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Abstract—Variable flux machines enable online adjustment of
the permanent magnet flux linkage, introducing an additional
degree of freedom for efficiency-oriented control. This capability
requires a coordinated treatment of operational efficiency and
the energetic cost of MS manipulation.

A state-based control structure is proposed that switches
between standard operation and an efficiency optimizing decision
mode. MS adjustments are executed through online-generated
current trajectories that maintain torque while respecting voltage
constraints. The decision logic relies on an amortization-time
criterion: an MS change is only carried out if its energetic benefit
is expected to outweigh the associated manipulation losses within
a predefined horizon.

The proposed control strategy was evaluated on a WLTP driving
segment, demonstrating that the method consistently selects
locally advantageous MS levels and yields measurable efficiency
improvements without compromising torque control.

Index Terms—variable flux machine, online magnetization
control, torque-invariant current trajectory design, efficiency
optimization

I. INTRODUCTION
A. Variable flux machines’ magnetization control

Permanent Magnet Synchronous Machines (PSMs), known
for their high efficiency and power density [1], have
become a preferred choice for traction applications [2]. The
induced voltage in conventional PSMs with constant rotor
excitation increases linearly with rotational speed, making field
weakening necessary to reduce back-EMF and achieve an
extended speed range. This operating mode incurs increased
copper losses. Motivated by these limitations, variable flux
machines (VFMs) have emerged as an alternative to traditional
PSMs [3]-[5]. VEMs employ low-coercivity magnets, such
as AINiCo, which allow deliberate manipulation of the
magnetization state (MS) during operation. As a result, the
required armature current during field weakening decreases,
offering potential efficiency gains [6].

The electrical model of the VFM is described by the voltage
equations (1) and (2), where ¥4 and ¥, denote the direct and
quadrature axis flux linkages respectively [7]. ¥4 consists of

the direct flux linkage due to current excitation ¥q . and that
induced by the permanent magnets Wpy.
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where ¥; = f(t,1, Uye1) (see (4)). The torque produced by the
VEM is calculated identically to the conventional PSM (3).
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Finally, the MS describes the permanent magnet flux linkage
relative to its maximum possible value, as shown in (4).
Up
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Applying short armature current trajectories enables the
manipulation of the flux linkages and, correspondingly, the MS
[8]. The MS primarily changes in response to 74, with negative
values leading to demagnetization, as shown in Fig. 1, and
positive values resulting in re-magnetization. Cross saturation
leads to a dependence of .

The course of a demagnetization trajectory can be
understood by examining its three consecutive phases [9]:

1) Excitation: i4gtar¢ 1s continuously decreased to
Z.d,dcmag-

2) Hold: ¢4 demag 1S maintained for % of the electrical
period to ensure complete demagnetization of the
permanent magnets [9].

3) Recoil: After the demagnetization process is complete,

iq is increased to i recoil-
The three phases are represented by the corresponding
numbers (1)-(3) in both Fig. 2 and Fig. 4.
Once the demagnetization trajectory is completed, applying
any current pair within the region bounded by the target MS
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Fig. 1: Variation of the relative magnetization state ¥, from
25% to 100% as a function of the current components ¢4 and
iq of the VEM analyzed in this study.
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Fig. 2: Demagnetization process, schematic representation
with the d-axis current ramp applied (a) and the resulting
behaviour of the d-axis flux linkage (b).

contour and the quadrature axis does not further alter the
MS. This behavior is known as the memory effect [4]. Re-
magnetization trajectories follow the same phases. The main
difference is that iq qemag has a positive value.

Existing work employs a variety of current trajectory shapes
and slew rates for MS manipulation. Trapezoidal profiles
are commonly used, as in [10], [11], with reported slew
rates ranging from 0.5 to 1.25 Ams™!. The authors of [12]
demonstrated that sinusoidal trajectories can improve current
tracking performance compared to trapezoidal profiles, albeit
without explicitly enforcing a slew rate. Further, a two-
phase dynamic trajectory formulation was proposed in [12], in
which the slew rate is adapted online to exploit the available
voltage reserve, achieving average slopes of approximately
12.38 Ams~! while maintaining acceptable tracking quality.

