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ABSTRACT: Conventional permanent magnet synchronous motors (PMSMs) suffer from limitations in speed regulation range, poor fault
tolerance, and restricted torque output in electric vehicle drive applications. To address these limitations, this paper proposes a six-
phase, 12-slot/10-pole hybrid-excited reverse-salient fault-tolerant motor (FT-HE-RSPM). To achieve reverse-salient characteristics and
regulate the air-gap magnetic field, the rotor adopts segmented permanent magnets and a q-axis magnetic barrier. This design increases
the d-axis inductance while reducing the q-axis inductance, achieving the reverse-salient characteristic Ld > Lq under rated conditions.
Additionally, both the stator and rotor adopt segmented structures, forming axial magnetic paths via magnetic bridges. The excitation
windings are embedded in the stator using non-magnetic materials, and the air-gap magnetic field is regulated by controlling the excitation
current. The motor’s magnetic field regulation mechanism was analyzed using the equivalent magnetic circuit method. Combined
with three-dimensional finite element analysis (3D-FEA), the motor’s electromagnetic performance and fault-tolerant characteristics
were investigated, leading to the design of a current reconstruction fault-tolerant control strategy for single-phase open-circuit faults.
Results demonstrate that this motor exhibits high torque output capability, excellent flux regulation characteristics, high efficiency, and
outstanding fault tolerance, meeting the demands of complex operating conditions in electric vehicles.

1. INTRODUCTION

In recent years, energy shortages and environmental pollu-
tion have intensified globally. The pursuit of “carbon peak”

and “carbon neutrality” has propelled electric vehicles (EVs)
into the spotlight, attracting significant research and develop-
ment interest [1, 2]. The electric motor, as the core drive com-
ponent, is a critical determinant of the vehicle’s overall effi-
ciency and reliability. Permanent magnet synchronous motors
(PMSMs) are extensively used in electric vehicle drive systems
due to their high efficiency and power density [3]. However,
the intrinsic high coercivity of permanent magnets complicates
the regulation of the air-gap magnetic flux, which constrains
the flux-weakening capability and, consequently, the maximum
operating speed. To extend this speed range, several solutions
have been explored, including hybrid excitationmotors, perma-
nent magnet memory motors, and reverse-salient motors [4, 5].
Among them, hybrid excitation permanent magnet motor (HE-
PMM), which synergizes the advantages of permanent magnet
and electrically excited machines, has received considerable at-
tention. Based on the location of the field winding, HE-PMMs
can be classified into three categories: those with the winding
placed on the rotor, the stator, or at the motor’s end.
Ref. [6] presents an end-mounted field winding design. This

winding generates an axial magnetic field through a magnetic
bridge to modulate the main air-gap flux. Refs. [7, 8] pro-
pose a topology where the field winding (FW) is placed on
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the rotor. Results demonstrate that the FW assistance signifi-
cantly enhances both the flux-weakening capability and output
torque. However, this rotor-mounted FW configuration neces-
sitates brushes and slip rings, which compromises system reli-
ability and increases maintenance requirements. To eliminate
brushes and slip rings in hybrid excitation motors (HEMs), the
design in [9] fixes the field winding to the end cover. Brush-
less excitation is achieved by utilizing an auxiliary air-gap be-
tween the rotor core and magnetic bridge. Refs. [10–13] lo-
cate the field winding on the stator. For instance, [11] proposes
a brushless topology that employs extended magnetic bridges
embedded with field windings; [12] arranges permanent mag-
nets on both the stator teeth and yoke to generate a parallel dual-
permanent-magnet flux path for torque enhancement. This is
complemented by field windings that produce a DC flux for
flux-weakening control. Ref. [13] proposes a novel brushless
excitation scheme where a 3rd harmonic stator magnetomotive
force (MMF), generated by injecting a zero-sequence current,
is used to induce voltage in a rotor harmonic winding for rec-
tification and field excitation. However, this configuration, in
which both the field and armature windings are located on the
stator, can lead to an increase in stator volume and complexity.
Reverse-salient permanent magnet motors (RSPMs) are

widely used in electric vehicles owing to their advantageous
characteristics: a wide constant-power speed range, low
weak-magnetization current id, and reduced risk of irreversible
demagnetization. Conventional permanent magnet syn-
chronous motors (PMSMs) typically exhibit obverse-salient
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FIGURE 1. Complex conditions of the motor drive system.

