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Abstract: The use of segmented stator and rotor designs in AC electric machine construction
offers several significant advantages, including a high-copper fill factor, increased torque
density, improved field-weakening performance, simplified manufacturing processes, and
enhanced mechanical strength. Additionally, segmented designs allow for the incorporation
of oriented steel—either partially or fully—which exhibits excellent magnetic properties in
the rolling direction, resulting in more efficient machine performance. However, lamination
segmentation also introduces challenges. Parasitic air gaps between segments and an
increased number of cut edges in the assembled stack can alter the magnetic properties
of the machine, potentially leading to degraded performance. Furthermore, the use of
oriented steel remains complex, as its highly nonlinear magnetic properties vary depending
on the direction of the magnetic flux. This paper reviews the widely adopted stator and
rotor segmentation techniques available in the literature, discussing their potential benefits
and limitations. It also covers key aspects such as popular manufacturing approaches,
the impact of segmentation on machine performance, advanced finite-element analysis
(FEA) techniques for numerical modeling, and experimental methods for evaluating the
performance of segmented stator and rotor constructions in AC machines. By addressing
these areas, this work provides a comprehensive resource for machine designers seeking to
develop AC machines with segmented stators and rotors.

Keywords: AC electric machines; segmented stator; segmented rotor; core loss; oriented
steel; finite-element analysis; electromagnetic measurements

1. Introduction
Over several decades, the demand and utilization of electric machines have continu-

ously expanded. In 2017, US DRIVE (Driving Research and Innovation for Vehicle efficiency
and Energy sustainability) Partnership released a roadmap focusing on the cost and size of
electric motors for future electric vehicles. The electric motor targets for 2025 include an am-
bitious 50 kW/L power density while costing only 3.3 USD/kW [1]. In the European Union,
electric machines are consuming more than 50% of electricity off the grid, with a steady
increase expected in the future consumption [2]. In the last two decades, several alternating
current (AC) machine topologies have been investigated for different applications, such
as permanent magnet synchronous machines (PMSMs), synchronous reluctance machines
(SynRMs), and switched reluctance machines (SRMs). Naturally, the research focus has
been on finding solutions for improving the design and controls of motors and associated
power electronics components for increasing the torque density, improving production
efficiency, and increasing reliability [3–14].
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The segmentation of electrical steel lamination can be an effective strategy to achieve
these objectives and more, as shown in Figure 1. Segmented stator and rotor designs have
been explored in the past for various applications such as domestic appliances, automobiles,
more electric aircraft, and power generation [15]. Using segmented lamination can improve
the overall manufacturing process as it helps reduce the material waste and, therefore,
the material cost, compared to the conventional manufacturing method where both rotor
and stator lamination are punched out of the same sheet [16–18]. In large PMSMs, such as
the ones used in large grid-connected wind turbines, the segmentation of stator and rotor
lamination can help ease the transportation and assembly process as the entire assembly
can weigh several tons [19,20].

Figure 1. Advantages of using segmented stator and rotor designs over conventional designs.

Segmented stator lamination with a concentrated winding scheme can help achieve a
significantly high slot fill factor compared to conventional laminated structures [21]. An
increased slot fill factor helps increase the torque density of the machine for the same
dimensions. On the other hand, for the same ratings, the motor volume and weight can be
decreased. Naturally, segmented stator laminations have been employed in fractional-slot
concentrated winding (FSCW) machines. It is shown that using a segmented stator structure
can increase the copper fill factor up to 75% [22]. More recently, a particular coil design
named maximum slot occupation (MSO) has been reported to achieve as a slot fill factor
high as 80% with a segmented stator structure [23]. Segmented stator structures in FSCW
machines can also improve the working harmonic and reduce the other sub-harmonics
leading to increased torque density and efficiency [24,25].

During high-speed operation, the stator experiences high-frequency magnetic flux,
leading to significant core loss, while the rotor must endure mechanical stress to maintain
structural integrity. Consequently, the material requirements for stator and rotor con-
struction differ. To reduce core loss, thinner laminations are preferred, whereas thicker
laminations enhance structural integrity. Certain materials, such as Hi-Lite ultra-thin gauge
electrical steel [26], are optimized to balance these conflicting demands and are suitable for
manufacturing soft magnetic cores. However, separately punching stator and rotor lamina-
tions from different materials [27], combined with segmentation, offers greater flexibility
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in electric machine construction. Using oriented steel in the stator core improves average
torque and reduces core loss due to its superior magnetic properties in the rolling direction
compared to nonoriented steel [28–30]. Similarly, materials with higher mechanical strength
can be used for rotor laminations. This separate punching approach also allows for tighter
manufacturing tolerances on air gap length, enhancing air gap flux density and enabling
more torque-dense machines [29].

Faults may lead to adverse effects on the operation of the machine and are dangerous
to the system and to human safety [31–35]. As a result, fault-tolerant machine designs
are preferred in safety-critical applications. Single-layer FSCW (SL-FSCW) winding is
inherently more fault-tolerant than other winding types, as the impact of one phase on
another is minimized. In modifying the stator to be segmented, the assembly can be
simplified. Moreover, the replacement of the damaged parts post fault becomes easier,
which makes them favorable for fault-tolerant and safety-critical applications [36–40].

Although there are several advantages of using segmented stator and rotor designs in
PMSMs, there are several challenges associated with doing so as well, as shown in Figure 2.
Segmentation introduces a physical gap between two adjacent segments, which cannot be
reduced to zero due to manufacturing accuracy limitations. These nonzero air gaps change
the magnetic circuit of the machine and can have significant impact on the electromagnetic
performance. It has been shown that additional flux gaps due to segments can significantly
increase the cogging torque and decrease the amplitude of the working harmonic leading
to decreased magnet torque [41,42]. Using segmented stator can also lead to reduction
in the resonance frequency of the natural vibrational modes of the stator, increasing the
probability of exciting the natural modes compared to the conventional stator structure [43].
Therefore, machine designers must carefully select the number of segments in addition to
the slot/pole combination to ensure suitable NVH performance of the machine [44].

Figure 2. Drawbacks of using segmented stator and rotor designs.

The finite-element modeling of segmented stator and rotor designs also presents sev-
eral challenges. The egmentation of lamination introduces additional cut edges into the as-
sembled core. It has been shown that the magnetic properties significantly degrade around
the cut edges present in electrical steel lamination [45,46]. Consequently, a segmented soft
magnetic core with additional cut edges will lead to increased core loss compared to a
conventional core [29,47]. However, conventional finite-element analysis (FEA) software
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inherently does not consider the impact of cut edges during core loss calculations. There-
fore, the existing methods must be modified, and local magnetic properties as a function of
distance from the cut edge should be used for more precise core loss calculations [45,48].

While the use of oriented steel in segmented stator and rotor structures is popular
for improving motor performance, the design process is challenging due to its anisotropic
magnetic properties. Conventionally, the modeling of oriented steel in most commercial
FEA tools is realized using an elliptical model [49] that requires BH curves in the rolling
and the transverse directions. The magnetic properties for all other directions, between 0◦

(rolling direction) and 90◦ (transverse direction), are interpolated using analytical or spline
functions. However, the FEA interpolation of magnetic properties is not accurate, and the
worst magnetic properties are not observed in the transverse direction, but rather close to
55◦ away from the rolling direction [50,51]. As a result, the accurate modeling of oriented
steel remains an important topic for the electric machines community.