Complementing these operational insights, a novel MTPA-
derived approach for determining the efficiency map of VFMs
considering relative magnetization was proposed in [13]. In
this algorithm, W1, 74, and 74 are treated simultaneously as
optimization variables in a single integrated calculation.

The current state of research provides a comprehensive
foundation for deliberate MS manipulation and tracking
[14] and offers an algorithmic framework for determining
optimal operating points of VFMs. However, no prior
work has addressed the conceptualization of an online
efficiency-optimized strategy for MS manipulation in traction
applications.

B. Contributions of This Study

The present study proposes an online operating point
selection approach that determines the optimal MS based
solely on the instantaneous torque and speed demand of
an electric vehicle. The method operates without relying
on additional external data that might allow a forecast
of the expected load. Further, it explicitly rather than
implicitly accounts for the voltage limit constraint during
MS manipulation, through online calculation during the MS
change. This study aims to design fast current trajectories that
minimize torque fluctuations. A novel efficiency-optimized
control strategy is introduced that evaluates additional losses
associated with manipulation trajectories. Operating points are
selected based on loss-amortization times relative to a defined
decision interval

Section II presents the simulation model of the automotive
drivetrain and its components. Section III introduces the
model-based data, methodology, and design approach of the
trajectory courses. Section IV describes the logical steps of
the control strategy used to select the next magnetization state
and outlines the simulation setup employed to validate the
proposed loss amortization based approach. Section V presents
the simulation results. Section VI concludes with a summary
and outlook.

II. ELECTRIC VEHICLE SIMULATION MODEL

The proposed control strategy was implemented in a
Simulink model of an electric vehicle drivetrain, presented
in Fig. 3. The model is based on a Simulink based tool for
drive train modelling developed at the Institute of Electrical
Engineering.

The core of the drivetrain model in Fig. 3 is the VFM (d).
Its direct and quadrature axis voltages are computed using
(1) and (2), while the MS is obtained from precomputed
maps ¥yei(iq, iq), as presented for the demagnetization in Fig.
1. Similar maps are employed for the re-magnetization. The
electromagnetic torque is calculated using (3).

Regulation of the currents is handled by the motor
control unit (MCU) (b), which employs field-oriented control
with independent PI controllers for ¢q and i, respectively.
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Fig. 3: Schematic Simulink model of an electric vehicle
drivetrain.




Furthermore, clamping anti-windup was employed. Inductive
terms in (1) and (2) are treated as additive disturbances, while
the armature flux linkages are approximated from differential
inductances to enable feedforward compensation. Current
measurements iq and iy from sensor (h) are supplied to the
MCU, and the drivetrain is powered by the ideal voltage source
(g) and the lossless inverter (c).

Mechanical behavior, from rotor torque and speed
transmission to the driving surface, is represented in
components (d) and (e). The model incorporates external
forces, internal losses, and mechanical transmission ratios.
Component (f) provides the velocity v and inclination «
profiles of driving cycles (e.g. standardized cycles like WLTP
or NEDC, individual cycles can be supplied as well). The
torque demand 7™ is computed from the mechanical model
based on the instantaneous cycle velocity and inclination.

Finally, the target value generator (a) was developed as part
of this study. It selects the operating mode and provides the
reference values for the currents iq« and iy~ to the MCU.
The efficiency-optimized control strategy is integrated into the
setpoint generator and is discussed in detail in Section I'V.

III. CURRENT TRAJECTORY DESIGN

Magnetization trajectories define the transient evolution of
the dq currents during MS manipulation, as shown in Fig. 2.
The current waypoints are determined online and are subject
to operating requirements:

o (R1) Overshoot in the MS change must be avoided:
| ![/rel,goal - Wrel,goal*‘ < A ![/rel,max = 5% .

