curve indicates the flux linkage amplitude required
during the current pulse for remagnetizing the machine to a
given M .S while maintaining the maximum torque related to
M S = 40%. In order to permit PM remagnetization, such flux
linkage magnitude is larger than the nominal flux (0.374 Vs),
thus potentially incurring in voltage limitation.

B. Remagnetization Speed Limit under Constrained Voltage

The M S — X\, Remag curve can be utilized to determine the
maximum speed at which the remagentization current pulse
can be injected without incurring in voltage limitation. The
proposed procedure is depicted in Fig. 5. When operating near
the voltage limit, the machine’s voltage equation (2) can be
approximated as:

Vag R wdAgg  —  |Vgq] = wA

“

where A is the magnitude of Ag4,. The inverter maximum
voltage constraint is imposed:

(&)

Assuming a standard PWM modulation with third harmonic
injection operating in the linear modulation region, V4, =
Vge/ V'3, where vy, is the DC-link voltage.

For a given rotor test speed n, the corresponding electrical
pulsation is computed:

|vdq| S Vmam

™

w=n-p-35 (6)

Based on (4), the maximum flux linkage magnitude Ay 4z
that can be maintained at such speed is computed as:
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Fig. 6: VFM torque Vs speed profiles when adopting a)
two MS levels, 40% and 80% (one-step re-magnetization)
and b) three M S levels, 40%, 60% and 80% (two-steps re-
magnetization).

VT",U..T
/\Vmaac = T (7)

Such flux magnitude is used as input to the MS-\,. re-
magnetization curve to determine the maximum magnetization
state M Sy mq. at which the VFM can be remagnetized at
the given speed without exceeding the voltage limit. Using
this M Sy nq. and the test speed n, the corresponding torque
is obtained by interpolating the torque—speed curves shown
in Fig. 2c. This yields the maximum torque 7). that can be
sustained during the remagnetization transient while respecting
the voltage constraint V... By repeating this procedure
across a range of test speeds, a trajectory is traced in the
torque—speed plane, representing the remagnetization voltage
limit, shown as a solid black line in Figs. 6a and 6b.

C. Hpysteresis Behavior in the Torque Vs Speed Plane

The analysis in Section III-B shows that, while the demag-
netization current pulse can always be applied, the remagneti-
zation transient is only feasible if the operating point lies to the
left of the remagnetization voltage limit in the torque—speed
plane, that is, if the speed is below the threshold defined by
the remagnetization voltage limit trajectory. This constraint
introduces a speed-dependent hysteresis in the feasible mag-
netization state during operation, which in turn affects the
maximum achievable torque—speed profile.

For simplicity, only two magnetization states (M .S = 40%
and M S = 80%) are considered in Fig. 6a. The corresponding
maximum torque vs. speed profiles are shown in green and
blue, respectively, while the remagnetization voltage limit is
indicated by the black curve. The arrows depict a simplified
driving scenario: the vehicle accelerates at MS = 80%,
transitions to M S = 40% for flux weakening above 4000 rpm,
and then decelerates. However, due to the voltage constraint,
remagnetization back to M S = 80% becomes infeasible above
1100 rpm. For visual clarity, the diagram displays the abso-
lute torque values; during deceleration, the actual torque is
negative. The yellow line highlights the speed threshold (1100
rpm) below which remagnetization to M S = 80% is possible,
as dictated by the voltage limit curve.

In conclusion, the operating region between the blue and
green torque profiles, and to the right of the yellow line (n >
1100 rpm), is only accessible if the machine is accelerating
at MS = 80% from below 1100 rpm. This region becomes
inaccessible when approaching from the flux-weakening
range at M.S = 40%. This hysteresis effect, overlooked by
the previous literature, imposes significant constraints on the
feasible driving cycle and adversely affects drive performance.
It should be highlighted that for the MUT the voltage limit
occurs at relatively low speed because of the high magnitude
of re-magnetization current. Demagnetization does not impose
similar torque penalties, as it requires significantly less current
and a flux magnitude lower than the nominal value, thus not
incurring in voltage limitation.

