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Abstract

This paper presents a novel dynamic configuration for ensuring long-term fault-tolerant
operation of three-phase open-end winding induction motors (3P-OEWIM). Conventional
strategies are limited by their inability to sustain performance under multiple simultane-
ous failures, particularly when faults affect both inverters or power sources. To address
these limitations, this study proposes an integrated topology that combines fault-tolerant
techniques from conventional star-connected drives, common DC supply OEWIM, and
separate DC supplies OEWIM configurations. The proposed system dynamically reconfig-
ures its power topology in response to fault conditions, maintaining rated power operation
whenever possible and transitioning to reduced-power or two-phase modes under com-
pound faults. Simulation results demonstrate that the proposed strategy enhances system
resilience against consecutive failures, including combined DC supply and inverter faults.
Integrating these multiple strategies into a single dynamic topology improves operational
continuity, making 3P-OEWIM drives more resilient for critical applications such as electric
vehicles and industrial automation.

Keywords: open-end winding induction motor (OEWIM); fault-tolerant control (FTC);
dynamic reconfiguration; consecutive faults; DC supply faults; inverter switch failure;
zero-sequence current (ZSC); electric vehicles

1. Introduction

Three-phase electric machines, particularly those based on induction motors (IMs)
and permanent magnet synchronous motors (PMSMs), are widely used in industrial,
automotive, and renewable energy applications due to their reliability, efficiency, and
cost-effectiveness. However, these machines are susceptible to various faults, such as open-
phase faults, inverter switch failures, and DC supply faults, which can lead to significant
performance degradation, including torque and speed ripples, increased losses, and even
complete system shutdown. To address these challenges, fault-tolerant control (FIC)
strategies have been developed to ensure continuous and reliable operation under fault
conditions [1-5].

One of the earliest and most influential contributions to fault-tolerant (FT) motor drives
was made by [6], who proposed connecting the neutral point of an IM to the midpoint of the
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DC link voltage. This approach introduced a Zero-Sequence Current (ZSC) path, allowing
the motor to continue operating even after the loss of one inverter leg or motor phase. It
was demonstrated that by increasing the currents in the remaining phases to v/3 times
their original magnitude and phase-shifting them by £30°, the system could maintain
the rotating magnetomotive force (RMMF) and eliminate torque pulsations. This strategy
laid the foundation for modern FTC in IMs [6-9]. Extending this approach, refs. [10,11]
introduced a four-leg inverter topology, where the motor neutral point is connected to an
additional inverter leg. This configuration enabled the system to compensate for the lost
phase and maintain balanced operation with only two stator windings [12].

Similarly, ref. [13] extended the concept of Stator Neutral Point Connection (SNPC)
and proposed an alternative FT strategy known as Stator Phase Connection (SPC) which
enhances system performance by connecting the phase corresponding to the faulty inverter
leg directly to the DC midpoint, ensuring the preservation of three-phase operation.

Building on these foundational topologies, several studies have further refined FTC
strategies for conventional motor drives. Ref. [14] introduced a dynamic strategy that
adapts between three-phase and two-phase operation using a four-leg inverter, reducing
additional losses by 50% compared to continuous two-phase operation. Ref. [15] compared
the three legs-neutral connected to capacitor midpoint (3L-NCM) and three plus one legs-
neutral connected to an additional leg ((3 + 1)L-NAL) configuration, demonstrating that
the (3 + 1)L-NAL topology maintains higher voltage and current capabilities under
fault conditions. Ref. [16] proposed a transformation-matrix-based FTC for PMSMs that
maintains 66.7% of rated power during open-phase faults. Ref. [17] improved controlled
neutral point strategies to minimize torque ripple in PMSM drives under open-phase
faults, while ref. [18] proposed a vector control method based on an Asymmetrical
Current Transformation (CT) that enables the use of conventional control techniques for
open-phase IMs.

In practice, implementing FTC requires fast and accurate fault detection and isolation
(FDI) to identify damaged components before initiating remedial actions. For three-phase
voltage-source inverters, various diagnostic methods have been proposed, including stator
current signature analysis, such as half-wave current evaluation [19-21], Park’s vector
monitoring for open-switch localization [22], and hardware-level desaturation circuits for
fast isolation of short-circuit faults [23]. In addition, model-based observers and machine
learning methods, such as lightweight convolutional neural networks (CNNs), have been
applied to classify faults under variable load and noisy conditions [24-27].