¢ (R2) The torque should remain as constant as technically
feasible throughout the MS-change process.

e (R3) The maximum voltage .. (set to 90% of the
nominal inverter limit %pax,iny) Must not be exceeded
at any time, including voltage ripple.

The dataset is constructed using discrete MS levels with a fixed
resolution. For each level, the corresponding torque hyperbola
is derived from the torque equation (3), represented by the
purple lines in Fig. 4, ensuring compliance with (R2). The
current grid is sampled with a suffienctly fine grid as well, to
allow obtaining intermediate points via linear interpolation.
Voltage compliance during the hold phase is assessed by
pre-estimating the expected envelope voltage in accordance
with (R3). For this purpose, equations (1) and (2) are rewritten
using differential inductances to express the time derivatives
of ¥y and ¥, while dfl% is assumed negligible. The
required differential inductances are extracted from simulation
data. To capture ripple-induced variations in the currents, the
corresponding envelope voltage expressions (5) and (6) are
defined as follows:
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Fig. 4: Schematic representation of the demagnetization and
re-magnetization path along torque hyperbolas (purple lines),
envelope voltage ellipses (blue) and MS-contours (black lines).

The voltage envelopes are represented as blue ellipses in Fig
4.

A. Demagnetization Trajectories

The path of a demagnetization trajectory starts at 74 sgart
(step @ in Fig. 4a), and the target value iq demag (St€p @)
ideally corresponds to the intersection of the demagnetization
contour of the target MS W,q] g0a1 With the torque hyperbola
of the current state ¥,¢ o1q4. This intersection is represented
by step @ in Fig. 4a: It is placed at the intersection point of
T(Wrel,01a) With the MS , given in dark grey. After the hold
phase, 74 is returned to the operating point marked @ on the
torque hyperbola T'( Wyel new), reaching ig recoil according to
section I-A. This is valid for cases where the voltage constraint
is satisfied. Otherwise, the intersection point between the target
MS contour and the envelope voltage ellipse is used.

During the excitation phase, iq is continuously decreased
t0 74 demag. fOllowing a sinusoidal speed profile along the d-
axis to achieve improved current-tracking performance and
thus reduced torque pulsations, as shown in Fig. 5. The
corresponding ¢, trajectory is obtained by evaluating the
torque hyperbola of the initial MS at each instantaneous value
of 4. After the hold phase, the recoil phase begins, during
which i4 is increased again while ¢, transitions to the torque
hyperbola associated with the new MS.

A fixed sinusoidal transient reference with amplitude
Al = 160 A and time period Tyof = 30 ms is used to define
the shape of the excitation and recoil flanks. This reference
profile provides a suitable compromise with respect to the
design criteria and yields an average slew rate of 21.33 A ms ™!
per flank. To preserve identical curvature and thus consistent
dynamic behaviour for different amplitudes, the period is
scaled proportionally according to (7).

ATl
AIref

This sinusoidal time profile serves as the reference speed
profile for all demagnetization and re-magnetization transients.

Ttraj = Tref (7)
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Fig. 5: Time evolution of current, torque, and voltage during

the demagnetization trajectory at 7500 min .

Fig. 5 shows a small overshoot of 74 during the hold phase.
The resulting over-demagnetization equals 0.7%, ensuring that
constraint (R1) is fulfilled. Fig. 5c) confirms that constraint
(R2) is met, while Fig. 5d) demonstrates compliance with
constraint (R3).

B. Re-Magnetization Trajectories

The torque hyperbolas are discontinuous in the dg
plane, diverging asymptotically for small positive iq values.
Consequently, no continuous torque-invariant path exists
between iq start and the target MS contour. A direct transition
between hyperbolas at the asymptote would induce severe
torque pulsations. Therefore, the approach selected in this
work is to temporarily reduce the torque to 0 N m and maintain
it while ¢4 remains positive. Under these conditions, constraint
(R2) cannot be fulfilled.

