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ABSTRACT: High reliability and stability are essential for drive systems in intelligent inspection robots used in the power industry. To
meet this requirement, this study investigates dual three-phase synchronous reluctance motors and proposes a five-leg fault-tolerant
drive strategy based on directtorque control (DTC). Unlike conventional dimension-reduction coordinate transformation methods that
require isolating the faulty phase, which often leads to degraded system performance, the proposed approach introduces a bridge-arm
sharing technique. By electrically coupling the faulty phase with a healthy phase, the spatial voltage vector distribution was reconstructed,
enabling the reutilization of the faulty phase windings. Under single-phase fault conditions, the method effectively synthesizes the missing
voltage vectors, preserves a circular flux linkage trajectory in the -3 subspace, suppresses the 5th and 7th harmonics, and improves the
current waveform quality. Simulation results verify that the strategy delivers superior harmonic suppression, reduced torque ripple, and
enhanced system reliability, offering a novel technical pathway for fault-tolerant control of multiphase motors with strong potential for

engineering applications.

1. INTRODUCTION

ith the rapid development of new-generation power sys-

tems, intelligent inspection robots have been widely de-
ployed and become essential for maintaining stable grid oper-
ation [1]. The reliability of electricdrive systems is therefore
of great importance, as failures in a drive stage may compro-
mise inspection safety and operational efficiency [2]. In prac-
tice, inverter malfunctions as well as winding circuits and short-
circuits occur frequently, posing risks to both the robot and
power infrastructure [3]. Consequently, motor fault-tolerant
control strategies capable of maintaining basic functionality un-
der abnormal conditions are required, and such strategies are of
significant theoretical and practical value [4].

Dual three-phase synchronous reluctance motors (SynRMs)
have emerged as the preferred choice for high-reliability ap-
plications owing to their simple structure, high torque den-
sity, and low losses [5]. Compared to conventional three-phase
machines, their inherent phase redundancy and abundant spa-
tial voltage vector resources enable continued operation under
single- or multi-phase faults through appropriate control strate-
gies, thereby significantly enhancing fault tolerance and system
reliability [6].

Field-oriented decoupling control combined with space vec-
tor modulation is widely adopted to enhance the steady-state
performance of dual three-phase machines. However, as high-
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lighted in studies examining the implementation of such control
frameworks [7-9], multiple proportional-integral (PI) regula-
tors are typically required to attenuate electromagnetic torque
ripple and suppress harmonic currents. This reliance on nu-
merous PI loops results in substantial parameter-tuning effort
and necessitates real-time equation solving to compute the ref-
erence voltage vectors, thereby imposing a considerable com-
putational burden. To address these limitations, direct torque
control (DTC) was extended to multiphase permanent-magnet
machines in [10-12]. Although DTC preserves its characteris-
tic advantages of rapid torque response and strong robustness,
these works also indicated that the inherent multidimensional
subspace structure of multiphase machines was not fully uti-
lized, leading to significant harmonic currents. Furthermore,
[13, 14] introduced quasi-proportional-resonant (PR) regulators
to achieve zero-steady-state-error tracking of specific harmonic
current components, thereby mitigating current harmonics. De-
spite being effective in harmonic suppression, the incorpora-
tion of multiple resonant controllers inevitably increases the
complexity of the overall control architecture. In [15,16], a
DTC scheme employing a T-type three-level inverter for dual
three-phase permanent-magnet machines was proposed. These
studies demonstrated that low-order harmonics can be effec-
tively suppressed through harmonic closed-loop control; how-
ever, the increased number of phases inherently complicates
both the system architecture and associated control algorithms.
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Although direct torque control strategies have been contin-
uously refined, research efforts have also been extended to the
field of fault-tolerant control to enhance machine reliability un-
der fault conditions. In [17, 18], mathematical models of dual
three-phase machines under different fault scenarios were es-
tablished, and corresponding vector control and PWM strate-
gies were proposed, laying the foundation for fault-tolerant
operation under open-phase conditions. In [19], mathemat-
ical models for open-phase faults with various neutral-point
connections were derived, and fault-tolerant current references
were obtained by solving optimization problems constrained
by minimizing stator copper loss. These approaches are pri-
marily based on the principle of constant magnetomotive force
(MMF). In [20], a conventional decoupling transformation ma-
trix was employed, and two optimized current operation modes
— minimum stator copper loss and maximum torque output —
were analyzed. In[21, 22], the principle of instantaneous power
invariance was adopted to realize fault-tolerant control schemes
targeting stator copper loss minimization, thereby further im-
proving machine performance under fault conditions.

