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Abstract—Wrapped Interior Permanent Magnet (IPM) syn-
chronous motors represent a recent breakthrough in the do-
main of high-speed IPM machines. This innovative rotor design
introduces buried Permanent Magnets (PMs) and a Carbon-
Fiber (CF) sleeve to secure the magnets against centrifugal
forces, obviating the need for traditional iron bridges or ribs,
typical in conventional IPM rotor configurations. Nevertheless,
the design and analysis of retaining sleeves are essential for
enabling safe and efficient high-speed operation. This paper
proposes an analytical model for the retaining sleeve design,
introducing a graphical pre-design tool to forecast the dimensions
and characteristics requisite for the carbon sleeve, given the
target maximum speed. A comparative analysis is then conducted
between standard IPM motors with ribs and wrapped IPM
motors at different maximum speed speeds, highlighting the
benefits of the wrapped IPM design and the possible drawbacks.

Index Terms—High-Speed Electrical Machines, Electrical Ma-
chines Design, Permanent Magnet Synchronous Motors

I. INTRODUCTION

The electric automotive industry has witnessed a remarkable
growth in recent years, driven by the increasing demand for
efficient and sustainable energy solutions. In the last decade,
several academic and industrial research groups invested a
huge amount of resources in the electric or hybrid powertrain
development, launching several models to compete in the e-
Mobility market [1].

Electric motors play a pivotal role in the automotive in-
dustry’s transition towards sustainable and high-performance
vehicles. However, optimizing their design for superior effi-
ciency and performance remains a complex challenge.

One of the strategies to increase the power density is the
adoption of high-speed motors, with the maximum speed that,
in the last powertrain, reaches 20000 rpm [2]. High-speed
electrical machines have been developed and used for a long
time. One advantage of high-speed electric machines is their
ability to reduce system weight for a given level of power
conversion [3]. This reduction in weight is crucial in traction
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applications where lighter components translate to a lower
overall load and higher vehicle efficiency. However, in the au-
tomotive context, space is often even more critical than weight.
To meet customer expectations for comfort, increased battery
capacity for extended autonomy, and additional components,
a compact motor becomes essential. More specifically, the
volumetric power density of an electrical machine is improved
when the volume is reduced at a constant torque and speed.
Alternatively, speed must be increased to compensate for de-
creasing torque [4]. Nonetheless, achieving high-speed motor
operation presents numerous design challenges. Attention must
be devoted to mechanical strength, vibration control, and the
mitigation of energy losses. High-speed rotation generates
significant centrifugal forces, which means high mechanical
stress and deformation in motor components. Therefore, the
design of bearings and rotor assemblies must account for
these forces to prevent premature failure or imbalance-induced
vibrations. Typically, V-type IPM motors with structural ribs
are adopted for high-speed traction motors. The popularity
of this particular lamination geometry can be attributed to
its excellent mechanical retention properties, that ensures the

(a) (b)

Fig. 1. Cross sections of two examples traction motor from a) Tesla Model 3
(standard ribs IPM motor) and b) Tesla Model S Plaid (wrapped IPM motor).



secure fixation of the permanent magnets within the rotor
structure. However, the presence of iron ribs short-circuit
part of the PM flux, reducing the net PM flux linkage that
crosses the airgap. This detriment has two main drawbacks.
First, the peak torque of the motor is reduced, because of
the lower PM flux linkage. Second, the characteristic current
of the motor is reduced, causing a reduction of the power
asympthote at high speed, with an even more critical issue.
An example of actual V-type IPM motor with ribs, adopted
in commercial vehicle (Tesla Model 3) is reported in Fig. la.
Due to the centrifugal force acting on the magnets and on
the outer part of the rotor yoke, the thickness of the rib and
the two bridges increases with the maximum rotor speed.
Besides the higher maximum speed, thicker ribs and bridges
increase the flux leakage, causing a reduction of the net PM
flux linkage and ultimately a peak torque and power detriment.
In order to increase the speed of this motor type without
performance detriment, an optimal solution is given by the
wrapped IPM motors, where the structural ribs are removed
and the structural integrity is guaranteed by a sleeve (typically
made of carbon-fiber). In such way, the PM flux linkage is
not short-circuited by the iron, but the magnetic airgap must
increase. The most widely adopted application of sleeves in
electric motors is prominently observed in high-speed Surface
Permanent Magnet (SPM) motors. This technology is widely
used for small motors thanks to its high power density and its
simple structure. The design and analysis of wrapped SPMs
have been deeply investigated by several authors [5]. The
key of the structural integrity of wrapped SPM motors is
the compression that the sleeve gives to the PMs against the
rotor back iron. For this reason, the manufacturing process
of wrapped rotors is critical, since a well defined pre-stress
must be applied, function of the rotor geometry and the aimed
maximum speed, as well as the structural properties of the
materials.