While the aforementioned strategies have significantly improved FTC in conventional
motor drives, they remain confined to single-inverter topologies. Indeed, the emergence of
Open-End Winding (OEW) configurations has introduced a new paradigm in motor drive
design. In OEW configurations, rather than forming a traditional wye or delta topology,
the stator winding terminals are left unconnected and each end is fed by an independent
inverter, offering several advantages over conventional designs.

Compared to traditional Star/Delta and conventional Multilevel Inverter (MLI) topolo-
gies, OEW drives naturally generate multilevel voltage waveforms, achieving low Total
Harmonic Distortion (THD) and superior voltage availability without the structural com-
plexities of traditional MLIs. Unlike Neutral-Point Clamped (NPC) and Flying Capacitor
(FC) converters, OEW drives eliminate neutral-point voltage drift, clamping diodes,
and active capacitor-balancing algorithms, and when operating from a single supply,
they avoid the strict requirement for multiple isolated DC sources typical of Cascaded
H-Bridge (CHB) architectures. These inherent advantages, combined with extensive
switching state flexibility, render OEW induction motor (OEWIM) drives exceptionally
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resilient for high-reliability applications, including electric vehicles and critical industrial
processes [28—41].

OEW motor drive systems are broadly categorized into two configurations: common
DC supply and separate DC supplies. Each configuration offers different trade-offs in
switching flexibility and fault-tolerance capability.

In the common DC supply topology, circulating ZSC presents a major challenge during
normal operation, necessitating active suppression control that reduces the degrees of
freedom for redundant switching vectors. However, this natural ZSC path becomes advan-
tageous during open-switch or open-phase faults, providing an inherent zero-sequence
conduction route without requiring auxiliary hardware or structural modification [42-50].

Conversely, the separate DC supplies topology avoids circulating ZSCs altogether,
eliminating the need for active suppression control. Although this configuration increases
system complexity and cost, independent DC links allow the integration of hybrid energy
storage units and enable asymmetric voltage ratios to synthesize higher voltage levels with
lower harmonic distortion [51-56]. For fault tolerance, this configuration compensates for
both single-inverter failures and DC-source outages by short-circuiting the faulty inverter to
form an artificial neutral point. Nevertheless, this structure suffers from a critical limitation
during complete open-phase faults; due to the absence of a ZSC path, it cannot sustain
operation under two-phase conditions, thereby constraining its overall FT capability.

Similar to conventional single-inverter drives, fault diagnosis in dual-inverter OEW
configurations relies on signal-based, Park’s vector, and observer methods, while address-
ing the structural symmetry between the two converters [57]. Because symmetric switch
pairs on opposing inverters produce similar phase current distortions and zero-sequence
signatures, identifying the exact faulty inverter introduces ambiguity. To resolve this,
active diagnostic techniques have been developed, including high-frequency voltage pulse
injection [58], gate signal reconstruction, and unipolar duty-ratio modulation [57,59,60].
These methods distinguish between the two converters and reliably locate the faulty switch
across the operating range.

To sustain post-fault operation, various FIC strategies have been developed for specific
OEW topologies. For common DC bus OEW drives, research has focused on utilizing
the inherent ZSC path during faults. Early works developed unified modulation and
third-harmonic injection to simplify control under fault conditions [61,62]. For complete
phase losses, ref. [63] implemented resonant controllers to track the fundamental ZSC
while suppressing harmonic circulating currents, and ref. [64] developed single-sensor
current reconstruction to maintain post-fault control in propulsion drives. Under single
switch failures, conventional strategies typically deactivate the entire faulty phase leg
and operate the machine in two-phase mode using the ZSC return path. To avoid this
degradation to two-phase mode, ref. [50] introduced a unipolar modulation strategy that
keeps the healthy switch in the faulty leg operating, while ref. [65] developed an adaptive
zero-sequence current controller to eliminate post-fault torque ripple. On the other hand,
in OEW systems with separate DC sources, fault tolerance relies primarily on neutral-point
formation [66]. This principle is widely adopted in electric vehicle (EV) traction drives
with dual isolated supplies, where refs. [67] and [60] developed post-fault neutral-point
formation strategies using contactor-based isolation and active short-circuit (ASC) gating,
respectively, to sustain propulsion under single-inverter failures. More recently, ref. [68]
proposed an artificial neural network (ANN)-assisted Duty-DTC strategy with external
contactors to minimize post-fault torque ripple, while ref. [69] formulated a software-based
virtual neutral point using a fault-indexed ANN to achieve fault tolerance without auxiliary
isolation contactors. Alternatively, refs. [70,71] explored active space-vector modulation to
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maintain continuous dual-inverter operation without hardware isolation specifically under
single-switch short-circuit conditions.