(OS) characteristics, where Ld < Lq . In contrast, RSPMs
are characterized by Ld > Lq [14, 15]. To achieve this
reverse-salient characteristic, numerous studies have been
conducted, leading to various proposed topological structures.
Refs. [16, 17] effectively widen the speed range and achieve
reverse-salient characteristic by employing q-axis flux barriers,
segmented permanent magnets, and non-uniform air-gaps.
Ref. [18] designs two prototypes. In one, a magnetic bridge is
introduced into the d-axis magnetic circuit; its low reluctance
is leveraged to decrease the total d-axis reluctance. In the
other, an arc-shaped flux barrier is installed on the q-axis to
minimize the q-axis inductance. This approach successfully
realizes the reverse-salient characteristic.
However, the majority of automotive drive motors still uti-

lize conventional three-phase windings. These systems ex-
hibit low reliability under fault conditions, such as open-circuit
or short-circuit faults. The drive systems of electric vehicles
must demonstrate high operational reliability to ensure vehicle
safety. Therefore, enhancing both the wide-speed operational
capability and fault-tolerant capability of motors is critically
important.
Refs. [19–21] propose various multi-phase hybrid excitation

motor topologies, all featuring a single-layer winding struc-
ture. This single-layer design provides enhanced phase-to-
phase isolation, and the field windings can operate in a brush-
less mode. Refs. [22, 23] propose five-phase reverse-salient
motors that balance reverse-salient characteristics and fault tol-
erance through increased phase number, q-axis flux barriers,
and optimized rotor design. However, simultaneously opti-
mizing both fault tolerance and reverse-salient characteristics
presents significant challenges. Fault-tolerant motors require
specific slot-pole combinations, typically where the difference
between slot and pole numbers is 2 [24]. This configuration
often exhibits multi-pole characteristics, which limits the avail-
able space for incorporating flux barriers in the rotor. Achiev-
ing reverse-salient characteristics typically requires adding flux
barriers along the q-axis to increase q-axis magnetic reluctance,
creating a structural conflict with the requirements for fault-
tolerant performance.

To address the challenges associatedwith air-gap flux regula-
tion in conventional motors and the conflicting design require-
ments between reverse-salient characteristics and fault toler-
ance, this paper proposes a hybrid-excited reverse-salient fault-
tolerant motor. Reverse-salient characteristics are achieved
through a q-axis flux barrier and segmented permanent mag-
nets. An excitation winding is incorporated, enabling brush-
less operation via a segmented rotor-stator structure and an in-
tegrated magnetic bridge. The motor’s performance was vali-
dated through equivalent magnetic circuit analysis and 3D fi-
nite element analysis, demonstrating excellent flux-weakening
capability and strong fault-tolerant performance.

2. EVS WORKING CONDITION ANALYSIS AND DE-
SIGN REQUIREMENTS
2.1. EVS Working Condition Analysis
Electric vehicles operate under diverse and complex conditions,
frequently traversing urban, rural, and mountainous terrain.
Themotor operates under various conditions including frequent
start-stop cycles, acceleration and deceleration, heavy-load hill
climbing, and high-speed cruising. As shown in Figure 1, Ur-
ban Dynamometer Driving Schedule (UDDS) is widely used to
simulate and evaluate urban and suburban driving conditions.
The UDDS encompasses four distinct operatingmodes: Mode I
(Low speed/heavy load): Requires high torque output and
strong load-bearing capacity. Mode II (Low speed/light load):
Demands high output torque and operational efficiency. For
frequent start-stop operations caused by traffic signals and con-
gestion, high motor efficiency is essential to minimizing energy
losses. Mode III (High speed/heavy load): Vehicles operate
near the motor’s rated speed. Mode IV (High speed/light load):
Requires operation in a constant-power speed range 3–5 times
of the rated speed, necessitating an extended speed regulation
range. Speed distribution analysis shows 35% operation in low-
speed zones and 65% in high-speed zones. Load requirements
primarily involve two scenarios: low-speed heavy-load and
high-speed light-load operation. Low-speed heavy-load con-
ditions demand high torque and efficiency, while high-speed
light-load conditions require wide speed regulation range, high
output power, and adequate torque. Beyond efficiency, mo-
tor reliability must be ensured. Potential failure modes include
winding open-circuits and short-circuits. The drive motor must
possess robust fault-tolerant capabilities to ensure operational
reliability and safety under fault conditions.

2.2. Design Requirements Analysis for EV
Developing motors and drive systems that combine high power
density, wide speed regulation range, and excellent fault toler-
ance is crucial for enhancing electric vehicle performance and
promoting their widespread adoption.
For permanent magnet motors, the terminal voltage u and

electromagnetic torque Tem are expressed as:

u = ω

√
(Lqiq)

2
+ (Ldid + ψPM )

2 (1)

Tem =
m

2
p [ψPM iq + (Ld−Lq) idiq] (2)
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FIGURE 2. Current vector trajectory circle.

where ω denotes the mechanical angular velocity; Lq and Ld

are the q-axis and d-axis inductances, respectively; iq and id are
the q-axis and d-axis currents, respectively; ψPM is the perma-
nent magnet flux linkage; m is the number of phases; p is the
number of pole pairs.
Figure 2 illustrates the current vector trajectories of a con-