With recent advances in additive manufacturing, segmented stator and rotor structures
can open pathways to more complex and unprecedented designs to meet the challenges
associated with the cost and sizing of future electric machines. This work provides the
most comprehensive information on segmented stator and rotor designs. Section 2 presents
different manufacturing techniques for segmented stator and rotor cores. Section 3 dis-
cusses the impact of stator and rotor segmentation on the electromagnetic performance
of segmented designs. Section 4 expands on the impact of additional cut edges that are
inevitable in segmented stator designs. Section 5 explores motor performance enhancement
with oriented steel and discusses the FEA modeling of segmented stators manufactured
using oriented steel. Section 6 summarizes the conclusions of this paper and outlines
potential research opportunities to address current gaps.

2. Manufacturing Techniques for Segmented Stator and Rotor Cores
The manufacturing methods for segmented stator and rotor cores predominantly

depend on the available resources and final cost. Broadly, these methods can be divided
into two parts: (1) manufacturing using conventional tools and (2) manufacturing using
special tools. Different methods have different impacts on the punching waste, production
efficiency, and machine performance [18,52]. Methods involving conventional tools include
punching separate lamination segments and then joining them together to form the com-
plete core. Using special tools, such as manufacturing using rolled out stator segments, can
lead to an easier assembly process compared to conventional methods [18].

2.1. Manufacturing Using Conventional Tools

For a soft magnetic core made using conventionally punched segments, the complete
manufacturing cycle involves two steps: the (1) punching of individual segments and
(2) assembly of punched segments to form a complete core. For modular stator cores
with a concentrated winding scheme, each stator tooth can be punched separately to
significantly decrease the punching waste and increase the copper fill factor. In MW-scale
PM machines, single-tooth punching can provide other benefits including lightweight
construction, the ease of transportation and assembly, and the use of common modules for
all specifications [20,53]. For distributed winding machines, the choice of the number of
segments is influenced by the slot/pole combination of the machine. Since segmentation
introduces flux gaps between two segments, an improper selection of the number of
segments can lead to imbalanced magnetic circuits, which can introduce significant torque
ripple [54]. An example of punched segments for a concentrated winding [55] and a
distributed winding [15] machine are shown in Figure 3 and Figure 4, respectively.
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Figure 3. Segmented stator cores for concentrated winding scheme [55].

Figure 4. Segmented stator core for distributed winding scheme [15].

After punching the individual lamination segments, the assembly process is completed
in two steps: the (1) assembly of individual segments to form a segmented stack and
(2) assembly of multiple segmented stacks to form a complete stator or rotor core. Both
these steps can involve using either one or a combination of multiple techniques, which
can be classified into three categories [56]: (1) welding, (2) interlocking, and (3) bonding.

2.1.1. Welding

Welding is a cost-efficient and fast-moving method used to join separately punched
segments and assemble segmented stacks to form a complete core [27]. However, welding
can significantly increase the core losses of the assembled core due to the local degradation
of magnetic properties at the weld joint [57]. Nevertheless, for prototype samples and
some applications with large torque requirements, where the stack tolerances are not
very strict, welding still remains the preferred method [56]. It must be emphasized that
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the deterioration of the material properties at the weld joint is highly dependent on the
welding technique.

2.1.2. Interlocking

Interlocking requires punching segments with a projecting element on one edge
and a compatible receptive element on the other edge. To join individually punched
segments to create a segmented stack, each lamination segment is pressed down into the
one underneath it by forming tiny depressions. These depressions keep the segmented stack
together. Different interlocking shapes have been studied in the literature [58–60], as shown
in Figure 5. Out of the three types of interlocking structures shown here, the Omega-shape
interlock is considered the optimal choice for the segmented stator design due to the lower
negative impact on the electromagnetic performance and easier processing and assembly
compared to the Trapezoid- and T-shape connections [59]. The practical implementations
of Trapezoid-shape and Omega-shape interlocking shapes are shown in Figures 6 and 7,
respectively. For circumferentially segmented rotor designs with magnets, interlocking is
combined with a brick wall design [16,17], where segments belonging to every alternate
layer in the axial direction are shifted with an offset angle, as shown in Figure 8. This
particular design also allows us to transfer and distribute the mechanical forces to the
contact surface between the magnet and the magnet slot.

(a) (E) (F)

Figure 5. Suggested shapes of interlocking structures: (a) Omega-shape, (b) Trapezoid-shape, and
(c) T-shape. Figures adapted from [59,60].

Figure 6. Segmented stator stack with Trapezoid-shape interlocking feature [61].
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Figure 7. Segmented stator stack with Omega-shape interlocking feature [55].

Figure 8. Brick wall design for joining circumferentially segmented rotor lamination. Figure adapted
from [17].

Although interlocking is a highly productive assembly method with easy stack han-
dling, there are certain practical limitations associated with it. The tiny depressions formed
during the formation of an individual segmented stack can lead to shorted layers and
increased eddy current losses. Moreover, for high-speed operation, it is common practice
to decrease the lamination thickness to control the eddy current losses. However, using
very thin steel sheets makes it difficult to form these depressions, which can fail to generate
the required joining forces [27]. In such cases, interlocking can be supplemented with
welding to securely assemble an individual segmented stack. Moreover, it is common
practice to use a tight stator frame or a press fit to join multiple segmented stacks with
interlocking connections [15]. In some cases, the segmented stator core assembly may
include radially segmented teeth and back iron instead of a circumferential segmentation.
Joining such segments may require using either a press fit or special dovetailed connections
to provide adequate stiffness for withstanding the radial magnetic forces [29], as shown in
Figure 9. Similar examples of dovetailed connections being used for assembling segmented
rotor structures can also be found in the literature [62–64]. Using press-fit or dovetailed
connections leads to high compressive stress at the connection interface, which can have
significant negative impact on both hysteresis and eddy current losses [57,65].

Figure 9. Interlocking shapes used for radially segmented stator tooth and back iron structures [29].
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2.1.3. Bonding

The bonding operation involves joining two parts using some form of adhesive or
glue at the joining surfaces of those parts. There are two main bonding technologies
used by manufacturers: (1) dotted bonding and (2) full-face bonding [27]. Compared to
dotted bonding, full-face bonding applies adhesive on the entire available surface area
and provides high structural stability even with very fine stack tolerances. Bonding also
allows the use of very thin steel sheets with more intricate shapes and provides greater
flexibility in overall manufacturing. In [66], the effect of using bonding on assembling
a segmented stator was explored. Two segmented stator prototypes are manufactured:
(1) P1 made from 0.35 mm thick laminations, which are held together using notching
and a stainless steel compression band, and (2) P2 made using 0.1 mm thick laminations,
which are glued together without any punch feature. Naturally, the selection of thinner
laminations leads to more than a 15% decrease in the iron loss in segmented stator P2
compared to P1. Nevertheless, current bonding technologies suffer from high costs and
longer assembly time. More details about bonding technologies are discussed in [67]. A
summary of the the three conventional assembly methods is presented in Table 1.

Table 1. Comparison of different assembly methods for manufacturing using conventional tools.