Despite these advancements in OEW fault tolerance, both configurations still face
significant limitations. In common DC supply drives, several operational challenges
remain. First, during healthy operation, active suppression of circulating ZSC is required,
which reduces switching flexibility. Second, under a single switch failure, conventional
strategies conservatively treat the fault as a complete phase outage, unnecessarily forcing
the drive into two-phase operation, which severely restricts torque capability to 57.7% and
increases conduction losses. Third, although recent unipolar modulation strategies avoid
this over-isolation, they still experience derated power capability and require continuous
zero-sequence regulation. Most critically, because both inverters share a single DC link, this
topology provides no supply redundancy and cannot compensate for DC supply failures.

In separate DC supplies OEW drives, different limitations arise. First, the absence
of a natural ZSC path prevents operation under complete open-phase faults. Second,
neutral-point formation isolates the DC supply connected to the faulty inverter, reducing
the available voltage and output power by half. Furthermore, this approach fails when
faults affect both upper and lower switches, as neither switch group can be entirely closed
to form the neutral point. Third, active modulation methods that avoid inverter isolation
are restricted only to single-switch short circuits and suffer from reduced voltage utilization,
which limits the achievable operating speed.

Additionally, most existing FTC methods address only single inverter faults. They
cannot handle consecutive failures across both inverters, nor can they operate when a DC
supply fails on one side while an inverter fails on the opposite side.

To overcome these limitations, this work proposes a new dynamic topology for an
advanced long-term FTC of 3P-OEWIM that integrates the strengths of three existing
FT strategies:

e  FTC for conventional star IM.
e  FTC for common DC supply OEWIM.
e  FTC for separate DC supplies OEWIM.

By integrating multiple established FT topologies, the proposed strategy aims to:

1.  Maintain Rated Power: Ensure the motor operates at its rated power level as much as
possible, even under multiple switch failures occurring at the same level (upper or
lower) or across different levels.

2. Enhance Fault Tolerance: Provide resilience against a wide range of faults, including:

¢ Switch failures (open-circuit and short-circuit).

*  Open-phase faults.

¢ DC supply failures.
3. Handle Sequential Faults: Manage complex consecutive failure scenarios, such as:

*  Multiple inverter switch failures, encompassing faults from both inverters, rather

than just a single inverter.

¢ Combined DC supply and inverter failures.
4.  Isolate Critical Faults: Effectively isolate severe faults, such as two switches in the

same inverter leg being short-circuited, preventing catastrophic failure.

Accordingly, this study hypothesizes that integrating multiple FTC strategies, specifi-

cally for conventional star 3P-IM, 3P-OEWIM with a common DC supply, and 3P-OEWIM
with separate DC supplies, will result in a significantly improved FT capability compared
to existing standalone methods. Simulation results and performance analysis under diverse
fault scenarios demonstrate this improvement.
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The remainder of this paper is organized as follows: Section 2 presents the modeling
of 3P-OEWIM. Section 3 discusses FTC strategies for the 3P-OEWIM, beginning with the
conventional 3P-IM and then addressing the OEWIM configuration under both separate
and common DC supply configurations. This section also introduces the proposed dynamic
topology. Section 4 presents the simulation results, quantitative benchmark comparisons,
and discussion to validate the effectiveness of the proposed approach. Finally, Section 5
concludes the paper.

2. Three-Phase OEWIM Modelling

The three-phase open-end winding induction motor (3P-OEWIM) drive is established
by opening the stator neutral connection and feeding the stator windings from both ends
using two two-level voltage source inverters. This arrangement is implemented in two
primary DC-link configurations, as illustrated in Figure 1:

*  Dual-inverter OEWIM with separate isolated DC supplies (Figure 1a), which em-
ploys an independent DC source for each inverter, providing galvanic isolation and
eliminating zero-sequence circulating currents.

*  Dual-inverter OEWIM with a common DC supply (Figure 1b), which utilizes a single
shared DC source across both inverters, reducing source hardware while creating a
path for zero-sequence currents.

The mathematical model of the healthy 3P-OEWIM is developed in both the abc and a3
reference frames.