In summary, although various conventional control methods
and fault-tolerant strategies have been proposed for dual three-
phase machines, several challenges remain. Harmonic suppres-
sion is often insufficient; control architectures are generally
complex; and performance optimization under fault conditions
is still limited. Therefore, a novel control strategy is required
to simultaneously enhance harmonic suppression, simplify the
overall architecture, and improve fault-tolerant performance.

To address these issues, a fault-tolerant control strategy for
SynRMs based on a five-leg inverter topology was proposed.
Bridge-arm sharing is employed so that the faulty-phase wind-
ings can still participate in the operation under open-phase con-
ditions. In this way, fault-tolerant control is achieved, harmonic
distortion effectively suppressed, and the overall system perfor-
mance improved.

The main contributions of this paper are threefold:

1) A fault-tolerant control strategy was proposed for dual
three-phase SynRMs using a five-leg inverter, enabling
the continued operation of faulty-phase windings via
bridge-arm sharing.

2) Voltage vector distribution and fault-tolerant synthesis
were analyzed using a novel method that exploits extra de-
grees of freedom for efficient control in both healthy and

faulty conditions.

3) The simulation results demonstrate superior flux trajec-
tory preservation and reduced torque ripple, confirming
the enhanced system performance over conventional ap-

proaches.

2. DIRECT TORQUE CONTROL WITH A HARMONIC
SUPPRESSION SWITCHING TABLE

The electromechanical energy conversion of the dual three-
phase SynRMs is confined to the -3 subspace [23]. Therefore,
the DTC strategy can be derived from conventional three-phase
machines. At the base speed and below, the torque and flux
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states are determined using hysteresis comparators. Combined
with the sector number, the appropriate space voltage vector
was selected from a predefined switching table. Thus, the con-
trol is performed in a two-phase stationary reference frame,
eliminating the need for trigonometric calculations. Based
on the mathematical model, the flux linkage, electromagnetic
torque, and harmonic current equations can be formulated.

ws = f (Us - Rsis)dt

T = 3py (iaths — iptha) = 22228 sinb(t) W
Vz1 _ iz d iz ’

] -m ]l

The stator resistance R of the dual three-phase SynRMs is
relatively small and can therefore be neglected. The variation
rates of flux linkage and electromagnetic torque are obtained by
differentiating and discretizing the first two equations in (1),

A

{ ar

where T; denotes the control period, and ¢ represents the torque
angle.

From Eq. (2), the magnitude of the stator flux linkage |¥|
can be approximated as the integral of the stator voltage over
time. In practice, the control period 7§ is extremely small. Con-
sequently, the variation rate of || is proportional to the pro-
jection of the applied voltage vector in the direction of ¥g. A
longer projection led to a faster flux response. In DTC, |¥| is
typically regulated to a constant reference value, whereas elec-
tromagnetic torque is determined by the angle § between the
stator and rotor flux linkages. The variation rate of the torque
increased with the length of the voltage vector projection in the
orthogonal direction, resulting in a faster torque response.

The DTC system of the dual three-phase SynRMs includes
sector identification, flux estimation, torque calculation, and
switching table design. The overall control block diagram is
shown in Fig. 1.

= UsTs
_ 3pntsTicosd :
= i WAV

2

v+
£ S}

- Sinc Dual- hual <
| Hysteresis D17 : F e
¥ el three- three-
3 7| Comparator | rhase phase
Speed wo | I . (B o ph Ll p
Sensor W, N 7| lnverters Svnlihy
[/ Sector
Judgment
¥ A
i Vuoltage
Observer . M Estimation
of Torque
T I};tj:e Iy Coordinate | Tesc
48 i, transtorma- |

f1on .