Assembly Method Advantages Limitations

Welding Fast-moving, Local degradation
cost-efficient at weld joint

Interlocking High productivity, Use of very thin sheets,
easy stack handling additional press fit

Bonding Use of very thin sheets, High cost,
manufacturing flexibility longer assembly time

2.2. Manufacturing Using Special Tools

Depending on the size and slot/pole combination of the machine, conventionally
punched lamination segments can significantly increase the total number of components.
This can lead to a difficult assembly process due to the accumulation of errors involved
with individual component processing. To avoid these drawbacks, alternate methods have
been proposed in the literature. In [68], the author suggests using a long iron band and
punching the lamination segments in a side-by-side fashion, where the adjacent segments
are not entirely separate but connected via a rotating joint, as shown in Figure 10.

Rotating�Moint

Figure 10. Partially connected lamination segments punched using a long iron band.

These partially connected segments can be rolled in form of a spiral core (see Figure 11)
and held together using welding. However, such methods may not be suitable for machines
with a large back iron thickness, which makes rolling the iron band difficult [18]. Moreover,
the assembled lamination are in a mechanical state of plastic deformation and residual
elastic stress, which can lead to deteriorated magnetic properties [69]. Another method
involving a joint-lapped core structure is suggested in [22], where the segments are punched
out of a long iron band, with concave- and convex-shaped joints on the front and back sides.
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These joints are then overlapped to form a rotation axis and can be assembled to form a
complete core. The joint-lapped core assembly can eliminate the restrictions due to winding
nozzle orbit and improve the copper fill factor compared to the spiral core assembly [22].
Several similar methods have been presented in the literature [70–72]. Nevertheless, all
such manufacturing methods require special machine-specific production tools, which can
end up increasing the cost of production.

Figure 11. Spiral core assembly [73].

3. Electromagnetic Performance of Segmented Designs
Segmented stator and rotor designs introduce parasitic gaps, which are tough to

eliminate due to manufacturing limitations. Different segmentation types lead to different
impacts on electromagnetic performance, as discussed below.

3.1. Segmented Stator Designs

The two most prevalent segmented stator designs involve segmentation along the
(1) stator slot and (2) stator tooth, as shown in Figure 12 and Figure 13, respectively.

Segmentation aOong VOot

Figure 12. Segmented stator design with segmentation along the stator slot.

Segmentation aOong tootK

Figure 13. Segmented stator design with segmentation along the stator tooth.

3.1.1. Segmentation Along the Stator Slot

Segmentation along the stator slot can increase the slot fill factor and, therefore,
the average torque of an electric machine. Naturally, segmentation along the slot is popular
with a single-layer fractional slot concentrated winding (SL-FSCW) schemes, where each
wound tooth can be an individual segment to maximize the slot fill factor and ease the
winding assembly [21,66]. The utilization of a segmented stator design in machines with a
distributed winding scheme is limited, mostly due to overlapped winding. In such cases,
stator segmentation can lead to increased end winding connections and copper loss [15].
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Despite the advantages seen in the slot fill factor, a segmented core introduces addi-
tional air gaps between two adjacent segments, which change the magnetic circuit of the
machine. The influence of such parasitic gaps has been extensively analyzed [41,74–77].
The presence of parasitic gaps has shown to increase the cogging torque of the segmented
machine, with the effects becoming more severe for larger or non-uniform gaps [41]. Addi-
tionally, the increased reluctance due to parasitic gaps decreases the back-emf and, therefore,
average torque of the machine. It is also shown that for machines with distributed winding
schemes, the selection of number of segments for satisfactory performance is dependent on
the number of slot/pole combination and number of poles per segment [75]. Moreover,
the parasitic gaps can also increase the flux leakage through adjacent tooth tips due to an
increase in the material saturation [76].

3.1.2. Segmentation Along the Stator Tooth

Segmentation along the stator tooth is not as popular as segmentation along the slot,
since the winding nozzle orbit is restricted and there is no benefit observed in the slot
fill factor of the machine. However, regardless of the parasitic gaps, such a segmentation
technique has the potential to increase the average torque by improving the winding
factor of the machine. Although such designs have been studied with double-layer FSCW
(DL-FSCW) winding schemes [78,79], single-layer FSCW designs have been investigated
more due to their enhanced fault tolerance. The two possible segmented designs with
single-layer winding, FSCW-FB1 and FSCW-FB-2, are shown in Figure 14a and Figure 14b,
respectively. Here, each unwound tooth is radially segmented for FSCW-FB1, while each
wound tooth is segmented for the FSCW-FB2 design. From a construction point of view,
FSCW-FB1 piques more interest, as each segmented stack can be wound individually before
the final assembly. On the other hand, FSCW-FB2 requires assembling the stator core first
to allow the winding assembly.

Segmentation�gaS

(a) (b)

Figure 14. Examples of stator segmentation along the tooth with a single-layer concentrated winding
scheme. (a) FSCW-FB1—each wound tooth is a segment. (b) FSCW-FB2—each unwound tooth is
a segment.

Segmented stator machines with the FSCW-FB1 design have been analyzed exten-
sively in [24,25,40,42,78,80–83]. Dajaku showed in [24,25] that placing flux barriers in the
stator tooth region decreases the fundamental sub-harmonic while increases the working
harmonic of the stator MMF. It is shown that the FSCW-FB1 design decreases the flux
linkage and winding factor of machines with Ns > 2p, while it increases the flux linkage
and winding factor of machines with Ns < 2p, where Ns and 2p represent the number of
stator slots and number of rotor poles, respectively [42]. In [81,82], the performance of
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a 12-slot/14-pole FSCW-FB1 design is compared with its conventional counterpart. It is
shown that the FSCW-FB1 design decreases the fundamental and the fifth harmonic but
increases the seventh harmonic of the stator MMF, which is also the working harmonic
for a 12-slot/14-pole PM machine. Under the same electrical and geometric constraints,
the segmented machine generates more torque with lower rotor iron and magnet losses
leading to an overall increase in torque density and efficiency. Overall, the FSCW-FB1 design
is suitable for machines with Ns < 2p but should be avoided for machines with Ns > 2p.

The impact of the FSCW-FB2 design on the winding factor of a 12-slot/10-pole machine
is explored in [84] using the stator current linkage theory. It is shown that by introducing
flux gaps, additional voltage phasors are generated in the flux gap, which can be used to
calculate an equivalent winding factor. In assuming that the current linkage changes at the
middle of the flux gaps, a suitable location of the flux gaps in the stator can be identified
for certain slot/pole combinations. The authors systematically showed that for a 12-slot
stator, the FSCW-FB2 design can decrease the sub-harmonic winding factor and increase
the fifth harmonic winding factor, making it suitable for machines with Ns > 2p.

Both the FSCW-FB1 and FSCW-FB2 designs were systematically analyzed
in [85–88]. In [85], the authors showed that for the same machine dimensions, using
the FSCW-FB1 design in a 12-slot/14-pole and FSCW-FB2 design in a 12-slot/10-pole ma-
chine leads to approximately a 10% increase in average torque compared to conventional
machines. Thus, for the same rated torque, the machine volume can be decreased leading to
increased torque density and efficiency compared to its conventional counterparts. In [86],
some important design rules for an appropriate design of FSCW-FB1 and FSCW-FB2 con-
figurations are presented. It is shown that the impact of the flux gaps on the flux linkage
distribution can be minimized by placing symmetrical flux gaps, which are equidistant
from the positive and negative side of the coil. In [88], the authors compared several
different slot/pole combinations for the FSCW machines and verified the usefulness of the
FSCW-FB1 and FSCW-FB2 designs for machines with Ns < 2p and Ns > 2p, respectively.
In [89], a magnetic-equivalent circuit (MEC) model of the radially segmented tooth is
presented. Under the assumption of no saturation, the proposed model can accurately
capture the impact of parasitic gaps on the magnet flux linkage of machines with different
slot/pole combinations. A brief comparison of the two segmented stator topologies is
presented in Table 2.