ventional obverse-salient permanent magnet motors (OSPMs)
and reverse-salient permanent magnet motors (RSPMs) under
the maximum torque per ampere (MTPA) control strategy. As
shown, the RSPM exhibits an additional flux-intensifying (FI)
operating region where the d-axis current id is positive. This
results from its reverse-salient characteristic where the d-axis
inductance Ld exceeds the q-axis inductance Lq . Furthermore,
according to the derivations of Equations (1) and (2), under
constant current amplitude conditions, a larger Ld results in a
wider speed regulation range. In contrast, OSPM motors can
only produce positive reluctance torque when id is negative.
This operational requirement increases the risk of irreversible
demagnetization of the permanent magnets. It is worth noticing
that the reluctance torque of RSPMs increases with the induc-
tance difference (Ld−Lq). This demonstrates that pronounced
reverse-salient characteristics significantly enhance themotor’s
torque output capability.
Hybrid excitation motors (HEMs) synergize the advantages

of permanent magnet motors and electrically excited motors,
enabling effective regulation of the air-gap magnetic flux
through control of the field winding current. Neglecting mag-
netic coupling effects, the voltage equation for the auxiliary
field winding and the additional torque component can be
expressed as:

uf = RfIf +
dψf

dt
(3)

Tf =
m

2
p LsfIf (iq−id) (4)

where Rf is the resistance of the field winding, If the applied
field winding current, ψf the flux linkage generated by the
field winding, and Lsf the mutual inductance between the field
winding and armature winding. The analysis of Equations (3)
and (4) reveals that HEMs achieve dual control capabilities
through flexible adjustment of the field winding current’s mag-
nitude and direction: Firstly, it enables flux-weakening con-

trol, significantly expanding the motor’s constant-power speed
range. Secondly, it provides flux-strengthening capability, ef-
fectively meeting the automotive requirement for high torque
output at low speeds.
Winding faults during motor operation are primarily catego-

rized as open-circuit or short-circuit faults. To mitigate open-
circuit faults, fault-tolerant motors employ additional winding
channels or phases. This design enhances operational reliabil-
ity over conventional three-phasemotors by allowing continued
operation even after isolating a faulty phase. For short-circuit
faults, the short-circuit current suppression capability is a key
metric for evaluating motor fault tolerance. In Figure 3, E0

represents the no-load back electromotive force (back-EMF),
while Xd and Xq are the d-axis and q-axis reactance, respec-
tively. Id is the d-axis current. It can be observed that under the
same terminal voltage U , RSPM exhibits a lower no-load back
EMF than OSPM motor. Short-circuit characteristic analysis
indicates that a lower no-load back Electromotive Force (EMF)
results in reduced peak and steady-state short-circuit currents,
thereby providing the RSPMwith superior short-circuit current
suppression capability.

Obverse

saliency

Reverse 

saliency

FIGURE 3. Phasor diagram of motor.

The above analysis demonstrates that motors featuring hy-
brid excitation and reverse-salient characteristics can enhance
motor torque, regulate air-gap magnetic field, and expand mo-
tor speed regulation range. Integrating these characteristics, a
novel six-phase hybrid excitation reverse-salient fault-tolerant
motor (FT-HE-RSPM) is proposed.
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3. TOPOLOGY OF THE MOTOR AND MAGNETIC CIR-
CUIT
3.1. Topology of Motor
The topology of the proposed FT-HE-RSPM is illustrated in
Figure 4. The motor comprises several core components: sta-
tor, rotor, segmented permanent magnets, armature winding,
field winding, stator rear yoke, and magnetic bridge.
To achieve reverse-salient characteristics, the rotor-mounted

permanent magnets are segmented into two segments, and a q-
axis magnetic barrier is incorporated to effectively increase the
q-axis magnetic reluctance and reduce the q-axis inductance.
The stator employs a single-layer fractional-slot concen-

trated winding configuration. This winding configuration of-
fers several advantages: short end-turn length, reduced cop-
per losses, high efficiency, high slot fill factor, and minimal
cogging torque. Furthermore, in this single-layer concentrated
winding arrangement, the stator teeth without windings func-
tion as fault-tolerant teeth, providing physical isolation that en-
sures decoupled electrical circuits, magnetic paths, and ther-
mal fields between phases. This effectively reduces mutual
magnetic, electrical, and thermal coupling, thereby enhancing
the fault tolerance capability. However, fractional-slot concen-
trated windings introduce higher-order harmonics into the back
EMF and magnetomotive force, which may increase torque rip-
ple and eddy-current losses [25].
In the magnetic circuit design, the stator core adopts a three-

segment structure: silicon steel laminations on both sides with
an aluminum oxide (Al2O3) alloy layer in the middle. The
field winding is wound around a non-magnetic material and
housed within the rear yoke. Similarly, the rotor core is di-
vided into three segments. The two outer segments feature a
conventional spoke-type permanent magnet arrangement. The
middle segment contains no permanent magnets. The two outer
segmented rotors are connected to the middle rotor via mag-
netic bridges, forming an axial magnetic circuit. The magnetic
bridge is specifically designed to provide a low-reluctance axial
path for the magnetic flux generated by the field winding. This
configuration significantly simplifies the excitation system ar-
rangement while enabling fully enclosed, brushless operation
without slip rings.