FIGURE 1. Direct torque control for the dual three-phase SynRMs.

To suppress low-order harmonics in the dual three-phase
SynRMs and enhance the dynamic performance of the
torque and flux linkage, 12 low-harmonic voltage vectors are
employed to replace the original 12 large vectors [24]. A
harmonic-suppression switching table was designed, as shown
in Table 1. When selecting the control vectors, the criterion of
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TABLE 1. Harmonic-suppression switching table.

So S S, S3 Sy Ss

DF — 1 DT =1 M, M; My, Ms M M;
DT=-1 My M, M M, M; M,

DF — 0 DT =1 Ms M M, Mg My Mo
DT=-1 Ms My Mo My Mpn M

Sé S, Ss So S Sn

DF — 1 DT =1 My My My Mn Mp M
DT=-1 M; M¢ M5 Mg My Mo

DF — 0 DT =1 My My, M, M, M; M,
DT=-1 M, M; M, M M M,

achieving fast responses in both the torque and flux linkage is
adopted instead of solely pursuing the fastest torque response,
as in conventional DTC.

An example of sector Sy is shown in Fig. 2. When both the
torque and flux linkage must be increased (DT = DF = 1), three
candidate vectors, M, M,, M3, can be selected. The analysis
shows that M provides the fastest flux response but the slow-
est torque response, whereas M3 achieves the opposite. The re-
sponse of M, lies between M, and Mj3. In conventional DTC,
Mj is preferentially selected. However, because the synthe-
sized vector of M3 contains components that cannot simultane-
ously increase both torque and flux, M, is chosen as the con-
trol vector instead. Vector M, is synthesized from V5, V), and
V37, enabling the simultaneous enhancement of torque and flux
while achieving high utilization of the space voltage vectors.

M;

M,

Ms

So Ms

M;
My

My

Mo

FIGURE 2. Analysis of low-harmonic vector control performance.

The control effects of the voltage vectors under different op-
erating conditions across 12 sectors were analyzed. Finally, a
harmonic-suppression switching table is obtained. This method
preserves the advantages of conventional DTC, such as a low
computational burden and simple implementation, while effec-
tively reducing the system switching frequency and maintain-
ing symmetric output waveforms.

3. ARCHITECTURE AND PRINCIPLES OF FAULT-
TOLERANT DRIVE SYSTEMS

Faults such as short circuits and open circuits in the dual three-
phase SynRMs can be isolated through the PWM control of the
corresponding single-phase inverter. As a result, these faults
can be uniformly transformed into open-phase faults [25], and
fault-tolerant control is therefore mainly focused on the inverter
open-phase conditions. Because the characteristics of open-
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FIGURE 3. Main circuit configuration of the dual three-phase SynRMs
under an open-circuit fault in phase F.

phase faults are similar across all phases, the case of an open
fault in phase F was considered as an example in this study.
The main circuit configuration for the single-phase open-circuit
fault is shown in Fig. 3.

When an open-circuit fault occurs in phase F, the relationship
between the phase voltages of the remaining five phases and
their corresponding voltages is given by:

=

c

upA = upo — uN10o = (25A — 1) 5= — unio
up = upo — unio = (255 — 1) & — unio
uc = uco — unio = (2S¢ — 1) % —unio - (3)
up = upo — unz0 = (25p — 1) % — unoo
ug = upo — un2o0 = (25 — 1) % — unao

where ua, ug, uc, up, and ug denote the phase voltages of the
five remaining phases; Sa, S, Sc, Sp, and Sg represent the
switching states of each phase’s bridge arms, where a value of
1 indicates that the upper switch is ON, and the lower switch is
OFF, while a value of 0 indicates the opposite state; Unjo and
un20 denote the neutral-point voltages of the dual three-phase
SynRMs with respect to the midpoint of the DC bus.