Table 2. Comparison of segmented stator topologies.

Feature Segmentation Along Slot Segmentation Along Tooth

Common Applications SL-FSCW winding SL- and DL-FSCW winding

Advantages Improved winding assembly, Control of MMF harmonics,
high slot fill factor improved torque density

Limitations
Nonzero parasitic gaps, No improvement in fill factor,
increased cogging torque, requires specific slot/pole,
decreased back-emf complex assembly

Suitability Best suited for SL-FSCW, FSCW-FB1: Ns < 2p,
limited for distributed winding FSCW-FB2: Ns > 2p

3.2. Segmented Rotor Designs

The utilization of segmented rotor designs in AC electric machines is dependent on
how robust the rotor structure is. Assembling a segmented rotor can present a challenge and
the operation at high speed raises further structural integrity concerns. Segmented rotor
designs in switched reluctance machines (SRMs) have been extensively investigated, since
the rotor is free from magnets and is more robust compared to a PMSM rotor [62,90–93].
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3.2.1. Segmented Rotor Switched Reluctance Machines

In early 2000s, a novel segmented rotor construction was presented in [62,90], where
the authors investigated the electromagnetic performance of a segmented rotor SRM design
to a conventional tooth rotor machine for a 12-slot stator, as shown in Figure 15. Due to
shorter magnetic flux paths, the segmented rotor construction increases the flux linking
per coil compared to the conventional design. Consequently, the average torque can
be increased. In addition, optimizing the stator slot geometry can further improve the
performance of the segmented rotor SRM [92]. It must be mentioned that full-pitch winding
has to be used for a distributed winding scheme, which can lead to longer end winding
connections and increased copper loss compared to a conventional SRM for some designs.

Figure 15. Segmented rotor construction for a 12–10 SRM. Figure adapted from [90].

In [91], the electromagnetic performance of a novel segmented rotor 6–4 SRM was
investigated, where the rotor segments were embedded in a solid aluminium rotor hub,
as shown in Figure 16. Apart from the increased flux linkage and average torque, the seg-
mented rotor structure provides better distribution of radial forces and decreases the
vibrations and acoustic noise compared to the conventional design. However, due to
the presence of a nonmagnetic aluminium hub at the air gap, considerable eddy currents
are generated in the rotor segments, which can degrade the thermal performance of the
machine [94]. Similar segmented rotor construction has been used for the performance
improvement of outer-rotor SRMs [95,96].

Aluminum
Segmented
cRUe

Figure 16. Construction of segmented rotor SRM with solid aluminum block in rotor. Figure adapted
from [91].
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In [97], a five-step topology modification procedure, based on an energy conversion
concept, was introduced to reach a novel segmented rotor design for an SRM. Each step
of the procedure focuses on improving the energy conversion capacity of the design to
enhance the torque production. In the first step, the windings are rearranged to decrease
the end winding length while keeping the same iron volume, leading to decreased copper
loss. The second step keeps the same winding arrangement and the iron path length is
decreased, which leads to a shorter magnetic flux path. Following this, the air gap radius
is increased in the third step, which increases the magnetic pole arc and, consequently,
the magnetic loading capacity. In the fourth step, the pole width is decreased to obtain two
closed magnetic flux paths per phase winding, which increases the magnetic flux linkage.
Finally, two pole teeth in the path of the winding flux maximize the energy conversion
capacity in the fifth step. It is worth mentioning that the segmented rotor design used for an
SRM can also be used for a flux switching machine (FSM) [98,99], which has been explored
to improve the electromagnetic performance compared to the conventional machine [64].
The torque production of a segmented SRM (SSRM) can be further increased using a PM-
assisted SSRM (PMA-SSRM) [100,101]. The use of segmented rotor designs has shown to
improve mechanical strength, easy assembly, and increased torque density compared to
conventional SRMs. Despite these advantages, the SRMs inherently suffer from low torque
density and high ripple content and offer limited applications.

3.2.2. Segmented Rotor Permanent Magnet Synchronous Machines

Segmented rotors in PMSMs have been explored relatively less. A primary reason
for this lack of attention can be attributed to the question of its practicality, as the rotor
assembly becomes challenging. In the late 1990s, segmented rotors in PMSMs were explored
to improve the flux-weakening performance of the machine. A novel segmented rotor
PMSM is presented in [102,103], where the impact of segmentation along the d-axis was
investigated for a spoke-type PMSM, as shown in Figure 17. This placement of flux
barriers decreases the saturation of the machine by obstructing armature (q-axis) flux,
which provides higher overload performance. However, the current density in the stator
has to be increased to maintain rated performance. This configuration also reduces the
reluctance torque of the machine. In addition, the considered spoke-type design only allows
segmentation along the magnet’s d-axis.

Figure 17. Segmented rotor design with flux barriers along the d-axis. Figure adapted from [102].

A similar idea was explored in [104,105]. Flux barriers are used to obstruct q-axis
flux and achieve a higher d-axis inductance (Ld) than q-axis inductance (Lq), as shown in
Figure 18. This specific machine type, called a normal saliency permanent magnet (NSPM)
machine, can offer better overload performance. It can also provide better field-weakening



Eng 2025, 6, 7 14 of 35

(FW) performance, since the machine is mostly operated with a positive or slightly negative
d-axis current (Id), allowing the current vector to be sustained until higher speeds. However,
these NSPM machines, further explored in [106], are a specific design, and the analysis
is not transferable to other machine topologies. In addition, the design does not employ
actual segmentation as the flux barriers do not extend from the rotor’s inner diameter (ID)
to the rotor’s outer diameter (OD), as shown in Figure 19.

d-axLV

Figure 18. An NSPM machine with a segmented rotor design. Figure adapted from [105].

Iron riEV

Figure 19. Iron ribs in the segmented rotor design of an NSPM machine. Figure adapted from [106].

In [107], the authors proposed a general theory to assess the impact of rotor segmen-
tation on the electromagnetic performance of a PMSM. The authors studies the impact of
two types on rotor segmentation: (1) along the d-axis and (2) along the q-axis, as shown in
Figure 20a and Figure 20b, respectively. It is shown that for small values of the flux gap
thickness, there is little impact on the average torque. Under certain design constraints,
segmentation along the q-axis can lead to an increase in the reluctance torque. For applica-
tions demanding field-weakening operation, increased reluctance torque shows promising
opportunities for design improvement.

(a) (b)

Figure 20. Segmented rotor PMSM designs [107]. (a) Segmentation along d-axis, (b) Segmentation
along q-axis.



