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Abstract—This study presents a bridgeless rotor (BLR) design
for a synchronous reluctance machine (SynRM) as a magnet-free
alternative for electric vehicles (EVs). Unlike conventional Syn-
RMs that require radial and tangential bridges for mechanical
stability, the BLR-SynRM eliminates these structures and instead
uses non-magnetic backplates. This modification addresses a
significant performance limitation, resulting in a higher torque
density and improved power factor.

In this research, the proposed BLR-SynRM design is evaluated
in several stages. First, the performance is analyzed, considering
that flux guides are spot welded into the backplates to maintain
the rotor’s integrity. Next, an electromagnetic design is conducted
based on an optimized structure to achieve a substantial increase
in both torque and power factor. Finally, the rotordynamics of
the system are examined across a full speed range of up to 10,000
rpm.

Keywords: Synchronous reluctance machine, bridgeless ro-
tor, high power, flux guides, backplates, rotordynamics,

I. INTRODUCTION

There is increasing demand to reduce the use of rare earth
magnet materials in electric motors. As a result, alternatives
such as synchronous reluctance machines (SynRMs), wound
rotor synchronous motors (WRSMs), switched reluctance
motors (SRMs), and induction motors are becoming more
appealing to the industry. From a performance perspective,
WRSMs can provide higher efficiency in specific operational
ranges, contributing to a reduction in energy consumption in
electric vehicles (EVs) [1]. Induction motors are attractive due
to their simple designs and reduced material requirements,
making them a more economical choice [2]. However, SRMs
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are notable for their simple design, durability, inherent fault
tolerance, and inexpensive production and maintenance costs.
In contrast, induction motors provide smooth operation with
low noise levels. It is important to note that both SRMs
and WRSMs require sophisticated control systems, which
can increase overall system complexity [3]. Induction motors,
while not as efficient, have less complex control systems,
making them easier to manage in mass-market applications.
Magnet-free motors have significant potential for the future
of electric vehicles (EVs), providing benefits in cost, material
sustainability, and performance. Induction motors are already
widely used in EVs, proving to be a reliable and cost-effective
solution [4]. SRMs are intriguing for traction applications, and
the scientific community is becoming interested [5]. However,
SRMs have disadvantages such as their inherent nonlinearity,
increased torque ripple, and production of acoustic noise
[6]. The ongoing trend to reduce the reliance on rare earth
materials is driving further innovation and cost reductions
in developing these motor types, contributing to the greater
adoption of sustainable and efficient electric vehicles.
Permanent magnet synchronous machines typically provide
higher power density and improved torque ripple control [7].
Consequently, they are used in various applications, including
traction hub drives [8], microturbines [9], and industrial set-
tings, and they have recently become the predominant choice
for motors in industrial and electric vehicle (EV) applications
[10]. These machines are very efficient, especially at high
speeds, and they offer high torque density and power output.
This allows for the design of compact and lightweight sys-



tems. However, their performance relies heavily on rare-earth
magnets, which raises environmental concerns and potential
supply chain issues.

In contrast, SynRMs provide an economical and energy-
efficient solution for industrial motors [11]. Although their
use is advantageous when low costs are necessary, the lack
of rotor excitation restricts the power factor [12]. Traditional
SynRMs employ iron ribs to reinforce the rotor’s structure
against centrifugal forces. However, these ribs negatively im-
pact electromagnetic performance by inducing a short circuit
for the flux between the iron regions [13]. When a magnet-free
rotor is important for EV designs, torque production can be
improved by optimizing rotor geometry for the highest silence
ratio and the minimum rib thickness [14]. To successfully
implement SynRM topologies in electric traction motors, it
is crucial to address concerns related to the construction
of SynRM rotors to enhance all aspects of their design. A
SynRM rotor consists of flux guides and flux barriers. Its
design includes several geometric variables that depend on the
selected parametrization approach concerning the flux barriers.
This complexity requires the use of appropriate parametric
methods and optimization techniques to ensure an efficient
and effective rotor design [13], [15].