4. FAULT-TOLERANT CONTROL OF DUAL THREE-
PHASE SYNRMS WITH A FIVE-LEG INVERTER

4.1. Principle of Five-Leg-Inverter-Based Fault-Tolerant Con-
trol

Although traditional dimension-reduction fault-tolerant meth-
ods are feasible, the faulty-phase windings must be isolated and
discarded, which leads to a complicated implementation pro-
cess. To simplify the fault-tolerant control of dual three-phase
machines, a five-leg inverter driving strategy is investigated,
which enables continued utilization of the faulty-phase wind-
ings, thereby simplifying the control structure and improving
system performance.

As shown in Fig. 4, after an open-circuit fault occurs in phase
F, only 32 voltage vectors remain available in both the a-3 and
Z1-Z, subspaces. Among the twelve large vectors on the pe-
riphery of the a-3 subspace, only six are retained; multiple vec-
tors in the lower sectors become unavailable, resulting in the in-
ability to synthesize certain sector vectors. When a non-faulty
phase is used for compensation, such as sharing the bridge arm
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FIGURE 4. Space voltage vector distribution after an F-phase open-circuit fault. (a) Voltage vector distribution in the a-3 subspace. (b) Voltage

vector distribution in the Z,-Z, subspace.
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FIGURE 5. Voltage vector distribution after phase C shares the bridge arm with phase F. (a) Voltage vector distribution in the a-/3 subspace. (b)

Voltage vector distribution in the Z;-Z, subspace.

of phase C to compensate for phase F, the distribution of space
voltage vectors in both the a-3 and Z,-Z, subspaces is illus-
trated in Fig. 5.

As shown in Fig. 5, after phases C and F share the bridge arm,
thirty-two voltage vectors remain available in both the a-( and
Z1-Z, subspaces. The distribution becomes more uniform, and
no large continuous sector is missing. Among the twelve large
vectors on the periphery of the a-( subspace, ten are retained,
and the missing ones are compensated by basic vectors, which
facilitates fault-tolerant vector synthesis.

4.2. Fault-Tolerant Vector Synthesis Method

In Fig. 5, ten out of the 12 large vectors on the periphery of
the -3 subspace remain available. The low-harmonic vectors
M,, Ms, My, Mg, My, and M, can still be synthesized from
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three adjacent large vectors and directly applied. However, M,
Ms, Mg, M7, M, and M, require a new synthesis method.
Among them, M;, Ms, M7, and M, belong to the first cate-
gory, while Mg and M, belong to the second category.

In the first category, the five-leg fault-tolerant vector at the
position of M is denoted as V|**, which is synthesized from
V1, Vo, V11, and Vi7. Its magnitude | V;**| and the corresponding
application times 17, T», T3, and T} are calculated. As shown
in Fig. 6, the target vector is located at the position of Vj in the
«-f3 subspace, and (4) and (5) can be obtained accordingly.

Vi | Ts = |V1| T cos(15°) + |Vo| T
+ [V11| T5 c0s(30°) + |Var| Ty cos(45°), @)
|V1| Ty sin(15°) + |Vir| Ty sin(45°) = V11| T5sin(30°). (5)

where “/9| = “/11| = |'Umax| ~ O.644Udc, ‘V” = “/;w‘ =
|'Ubas| ~ 0-333Udc-
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(b)

FIGURE 6. Tllustration of the synthesis process for the first-category fault-tolerant vectors. (a) Synthesized fault-tolerant vector V;** in the a-53

subspace. (b) Mutual cancellation in the Z;-Z, subspace.

In the Z;-Z, subspace, the mappings of vectors Vi, Vs, Vi1,
and Vj7, denoted as vy, vy, v11, and vy7, are required to cancel
each other. Egs. (6) and (7) are thus obtained.

|v1] T cos(30°) + |vg| T cos(45°)
= |’U11|T3 COS(15O) —+ |U47| T4,
|v1| Ty sin(30°) + |v11] T3 sin(15°) = |vg| To sin(45°).

(6)
(7
where |vg| = |v11] = |Vmin| = 0.173Uqc, |vi| = |var| =
|’Ubas‘ ~ O.333Udc.