Eng 2025, 6, 7 15 of 35

A conventional interior PM (IPM) rotor consists of thin steel bridges at the rotor outer
surface, which are responsible for the mechanical retention of magnets. However, these
bridges also provide a closing path for leakage flux. With the use of segmented rotor
structure, these bridges can be removed, leading to an increase in the magnet flux linkage
and, therefore, the torque density of the machine. This concept has been investigated by
many authors [108–110], including the recent Tesla Model S Plaid motor [111]. However,
the removal of retention bridges can lead to structural failure. Using additional reten-
tion sleeves like the ones used in a surface-mounted PM (SPM) rotor will increase the
magnetic air gap length and contribute negatively to the torque production. In [108,109],
nonmagnetic wedge materials were used to maintain the structural integrity, as shown in
Figure 21. It is worth mentioning that optimizing the shape of the wedge also improved
the electromagnetic performance of the machine. On the other hand, a self-locking design,
which satisfies the structural requirements at 12,000 RPM, for a consequent pole PMSM
was proposed in [110], as shown in Figure 22. A brief comparison of the segmented rotor
designs used in SRMs and PMSMs is presented in Table 3.

C
om

po
si
te

Magnet

RotoU�iUon

C
om

po
si
te

RotoU�iUon

Figure 21. IPM rotor pole design with nonmagnetic wedge for magnet retention. Figure adapted
from [109].

Segmented cRUe

Figure 22. Novel modular rotor with self-locking design for retention of magnets. Figure adapted
from [110].

Table 3. Comparison of segmented rotor designs used in SRMs and PMSMs.

Feature Segmented Rotor SRM Segmented Rotor PMSM

Advantages
Shortened magnetic flux path, Better overload performance,
increased average torque, increased torque by removing bridges,
robust and easy assembly can increase reluctance torque

Limitations
High eddy current loss with Complex rotor assembly,
aluminum hub design, structural concerns without
high torque ripple retention bridges

Suitability SRMs designed for increased
mechanical strength

PMSMs with better
field-weakening performance
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4. Core Loss of Segmented Cores
The magnetic properties of electrical steel lamination deteriorate close to cut edges.

Microstructural changes due to cutting result in decreased magnetic permeability and
increased core loss in the region close to the cut edge [46,112–114]. Maximum material
degradation is observed at the cut edge, which gradually decreases as one moves farther
away from it. While the maximum degradation of magnetic properties at the cut edge
is a material constant, the maximum distance from the cut edge where the properties
are degraded depends on the geometry of the lamination, sample grain size, cutting
technique [115], and tool clearances [45,116]. In most cases, manufacturers use the standard
Epstein frame test to determine the lamination’s material properties. Naturally, the data
include the impact of only two cut edges present in a steel sheet of a size according to
international standards, such as IEC 60404-2 [117] and IEC 60404-10 [118]. It is shown
in [119] that the core loss of a steel sheet increases as the number of segments and cut edges
present in the sheet increase. Consequently, the material properties from the standard
Epstein frame test cannot accurately calculate the core loss of a conventional stator geometry,
where several cut edges are present in a lamination. The segmentation of stator introduces
additional cut edges in an assembled lamination, which will further increase the core loss.

The current literature on analyzing the impacts of the cut edges can be classified into
two categories: (1) cut edge characterization and (2) performance evaluation of machines
with cut edge effect.

4.1. Cut Edge Characterization

Several methods have been explored to determine the dependence of the deteriorated
magnetic properties on the distance from the cut edge. Since the magnetic properties
of the material are affected by its mechanical state, most methods involve estimating
the cut edge width by analyzing a mechanical parameter, such as the residual elastic
stress or plastic strain profile in the affected region. Zero residual strain levels have been
reported in the bulk material, which means it remains unaffected by the cut edge. Then,
the electrical sheet specimen is characterized by having been pre-subjected to several strain
levels. Consequently, a strain-dependent nonlinear BH model can be developed. However,
the variation in elastic stress or plastic strain near the cut edge is highly nonlinear [120].
Consequently, determining an accurate spatial distribution of the desired mechanical state
and, therefore, the magnetic properties is a difficult task.

Some methods to estimate the cut edge width include magnetic needle probe measure-
ments [46], micro-Vickers hardness measurements [120–122], Kerr effect microscopy [123],
electron backscatter diffraction (EBSD) [115,124], and a combination of nano-indentation
and EBSD kernel average misorientation (KAM) maps [125]. It must be mentioned that the
estimation accuracy is impacted by the method’s resolution, and different values of the
cut edge width ranging from 0.5 mm to several mm have been reported in the literature.
In [45], a parabolic distribution function was used to define the dependence of magnetic
properties on the distance from the cut edge. Experimental characterization is performed
using rectangular sheet specimens with different numbers of segments, with the total
width kept constant to 80 mm for each sheet. The method assumes that the maximum
permeability drop (∆µcut(H)), which happens at the cut edge, is a material constant. Then,
in utilizing the global (averaged over an entire cross-section) measurements and the fact
that the ∆µcut(H) is independent of the number of segments, the spatial distribution of
permeability in the cut edge width can be found.

In [126,127], a combination of experimental measurements and FEA is proposed to
estimate the impact of cut edges. Two laminated toroidal cores of equal thickness are
experimentally characterized: (1) unsegmented (undamaged) core and (2) segmented
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(partially damaged) core made of five concentric rings. A 2D FEA model of the two tested
rings is created. The partially damaged core is modeled using two types of homogeneous
regions, undamaged and damaged, as shown in Figure 23. Since the maximum and
minimum radii of each elementary ring are known, the cut edge width is changed until the
FEA results match the globally measured flux density values. To match the values, the flux
density is assumed to be nearly zero in the damaged zone when the global measurement
is less than 0.8 T. In addition, an exponential magnetic permeability distribution from the
cut edge is defined. Once the cut edge width is finalized, the magnetic properties for the
damaged zone can be calculated. However, such a simple approximation of the damaged
zone is unsuitable for all manufacturing methods. Even though one damaged zone may
work for punching, three damaged zones with different properties are required for laser
cutting, which increases the model complexity [127].

Exciting coils

Damaged Uegion

8ndamaged Uegion

Figure 23. Two-dimensional FEA model of the tested, partially damaged toroidal core. Figure
adapted from [126].

4.2. Performance Evaluation of Machines with Cut Edge Effect

The impact of cut edges on the core loss of an electrical machine has been investigated
by many researchers. Most methods can be attributed to improving the FEA modeling of cut
edges, which is essential to improving the machine design process. The magnetic properties
determined from the cut edge characterization are utilized to calculate the magnetic flux
density distribution and the core loss distribution in the electrical steel. Several FEA models
have been proposed in the literature, ranging in complexity and accuracy.

4.2.1. Conventional Machines

A simple model was proposed in [128], where an inner zone close to the cut edge was
modeled in the stator tooth and yoke geometry, as shown in Figure 24. Here, the inner
zone defines a region with plastic deformation and is subjected to residual mechanical
stress during simulations. The thickness of the deformed region is considered to be half the
thickness of the steel sheet. In addition, stress-dependent BH curves are used to calculate
the flux density distribution and the core loss of the stator. The proposed model was
compared with the experimental results from the rotational loss measurement procedure
described in [129]. While the presented FEA results show a deviation of about 10% from
the experiments, the details of the operating point chosen for the analysis are not clear.
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Inner damaged ]Rne

Figure 24. Two-dimensional FEA model with cut edge effect included. Figure adapted from [128].