All iy values corresponding to ONm torque in the first
quadrant of the dq plane form an approximately linear
relationship with a slightly positive slope. This line is hereafter
referred to as the O N m line.

Fig. 4b illustrates the course of a re-magnetization trajectory
as described above. Prior to execution, compliance with the
voltage constraint (R3) is verified by estimating the envelope
voltage along the W¥,¢ g0a1 contour. The trajectory begins at
1q,start and its corresponding i, value on the current torque
hyperbola (step @). Subsequently, both iq and ¢ are reduced
to 0 A. Next, iq is increased and ¢, follows the 0 N m line until
the intersection point with the target MS contour is reached
(step @). At this intersection, the current is held constant at
14,hold- During the recoil phase, iq and i, are decreased along
the same path until reaching ¢4 recoil and its corresponding
1q,recoil Value on the torque hyperbola of Wyej goa1 (Step @).

All current flanks in Fig. 6 follow sinusoidal profiles to
ensure smooth transitions between phases. The corresponding
periods are calculated according to (7) and multiplied by 0.25
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Fig. 6: Time evolution of current, torque, and voltage during

the remagnetization trajectory at 1200 min~".

to shorten the overall manipulation time, which is possible
for re-magnetization without endangering the stability of
the process, whereas (7) was designed with regard to the
demagnetization process, meaning any further reduction of the
time period would make it unstable. This adjustment reduces
losses, as the efficiency drops to nominally 0% while the
system follows the 0 Nm line.

Because small fluctuations in ¢, have an increasingly
pronounced effect on the torque at higher ¢4 levels,
torque pulsations appear midway through the remagnetization
process, as shown in Fig. 6c. In this case, ¢q does not exhibit
any overshoot during the hold phase, ensuring compliance
with constraint (R1). Finally, the voltage remains below uy,ax
throughout the trajectory, fulfilling constraint (R3).

IV. CONTROL STRATEGY

The control strategy aims to maximize the efficiency of
the simulated vehicle during driving cycles. Using the holistic
efficiency map calculation algorithm for VFMs [13], the loss
optimal currents (maximum torque per loss (MTPL)) iq mTPL,
1q,MTPL, and the corresponding optimal magnetization state
Urel,MTP1, Were computed as functions of motor torque and
speed. The resulting optimal MS distribution is shown in
Fig. 7. This dataset enables the determination of the optimal
current components and MS for any given torque 7™ and
rotational speed n* demand defined by the driving cycle.

Inside the target value generator (Block a) in Fig. 3, the
supervisory control layer is implemented as the state machine
in Fig. 8. It governs the transitions between the four operating
modes and executes the efficiency-optimized logic exclusively
in the Decision state.

In the Normal operation state, the MS is held constant
while the MTPL currents ¢4 mTp1, and iq nvTp1, are applied
according to T and n* and updated at the control frequency.
At every decision interval Atg, the state machine enters



g

z [EIS
~100 | ~
< 50 °
& 25

0 5 10 15 20
Nmech / 1000 - 1/min

Fig. 7: Efficiency optimal ¥, of the investigated machine.
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Fig. 8: Supervisory control layer state machine

the Decision state, where the efficiency-optimized logic is
executed. If no MS adjustment is required, the system
returns to the Normal operation state; otherwise, a re- or
demagnetization trajectory is initiated.

A. Decision Logic

The five-step decision algorithm illustrated in Fig. 9 is
employed to identify the target MS e g0a1 and assess,
whether a transition is admissible.