Smaller M S steps can help mitigate the impact of the
voltage limitation, as illustrated by the purple trajectory in
Fig. 6b. In this example, the motor is progressively re-
magnetized during deceleration, first to M.S = 60% at 1400
rpm, and then to MS = 80% at 1100 rpm. Reducing the
MS step size further would allow the trajectory to approach
the theoretical remagnetization voltage limit more closely.
However, this would require more frequent injection of de-
magnetization and remagnetization current pulses, which may
be undesirable due to increased control complexity, energy
loss, or thermal impact. Therefore, a trade-off must be made
between the granularity of M.S variation and the severity of
speed limitations imposed by the voltage constraint.

IV. SIMULATION RESULTS
A. Verification of Remagnetization Voltage Limit

The accuracy of remagnetization voltage limit described
in Section III-B was verified through dedicated simulations.
The MUT is simulated with a high-fidelity VFM model in
MATLAB/Simulink that does not require co-simulation with
FEA [25]. The motor is torque controlled, while the speed is
externally imposed.

In Fig. 7, a one-step remagnetization from M .S = 40% to
80% is performed at a reference torque 7 = 16 Nm and
speed of 1000 rpm, i.e. close to the theoretical remagnetization
speed limit (black curve in Fig. 6a). A dedicated control
strategy is employed, capable of injecting the demagnetization
and remagnetization current pulses while maintaining constant
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Fig. 7: Simulation results: remagnetization transient M.S 40%
— 80% at 1000 rpm, 16 Nm. From top to bottom: rotor
speed, electromagnetic torque, stator dg-axis currents, three
phase voltage with its voltage limit and M S.

torque control. Assuming the nominal DC-link voltage of
600 V, the voltage limit V4, is set to 0.9- Vy./ v/3 to account
for inverter nonlinearities, resistive voltage drops, and to
ensure a robust safety margin for motor control. As shown, the
torque is accurately regulated throughout the remagnetization
transient, while the phase voltage approaches V,,,,. This
simulation confirms the validity of the remagnetization speed
limit derived in Section III-B, as voltage saturation would
indeed occur at higher speeds.
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Fig. 8: Simulation results: two remagnetization transients M S
40%—60% at 1300 rpm, 16 Nm and MS 60%—80% at
1100 rpm, 25 Nm. From top to bottom: speed, torque, stator
currents, phase voltage with its voltage limit and M S

A second simulation is reported in Fig. 8 with a two-
step remagnetization. A first remagnetization from M.S 40%
to 60% is imposed at 1300 rpm, 16 Nm, while the second
transient from M S 60% to 80% happens at 1000 rpm, 25 Nm.
Both these conditions are close to the theoretical Remag
voltage limit in Fig. 6b. Both remagnetization steps generate a
maximum voltage of 290 V during the M S transition, within
the voltage limit V,,,4, of 310 V, confirming again the accuracy
of the calculated Remag voltage limit.
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B. Driving Cycle Test Results

The developed model is adopted for verifying the capability
of the VFM drive to cover a driving cycle. For any required
speed profile, the corresponding torque is computed based on
the model of a full-size electric vehicle, with its parameters
listed in Table II. A custom and a standard driving cycle
(medium-low speed region of WLTC class 3) are adopted
under two M S regulation strategies: the first one switching
between 40% and 80% only, and the second one switching
progressively between 40%, 60% and 80%. The results are
illustrated in Figs. 9 to 12. Blue, yellow and green represent
M S 80%, 60% and 40% operation, respectively; red indicates

TABLE II: Vehicle data

Vehicle total mass 1200 kg
Wheel diameter 0.406 m
Rolling resistance coefficient 0.02
Drag coefficient 0.5
Gear efficiency 0.97
Gear ratio 12
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Fig. 10: Simple driving cycle test with MS switches between
40%, 60% and 80%.

that the required torque exceeds the maximum 7" —n envelop;
black points are within the 7" — n envelop but still unfeasible
due to voltage limitations during re-magnetization.