The total application time of the four synthesized vectors is
required to satisfy:

T =Ty + Ty + T3+ 1Ty, (®
The simultaneous solution of (4)—(8) yields:
V| = 20Uy, ~ 0.4714U,,
T =Ty =Ty = 2T, ~02113T,, (9
Ty = V31T, ~ 0.36617,

The synthesized five-leg fault-tolerant vector has a magni-
tude of |V**| = 0.4714U,. Within one control period T,
the application times of the composing vectors Vi, Vo, Vi1,
and Vj7 are approximately 0.211375, 0.4893T5, 0.211375, and
0.2113T5, respectively. Based on these values, the phase PWM
waveforms are plotted as shown in Fig. 7.
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FIGURE 7. Phase PWM waveforms corresponding to the fault-tolerant
control vector V;**.

261

For the second category, taking the vector at the M, position
as an example, the fault-tolerant vector V}%* is synthesized from
Vi, Vo, Vis, and Vi;. Its magnitude |V}5*| and the application
times 11, 15, T3, and Ty of the composing vectors within one
control period T are calculated. As shown in Fig. 8, the target
vector is located at the position of V4, in the a-( subspace, and
(10) and (11) are thus obtained.

[Vis | Ts = |Vi| T1 cos(15°) 4 |Vg| T2 cos(30°)

+ |Vas| T3 c0s(30°) + |Var| Ty cos(15°),  (10)
|V1| T1 sin(15°) + ‘Vb| T2 sin(30°)
= |Vis| T3 sin(30°) + |Var| Ty sin(15°). (11)

where |Vo| = |Vis| = |vmax| ~ 0.644Uq4; |Vi| = |Vir| =
|Ubas| ~ 0-333Udc-

In the Z,-Z, subspace, the mappings of vectors Vi, Vo, Vis,
and Vj7, denoted as vy, v, 45, and v47, are required to cancel
each other. Egs. (12) and (13) are thus obtained.

|v1| Th cos(75°) + |vaz| Tu cos(75°)

= |vg| T2 cos(30°) = |vys| T3 cos(30°), (12)
|v1| T1 sin(75°) + |vg| T3 sin(30°)
= |vgs| T3 sin(30°) + |vg7| Ty sin(75°). (13)
where |vg] = |vas| = |vmin| & 0.173Uq; |v1| = |var| =

|'Ubas| ~ 0-333Udc-
The total application time of the four synthesized vectors is
required to satisfy:

To=T1 +T5 +T5 + Ty. (14)

The simultaneous solution of (10)—(14) yields:

Vis'| = YU, ~ 0.4082U,,
T, =Ty = 3=37T, ~0.317T, .

4
Ty =Ty = V31T, ~ 01837,

(15)

The synthesized five-leg fault-tolerant vector has a magni-
tude of |V}5*| = 0.4082U4. Within one control period T, the
application times of the composing vectors Vi, Vo, Vis, and Vi
are approximately 0.31775, 0.1837T%, 0.183T5, and 0.3177, re-
spectively; based on these values, the phase PWM waveforms
are plotted as shown in Fig. 9.

The synthesis methods of the two fault-tolerant vectors, V;**
and V5", are representative of all six fault-tolerant control vec-
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FIGURE 8. Tllustration of the synthesis process for the second-category fault-tolerant vectors. (a) Synthesized fault-tolerant vector V5* in the a3

subspace. (b) Mutual cancellation in the Z;-Z, subspace.

TABLE 2. Synthesis of fault-tolerant vectors for the five-leg dual three-phase drive.