Vdcl] +
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Figure 1. Dual two-level inverter-fed open-end winding induction motor (OEWIM) configurations:
(a) with separate isolated DC supplies; (b) with a common DC supply.
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2.1. Voltage Equations in the abc Frame
The stator voltage vector in the abc reference frame is expressed as:
Uas
Oabe,s = | Ups (1)
Ucs

For the OEW configuration, the effective stator voltage is the difference between the
voltages of the two inverters:

Oabe,s = Yinvl — Vinv2 )
where
Vg1 Va2
Vinol = |Op1 |, Vino2 = |Up2 3)
U1 U2

The voltage equations of the stator and rotor are given by:

, Ay,

Ogbe,s = Rslabc,s + ;tc,s (4)
, A,

Ogbe,r = erabc,r + ;tc,r (5)

where iy = [ias, ips, ics]T is the stator current vector, lgber = liars Iprs ie;]T is the rotor
current vector, Rs and R, are the stator and rotor resistances, respectively, and A, and
Aapcr denote the stator and rotor flux linkage vectors.

2.2. Flux Linkage Relations

The general flux linkage relationships can be written as:

)\ahc,s . Lss Lsr iabc,s ( 6)
)\ubc,r Lys Ly iubc,r
where the 3 x 3 stator and rotor inductance matrices are defined as:

Lss = LsIS + Ms]3/ Ly = LrIB + Mr]?,/ Lsr = L;Ts = LmI3 (7)

where Lgs and L, denote the 3 x 3 stator and rotor inductance matrices, respectively.
Here, I3 is the 3 x 3 identity matrix, J3 is a 3 x 3 matrix of ones, Ls and L, denote the
phase self-inductances of the stator and rotor, Ms and M, represent the inter-phase mutual
inductances, and L;, is the magnetizing inductance.

2.3. Clarke Transformation (abc — )

To simplify the analysis, the three-phase quantities are transformed into the stationary
«p reference frame using the Clarke transformation matrix:

1
K_Z[
310

ﬁ] ®)

|
NS e
N|—=
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Any three-phase vector X, = [Xq, X}, xc]T is transformed as:
Xop = Kxgpe )
Thus, the stator voltages, currents, and flux linkages in the a8 frame are given by:
Oap = Kvgpes,  tap = Kigpes,  Aup = KAapess (10)
For the OEW motor, the equivalent voltage becomes:
Uap = Uap1 — Vap2 (11)

2.4. Voltage Equations in the a5 Frame

In the stationary two-axis « frame, the voltage equations are expressed as:

V4 i d /\a]
=Rs|. | ++ (12)
|“05] ig dt )\ﬁ
or, equivalently, in vector form:
, A
Uup = Reiap + 710 (13)

2.5. Electromagnetic Torque

The electromagnetic torque is expressed in the a§ reference frame as:
T, = gP(/\aiﬁ — Apia) (14)
where P is the number of pole pairs.
2.6. Mechanical Dynamics
dw,

]dt

where |—rotor inertia, F—viscous friction coefficient, w,—rotor angular speed,

+Fw,=T,—T; (15)

T;—load torque.

2.7. Inverter Switching States

In dual-inverter OEWIM configurations with either separate DC supplies or a common
DC supply, as shown in Figure 1, the switching states of the twelve switches theoretically
permit 64 possible configurations. However, because of inherent system redundancies,
many of these states produce identical voltage space vectors. As a result, the system
effectively generates only 18 distinct active voltage vectors, along with a single null vector,
as illustrated in Figure 2.
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Figure 2. SVPWM diagram of the dual two-level inverter-fed OEWIM.

3. Fault-Tolerant Control of 3P-OEWIM

FTC in three-phase IM (3P-IM) systems is strongly dependent on the converter topology
and the available redundancy within the power stage. The nature of fault response differs
between conventional 3P-IM structures and OEWIM configurations, particularly in terms
of inverter interaction and DC-link utilization.

Different OEWIM configurations exhibit distinct fault management capabilities. In
particular, systems with separate DC supplies and those with a common DC supply provide
different degrees of flexibility for neutral point formation and post-fault reconfiguration.

3.1. FTC for the Conventional Three-Phase IM

FTC in conventional star-connected 3P-IM systems is commonly implemented by con-
necting the motor neutral point to a controlled bridge (four-leg inverter). This approach is
particularly effective in mitigating the effects of open-phase faults, a common failure mode
in inverter-fed drives. An open-phase fault, where one of the three motor phases becomes
open-circuited, disrupts the balanced three-phase current flow. Similarly, an open-circuited
switch in the inverter can also be considered an open-phase fault and use this technique to
mitigate its effects, ensuring continued operation with minimal performance loss.