Besides the high power density and the high speed, wrapped
SPM motors are not optimal for traction applications, mainly
because of the bad field-weakening operation of these motors,
that is needed to limit the inverter size and have high efficiency
on a wide speed range. Then, SPM motors are typically weak
against irreversible PM demagnetization, that can occur for
high current loading and temperatures. However, their simple
geometry allows the development of several analytical models
for the sleeve design and evaluation, that results also quite
accurate. A good solution for the high-speed traction motor
is represented by the wrapped IPM motors, that merges the
design advantages of IPM motors (as good field-weakening
capability, good torque and power density and good demagne-
tization immunity) with the benefit of the sleeve, that cancel
the flux leakage drained by the structural ribs. An example of
this solution is the recent traction motor of the Tesla Model
S Plaid [6], shown in Fig. 1b, that presents a standard V-
type IPM cross-section, with a rib-less design and a retaining
sleeve that guarantees the structural integrity, even at higher
speeds that the ribbed-IPM motor counterpart (represented by
the Tesla Model 3 motor).

This paper proposes an insightful method for the design of
wrapped-IPM (WIPM) motors, with the focus on the structural
part. The novel sleeve designer plane will be introduced as
graphical design method, based on analytical models previ-
ously validated with Finite Element Analysis (FEA) simula-
tions [7]. Then, motors for three different maximum speeds
will be designed, both with classical IPM rotor with structural
ribs and employing the proposed wrapped-IPM topology, for
a total of six designs. The comparison on electromagnetic
and structural performance of these motors will highlight
advantages and drawbacks of the wrapped designs over the
standard solution with ribs, relating the comparison also with
the maximum design speed. Last, the proposed sleeve designer
procedure is included in SyR-e [8], an open-source environ-
ment for electric motor design and analysis, improving also the
parametrization and description of the wrapped-IPM motors.

II. SLEEVE DESIGN FOR WRAPPED IPM MOTORS
A. Analytical Model for Sleeve Analysis

The sleeve stress computation is tackled in an analytical
way, in order to reduce the computational effort. The analytical
formulation of Wrapped IPM motor was presented in [7].
Here, it is reviewed and implemented into a parametric study,
in order to simplify the sleeve design in terms of thickness
and pre-stress. The analytical model is based on a simplified
geometry, obtained as in Fig. 2.

ST

Fig. 2. Geometry transformation from the actual lamination to the simplified
geometry for the analytical model [7].

Three rings are present in the final geometry: an outer ring,
modeling the sleeve (index 1 in the formulation), an equivalent
ring for PMs and pole piece, identified with the index 2 and
an inner ring, modeling the rotor back yoke (index equal to
3). The structural properties of the three layers are obtained
as explained in [7].

The dimension and stress definitions of the equivalent
geometry are reported in Fig.3. It is worth noting that the
key parameters are the one related to the sleeve, that is the
layer #1 and it is the same for both the actual geometry and
the simplified model.

The formulation of the analytical model is divided into two
main operating areas, divided by the pole lift-off condition.
For low speed, the pre-stress applied to the sleeve will push
the second layer (PMs and pole piece) to the rotor back iron.
As speed increases, the centrifugal force contrasts the sleeve
pre-stress and, at a certain speed, the second layer will detach
from the pole piece. This is defined the lift-off speed and
it is set as speed costraint for the safe operation of wrapped
IPM motors. The main sleeve design quantities are represented
and summarized in Fig.4a. The colored curves represents the
tangential stress in the sleeve o1 function of the rotor speed,
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Fig. 3. Parameters definition of the simplified geometry [7].

evaluated for various sleeve thickness hg; values and zero pre-
stress. Furthermore, the black curves represent the sleeve stress
for different sleeve interference duio values, on this plane
evaluated for a single average sleeve thickness and directly
related with the approximated pre-stress.

The crossing between the black curves and the colored
curves identify the lift-off speed for the considered sleeve
thickness and sleeve interference. For speed lower than the
lift-off speed, the stress in the sleeve will follow the black
line, while for speed higher than the lift-off speed, the sleeve
tangential stress will follow the colored line.
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Fig. 4. Sleeve Designer plane: a) explicit form, with tangential stress function
of the rotor speed for different sleeve thickness and interferences and b) final

form of the sleeve designer plane: contours of maximum speed function of
the sleeve thickness and the interference.