The rotor features strategically placed flux barriers that
create a significant difference in inductance in various direc-
tions. This difference, known as the saliency ratio, allows the
motor to generate torque effectively. Consequently, SynRMs
are increasingly being adopted for high-speed and high-power
electric machines. However, designing high-speed, high-power
SynRMs presents considerable challenges due to mechanical
constraints. These constraints impose strict limits on rotor
design, which can significantly impact overall electromagnetic
performance. Studies [16], [17] have suggested the use of
thick radial ribs to improve rotor integrity and enable it to
withstand high-speed conditions. However, the addition of ra-
dial bridges can severely degrade the motor’s electromagnetic
performance.

In this research, we examine the performance of a bridgeless
rotor (BLR) for synchronous reluctance machines (SynRMs).
The proposed rotor design eliminates the need for thick radial
bridges by incorporating back plates that enable the flux guides
to be welded together. The rotor stack is constructed from
modular components, featuring a central assembly of flux
guides with back plates at both ends.

II. METHODS

A. Electromagnetic analysis of Bridgeless SynRM

Current research focuses on a 250 kW bridgeless rotor
(BLR) technology optimized for the SynRM architecture. The
proposed backplate configuration is shown in Fig. 1 with 3 flux
guides. The design and optimization of the rotor and stator
have been thoroughly studied in previous studies, including
optimization implementation and the results provided regard-
ing the performance of the motor at different operating points
[13].

Backplates \

Fig. 1: Proposed bridgeless rotor with backplates (blue: thin
austenitic stainless steel plates)

Fig. 2: Manufactured rotor with skew

Table I presents the rotor and stator specifications of
BLRSynRM. To further minimize potential torque ripple, a
continuous skew is implemented with a total of 10 degree
mechanical skew in the rotor Fig. 2.

TABLE I: Specifications of the BLRSynRM

Parameters SynRM
Stator outer diameter, D [mm)] 375
Stack length [mm)] 210
Rotor outer diameter [mm)] 209.37
No. of poles, 6
No. of stator slots (%) 36
Base speed, n,, [r/min], 4000
Maximum speed, nmaq [t/min], 10000
Terminal voltage, [rms, line-line] 500

Airgap length [mm] 0.8
Stator steel material M270-35A
Rotor steel material S355
Cooling method water jacket
Winding arrangement, 5/6 short pitch

B. Mechanical strength

The rotor strength is analyzed using FEM in ANSYS.
Table II presents the material data for the rotor sections used
in the simulation. A single module, located at the center of
the rotor, is analyzed. Initially, the module is divided into six
sections using cyclic symmetry, meaning that only one pole
is considered. This pole is further divided into one quarter
using mirror symmetry. The resulting boundary conditions are



as follows: displacement in the tangential direction at the sides
of the rotor slice is constrained and axial displacement at the
end of the rotor slice with flux guides is also constrained.
Interference between the shaft, and rotor stack is applied, along
with an angular velocity of 12,000 RPM

TABLE II: Material parameters

Material Stainless steel 316  S355MC
Elastic modulus [GPa] 193 200
Yield strength [MPa] 290 355
Density [kg/m>] 8000 7850
Poisson’s ratio 0.3 0.3

C. Rotordynamics

The equations of motion for a rotor-bearing system are
obtained by assembling the equations of motion for all compo-
nents. The assembled system equations of motion, considering
a constant rotational speed (2, are:

Mg+ (C+QG)q+Kq=F; +Fy,. (1)

where M, C, G and K are the mass, viscous damping,
gyroscopic, and stiffness matrices. Vector q contains the
displacements to be solved, and F,; is the force due to
unbalance mass. For free vibration, the force vectors of (1)
becomes Fy +F,;, = 0.

The rotor model is modeled with two different cases, with
different assumptions for the rotor’s active part. The first one
is that the active part fully contributes to the stiffness of the
rotor, and it is modeled using beam elements shown in Fig 3.
The second one is that the active part of the rotor does not
contribute into stiffness and it is modeled using mass point
shown in Fig 4. The real rotor is somewhere between these
two assumptions. The main dimension are in Table III and the
main mass points are in Table IV, where I, is polar inertia
and I, is diametrical inertia. The bearings use precalculated
speed depended stiffness shown in Fig 5
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Fig. 4: Wireframe with mass point

TABLE III: Main dimensions of the rotor

Segment Length [mm]  Diameter [mm]
Outer seal 35 45
Bearing location 31.5 50
Inner seal 70.3 60
Shaft 27.5 65