Without a neutral connection, the current is forced to flow only through the two re-
maining healthy phases, resulting in identical currents in these windings. This effectively
transforms the three-phase motor into a single-phase system with two windings in series,
eliminating the necessary phase difference for a RMMF. This leads to a pulsating magnetic
field instead, causing significant torque pulsations, mechanical vibrations, noise, and a
reduction in average torque. The current imbalance also increases losses in the remaining
two phases, leading to overheating.
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Connecting the motor neutral point to a fourth leg provides a robust solution to these
problems. This configuration allows for controlled injection of current into the neutral point,
enabling dynamic current redistribution and mitigating the effects of the open-phase fault.

The fundamental concept of this post-fault control is based on managing the ma-
chine stator flux, denoted as A, ;. The total flux within each stator phase consists of
two primary components:

*  Flux generated by the stator currents: Ay, s(is).
*  Fluxinduced by the rotor currents: A5 (ir).

/\abc,s = )‘abc,s (ZS) + Aabc,s (Zr) (16)

Since the rotor currents in a squirrel-cage IM cannot be directly accessed, maintaining
the rotor flux linkage requires precise control of the stator currents. Consequently, an
effective fault-tolerant strategy ensures that the post-fault stator flux linkage matches
healthy operating conditions, thereby stabilizing motor performance.

Using the superposition principle, the portion of the flux that is generated by the stator
currents can be expressed using the stator inductance matrix L as:

)\abc,s(is) = Lssiubc,s = (LSIS + Ms]?))iabc,s (17)

where the stator phase self-inductance Ls and inter-phase mutual inductance M; are defined
in terms of the stator leakage inductance L;; and magnetizing inductance L, as:

3 1
Ls =L+ ELm' M = _ELm (18)

Applying the Clarke transformation, the stator flux components in the aS-reference
frame can be rewritten in terms of the stator currents as:

. igs — lps — 1 . Ips — 1
/\as(ls) = LS%/ )\ﬁs(ls) = Ls% (19)

Assuming that phase a is the faulted phase, it becomes open-circuited, making its
current zero (i;s = 0). Under this condition, the flux linkage equations take the form:

X fps +lcs & . Ips — 1,
Alxs(ls):*LS%r /\ﬁs(ls):Ls bs\/gcs

(20)

where ” represents post-fault values.
To maintain the same flux as in the healthy condition, the above equation must match
the pre-fault case. This leads to the following expressions for the post-fault phase currents:

Z.bs = 2ibs +is = ihs — igs, ics = ihs + 25 = ics - ius (21)

These equations demonstrate that after a fault, the remaining two-phases currents
become /3 times larger than in normal operation and shift their phase by 60°, allowing the
machine to function in two-phase mode while preserving torque generation.

By substituting the modified post-fault currents into the flux equations, the new stator
flux expression for the faulted motor is:

/\abc,s = )\abc,s - Llsitzs (22)

Substituting these equations into the general voltage equation results in the post-fault
stator voltage equations:
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. d\. .
Oabe,s = Uabe,s — (RS + Lys dt) Las,  Ogbe,r = Oabe,r (23)

The stator voltages in the faulted condition remain equal to those in the healthy case,
with an additional compensation term to account for the missing phase current.
Additionally, the voltage at the neutral point can be expressed as:

. d,
Uza = Ugs — Egs = Rsigs + Llsﬁlas (24)

where v, is the voltage at the neutral point and E;s; denotes the back electromotive force
(back-EMF) induced in phase a.

The post-fault control strategy relies on modifying the magnitude and phase shift of
the two remaining phase currents to maintain a constant machine flux. This two-phase
operation mode requires a ZSC path to balance the system, where current redistribu-
tion is directly linked to adjusting the neutral point voltage and regulating the active
phase voltages. Consequently, torque continuity is preserved with minimal performance
degradation [14,15].

The system consists of a three-phase inverter and an auxiliary bridge, which includes a
pair of switches connected to the neutral point and the positive and negative poles of the
DC supply, as shown in Figure 3.