A more accurate FEA model was proposed in [130], where a total of five zones are
introduced in the stator and rotor FEA geometry, as shown in Figure 25. Each zone is
assigned different magnetic properties based on the model proposed in [45]. Zone 5 is
assumed to be free from any cut edge effect. It is worth noticing that the accuracy of
such a model will increase as the number of modeled zones is increased. However, it will
also increase the model complexity. Moreover, the selection of an appropriate number of
zones is a challenging task and might require a few tries to reach the optimal number. A
similar, but more general approach is presented in [131], where an exponential degradation
function γ(s) ∈ [0, 1] is used to model the magnetic properties in the affected region. The
exponential profile is an approximation of the nonlinear BH model determined by the
cut edge characterization. The approximated function is used to discretize the affected
region in a sufficient number of layers, each with different magnetic properties. The stator
core loss is calculated after processing the magnetic flux density distribution. The model’s
results were compared with the experimental results for two machines, showing promising
results for one of the machines.
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Figure 25. Five zones to model the cut edge effect in stator and rotor geometry. Figure adapted
from [130].
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The selection of an optimal number of discretized zones or layers is a difficult task.
Moreover, each discrete zone is modeled with homogeneous magnetic properties, which
does not reflect the true impact of the cutting process. Therefore, several researchers have
explored a continuous modeling technique [116,132–134]. Here, a continuous BH model
was used to show the negative impact of cut edges on the core loss of the stator of an
electric machine. First, experimental investigations were performed with several cut edges
on the electrical steel specimen. Then, a nonlinear BH model, such as the one described
in [45], was determined to explain the impact of distance from the cut edge on the magnetic
properties. With this knowledge, the magnetic properties in each mesh element of the
FEA model can be defined based on its distance from the cut edge. Even though the
proposed modeling technique is simpler with no added geometric complexity, the accuracy
of the modeled fits decrease with an increase in number of cut edges as the selection of an
appropriate distribution function becomes challenging.

4.2.2. Segmented Machines

The impact of cut edges on the core loss of a segmented machine design is a relatively
understudied problem. An FEA model inspired from [130] is proposed to capture the
impact of additional cut edges due to the segmentation in [29]. The proposed model was
used to compare the core losses of two different segmented stator designs: (1) segmentation
at the yoke and (2) segmentation at the root of each tooth, as shown in Figure 26a and
Figure 26b, respectively. Analysis reveals that for the same operating point, the stator with
segmentation at the yoke has lower core loss. The proposed model can be utilized to com-
pare the core losses of two different segmented stator designs. Nevertheless, the complexity
of the FEA model is increased significantly compared to that of a conventional design.

(a) (b)

Figure 26. Two-dimensional FEA model with cut edge effect included [29]. (a) Segmentation at the
yoke. (b) Segmentation at the root of each tooth.

The modeling approaches presented in [132–134] can also be applied to analyze the
core loss of a segmented stator. However, such modeling techniques are rather complex
and cannot capture the true impact of the segmentation anyway. Segmentation not only
introduces additional cut edges, but parasitic gaps and additional stress developed due
to the assembly process, all of which impact the core loss of an assembled core. The
modeling of such physical phenomena considering manufacturing uncertainties is an
extremely difficult task. Consequently, experimental investigations using manufactured
stators are required, which are scarce and scant in providing enough insight to electric
machine engineers.
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A single-tooth tester (STT) measurement system for the magnetic characterization of a
stator segments made of a soft magnetic composite (SMC) was proposed in [135,136]. The
experimental setup consists of two measurement yokes with excitation and measurement
coils, as shown in Figure 27. Since the recorded measurements are the sum of the core loss
of the stator tooth segment and the two measurement yokes, a loss separation approach is
proposed. A digital twin of the test bench was created in FEA. For each operating point,
the loss in the tooth segment was estimated by modifying the Bertotti loss coefficients so
that the simulation results matched the measured values. While the proposed method is
useful in assessing the impact of manufacturing conditions and application of different
materials on the core loss of a single tooth, it does not provide insight about the core loss
distribution in the tooth and back iron region of the segment.

i1A(t) i1B(t)

Y2A(t) Y2B(t)

Y1A(t) Y1B(t)

Ytf(t)

2A(t)׋ 2B(t)׋

tf(t)׋

Single tooth
specimen

Measurement \oNes

Figure 27. Schematic model of the single-tooth test (STT) bench. Figure adapted from [135].

An experimental technique to separate the core loss in a stator segment’s tooth and
back iron region is presented in [137]. Here, the experimental setup consists of a manufac-
tured segmented stator, an H-shaped device made of electrical steel laminations (H-Sensor),
a drive coil to impose the excitation current, a pickup coil to measure the induced voltage,
and a control coil to ensure the sinusoidal injection of magnetic flux in the stator teeth,
as shown in Figure 28. With the use of lumped parameter theory, the active part of the
segmented stator is divided into three isotropic segments: T, T’, and X. Consequently,
the core loss of the segmented stator section is the sum of the individual core loss of the
three segments. To solve these three unknowns, three H-Sensors spanning different num-
bers of stator teeth were utilized. Experimental measurements were used to demonstrate
the negative impact of segmentation on core loss. The separation of core loss in the tooth
and back iron region can benefit the line testing of the manufactured stators. Increased core
loss in a specific region can help identify the defective tool quickly, leading to decreased
downtime. Understanding how segmentation impacts core loss in specific regions can lead
to more efficient use of low-loss materials such as oriented steel in electric machine designs.
Different advantages and limitations related to FEA modeling and experimental evaluation
techniques are summarized in Table 4.

Table 4. Comparison of FEA modeling and experimental evaluation techniques for estimating core
loss performance of segmented stators.

Feature FEA Modeling Experimental Evaluation

Advantages
Quick estimation of core loss, Accurate measurement of core loss,
flexibility to analyze different designs, includes impact of assembly process,
useful for comparative studies beneficial for line testing

Limitations Selection of appropriate discrete zones, Availability of manufactured statorspractical implementation
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air gapControl coil

H-Sensor

Drive coil Pickup coil

Figure 28. Experimental setup used for separation of core loss in tooth and back iron region of
segmented stator. Figures adapted from [137].

5. Application of Oriented Steel in Construction of Segmented Cores
A segmented stator or rotor design can lead to inferior machine performance due to

unavoidable parasitic gaps and additional cut edges. The utilization of oriented steel can
help mitigate these detrimental impacts on electromagnetic performance and core losses.
Grain-oriented electrical steel (GOES), also known as anisotropic steel, features a unique
crystal structure where the grains are aligned predominantly in the rolling direction (0◦).
Consequently, GOES exhibits significantly superior magnetic performance to non-grain-
oriented electrical steel (NGOES) when the magnetic field aligns with the rolling direction.
However, the magnetic properties of GOES deteriorate as the direction of the magnetic flux
changes, with the worst properties seen at 55◦ [51,75,138], as shown in Figure 29.

Figure 29. Variation in core loss with orientation angle obtained from experimental results. Figure
adapted from [75].

It is also reported that the properties of NGOES are almost similar to the GOES
properties in the transverse direction. Consequently, the use of oriented steel in a non-
segmented design is limited, where every second lamination in the stack must be shifted
by an optimal spatial angle [139–141]. Oriented steel is predominantly employed with
segmented lamination in AC electric machines to increase the extent of potential benefits
observed in the performance.