Step one retrieves ¥, mrpr from Fig. 7. Step two verifies
compliance with the voltage restriction (R3). As |iq| increases
during the final part of the excitation phase and throughout the
hold phase, the required voltage rises, particularly when the
target MS W1 goa1 lies far from the current MS W o14. To
assess feasibility, the peak envelope voltage during the hold
phase, Upeak,env, i estimated using (5) and (6) and compared
with upax. If the initial hyperbola—contour-intersection is
voltage-compliant (i.e. if Upecakenv < Umax holds), it is
selected as the hold point (4 demag) iq,demag)- If Upeak,env >
Umax, the algorithm performs a two-stage search for an
admissible MS. First, MS closer to the current one are
examined to identify the nearest operating point that intersects
the envelope-voltage ellipse. Once a suitable ¥, is found, the
algorithm moves along its contour starting from ¢q = 0 toward
higher |iq| values until the first intersection with the envelope
voltage ellipse is encountered; this point is then chosen as

(id,demaga Z.q,demag)

yes

yes two-stage
search
no

no

no
[ Wrel,goal — Yrel,ota] > 10%

yes

MS yes
change

Fig. 9: Transition decision state machine.

Step three evaluates the duration of the hold phase. Since
its duration corresponds to 1/6 of the electrical period,
it increases sharply as the rotational speed decreases and
theoretically diverges at standstill. To prevent excessive
manipulation losses, the hold phase is capped at a given
maximum ¢, max = 10ms. For operating speeds below
the limit corresponding to 1, max, MS manipulation is still
executed, but the hold phase is fixed to this maximum duration.

Step four enforces a minimum MS change, requiring
Urel,goal — Prelold = A Wrel min (10%) to avoid dithering and
improve consistency.

Step five performs an efficiency-based evaluation using the
amortization time t,.

B. Amortization time based evaluation

Future load and speed profiles are unknown in real driving
conditions, so a global optimization over time is not feasible.
The control strategy employs local optimization between
consecutive decision intervals. An MS manipulation is initiated
only if the amortization time ¢, is shorter than the decision
interval Atq, which simultaneously acts as the threshold for
admissible MS transitions.

The amortization time t, defines the minimum operating
duration in the new magnetization state W1 goa1 after which
the additional energy losses caused by the MS manipulation
process are compensated by the improved efficiency of this
new state. It is derived from the energetic balance between



the efficiencies in the current and target magnetization states,
including the transient losses along the current trajectory:

M - Aty + NMS goal * (ta — Aty) = NMS,old - ta )

Here, 17, denotes the mean efficiency during the
magnetization trajectory of duration At, while s o1q and
1MS,goal Tepresent the steady-state efficiencies in the current
and target magnetization states, respectively.

The total loss power P, comprises the electromagnetic
losses; namely copper, iron, and magnet losses, which were
pre-determined from FEM simulations as functions of iq, 44,
and V... Further loss components such as AC copper loss or
inverter induced losses are not considered here, because the
data was not available. However, the presented methodology
allows integration of these loss components. If available, the
corresponding loss maps are supplied to the algorithm along
the existing data, resulting in different optima; the operating
principle remains unchanged. The mechanical output power
corresponding to the current operating point (M*, n*) is used
to compute the efficiency 7. Trajectory losses P, ; are obtained
by evaluating the electromagnetic losses along the discrete
current trajectory and averaging them over Aty to yield 7.

V. RESULTS

The proposed manipulation trajectory, which follows
torque hyperbolas and employs sinusoidal flank profiles,
enables torque-invariant demagnetizations. Owing to the
discontinuity of the torque hyperbolas in the positive igq
quadrant, re-magnetization enforcing 7' = 0 N m is employed.
The field-oriented control exhibits sufficiently low tracking
errors such that the MS overshoot remains below the
acceptable 5% limit, thereby fulfilling requirement (R1).
Although the resulting slew rates are lower than the voltage-
maximizing approach of Chen [12], the sinusoidal flanks
provide excellent current-tracking behaviour and curvature-
invariant scalability with respect to the current amplitude.
As shown in Fig. 10, the proposed method achieves
manipulation speeds that are between 31.2% and 35.8%
slower for representative amplitudes, despite operating without
online voltage maximization. Overall, the demagnetization
trajectories satisfy requirements (R1)-(R3), whereas re-
magnetization violates the torque requirement (R2).