Original vector Synthesis vectors and Invocation time Fault'-Tolerant Vector VecFor

for Five-Leg Inverter Magnitude
¥ 0.21V113TS 0.36‘21TS 0.2‘1/}13TS o.zﬁén v 0.4714Uqc
Vi 0.2‘6/;79@ 0.4‘6/41112T5 0.26V799TS i Vi 0.5977U4
v 0.2:3/;69Ts 0.4‘6/272@ 0.2‘6/;19TS i Vi 0.5977U4e
Yas 0.2‘6/;89@ 0.4227; 0.2‘5/;79;@ i v 0.5977U4
Vis o.z‘ﬁgTs 0.3‘6/;81 T, o.z‘l/zl)gTS 0.2‘1/?23TS Vs 0.4714Uqc
v 0.3‘f;Ts 0. 1‘;138TS 0. 1‘;632@ O_XS;TS Ve 0.4082U 4
Vi o.z‘ﬁgTs 0.3‘6/221 T, 0.2‘1/?‘;:& 0.2‘1/?§T5 v 0.4714Us
Ve 0.2‘6/;69TS 0.4‘6/4512211 0.2‘6/;;@ i V& 0.5977U4
Vi 0.2‘6/;79:@ 0.4‘6/43162T5 0.2‘6/;29TS i Ve 0.5977Uq
Var 0.2‘6%;TS 0.4‘6/272TS 0.2‘6/;ZTS i Vie* 0.5977U4
Vs 0.21‘/113:@ 0.3‘6/271T5 0.2‘ﬁZTS O.Z‘ﬁ;TS Vi 0.4714U,,
Va 0.3‘1/171; 0. 1‘8/sz 0. 1‘;435T 0_3‘14 77TS Vs 0.4082U

tors that require resynthesis. The synthesis of the remaining six
fault-tolerant vectors is identical to that of the low-harmonic
vectors, and after completing all calculations, the synthesis ta-
ble for the five-leg fault-tolerant vectors of the dual three-phase
drive is obtained, as presented in Table 2.

4.3. Design of Switching Table for Fault-Tolerant Operation

The twelve fault-tolerant control vectors of the five-leg drive
have three distinct magnitudes: 0.5977Ug., 0.4714U4., and
0.4082U4.

262

Their positions are identical to those of the low-harmonic
vectors, and the control performance for torque and flux link-
age remains unchanged. By mapping them to the corresponding
low-harmonic vectors, the fault-tolerant switching table shown
in Table 3 is obtained.

4.4. Analysis of DC-Bus Voltage Utilization

The modulation index is the ratio of the fundamental phase volt-
age amplitude to the DC bus voltage, facilitating the analysis of
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TABLE 3. Fault-tolerant switching table for the five-leg dual three-
phase drive.

So Si S S5 Sa Ss

DF = 1 DT =1 ‘/2** ‘/3** ‘/4** ‘/‘5** ‘/6** ‘/7**
DT = —1 ‘/1»]«* Vfi* ‘/I** ‘/2** ‘/E‘,** ‘/4**
DT=—1 V" W™ Vi Vi Vs v

Se S7 Sz So S Su

DT = —1 Vvs** ‘/6** ‘/7** ‘/8** %** ‘/vlT)*

DF = 0 DT =1 V'l’;* ‘/1’5* ‘/l** ‘/2** ‘/'3** V;‘**
DT = -1 ‘/'2** ‘/3** ‘/4** ‘/5** ‘/6** ‘/7**

the DC bus voltage utilization.
m = |V]/Uge. (16)

The reference voltages of each phase in the dual three-phase
SynRMs are given by:

= mUy. cos 0

up = mUy cos( — 27/3)
uc = mUy cos(6 + 27/3)
= mUygy cos(6 — 7/6)
ug = mUgc cos(f — 5m/6)
up = mUyg cos(0 + 7/2)

(17)

In the dual three-phase SynRMs considered in this study, the
neutral points of the two sets of windings were isolated. There-
fore, only the line-to-line voltages of a three-phase winding
must be calculated. Using uac as an example:

uac = mUge cos @ — mUy. cos(0 — 27/3)

= —V3mUygsin(0 — 7/3). (18)

In practice, the amplitude of the motor line-to-line voltage is
always smaller than the DC bus voltage.

luac| < V3mUge < Uge. (19)

By substituting (18) into (19), the linear maximum modula-
tion index under the normal operation of the dual three-phase
SynRMs is obtained as 0.577Uq.. Under a single-phase fault
(e.g., phase F), a five-leg fault-tolerant strategy was adopted,
with phases C and F sharing one bridge arm. The two three-
phase windings became asymmetrical and coupled, whereas the
modulation index remained unchanged. The line-to-line volt-
age uap is then given by:

uap = uUac + urp = mUyge cos @ — mUg. COS(9 + 271'/3)
+mUgc cos(0 + w/2) — mUyg cos(6 — 7/6)

=23 sin(m/12)mUq. cos(0 + 7 /4). (20)
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FIGURE 9. Phase PWM waveforms corresponding to fault-tolerant
control vector V5*.