3.2. Magnetic Field Regulation Mechanism
When operating under permanent magnet excitation only, the
FT-HE-RSPM operates on the same principle as a conventional
permanent magnet motor. As shown in Figure 5, the magnetic
field regulation mechanism can be analyzed using the d-axis
equivalent magnetic circuit. Neglecting the axial reluctance of
the solid iron core, the air-gap flux Φδ can be expressed by
Equation (5). In Equation (6), ξ represents the flux shunting
factor, which quantifies the proportion of permanent magnet
flux that is bypassed through the magnetic bridge. A value of
ξ < 1 indicates effective flux regulation capability and a re-
duction in the effective PM reluctance, thereby facilitating the
reverse-salient characteristic. The air-gap fluxΦδ is influenced
by both the magnetomotive force (MMF) and magnetic reluc-
tance.

Φδ =
Fad + Fw + 2ξFPM

2Rδ +Rs +Rr + 2ξRPM
(5)

ξ =
Rσ (id, iq)

RPM +Rσ (id, iq)
(6)

where FPM is the PM MMF, Fad is the d-axis armature wind-
ing MMF, Fw the MMF produced by the field winding, Rs

the stator core reluctance, Rr the rotor core reluctance, Rδ the
air-gap reluctance, Rpm the PM reluctance, and Rσ(id, iq) the
magnetic bridge reluctance.
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FIGURE 5. D-axis equivalent magnetic circuit.
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FIGURE 6. Flux density distribution.
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Since the magnetic bridge reluctance Rσ(id, iq) is in paral-
lel with the PM reluctance RPM , Equation (6) shows that ξ
is always less than 1. This significantly reduces the difficulty
of regulating the PM magnetic field. Furthermore, the equiva-
lent reluctance of this parallel combination is lower than RPM

alone, which directly increases the d-axis inductance Ld and
consequently extends the motor’s constant-power speed range.
The total permanent magnet flux ΦPM splits into two com-

ponents: the main PM flux ΦPMδ , which links the arma-
ture winding, and the PM leakage flux ΦPMσ which forms a
closed loop through the magnetic bridge reluctance Rσ(id, iq)
as shown in Loops 2 and 3 of Figure 5. The flux produced by the
armature MMF Fad also passes through the magnetic bridge,
as indicated by Loop 1. The magnitude of Fad influences the
saturation level of the magnetic bridge, thereby varying its re-
luctance Rσ(id, iq).
When id is a flux-strengthening current, Fad and FPM are

oriented in the same direction. However, in Loops 2 and 3,
the flux component Φad1 produced by Fad opposes the main
PM flux ΦPMδ . Consequently, under a flux-strengthening id,
the PM leakage flux ΦPMσ increases, while the main PM flux
ΦPMδ decreases accordingly. This process demonstrates the
armature current’s regulatory mechanism on the main PM flux.
When the motor flux is generated by both the PMs and the

field winding, the MMF produced by the field winding Fw can
be considered as linearly superimposed on the magnetic circuit.
When If is a flux-strengthening current, Fw and FPM are co-
directional, enhancing the air-gap flux. Conversely, when If is
a flux-weakening current, Fw andFPM are oppositely directed,
reducing the air-gap flux. By adjusting the magnitude and di-
rection of the field winding current If , the main air-gap flux
can be effectively regulated. This process illustrates the con-
trol mechanism of the field winding current over the air-gap
magnetic field.

4. ELECTROMAGNETIC PERFORMANCE ANALYSIS
To validate the effectiveness of the proposed motor, its elec-
tromagnetic characteristics and fault-tolerant performancewere

analyzed using the three-dimensional finite element method
(3D FEM) conducted with ANSYS Maxwell. The key design
parameters and geometric dimensions of the motor are summa-
rized in Table 1.

TABLE 1. Harmonic analysis of the back-EMFs.

Items FT-HE-RSPM
Rated output power (kW) 2

Phase number 6
Rated Current (A) 15
Rated voltage (V) 125

Air-gap length (mm) 0.7
Rated speed (rpm) 1500

PM material N42SH
Stator and rotor core materials DW310_35
Out diameter of the stator (mm) 150
Out diameter of the rotor (mm) 87

Slots/Poles 12/10
PM width (mm) 3

Armature winding turns 40
Field winding turns 20
Axial Length (mm) 120

4.1. Flux Density Distribution, Air-Gap Flux Density and Leak-
age Flux Characteristics
When the FT-HE-RSPM is excited solely by the permanent
magnets, the magnetic flux is generated entirely through the
permanent magnet synchronous motor principle. The magnetic
flux density distribution under no-load condition and PM exci-
tation only (If = 0A) at rated speed is shown in Figure 6. The
cross-section shows the central plane of the motor. The region
of the central magnetic bridge is highlighted, showing a flux
density of 1.46 T and forming an internal axial flux path. When
the motor operates in hybrid excitation mode, the magnetic flux
generated by the field winding current can pass through the ax-
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ial magnetic circuit. It is noteworthy that the magnetic bridge
and its adjacent components exhibit relatively high flux den-
sity, which is an inherent feature of the proposed topology. The
magnetic field generated by the field winding forms an axial in-
ternal circuit through the bridge and the segmented rotor. By
applying a field current of appropriate magnitude and polar-
ity under different operating conditions, the permanent magnet
flux can be effectively weakened or strengthened, thereby en-
abling controlled saturation levels in these critical regions and
ensuring reliable performance under demanding conditions.
The air-gap flux can thus be regulated by controlling the