5.1. Performance Improvement with Oriented Steel

The performance of a segmented SRM is improved by employing GOES in the rotor of
a six-slot/four-pole machine [142]. Authors have proposed two types of rotor construction
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with oriented steel, as shown in Figure 30a and Figure 30b, respectively. The performances
of the two proposed designs are compared with the conventional NGOES design using
analytical and experimental methods. Analytical results indicate improved machine perfor-
mance with GOES designs regardless of the operating speed. On the contrary, experimental
results show that while GOES designs improve the motor efficiency by 1.5% at 1800 RPM,
there is no significant change in the performance at 600 RPM. The two methods’ different
results highlight a nonlinear relationship between the operating frequency and the impact
of the cut edges on core loss, which is not accounted for in the analytical calculations.
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(a) (b)

Figure 30. Segmented rotor designs manufactured using oriented steel for a six-slot/four-pole SRM.
Figures adapted from [142].

The direction of magnetic flux in the stator teeth of a radial flux machine is mostly
radial. Changing the material in stator teeth from NGOES to GOES can improve the
motor performance, if the rolling direction is maintained in the direction of the arrows,
as shown in Figure 31. This concept is utilized to improve the performance of a 48-slot
motor in [143]. Experimental results from the manufactured prototype show that even with
a 48-segmented-teeth construction, the motor output torque and efficiency increase with
the introduction of GOES in stator teeth. Notably, the reported relative increase in motor
efficiency is higher at higher speeds. In axial flux PM (AFPM) machines, the magnetic flux
flow in the stator tooth is uni-directional (axial). Thus, yoke-less AFPM stator cores can
be constructed using segmented GOES sheet lamination, which provides better magnetic
properties compared to NGOES material and can improve the motor performance [144,145].

NGO(6
NGOES

GOES

Rolling
direFWion

(a) (b)

Figure 31. An electric machine stator with (a) NGOES teeth and (b) GOES teeth. Figures adapted
from [143].
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A segmented rotor constructed using oriented steel for the electromagnetic perfor-
mance improvement of a four-pole SynRM was proposed in [146]. To improve the structural
integrity of the assembled rotor, irregular thickness at the segment edges d1 and d2 is pro-
posed, as shown in Figure 32. This way, a zig-zag pattern can be created by flipping the
segments in every alternate layer, which is further strengthened by applying a bonding
adhesive. The q-axis of each individual pole segment is perpendicular to the rolling direc-
tion, which enhances the magnetic properties in ribs, as the direction of magnetic flux is
almost parallel to the rolling direction. A segmented design improves the saliency ratio as
the magnetic properties along the d-xis are superior to those along the q-axis. Moreover,
the two edges of a barrier, e1 and e2, are placed such that torque pulsations generated from
the interaction of stator slots with both edges cancel each other out. Thus, torque ripple is
decreased, and average torque can be increased.

d2

d1

q-axis

Figure 32. Segmented rotor design used in a four-pole SynRM. Figure adapted from [146].

A new segmented stator design for FSCW PMSM using GOES is presented in [147].
Here, GOES sheet strips are bent to create a horseshoe-shaped segmented stator core,
as shown in Figure 33. Since the bending of lamination imposes added manufacturing
limitations, the GOES design has open stator slots, and the stator yoke thickness is half of
tooth width. Consequently, the flux density in stator yoke is increased but decreased in
stator teeth. In keeping the physical dimensions of the motor constant, the stator core with
GOES material decreases torque ripple, increases average torque, and decreases the core
loss of the machine. However, the presented conclusions are based on the FEA results of
the machines, which only include the impact of parasitic gaps on the motor performance.

NGOES desiJQ GOES desiJQ

Figure 33. New segmented stator topology with GOES for 12-slot/10-pole FSCW PMSM. Figures
adapted from [147].
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5.2. FEA Modeling of Segmented Stators Constructed Using Oriented Steel

Recent advancements in finite-element analysis (FEA) software have significantly
improved the ability to estimate key performance parameters of electric machines with
reasonable accuracy. By enabling performance prediction prior to manufacturing, FEA
helps identify potential design challenges early and provides an intuitive platform for
resolving them. Effectively utilizing oriented steel in the construction of segmented stators
requires that machine designers employ appropriate and accurate modeling techniques.
However, the magnetic properties of GOES are highly dependent on the direction of the
magnetic flux and exhibit a behavior that is neither linear nor elliptical [148]. The magnetic
permeability of anisotropic materials is highest in the rolling direction (0◦), lower in the
transverse direction (90◦ relative to the rolling direction), and lowest at angles around
50◦–60◦ from the rolling direction. In contemporary finite-element analysis (FEA) software,
the magnetic properties, B-H curves, and loss curves of the rolling and transverse directions
are used to interpolate the magnetic properties for intermediate directions. However, this
interpolation method is not user-controlled, which can lead to inaccuracies in the simulation
results. Moreover, it is unclear if the specific variations in magnetic properties with change
in the flux direction can be generalized to all anisotropic steel materials. Consequently,
the FEA modeling of oriented steel is a challenging task.

To address these challenges, researchers and engineers have explored advanced mod-
eling techniques and more sophisticated interpolation methods. These efforts aim to
improve the accuracy of simulations by better capturing the complex magnetic behavior of
anisotropic materials. Enhanced modeling approaches could include the development of
user-defined interpolation functions, the incorporation of more detailed material character-
ization data, and the use of machine learning algorithms to predict magnetic properties
more accurately. By refining these techniques, it is hoped that the reliability and precision
of FE simulations involving anisotropic materials will be significantly improved, leading to
better performance predictions and optimized designs.

An accurate but cumbersome way to model the oriented steel in FEA is to use multiple
BH curves extracted at different orientation angles, as suggested in [149]. One way to
avoid working with multiple BH curves is to use more complex models, such as the E&S
model suggested by Enokizono and Soda [150,151]. The vector magneto-hysteretic E&S
model utilizes the concept of two-dimensional magnetic properties and experimental
measurements to calculate the distribution of locus for B and H vectors. It is shown that the
relationship between the B and H vectors is dependent on the level of magnetic induction,
the axis ratio of rotating flux α (=Bmin/Bmax), and the angle of inclination against the easy
(rolling) axis direction ϕ, as shown in Figure 34. Another model is suggested in [50], where
the anisotropy is modeled with the help of equivalent magnetic field components calculated
using magnetic co-energy densities in the three principal directions for a given magnetic
field. Such complex modeling techniques can improve the accuracy of results at the expense
of simplicity [50,149–153].

In [28], a method was developed for finite-element analysis (FEA) to accurately eval-
uate the performance of permanent magnet synchronous motors (PMSMs) with GOES
stator laminations. This method involves dividing the stator into sections and assigning
BH curves and loss curves to each section based on the direction of flux flow. Conse-
quently, the simulation is simplified to a connected structure of isotropic materials. Due
to this structure, the proposed model is referred to as a piecewise isotropic model in this
study. The machine analyzed in [28] is a 12-slot/14-pole PMSM composed of six segments,
with each segment oriented in the direction of the teeth.