To design the wrapped IPM motors avoiding to approximate
the pre-stress for a single average sleeve thickness, a sleeve
designer plane is computed. It is reported in Fig. 4b and reports
the lift-off speed (i.e. the maximum motor speed) function of
the sleeve thickness and the interference. Two colored areas
are identified on the plane. The speed break area, colored in
red, identifies the (g, dui2) combinations that, with the pre-
stress caused by the interference alone, have a sleeve stress
higher than the sleeve maximum stress. The other highlighted
area is colored in orange and identified as pre-stress break area

(d )

Fig. 5. Cross sections of the six compared motors: a) 14 krpm IPM motor,
b) 18 krpm IPM motor, c¢) 21 krpm IPM motor, d) 14 krpm WIPM motor, e)
18 rrpm WIPM motor and f) 21 krpm WIPM motor.

and identifies all the (hg, dui2) combinations that have a lift-
off speed at stress higher than the maximum sleeve stress. At
the end, the optimal point for the sleeve design lies along the
boundary between the danger area and the non-danger area.
For these points, the sleeve thickness, and so the magnetic
airgap thickness, are minimized, allowing high torque and
power density.

III. DESIGN COMPARISON

To assess the advantages and disadvantages of the wrapped
IPM motors, three different target speeds are considered and
a total of six motors are designed and compared. For each
speed, a wrapped-IPM version and a standard IPM with ribs
are designed. The cross-sections of the six motors are reported
in Fig. 5. The motors share the same stator as well as the same
inverter (400 Vdc and 800 Apk). The wrapped IPM motors
have slightly thicker PMs than the standard IPM motors thanks
to the higher space in the rotor due to the absence of the ribs.
Increasing the speed, the ribs thickness (both for radial and
tangential sections) increase, with a detriment of the magnetic
performance that will be assessed later. On the other hand,
WIPM machines present thicker sleeve thickness for higher
speeds.

A. Flux Maps

The first term of comparison are the flux maps. The limit
curves without cross-saturation effect are reported in Fig. 6.
Dealing with the d axis flux linkage, the effect of the increas-
ing speed is significantly more evident for ribs IPM motors.
Indeed, the PM flux linkage reduction with speed is about 30%
for IPM motors with ribs, while it is just 14% for wrapped
IPM motors. Furthermore, the inductance (i.e. the slope of the
flux linkage curve) is higher for ribs motors, because of the
flux leakage through the structural ribs, even if the magnetic
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airgap of these motors is thinner compared to the WIPM
versions. This behavior reflects in a higher and more constant
characteristic current for wrapped IPM with the maximum
speed, that will procduce a better power profile, as will be
demonstrated later. The behaviors are opposite on the g axis:
for wrapped IPM motors, the speed increase cause a reduction
of the ¢ axis flux linkage because of the higher magnetic
airgap, that increases with maximum speed. On the other hand,
the ribs motors presents increased g axis flux linkage with the
speed because of the ribs itself, that helps to guide flux lines
along the ¢ axis.

B. Maximum Torque Per Ampere Curves

The comparison continues with the control trajectories and
the Maximum Torque per Ampere (MTPA) and Maximum
Torque per Voltage (MTPV) curves. The MTPA locus are
computed directly from the flux maps and the torque versus
current curves are compared in Fig.7. It is worth noting that
the motors with sleeve express in general a higher torque
for the same current. Moreover, the torque constant is almost
linear for this kind of motors, while for IPM motors with ribs,
two saturation areas occurs. The first is at low currents, when
the ribs saturation still play a role in the magnetic behaviors of
the motor. Last, for very high currents, iron saturation occurs
and torque constant decreases. This last aspect is present also
for wrapped IPM motors, but becomes relevant for higher
currents, outside the inverter limits.

The MTPA and MTPV trajectories of the six motors are
reported and compared in Fig.8. The different weight of
the reluctance and PM torque is evident in this comparison.
Indeed, the WIPM motors present MTPA curves further away
from the —d axis, index of a higher PM torque component.
While the IPM motors have MTPA curves that are closer to
the d axis and so higher current angles and higher weight of
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Fig. 7. MTPA curves comparison: torque versus current curves for the six
machines
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Fig. 8. MTPA and MTPV trajectories of the six considered motors on the
(id,1q) plane.

the reluctance torque components. The other relevant differ-
ence in this comparison is the MTPV and the characteristic
current (i.e. the intersection between MTPV and d axis). The
characteristic current is almost the same for the three WIPM
motors, while decreases with the speed for the IPM motors,
narrowing the operating area on the (ig,%,) plane included
between the two trajectories and causing a premature MTPV
control and power-descending field-weakening.

C. Operating Limits

After the computation of the control trajectories, the oper-
ating limits at maximum DC link voltage and phase currents
are retrieved and compared in Fig.9 both in terms of torque
and in terms of power. The conclusions done for the torque
capability along the MTPA are confirmed here: below the
base speed, wrapped IPM motors express a higher torque than
IPM motors with ribs. As the maximum speed increases, the
peak torque is reduced for both technologies, with a higher
degradation for standard IPM motors. The huge differences
between the two technologies is the field-weakening area.
For IPM motors with ribs, as maximum speed increases,
the power at high speed is reduced because of the reduced
characteristic current. On the other hand, the characteristic
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Fig. 9. Operating limits comparison at 400Vdc and 800Apk in loss-less
conditions: a) torque versus speed and b) power versus speed.

current of the wrapped IPM motor is not affected by the
maximum speed, making the torque and power curves at high
speed of these motors practically superimposed. Furthermore,
the characteristic current of the wrapped IPM motors is equal
to the maximum current, resulting in an ideal field-weakening
condition and a flat power profile.