magnitude and direction of the field winding current. Figure 7
shows the air-gap flux density waveform. It should be noted
that due to the segmented structure of the motor in the axial
direction, the air-gap magnetic field may exhibit a nonuniform
distribution along the entire axial length. As a result, it is im-
practical to quantify the sinusoidal quality of the air-gap field
using a single two-dimensional curve. Nevertheless, qualita-
tive three-dimensional analysis confirms that the air-gap field
maintains a satisfactory sinusoidal waveform.
The design of a q-axis magnetic barrier and segmented per-

manent magnets in the rotor inevitably leads to localized flux
leakage around these features during operation. Figure 8 shows
the magnetic flux line distribution under low-speed and high-
speed operating conditions. During low-speed operation, the
effective flux linkage is maintained between 0.008Wb and

0.012Wb with minimal leakage paths. Most of the flux gen-
erated by the PMs passes through the air-gap, which meets the
requirement for high-torque output at low speeds. Conversely,
during high-speed operation, significant flux leakage occurs
near the magnetic barriers, restricting the effective flux link-
age to a range of 0.004Wb to 0.007Wb. This intentionally en-
hanced flux leakage at high speeds reduces the overall air-gap
flux density, thereby lowering core losses and facilitating effi-
cient flux-weakening operation for an extended constant-power
speed range.

4.2. No-Load Back EMF
Figure 9 shows that under the rated speed of 1500 r/min, the
no-load back EMF of the proposed motor reaches 16.08V with
a total harmonic distortion (THD) of 11.5%. The fast Fourier
transform (FFT) analysis in Figure 10 confirms its sinusoidal
quality. The analysis further verifies the favorable sinusoidal
distribution of the air-gap flux. Meanwhile, the high quality of
the air-gap field and the resulting back-EMF waveform is a key
factor in achieving low torque ripple, as it minimizes the har-
monic content that contributes to output torque. Despite some
harmonic distortion from the fractional-slot concentrated wind-
ing, the optimized q-axis magnetic barrier maintains satisfac-
tory waveform characteristics.
With a field winding current of If = 20A, the back EMF

increases to 18.01V (THD = 11.9%), representing a 12.5%
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FIGURE 11. No-load inductances characteristics. FIGURE 12. d-and q-axis inductance characteristics.

FIGURE 13. Torque versus q-axis current. FIGURE 14. Waveforms of Flux linkage.

enhancement compared to PM-only excitation. Conversely, at
If = −20A, it decreases to 15.7V (THD = 11.6%). These
results validate the effective flux-regulation capability of the
hybrid excitation design.

4.3. Inductance Characteristics

Inductance, as one of the important characteristics of electric
motors, has profound andmultifaceted influences onmotor per-
formance, operation, and control. Figure 11 shows Phase A
inductance characteristics of the FT-HE-RSPM under no-load
conditions. The self-inductance is 3.63mH; the mutual induc-
tance between adjacent phases is approximately 0.27mH; and
the mutual inductance between non-adjacent phases is about
0.0024mH. The ratio of mutual inductance to self-inductance
is only 7.1%. The ratio of mutual inductance to self-inductance
can serve as an indicator of the motor’s fault-tolerant capability.
A smaller ratio indicates weaker magnetic coupling between
phase windings. When a fault occurs in one phase, the interfer-
ence from the fault current to other healthy phases through mu-
tual inductance is reduced, resulting in superior fault-tolerant
performance. This validates the motor’s strong fault-tolerant
performance. Additionally, the relatively high self-inductance
design helps to limit the short-circuit current.

Figure 12 shows the characteristics of the d-axis inductance
Ld and q-axis inductance Lq under different q-axis currents.
It can be observed that under no-load conditions Ld < Lq ,
as the q-axis current Iq increases, the armature reaction effect
and magnetic circuit saturation degree gradually intensify. At
Iq = 13.2A, Ld becomes equal to Lq . As Iq continues to in-
crease, Ld > Lq . Under the rated condition of Iq = 15A,
the reverse-salient ratio Ld/Lq reaches 1.08, and it continues
to increase with further the increase in Iq . This phenomenon
is attributed to the design of the q-axis magnetic barrier. As
Iq increases, the q-axis magnetic reluctance increases, causing
the q-axis inductance Lq to decrease at a faster rate. Mean-
while, the segmented permanent magnets allow some magnetic
flux lines to bypass the PMs and pass directly through the ferro-
magnetic material. This results in a longer flux path in the main
magnetic circuit and a lower reluctance of the main magnetic
circuit, thereby leading to a larger d-axis inductance Ld.
Figure 13 further shows that the motor’s torque-current char-

acteristic, and it is important to note that the electromagnetic
torque, governed by Equation (2), increasesmonotonically with
Iq throughout this transition. This is because the PM torque
component remains the dominant source of torque. The reluc-
tance torque component shifts from being slightly negative to
positive, contributing to the overall torque output in the rated
operating region without causing a torque drop.
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FIGURE 15. Waveforms of output torque. FIGURE 16. Average torque against current angle.