9]
R\

G o« o B

Vdc | + B C Lone

P .. o
FEE I

Figure 3. The (3 + 1)L-NAL fault-tolerant topology with controlled neutral point.

e

wn
oe]

Consequently, the system is reconfigured such that the two active phases of the motor
are controlled by three inverter legs. In a two-phase framework, a single open switch is
treated as an open-phase fault. Alternatively, this configuration can be operated within a
three-phase framework, where a single open switch is not classified as a full phase loss;
instead, the system is divided into faulty and healthy conduction paths based on the current
direction in the affected inverter arm [14].

3.2. FTC for the OEWIM

In OEWIM systems, fault-tolerant operation depends on the DC-link arrangement,
which determines the available post-fault reconfiguration strategy.

3.2.1. FTC in OEWIM with Separate DC Supplies

In the OEWIM configuration fed by two separate DC sources, each inverter indepen-
dently supplies one side of the stator windings. If an open-circuit or short-circuit fault
occurs in any inverter switch, the system reconfigures using the remaining healthy switches
to form a neutral point, effectively transforming the machine into a conventional star-
connected motor. This is achieved by closing either all three upper or all three lower
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switches to generate the zero voltage vectors (111) or (000). Consequently, the voltage
supplied to the windings is derived from only one active inverter.

Under this fault scenario, the available output power is reduced to half of the rated
capacity. Asillustrated by the red lines in Figure 4, the Space Vector Pulse Width Modulation
(SVPWM) control transitions to that of a conventional two-level inverter operating with
a single DC supply. This reconfiguration strategy can also be deployed if one of the DC
supplies fails; by shutting down the corresponding inverter and utilizing it as a neutral
point, the system ensures operational continuity and fault-tolerant capability, albeit at a
reduced power level.
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Figure 4. SVPWM diagram under FTC for OEWIM with separate DC supplies.
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3.2.2. FTC in OEWIM with Common DC Supply

In this configuration, both inverters are connected to a single DC source through a
common DC link, where fault-tolerant operation is facilitated by a ZSC path without
requiring auxiliary hardware. If the system experiences an open-circuit fault in either a
switch or an entire phase, it remains capable of generating an RMMF utilizing the remaining
two healthy phases.

Under this scenario, the SVPWM transitions to a two-phase system. If phase c becomes
open-circuited, all voltage vectors containing a switching state of ‘1’ for phase c are effec-
tively reduced to ‘0". Figure 5 illustrates the newly available voltage vectors (highlighted by
the red lines) under a phase c open-circuit fault. Consequently, this asymmetrical configura-
tion necessitates a modified rotational coordinate system to successfully obtain decoupled
voltages in the d-g axis equations.
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Figure 5. SVPWM diagram under FTC for OEWIM with a common DC supply.

3.3. The Proposed Dynamic Topology

The proposed dynamic topology integrates three FT configurations into a unified recon-

figurable architecture: the neutral-point-controlled star connection, single-inverter opera-

tion with separate DC supplies, and two-phase ZSC-based operation under a common DC

bus. As faults accumulate, the system sequentially activates the appropriate reconfiguration

mechanism, transitioning between these configurations to maintain continuous operation.

Figure 6 illustrates the proposed dynamic topology for the OEWIM system. The key

components of this architecture are:

Dual Inverters: Two independent inverters are connected to both ends of the motor
stator windings. In this arrangement, each inverter is powered by a separate DC
supply, conforming to the conventional OEWIM configuration to ensure a balanced
power distribution across the machine.

SPDT Switches: The architecture incorporates two Single-Pole Double-Throw (SPDT)
switches positioned between the two DC power sources. These switches facilitate
dynamic power management by enabling controllable power flow regulation between
the DC supplies under varying demands, while concurrently providing electrical
isolation for a faulty DC source in the event of a malfunction.

Auxiliary Switches: Four auxiliary switches are integrated into the network to intro-
duce additional degrees of freedom for reconfiguration. These devices enable rapid
adaptation of the power routing under diverse operating conditions, thereby ensuring
uninterrupted system operation.
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Figure 6. The proposed dynamic fault-tolerant topology for 3P-OEWIM.

3.3.1. Healthy Mode

Under healthy operating conditions, the proposed OEWIM architecture functions in its

optimal state with all network components in their default configurations. The operational

status of the system in this mode is defined as follows:

Power Distribution: Each inverter is independently energized by its respective sep-
arate DC supply, thereby delivering balanced voltage and current profiles to the
stator windings. The dual-inverter scheme operates symmetrically to satisfy the load
demand while ensuring stable electromechanical performance.