The expressions for the line-to-line voltages uag, ugp, and
ugg are given by:

= uac + upg = V6mUgc cos(0 + 7/12)

= upc + UrD

UAE

UBD

= —2V/3sin(7/12)mUy cos(6 + 7/12)

UBE = UBC + UFE

21
= 2v/3sin(7/12)mUy. cos(0 — 7/12)ua |uaz|
< V6mUye < Uge.

where the line-to-line voltage with the maximum amplitude is
uag, and its magnitude must satisfy:

luag| < VemUye < Uge. (22)

It is obtained that m < 1/ V6 =~ 0.408. Therefore, under
the C-phase and F-phase bridge-sharing fault-tolerant operation
mode, the maximum linear modulation index of the system is
0.408U4c, which is approximately 70.71% of that under normal
operation.

4.5. Applicability of the Proposed Strategy to Other Single-
Phase Open-Circuit Faults

Although the analysis in this paper focuses on an open-circuit
fault in phase F, the proposed five-leg fault-tolerant strategy
was fully applicable to open-circuit faults occurring in any of
the six phases. This generalizability arises from the inherent
60° electrical symmetry of the dual three-phase winding struc-
ture. When a different phase experiences an open-circuit fault,
the resulting loss of available voltage vectors in both the a-3
and Z,-Z, subspaces is identical to the F-phase case, except for
a uniform rotational shift.

Accordingly, the bridge-arm sharing scheme can be directly
extended by rotating the healthy phase and faulty phase pairing
according to the phase sequence. The geometric relationships
among voltage vectors remain unchanged under such rotation,
meaning that the synthesis principles and switching-time cal-
culations (7}-T}) derived in Sections 4.2 and 4.3 remain valid
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FIGURE 10. Comparison of space voltage vector trajectories. (a) Normal operation. (b) Five-leg drive under fault-tolerant operation.
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FIGURE 11. Comparison of phase currents. (a) Normal operation. (b) The fault-tolerant operation.

without modification. Only the corresponding vector indices
require cyclic reassignment.

Similarly, the fault-tolerant switching table can be obtained
by applying a sector-wise circular mapping, ensuring that the
DTC decision logic remains consistent across all single-phase
fault scenarios. Therefore, the proposed method maintains
its effectiveness and structural simplicity regardless of which
phase encounters an open-circuit fault, demonstrating strong
generalizability and practical applicability.

5. VERIFICATION OF THE FAULT-TOLERANT STRAT-
EGY

To validate the proposed fault-tolerant control strategy, a simu-
lation model of the five-leg dual three-phase SynRM drive was
established in Simulink.

As illustrated in Fig. 10, after a fault occurs in phase F, the
outermost large voltage vectors V5, and V4 are no longer avail-
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able. Nevertheless, the remaining vector set still enables an ef-
fective voltage synthesis through appropriate modulation. This
confirms that despite partial vector loss, the proposed fault-
tolerant control strategy can reconstruct the required reference
voltage by utilizing the inner and intermediate vectors. The
continuity of vector synthesis ensures stable operation and sup-
ports the theoretical analysis of vector space reconfiguration
under fault conditions.