4.4. Flux Linkage
Figure 14 depicts the flux linkage characteristics of phase A
winding under different field winding currents. Under the no-
load condition (PM excitation only), the maximum flux link-
age of phase A is 0.0237Wb. When If = 20A the maxi-
mum flux linkage increases to 0.0262Wb. Conversely, when
If = −20A, it decreases to 0.0230Wb.
To quantitatively evaluate the magnetic field regulation ca-

pability, a flux regulation factor kfr is introduced [26], which
is defined by Equation (7):

kfr =
ψHE − ψPM

ψHE
× 100% (7)

where ψPM and ψHE are the flux linkages produced by the
permanent magnets (PMs) and hybrid excitation (HE) system,
respectively. The calculation results indicate that the motor ex-
hibits a considerable flux-strengthening capability up to 10.6%,
demonstrating its excellent magnetic field regulation perfor-
mance.

4.5. Torque Characteristics
The electromagnetic torque Tem of the FT-HE-RSPM com-
prises three components: reluctance torque Trel, permanent
magnet torque TPM , and an additional torque Tf generated by
the field winding. The expressions for each torque component
are as follows:

Trel = 3pidiq (Ld − Lq) (8)
Tf = 3pMsf if iq (9)

TPM = 3piqψPM (10)
Tem = TPM + Trel + Tf (11)

Compared to conventional motors, the proposed FT-HE-
RSPM combines the advantages of both reverse-salient char-
acteristics and hybrid excitation flux regulation capability. On
one hand, the reverse-salient characteristic enables a reluctance
torque enhancement region even when id > 0. On the other
hand, by controlling the magnitude and direction of the field
winding current, the air-gap flux can be flexibly strengthened
or weakened, thereby regulating the torque output.

Figure 15 shows the output torque characteristics under dif-
ferent field winding currents with a constant armature current
of 15A and no-load cogging torque. To quantitatively evaluate
the torque performance, a torque ripple factor Tripple is intro-
duced, defined as:

Tripple =
Tmax − Tmin

Tavg
× 100% (12)

where Tmax, Tmin, and Tavg are the maximum, minimum, and
average torque values, respectively. Tripple quantifies the qual-
ity of the torque waveform. A comparison was made among
flux-weakening current, flux-strengthening current, and PM-
only excitation. The corresponding average torque values
are 8.17Nm, 9.19Nm, and 8.43Nm, with torque ripple val-
ues of 5.4%, 6.3%, and 5.4%, respectively. When the flux-
strengthening current is applied, the torque increases by 9.5%
compared to the PM-only case, without a significant increase
in torque ripple. This indicates that the flux-strengthening op-
eration can effectively enhance the output torque capability.
The peak-to-peak cogging torque is 10.3mNm. Compared
to the rated torque output of 8.17Nm, this value constitutes
only 0.13%, demonstrating an exceptionally low level of in-
herent torque pulsation. This desirable characteristic is primar-
ily attributed to the 12-slot/10-pole fractional-slot concentrated
winding configuration, which effectively minimizes cogging
torque and contributes to the smooth operation of the motor.
Furthermore, the low torque ripple is a direct result of the si-
nusoidal air-gap flux density and the correspondingly low har-
monic distortion in the back EMF.
Figure 16 shows the relationship between the average torque

and the current angle at the rated armature current of 15A.
Due to the reverse-salient characteristic, the maximum torque is
achieved at a current angle of approximately 12◦. This demon-
strates that the motor can operate in the flux-strengthening re-
gion with id > 0, thereby fully utilizing the reluctance torque
and validating the superior output torque performance of the
reverse-salient characteristic.
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FIGURE 17. Equivalent circuit.

FIGURE 18. Waveform of short-circuit current.

4.6. Short-Circuit Current Characteristics
Winding short-circuit fault is one of the most common fault
types in electric motors. Taking phase A as an example, the
short-circuit current under a single-phase short-circuit condi-
tion is analyzed. Figure 17 shows the equivalent circuits for
a phase winding under normal operation and under a terminal
short-circuit condition. When a terminal short-circuit occurs,
it is assumed that the phase A resistance remains unchanged,
and the influence of mutual inductance is neglected. The ter-
minal voltage becomes zero, leading to the fault-state voltage
equation given in Equation (13):

0 = La
dis
dt

+ eδ +Rais (13)

whereLa is the winding inductance, is the short-circuit current,
eδ the back EMF, and Ra the winding resistance. E0 is the no-
load back EMF. The steady-state short-circuit current derived
from Equation (13) is given by Equation (14):

is =
E0√

(ωLa)
2
+R2

a

(14)

Figure 18 shows the short-circuit current waveform during a
phase A short-circuit fault. The steady-state short-circuit cur-
rent is only 1.16 times of the rated current, demonstrating the
motor’s strong short-circuit current suppression capability and
validating its high fault-tolerant performance.