In the custom driving cycle illustrated in Fig. 9, the ma-
chine under test (MUT) is accelerated from 0 to 10000 rpm,
decelerated to 1150 rpm, then accelerated again to 4300 rpm
before coming to a stop. The M.S is varied in discrete steps
between 40% and 80% only. Initially, the vehicle operates at
MS 80% and is demagnetized to 40% during acceleration
beyond 4000 rpm, as the required torque exceeds the limit
of the MS 80% torque—speed profile. The first deceleration
phase is therefore carried out at M.S 40%. At t=150 s, during
the second acceleration phase, a torque demand of 25 Nm
is imposed at a speed above 1150 rpm. This operating point
lies outside the feasible torque-speed region for MS 40%,
but would be achievable at MS 80%. However, since the
speed never drops below the remagnetization voltage limit,
a return to M .S 80% is not possible. As a result, the required
torque cannot be delivered, as indicated by the black points in
Fig. 9. This demonstrates that the MUT is unable to complete
the driving cycle due to the hysteresis effect imposed by the
remagnetization voltage limit.



% s ®

e MS80 lim

MS40%

(o) % Unfeasible
-60 } O MS80% == Remag lim
— MS.40 lim % O.VCI' Tlim i
0 3000 6000 9000 12000
(rpm)
80 3 12000
e MS40% s Over Tlim
s 00 f e MS80% s Unfeasible
£) 18000 7
g 40 t £
= =
<
= 90l M] { 4000
O 0
t (S)
60

900

0 300

Fig. 11: WLTC driving cycle test with feasible and unfeasible
operating points colored, MS switches between 40% and 80%.

The same driving cycle is analyzed in Fig. 10, this time
with MS varied progressively through three levels: 40%,
60%, and 80%. The vehicle initially accelerates at M.S 80%,
then transitions to MS 60% at 4000 rpm, and finally to
MS 40% at 9750 rpm. During the subsequent deceleration,
the speed decreases to 1150 rpm, i.e. low enough to allow
remagnetization to M.S 60%. This intermediate M.S level
provides sufficient torque capability to meet the demands of
the second acceleration phase. As a result, the finer granularity
in M S adjustment mitigates the constraints imposed by the re-
magnetization voltage limit, enabling the MUT to successfully
complete the driving cycle.

The same analysis is extended to the medium- and low-
speed phases of the WLTC, as shown in Figs. 11 and 12,
considering two and three M S levels, respectively. In this case,
the MUT—being a downscaled prototype of a traction mo-
tor—is unable to complete the driving cycle. Operating points
that fall outside the feasible T'—n envelope are highlighted in
red. Additionally, black markers indicate points that lie within
the T-n envelope but remain unreachable due to voltage
constraints during remagnetization. Although the MUT fails
to meet the driving cycle requirements, the same methodology
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Fig. 12: WLTC driving cycle test with feasible and unfeasible
operating points colored, MS switches between 40%, 60% and
80%.

can be readily applied to full-scale VFMs to effectively assess
their capability to fulfill specified driving profiles.

V. CONCLUSIONS

This paper analyzes the operational capabilities of VFMs,
highlighting their ability to handle both low-speed, high-torque
operation at high MS and field weakening at low MS. While
the feasible operating area is typically represented as the
envelope of maximum torque profile in the T—n plane, this
study reveals that voltage constraints during remagnetization
introduce a significant speed limitation. This results in hys-
teresis in MS regulation when speed varies.

To address this, the paper proposes a streamlined method-
ology for defining the VFM operating range that accounts
for voltage limitations during remagnetization transients. This
allows for rapid assessment of the feasibility of arbitrary load
profiles. Furthermore, it is shown that employing finer steps
in MS regulation can mitigate the associated torque penal-
ties. The effectiveness of the proposed approach is validated
through simulations on two driving cycles for a light vehicle,
using different MS variation steps.
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