SPDT Switches: The SPDT switches remain in their default positions, establishing
a direct connection between each DC supply and its corresponding inverter. This
topology guarantees uninterrupted power transfer during conventional operation.
Auxiliary Switches: The auxiliary switches S3 and S, are set to their default open
states, whereas S5 and Sg are maintained in their default closed states. This switching
configuration preserves the standard power routing path, ensuring that S3 and Sy4
remain disengaged until a fault condition is detected.

System Performance: The machine operates within a conventional OEW configuration
fed by isolated DC sources, which inherently eliminates ZSC circulation and enables
multilevel voltage waveform generation. This topology also accommodates hybrid
energy storage integration, facilitating flexible power management between the inde-
pendent DC sources while maintaining high efficiency and minimal switching losses.

3.3.2. Faulty Mode

The faulty mode operation is categorized into three main types: inverter faults, DC

supply faults, and the simultaneous occurrence of both.

1.

Inverter Faults:
Inverter faults are divided into two categories: faults from a single inverter and faults
from both inverters.
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Faults from a Single Inverter: Faults from a single inverter may occur at the

switch level, manifesting as either open-circuit or short-circuit conditions. The

core idea in correcting this fault is to form a neutral point using the faulty

inverter and connect the two DC supplies in series, allowing the motor to revert

to a conventional star configuration with its rated power.

To form the neutral point from the faulty inverter, the fault can be categorized

into two types:

i

ii.

Faults involving a single switch or multiple switches from the same level:
For open-circuit faults affecting one or multiple switches at the same
inverter level (e.g., the upper level), the remaining healthy switches of
the same level are opened, while all three switches of the opposite level
are closed to establish the neutral point.

For short-circuit faults affecting one or multiple switches at the upper
level, all remaining healthy switches of the same level are closed, while
all three switches of the opposite level are opened to isolate the faulted
branch and reconfigure the neutral point.

To enable series connection of the two DC supplies, SPDT; and SPDT,
switches are employed. In addition, two auxiliary switches are used to
connect the remaining inverter to the DC supplies. This configuration
enables the maintenance of rated power even under multiple switch
fault conditions, including open- and short-circuit faults. For illustration,
under an open-circuit fault affecting S;;, switches Sy4, So5, and Sy are
closed to form the neutral point, while SPDT; and SPDT; are configured
to connect the two DC supplies in series, as shown in Figure 7.

When multiple switches at the same level fail under open-circuit condi-
tions without simultaneous failure of all devices, an enhanced reconfig-
uration can be established, ensuring continued operation and extended
fault tolerance to the second inverter. For example, if switches Sy; and
Syp fail while Sp3 remains operational, the switches associated with
Sz1 and Sy (i-e., Sp4 and Sps) are turned ON, followed by the simul-
taneous closing of Sy3 and Sy, even though they belong to the same
inverter leg. The risk of a DC supply short circuit is eliminated, as
the corresponding DC source is disconnected from the faulty inverter
and reconfigured in series with the second DC supply. In this case,
switches 53 and S¢ are used to control the neutral point, resulting in
an equivalent (3 + 1)L-NAL configuration. The system then operates
as a conventional star-connected IM with a controlled neutral point,
ensuring continued operation under faults affecting the second inverter,
as shown in Figure 8.

Switches Fail at Different Levels:

When two or more switches at different inverter levels are affected by
open- or short-circuit faults, the neutral point can still be established
by reconfiguring a single inverter leg into a fully conducting state. For
example, if S14, S13, and Sy are short-circuited, S1; and Sy5 are opened,
while Sy4 is closed. This configuration forces one inverter leg into a
fully conducting state, ensuring continued system operation and proper
formation of the neutral point, as illustrated in Figure 9.

In the case of open-circuit faults affecting two switches at different
levels (one from the upper level and the other from the lower level),
the corresponding switches within each affected leg are closed, while
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all switches of the healthy leg are also closed to re-establish the neutral
point and preserve the original star-connected operating mode with
a controlled neutral connection. For example, if S1; and Si5 become
open-circuited, the corrective approach is to close S14 and Sip, as well
as both S13 and Sy, to establish the neutral point. Additionally, SPDT
ensures the isolation of the faulty DC supply from the circuit, preventing
short-circuit issues when two switches from the same leg are closed
and ensuring the safe formation of the neutral point. The system now
uses S5 and S4 to control the neutral point voltage as illustrated in
Figures 9 and 10.