FIGURE 19. Map of efficiency.

FIGURE 20. Map of loss.

4.7. Efficiency, Losses, and Power Factor
High efficiency is a crucial performance indicator for electric
motors. Figure 19 shows the efficiency map of the FT-HE-
RSPM at a rated current of 15A and a DC bus voltage of 125V.
It can be observed that the maximum efficiency of the FT-HE-
RSPM reaches 92% under rated conditions. As the speed in-
creases, the peak efficiency reaches approximately 94% around
4500 r/min. With a further increase in speed, the efficiency can
achieve 96%. Figure 20 presents the power loss map of the
motor. The maximum power loss is 372.5W under rated op-
erating conditions. In the high-speed region, at 9000 r/min, the
maximum loss is 187W. This reduction in loss and improve-
ment in efficiency are attributed to significant flux leakage in
the high-speed flux-weakening field of the FT-HE-RSPM. The
power factor is another key performance metric, which reflects
the effective utilization of electrical energy during operation.
Figure 21 presents the power-factor map of the motor. Un-
der rated conditions, the motor’s power factor is approximately
0.78. As the speed increases, the power factor gradually rises to
0.98. This improvement is a result of the reverse-salient char-
acteristic achieved in the proposed motor. The increased d-axis
inductance effectively addresses the issue of low power factor
in traditional motors during high-speed operation.
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The analysis of efficiency map data reveals that the motor
achieves 92% efficiency under rated conditions and maintains
high efficiency across low-speed, rated, and high-speed operat-
ing regions. However, analysis of the power factor shows a low
value of approximately 0.78 at the rated condition (1500 r/min,
8.5Nm), which improves significantly as the speed increases.
This initial low power factor is because, at low speeds, the mo-
tor operates with a significant positive d-axis current (id > 0) to
utilize its reverse-salient characteristic for generating positive
reluctance torque, thereby boosting the output torque. The flux-
strengthening current component id increases the total appar-
ent power of the motor, resulting in a lower power factor than
PMSM. Furthermore, the reverse-salient characteristic under-
pins the motor’s excellent flux-weakening capability. At high
speeds during flux-weakening operation, a largerLd means that
the same negative d-axis current generates a greater demagne-
tizing voltage. This allows the motor to achieve high-speed op-
eration with a smaller current penalty, consequently extending
the speed range and enabling a high power factor.

4.8. Mechanical Strength Analysis
To verify the mechanical integrity of the rotor structure, partic-
ularly the magnetic bridges, under all operational conditions,
a stress analysis was performed using finite element analy-
sis. The simulation was conducted at both the rated speed
of 1500 r/min and the high speed of 9000 r/min. The results,
shown in the Figure 22, indicate that the equivalent stress is
26MPa at 1500 r/min and 82MPa at 9000 r/min. The maxi-
mum stress at high speed is located at the inner diameter of the
rotor core and the connection points of magnetic bridges, as ex-
pected. Crucially, both values are well below the yield strength
of the core material DW310_35 (typically > 310MPa). This
provides a safety factor of over 3.78 even at the high speed,
conclusively confirming the structural integrity and safety of
the rotor, including magnetic bridges, under all specified oper-
ational conditions.

5. FAULT-TOLERANT OPERATION ANALYSIS

5.1. Single-Phase Open-Circuit Fault-Tolerant Control Strategy
Under healthy operating conditions, all phases are energized.
The six-phase winding currents are given by Equation (15):

ia = Im sin(ωet)

ib = Im sin(ωet− 60◦)

ic = Im sin(ωet− 120◦)

id = Im sin(ωet− 180◦)

ie = Im sin(ωet− 240◦)

if = Im sin(ωet− 300◦)

(15)

where Im is the amplitude of the phase current, and ωe is the
electrical angular frequency. It can be seen that the armature
windings in the six-phasemotor can be considered as two sets of
three-phase windings with a 180◦ phase shift. Therefore, when
a single-phase open-circuit fault occurs, the analysis method for
a three-phase motor with a single-phase open-circuit fault can

FIGURE 21. Map of power-factor.

be applied. If phase A is open-circuited, one method to main-
tain the rotating magnetomotive force (MMF) is to control the
current amplitude and phase angle in phases C and E. However,
the currents in the remaining five phases remain highly unbal-
anced under this scheme. The second set of stator windings can
be utilized to improve the current distribution.
For a six-phase motor with an open-circuit fault in phase A,

to achieve continued fault-tolerant operation by producing a cir-
cular rotating MMF, the currents in the remaining phases must
be reconfigured [27, 28]. The constraints for generating a cir-
cular rotating MMF are given by Equations (16), (17):

cos (60◦) i′b + cos (120◦) i′c + cos (180◦) i′d
+ cos (240◦) i′e + cos (300◦) i′f = 3Im cos θ (16)
sin (60◦) i′b + sin (120◦) i′c + sin (180◦) i′d
+ sin(240◦)i′e + sin(300◦)i′f = 3Im sin θ (17)

where θ = ωet is the phase angle of the current in healthy op-
eration; i′b, i′c, i′d, i′e and i′f are the modified armature currents
of the other five phases under fault-tolerant operation. From a
phasor perspective, a current phasor can be represented as the
sum of two orthogonal components. Thus, the current for phase
n is assumed to be decomposed as:

In = ixn − jyn = xn cos θ + yn sin θ (18)

By separating the cosine and sine components, normalizing
with respect to Im and substituting into the constraints (16) and
(17), the following four equations are derived:

0.5x2 − 0.5x3 − 1x4 − 0.5x5 + 0.5x6 = 3

0.5y2 − 0.5y3 − 1y4 − 0.5y5 + 0.5y6 = 0

√
3

2
y2 +

√
3

2
y3 + 0y4 −

√
3

2
y5 −

√
3

2
y6 = 3

√
3

2
x2 +

√
3

2
x3 + 0x4 −

√
3

2
x5 −

√
3

2
x6 = 0

(19)

The goal is to find the current In for each phase. To mini-
mize stator copper loss, the current magnitude in each winding
should be equal. This introduces an additional constraint for
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the optimization:

x2n−1 + y2n−1 = x2n + y2n (20)

Since the number of unknowns exceeds the number of equa-
tions, the system has multiple solutions. One set of optimized
compensating currents that satisfies the constraints is given by:

ib = Im sin(θ − 52.1◦)

ic = Im sin(θ − 127.9◦)

id = Im sin(θ + 180◦)

ie = Im sin(θ + 127.9◦)

if = Im sin(θ + 52.1◦)

(21)

It is worth noting that the fundamental principle of maintain-
ing a constant rotating MMF, as employed here for the single-
phase open-circuit fault, is also applicable to the analysis of
other open-circuit fault types (e.g., multi-phase open-circuit).
The method for solving the reconfigured currents remains anal-
ogous to that described in this section, though the specific so-
lutions differ, and their optimal selection requires separate, de-
tailed investigation.

5.2. Fault-Tolerant Operation Analysis
Therefore, when an open-circuit fault occurs in phase A, the
currents in the remaining phases must be reconfigured to main-
tain the principle of a constant rotating magnetomotive force
(MMF). Figure 23 shows the phase current space vectors for
both normal operation and post-fault condition with reconfig-
ured currents. Figure 24 compares the output torque under three

FIGURE 24. Comparison of output torque under different operating
conditions.

operating conditions. Under normal operation, the torque is
8.17Nm with a torque ripple of 5.4%. When an open-circuit
fault occurs in phase A, the output torque under the faulty op-
eration state is 6.96Nm, and the torque ripple increases signif-
icantly to 46.4%. This demonstrates the severe detrimental im-
pact a winding open-circuit fault can have on vehicle operation.
With the reconfigured currents, the output torque under fault-
tolerant operation is 6.90Nm, and the torque ripple is reduced
to 24.7%. Compared to the faulty operation state, the torque rip-
ple in fault-tolerant operation is reduced by 46.4%, validating
the motor’s excellent fault-tolerant capability for open-circuit
operation.
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6. CONCLUSION
To address the limitations of conventional permanent magnet
synchronous motors (PMSMs) in electric vehicle applications,
such as a narrow speed regulation range, weak fault-tolerant
capability, and limited torque output, this paper proposes a
six-phase 12-slot/10-pole fault-tolerant hybrid-excited reverse-
salient permanent magnet motor (FT-HE-RSPM). A rational
design of the magnetic bridge and rotor creates an axial mag-
netic circuit, enabling the regulation of the air-gap flux by con-
trolling the field winding current.
First, the magnetic circuit principle and hybrid excitation

regulation mechanism of the proposed motor are analyzed
through mathematical derivations.
Second, the electromagnetic characteristics are investigated

via finite element analysis (FEA). Regarding flux regulation,
the field winding current enables a wide-range control of the
flux linkage, with a regulation factor reaching 10.6%. In
terms of torque output, benefiting from its excellent flux-
strengthening characteristics, the torque is increased by 9.5%
with a field winding current If = 20A. Combined with its
reverse-salient characteristic, the motor not only meets the
flux-strengthening torque demand under low-speed and high-
load conditions but also achieves flux-weakening speed ex-
pansion under high-speed and light-load conditions. Regard-
ing efficiency and power factor, the efficiency is 92% under
rated conditions and reaches 96% in the high-speed region
(> 4500 r/min). The power factor improves from 0.78 at rated
speed to 0.98 at high speed, effectively mitigating the issue of
low power factor in conventional motors during high-speed op-
eration.
Finally, targeting the common single-phase open-circuit fault

in EVs, the current phases for fault-tolerant operation are re-
configured based on the principle of constant magnetomotive
force (MMF). The results show that with this strategy, the mo-
tor maintains an output torque of 6.90Nm while significantly
reducing the torque ripple to 24.7%. This validates that the pro-
posed fault-tolerant strategy effectively suppresses the impact
of faults on operational stability, ensuring the EV’s short-term
safe operation capability under fault conditions.
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