The direction of orientation of one segment and the direction of flux flow in the entire
machine as well as within a segment under no-load conditions are illustrated in Figure 35.
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In one segment, the flux flow direction for the middle tooth aligns with the rolling direction
(i.e., 0◦), while for the adjacent two teeth, it deviates by 30◦ from the rolling direction.
The flux direction in the back iron between the middle tooth and the adjacent tooth shifts
from 90◦ to 60◦. The model proposed in [28] connects the segments using the BH and
loss curves for the 0◦ direction on the central tooth, the 30◦ direction on the lateral teeth,
and the 75◦ direction for the back iron, which is the average of 60◦ and 90◦. Figure 36
presents the model of one segment, and the complete machine is modeled by connecting
six segments circumferentially.

Rotating
direction

By

Bx

BPax

BPin

ϕ

RoOOing
direction

Figure 34. Relationship between maximum flux density Bmax, axis ratio α, and inclination angle ϕ.
Figure adapted from [150].

90°
60°

30°
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Figure 35. Direction of orientation and flux flow direction in the whole machine and one segment
under no-load condition [28].

0° 30° 75°

Figure 36. Piecewise isotropic model used for analysis, with each color representing a different angle
away from the rolling direction. These colors correspond to the magnetic properties of the oriented
steel at those specific angles [28].



Eng 2025, 6, 7 26 of 35

The piecewise isotropic model, illustrated in Figure 36, can accurately model a PMSM
if the magnetic properties, such as BH and loss curves, of the steel are known at specific
angles relative to the rolling direction. These angles are determined by the relative positions
of adjacent teeth and the orientation direction of the GOES material. Similar FEA modeling
approaches were utilized in [75,154]. While the model leverages the distinct distribution of
magnetic properties along the principal axes, it assumes that the isotropic properties are
equivalent to the average flux direction. This rough approximation of magnetic properties
can result in inaccurate predictions of motor performance, especially in machines with a
low number of slots.

A more accurate isotropic modeling technique was proposed in [155]. The proposed
model divides a GOES stator segment into three isotropic parts: (1) stator tooth, (2) back
iron behind the stator slot, and (3) back iron behind the stator tooth. The division of the
back iron section into two different isotropic segments stems from the fact that the direction
of flux flow in the back iron region behind the slot is always in the circumferential direction,
whereas, the direction of flux flow in the back iron region behind the stator tooth changes
in one electrical cycle and is a combination of the four cases, as shown in Figure 37.

Back iron behind tooth

Case-1 Case-2 Case-3 Case-4

Figure 37. Four cases showing changing direction of magnetic flux in back iron behind stator tooth in
one electrical cycle. Figure adapted from [155].

A mathematical technique is presented to determine the magnetic properties of all
isotropic sections based on the direction of magnetic flux. Authors have shown that the
magnetic properties in the back iron region behind the slot correspond to the average of the
magnetic properties of the direction of flux and not the average of the directions, as shown
in Figure 38. Moreover, the properties in the back iron region behind the stator tooth are
more complex and are derived using the direction of magnetic flux of four cases. Designers
should note that the accuracy of the model depends on the precision of the available
(measured) magnetic properties in different directions. A brief summary of different GOES
modeling techniques is presented in Table 5.

Table 5. Comparison of techniques used for FEA modeling of oriented steel.

Modeling Technique Advantages Limitations

Multiple BH Curves High accuracy and precision Requires significant experimental data

E&S Model Captures two-dimensional Complex implementation,
behavior accurately non-standard experimental setup

Piecewise Isotropic Simplified Modeling, Crude approximation of direction
of flux,

Modeling [28] fast computation inaccurate for a low number of slots

Piecewise Isotropic Improved accuracy in Complex modeling of back iron region
Modeling [155] modeling back iron region behind stator tooth
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Figure 38. Equivalent piecewise isotropic model for one segment, with each color representing a
different angle away from the rolling direction. The model consists of three isotropic segments:
(1) stator tooth, (2) back iron behind stator slot, and (3) back iron behind stator tooth. Figure adapted
from [155].

6. Conclusions
This paper provides a comprehensive review of segmented stators and rotors in

electric machines. The discussion begins with an exploration of various manufacturing
techniques for segmented stator and rotor cores, highlighting the unique advantages and
challenges associated with each method. This is followed by an analysis of how common
stator and rotor segmentation designs affect the electromagnetic performance of AC electric
machines, presenting both the benefits and limitations of such designs. Depending on the
segmentation technique, the magnetic flux linkage and average torque can be increased
or decreased by carefully managing the parasitic gaps between segments. Furthermore,
this paper examines the impact of additional cut edges on core loss, a consequence inherent
to segmented stator designs. Methods for characterizing cut edge width and approaches
to model the effects of cut edges in core loss estimation are thoroughly discussed. While
numerical modeling is effective for comparative analyses between designs, the accurate
measurement of core loss still requires experimental validation, which can also help the line
testing of manufactured segmented stators. Additionally, this paper investigates the use
of oriented steel for improving the performance of AC electric machines. Since capturing
material anisotropy remains challenging, this paper also delves into the complexities of the
finite-element analysis (FEA) modeling of anisotropic steel within segmented stator designs.

Overall, this review serves as a valuable resource for machine designers by providing
critical insights into the application, design, and performance enhancement of electric
machines employing segmented stators and rotors. These insights can be leveraged to
achieve accurate modeling, optimize performance, or expand the existing knowledge base
in this field.

Despite substantial progress in segmented stator and rotor designs, critical knowl-
edge gaps continue to hinder further advancements. While the current literature has made
significant strides in modeling cut edge effects, the FEA modeling of oriented steel, and eval-
uating the impact of individual stator and rotor segmentation on machine performance,
several key questions remain unanswered. Addressing these gaps is essential for advancing
understanding and developing more accurate and robust performance evaluation models
for such machines.

Referring to Figure 20, the discussion highlights how rotor segmentation can enhance
reluctance torque by increasing the saliency ratio compared to conventional machines.
Combining segmented rotor designs with segmented stator constructions could offer the
potential to further increase the saliency ratio, offsetting any reduction in magnetic torque
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and improving overall performance, specifically in the field-weakening region. However,
analyses investigating the combined effects of segmented stators and rotors are notably
absent in the current literature.

In Figure 26, the focus shifts to cut edge modeling in numerical analysis, emphasizing
the physical effects of increased stamping impacts in segmented stator designs. While
the proposed method demonstrates high accuracy, its practical implementation remains
a significant challenge. Therefore, there is a need for a simpler and precise method to
incorporate the impact of cut edges on the performance of segmented stator machines. The
proposed division of core losses, as shown in Figure 28, between individual teeth and back
iron delivers promising results by effectively capturing the influence of orientation and
increased cut edges caused by segmentation. However, a deeper investigation is required,
particularly using stators where the back iron and teeth are oriented in different directions,
to fully understand the effects of increased cut edges under varying orientation conditions.

Figure 38 presents an improved FEA model for oriented steel segmented stators, em-
ploying a piecewise isotropic approach based on the direction of orientation and magnetic
flux. While this approach shows promise, its applicability could be further enhanced by
developing generalized expressions for defining the anisotropic magnetic properties of
isotropic segments. Such generalization should account for the precision of known mag-
netic properties and stator design parameters, highlighting any loss of accuracy when the
precision is insufficiently refined.
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