Lamination/end plates 232 209.37

Backstop 56.7 85
Inner seal 35 60
Bearing location 31.5 50
Outer seal 14.5 45
Spline 83 40

TABLE IV: Main mass points of the rotor

Mass point  Mass [kg]  Ip [kgm?] I [kgm?]
Resolver 0.5 0.0007 0.0004
Active part 30.89 0.18 0.24
Coupling 10.98 0.039 0.068
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Fig. 5: Used bearing stiffness

III. RESULTS

A. Electromagnetic analysis

Fig. 6 1 shows the efficiency map of the BLRSynRM
up to 10,000 rpm. It should be mentioned that the voltage
and current limits are 500 V line-to-line rms and 800 Arms
respectively, and the effect of backplates and skew is not
included in this map. The results of the 3D electromagnetic
simulation using the backplates show that a 15% reduction
in average torque is expected to occur due to the use of the
backplates. Furthermore, mechanical losses and AC winding
losses are neglected in Fig. 6. Illustrated in Fig. 7 is the
flux density distribution within the motor at the peak torque
operating point. Fig. 7 shows that the flux density distribution
is below 2 Tesla in most regions of the stator and rotor. This
demonstrates the overload capabilities of the proposed motor.

B. Mechanical analysis

Rotor stresses are evaluated at 12,000 RPM, giving a safety
factor of 1.44 during normal operation. The stresses on the
backplate made of 316 stainless steel in Fig. 8 and on the
flux guides made of S355 in Fig. 9, remain mostly under
the yield strength of their respective materials. However,
there is a small amount of yielding at the weld points and
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Fig. 6: Efficiency map

Fig. 7: Flux density at peak operation

near the shaft with the highest allowed interference of 0.13
mm. The yielding near the shaft is undesirable; however,
it does reduce the effective interference while allowing for
rougher tolerances. The yielding next to the weld points occurs
because the weld model connects at only a small area. The
forces from these weld points are assessed, and the welds are
evaluated through experimental testing. Specifically, a single
weld is subjected to the maximum force obtained from the
FEM analysis. The welds proved to be sufficiently strong to
withstand the calculated loads. The minimum interference that
can still effectively transmit torque is 0.05 mm.

The dynamics of the system are analyzed by constructing
Campbell diagrams for both the beam element and mass point
cases, as shown in Fig. 10 and Fig. 11. The first modes
illustrated in the Campbell diagram are primarily influenced
by the heavy coupling with a torque transducer that bends the
shaft end. When using beam elements, the first critical speed
is 500 RPM higher. Additionally, there is a difference of 5,000
RPM between the second pair of modes.

For the mass element model, the first mode exhibiting
predominantly backward whirling (BW) occurs at 9,500 RPM.
However, it is unlikely for the backward whirling mode to
be excited in a symmetric system [18]. Conversely, the first
mode with predominantly forward whirling (FW), which is
more likely to be excited, occurs at 11,000 RPM. This creates
a narrow separation margin, making it impractical to operate
the machine at full speed. In reality, the actual rotor speed will
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Fig. 8: von Mises stresses of the backplate
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Fig. 9: von Mises stresses at middle of module

likely fall somewhere between these two scenarios.

It is important to note that the coupling and torque trans-
ducer are only necessary for the test setup, so an operational
speed of 10,000 RPM can be achieved in the actual application
powertrain.

IV. CONCLUSION

The rotor dynamics were analyzed by plotting the Campbell
diagram, which indicates that, in the worst-case scenario, a
rotor with significant coupling and a torque transducer may
not reach the full speed of 10,000 RPM. However, without
that specific coupling and torque transducer in the test setup,
a speed of 10,000 RPM can be achieved when the proposed
motor is utilized in an actual application powertrain.

The stresses on the plates were evaluated using Finite
Element Method (FEM) analysis at 20% overspeed, resulting
in a safety factor of 1.44 under normal operation. Although
the rotor exceeds the yield limit at certain points, the yield
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Fig. 11: Campbell diagram with mass point

near the shaft only reduces effective interference. The yielding
at the weld points is attributed to the modeling method used.
The forces at the welds were extracted from the FEM analysis
and were also evaluated experimentally by loading the single
largest weld identified in the FEM results. The strength of the
rotor is demonstrated to be adequate.
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