D. Efficiency Maps

The efficiency maps of the six machines are computed
and compared in Fig. 10. The maximum inverter limits are
considered and the motor is set at 120°C and 80°C for
windings and PMs. Stator Joule loss, iron loss and PM loss
are taken into account, giving as input a sinusoidal supply.
The operating limits shown in Fig.9 are confirmed, with a
small discrepancy due to the loss (neglected in the previous
analysis). Dealing with the numbers, the comparison highlights
the difference between the two technologies. Besides the
higher peak performance, both in terms of torque and power,
wrapped IPM motors presents a smaller high efficiency area,
limited especially at lower speeds (below the base speed).
The difference is mainly due to copper loss and the field
weakening operation. These are boosted by the increased
harmonic content caused by the equivalent “open slots” at
the rotor side. This behavior can be worse if PWM loss are
considered.

E. Demagnetization Limit and Fault Reaction

A last comparison between the six motors is done in terms
of fault reaction and demagnetization. As for automotive
standard [9], the safe state of the drive-line is ensured when
a system fault is detected in the Active Short Circuit (ASC).
This is necessary to avoid high voltages at the inverter and
the uncontrolled generator condition (motor voltage higher
than DC link voltage). However, ASC induces high currents

Fig. 10. Efficiency maps of the six motors at 400 Vdc and 800Apk evaluated
with winding and PMs at 120°C and 80°C, respectively.

in the motor, that can irreversibly demagnetize the PMs. The
demagnetization curves of the six motors are reported and
compared in Fig. 11. The curves express the maximum current
that can be injected against the PMs without irreversibly
demagnetize more than 1% of the PM volume. These curves
are reported function of the PM temperature and normalized by
the maximum inverter current. The three curves are almost su-
perimposed for wrapped motors, with demagnetization limits
between 4 and 2 times the maximum inverter current (spanning
between 20°C and 120°C), while for standard motors, the
demagnetization limit is in general higher (especially at low
temperatures) and more dependent to the maximum speed. For
the rated PM temperature (80°C), the demagnetization limits is
around 1600A (2x the maximum current), while for the high-
speed ribs motors is more than 4 times the demagnetization
limit.

Once the demagnetization limit is identified and the motor
flux maps are known, it is possible to compute the peak ASC
current in the worst-case pre-fault point [10]. The current
waveform after ASC triggers are computed for the six motors
and compared in Fig. 12. For reference, the demagnetization
limit is reported in black for each motor. The selected pre-
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Fig. 11. Demagnetization limit of the six motors function of the PM
temperature.
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fault operating point is the maximum phase current along
the MTPA at 4000 rpm (that is close to the base speed of
all the six motors). The PM and winding temperatures are
set to 80°C and 120°C, First of all, the difference of the
demagnetization limits are more evident here. This limit is
almost constant for the wrapped IPM motor and increases with
the maximum speed (i.e. the ribs thickness) for standard IPM
motors. Dealing with the ASC current, it reduces increasing
the speed for the standard IPM motors, that are largely safe
against demagnetization. The condition is much more critical
for wrapped IPM motors, that presents higher peak currents.
This, together with the reduced demagnetization limit, make
this motors more critical for the demagnetization problem.
However, the analysis tells that the three wrapped IPM motors
are safe against demagnetization in the selected condition,
even if the margin is very limited.

IV. CONCLUSIONS

The paper reviews the design process for wrapped IPM
motors for traction application. Furthermore, an insightful
graphical design procedure is introduced, helping the design of
minimal sleeve thickness for a given speed in seamless time.
Then, the proposed sleeve design plane is adopted to design
3 wrapped IPM motors for three different maximum speeds,
that are compared with the three standard IPM motors with
ribs, designed for the same speeds. An extensive comparison
is carried out, highlighting the advantage of the wrapped IPM
motor in terms of peak power and field-weakening capability.
Indeed, for this kind of motor, the maximum speed increase
slightly affect peak torque, without penalizing the peak power
and the power in field-weakening operation, as happens for
IPM motors with ribs. Besides this crucial advantage, the
wrapped IPM motors results slightly more critical in terms of
irreversible demagnetization during ASC, that is mandatory
for these motors. Last, the efficiency of the six motors are

comparable, with a slight advantage of wrapped IPM motors
below the base speed.
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