If two switches in the same inverter leg are affected by a short-circuit
fault, the neutral point can still be established by utilizing the faulted
leg as the neutral connection. This is achieved by isolating the affected
leg from the DC supply using the corresponding SPDT switch and
reconfiguring the remaining healthy legs.

The resulting configuration is equivalent to a star-connected IM with a
controlled neutral point, as illustrated in Figure 10, while maintaining
rated power operation.
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Figure 7. Open-circuit fault in two switches at the same level of a single inverter.
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Figure 8. Equivalent star configuration under open-circuit fault in two switches at the same level.
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In these cases, the system is reconfigured into a conventional three-phase star-
connected two-level inverter structure, where the SVPWM strategy is adapted
from a three-level to a two-level modulation scheme. This reconfiguration is
achieved while maintaining rated power operation, as the two DC supplies
are connected in series, ensuring the preservation of both rated voltage and
current levels. The faulty inverter is short-circuited and clamped, while the
healthy inverter supplies the required output voltage. In this configuration, the
SVPWM hexagon maintains the same size as the larger hexagon associated with
the three-level operating mode.

Faults from both inverters:

If faults occur in both inverters, the neutral point can still be established by
applying the same FT strategies described previously. When a fault occurs in
one inverter, the system reconfigures to form the neutral point, which is then
connected to an alternative leg and operated under a new FTC strategy, while
maintaining the capability to accommodate subsequent faults in the second
inverter. In certain scenarios, the system may be required to transition to a two-
phase operating mode. In this case, the IM operates as a two-phase machine,
utilizing only two healthy phases to preserve functionality while maintaining
fault tolerance.

In the two-phase mode, there are two possible configurations:

i Conventional Star IM with Controlled Neutral Point.

ii. OEWIM Two-Phase Motor.

The first configuration, a conventional star IM with a controlled neutral point,
is shown in Figures 11 and 12. This setup allows the motor to operate effi-

ciently in two-phase mode while maintaining control over the neutral point for
enhanced FT.
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Figure 9. Open-circuit fault in two switches at different levels of a single inverter.

https://doi.org/10.3390/machines14101173


https://doi.org/10.3390/machines14101173

Machines 2026, 14, 1173

17 of 43

s21 22 Si% ~ 545{3
=T
S24T S25T  S26 S4

Figure 10. FT configuration when two switches from different levels fail.
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Figure 11. Open-circuit fault in both switches of the same leg in a single inverter.
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Figure 12. Equivalent star configuration under open-circuit fault in both switches of the same leg.
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In the OEW two-phase configuration, there are two possible setups:

i With Two DC Supplies in Parallel: This configuration connects the DC
supplies in parallel to provide a balanced power distribution to the
two-phase system, as presented in [66] and shown in Figures 13 and 14.

ii. With a Common DC Supply: This setup connects both inverters to a
single DC supply, providing a ZSC path, as illustrated in Figure 15.

Inverter 1
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Figure 13. OEWIM two-phase operation mode with two DC supplies connected in parallel.
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Figure 14. OEWIM two-phase operation mode with a common DC supply.

In summary, the proposed FTC strategy addresses inverter faults by organizing

the reconfigured operating modes based on fault severity as follows:

¢  Maintaining the Three-Phase System with Rated Power: The system re-
mains in three-phase operation with a new FT configuration, ready to
handle additional faults.

¢  Transitioning to Two-Phase Mode: This occurs in specific cases, such as:

- Two open-circuit switches from the same leg.
- An open-phase fault, where one phase becomes completely disconnected.
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In certain cases, such as an open-circuit switch in the remaining inverter as
a second fault, the system can alternate between three-phase and two-phase
operation [14].

In the two-phase mode, there are three possible FT configurations: Two config-
urations in OEW configurations, and one in the normal star configuration.

In the case of a DC supply failure, the OEW configuration can be maintained by
reconfiguring the DC-link structure through SPDT switches. The faulty DC source is
isolated, while the corresponding inverter is reconnected to the healthy DC supply to

For example, if DC; fails, it is disconnected using SPDT,. Subsequently, auxiliary
switches S3 and Sy are closed to connect Inverter 2 to DCy, ensuring continuity of the
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2. DC Supply Faults:
preserve system operation.
three-level OEW operation, as illustrated in Figure 15.
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Figure 15. FT configuration for a DC supply fault.

This configuration corresponds to the OEW topology with a common DC supply. In
this case, the voltage amplitude is inherently limited by the single available DC source;
however, the three-level voltage waveform characteristics are preserved. Unlike the
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