As illustrated in Fig. 11, when phase F is subjected to a
fault, the dual three-phase synchronous reluctance motors are
reconfigured by connecting phase F to phase C, while all phase
windings remain energized. In this manner, the original dual
three-phase structures are essentially preserved. Before and
after the fault, the phase currents are maintained in nearly si-
nusoidal form. Under sufficient switching device margins,
the overall motor performance is scarcely affected. By com-
paring Fig. 10(a) and Fig. 10(b), it can be observed that al-
though slight distortions occur in certain phase currents, the si-

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 166, 257-266, 2026

PIER C

(a) 100

B THD 9.14%
80

60

40

Percentage/%

20 -

0

Order

(b) 100

I THD 36.6%

- (o] o)
= S S
T T T

Percentage/%

353
(=}
T

Order

FIGURE 12. Comparison of current harmonic contents. (a) Fault-tolerant method with harmonic suppression. (b) Conventional fault-tolerant method.

a
@) 2000
£1500
£
1000 1548
53 2158
& R
500 :%«1468 L ) )
0.48 0.50 0.52 0.54
0 Time/s
0.0 05 1.0 15 2.0
Time/s

(b) 25
20

—
W

Torque/N'm

1.5

10
Time/s

2.0

FIGURE 13. Operating result waveforms under different conditions. (a) Speed waveform. (b) Torque waveform.

nusoidal characteristics are largely retained, thereby enabling
fault-tolerant operation. In contrast, as shown in Fig. 10(c),
when the non-harmonic-suppression direct torque fault-tolerant
control method is applied, significant fifth- and seventh-order
harmonic components are introduced due to the inherent char-
acteristics of the dual three-phase motor. As a result, the current
waveform deviates from sinusoidal form, making stable motor
operation difficult to ensure.

The current harmonic distributions under the harmonic-
suppression fault-tolerant method and the conventional
fault-tolerant method are compared in Fig. 12. In Fig. 12(a),
the Sth and 7th harmonic components are relatively small, and
the total harmonic distortion (THD) is only 9.14%. In contrast,
in Fig. 12(b), the amplitudes of the 5th and 7th harmonics
are significantly increased, resulting in a THD as high as
36.6%. This indicates that the latter method is insufficient
in suppressing higher-order harmonics, which may lead to
additional losses, increased noise, and aggravated electro-
magnetic interference. Therefore, the method corresponding
to Fig. 12(a) is considered more advantageous in improving
current quality and enhancing system stability.

The stability verification results of the fault-tolerant control
method under different operating conditions are illustrated in
Fig. 13. During 0-0.4 s, the motor was started under no-load
conditions, and the speed was linearly increased to approxi-
mately 1500 rpm and then maintained at a stable level, while
the torque was sustained at about 20 N - m. After the accelera-
tion was completed, the motor entered the steady no-load oper-
ation stage, where the torque was kept at a low level to main-
tain no-load running. At 0.5s, a load torque of 15N -m was
applied, upon which the motor torque was rapidly elevated to
the corresponding value, and the speed exhibited a slight fluc-
tuation before quickly recovering to 1500 rpm, demonstrating
a favorable dynamic response of the fault-tolerant control strat-
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egy. At 1.0s, the reference speed was increased from 1500 rpm
to 2000 rpm, and the torque responded synchronously by rising
to approximately 20 N - m, thereby verifying the stability of the
system during loaded acceleration. After the acceleration was
completed at 1.6 s, the speed was stabilized at 2000 rpm, and the
torque eventually settled at about 15N - m. The overall wave-
forms indicate that the proposed fault-tolerant control method
possesses satisfactory load response and regulation capability
under various operating conditions.

6. CONCLUSION

A fault-tolerant control strategy based on a five-leg inverter
topology was proposed for dual three-phase synchronous re-
luctance motors under single-phase open-circuit faults. By
enabling bridge-arm sharing between the faulty and healthy
phases, most of the critical space voltage vectors are preserved,
and the missing vectors are effectively compensated through
vector synthesis. As a result, the machine maintains an approx-
imately circular flux linkage trajectory and a stable torque out-
put even after a fault occurs.

Simulation results demonstrate that the proposed strategy not
only significantly suppresses the 5th and 7th harmonic com-
ponents and reduces the torque ripple but also partially pre-
serves the pre-fault performance. Consequently, the overall
system reliability and fault-tolerance capability were substan-
tially improved. This study provides a new technical approach
for the fault-tolerant control of multiphase machines and shows
strong potential for engineering applications and practical de-
ployment.
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