The machine used in this work is presented in [14]. MS
changes with this machine are comparably current demanding.
Therefore, the results presented below are to be seen as a
validation of the methodology introduced in this work, rather
than final statements on the possible efficiency gains of VFM.
The validation of the proposed efficiency-optimized control
strategy is carried out by simulating the first 85s of the
WLTP extra-high-speed phase [15] using the drivetrain model
presented in Fig. 3. This segment of the WLTP reaches the
highest velocities of the cycle while requiring only moderate
torque levels. One run applied the proposed control strategy,
while the other disabled all MS manipulations. As indicated in
Fig. 7, the investigated operating points lie in the lower-right
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Fig. 10: Comparison of flank slew rates relative to the
manipulation current amplitude for the proposed method
(green) and the voltage-reserve exploitation technique
presented in [12] (red).
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region of the ¥, m1pL, Where a reduced MS is energetically
favourable.

The transient evolution of the currents, torque, and MS is
shown in Fig. 11. With a decision interval of Aty = 10s,
two demagnetization actions are triggered at ¢ = 20s and
t = 30s, yielding amortization times of ¢, = 5.36s and
ta = 3.29s respectively. Torque tracking remains accurate
throughout, and the magnetization state reliably converges to
the selected values at the decision instants while following the
overall trend of the optimal ¥,e MTpI1, trajectory.

Loss behavior and cumulative efficiency 7 development are
depicted in Fig. 12. In the left diagram, the instantaneous
loss power is depicted, where P s represents the values
for an adaptive MS. P g, represents the losses for the
same machine without adjusting ¥,.. On the right side, the
difference in cumulative efficiency A7 is plotted. With this
value, the differences in efficiency of the machine with and
without adaptive MS are compared, integrated over the cycle
time introduced above. For the first 20s, A7 is 0, since both
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Fig. 12: Instantaneous loss evolution and the cumulative
averaged efficiency difference obtained with the proposed
strategy relative to the baseline.

machines operate with the same ¥, = 100 %. After the first
demagnetization at ¢ = 20s, the instantaneous losses remain
consistently below the baseline, except for a brief interval
around ¢ =~ 60s where W, vrpr, temporarily increases (see
Fig. 11). As a result, the cumulative efficiency difference
rises steadily, peaking at roughly 1.25% before settling at
a still notable 0.94 % by the end of the evaluated window.
The observed efficiency improvement is compatible with the
Urel,MTp1, distribution in Fig. 7, which favours lower MS
levels at higher speeds and moderate torque. The amortization-
based decision logic consequently triggers MS adjustments
in operating points where a local energetic benefit can be
expected.

VI. CONCLUSION AND OUTLOOK

A manipulation current trajectory design and an online
magnetization control strategy for VFMs was introduced.
The sinusoidal flank profiles and torque-hyperbola guidance
enable torque-invariant demagnetization with good tracking
performance and competitive manipulation times, without
explicit voltage-reserve exploitation. A fundamental limitation
is that any re-magnetization step breaks torque invariance.

An amortization-based decision logic was proposed to
determine when an MS change is locally beneficial. Because
it requires no preview information, the strategy is well suited
for operating regimes with sustained high speed and moderate
load, such as highway driving. The WLTP evaluation showed
that it reliably selects energetically favourable MS levels and
achieves measurable efficiency gains while maintaining stable
torque behavior.

The present strategy relies exclusively on instantaneous
operating conditions and therefore performs a purely local
optimization. With access to external information - such as
GPS data, traffic forecasts, or prior driving statistics - the
controller could anticipate upcoming speed profiles and extend
the optimization horizon. This would enable the transition
from a locally optimal scheme to a global or longer horizon-
based strategy that coordinates MS change decisions more
effectively over time. Integrating such preview information,
together with uncertainty handling and real-time constraints,
represents a promising direction for future research on energy-
optimized operation of VFMs.

In future work, a full cycle analysis is to be carried
out with an adequately designed machine including a more
sophisticated loss model, allowing the realization of the VFM’s
full potential. Subsequently, a machine prototype is to be built
for metrological validation.
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