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Abstract—Asymmetrical six-phase drives are very attractive to
obtain fault tolerance. Most faults arise in the power electron-
ics. Two conventional methods to handle switch/diode faults in
two-level converters are keeping the corresponding phases open
(in two-level multiphase drives) or connecting them to the dc-link
midpoint (in two-level three-phase drives) through a bidirectional
switch (e.g., triac/relay). However, the former yields larger stator
copper loss (SCL) for given torque and smaller maximum torque,
because of current constraints; on the other hand, the latter re-
duces the maximum speed, due to voltage constraints, and has
not been considered for two-level multiphase drives. This article
presents several proposals to improve fault-tolerant behavior in
two-level asymmetrical six-phase induction motor drives. First, to
adequately combine and alternate said two approaches in these
particular drives, depending on the speed, neutral-point configura-
tion, and faulty legs. In this manner, the SCL-per-torque decreases
and the total torque–speed region of the drive is extended, i.e.,
the maximum torque and maximum speed rise compared with
each of the aforementioned conventional strategies. Second, to also
turn ON/OFF a switch between stator neutral points for further
improvement in this regard. Third, a pulsewidth modulation pro-
cedure to ensure smooth transitions between drive configurations.
Experimental results confirm the theory.

Index Terms—Fault tolerance, fault tolerant control, multiphase
drives, six-phase drives, variable speed drives.

NOMENCLATURE

Acronyms
1CDF α1–β1 current derating factor, i.e., derating factor [1]

or maximum α1–β1 current modulus (normalized).
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1N Single neutral point.
2 N Two (isolated) neutral points.
FRMLS Full-range minimum-loss strategy.
IGBT Insulated-gate bipolar transistor.
IPMSM Interior PMSM.
PMSM Permanent-magnet synchronous machine.
PWM Pulsewidth modulation.
SCL Stator copper loss.
SN Configuration with bidirectional switch between neu-

tral points.

Subscripts and superscripts
op Open phase.
opt Optimum for dc-link utilization, i.e., as in (12).
prev Previous.
rc Rated (and healthy) conditions.
zs Zero sequence.

I. INTRODUCTION

MULTIPHASE drives (i.e., with more than three phases)
offer important benefits in comparison with three-phase

ones, including better fault tolerance [2], [3]. In particular, six-
phase motors with asymmetrical winding arrangement are the
most popular type of multiphase machine [1]–[19].

In an electric drive, the faults due to the power electronics
are the most frequent [3], [20]. The faults in the usual converter
switches or their freewheeling diodes [henceforth, simply re-
ferred to as insulated-gate bipolar transistors (IGBTs)] can be
classified into open- and short-circuit ones [3], [21].

The postfault behavior of an electric drive depends on the
converter topology and its number of levels. Although multilevel
converters such as T-type three-level ones [17]–[19] permit
higher efficiency and voltage than two-level converters, the latter
are commonplace in multiphase drives [2], [22], [23] and, thus,
of significant relevance. Some of the reasons for the popularity
of the latter are that for two levels the voltage synthesis is less
complex and that fewer semiconductors and firing signals are
needed.

In fault-tolerant drives, when a fault occurs a dedicated algo-
rithm should detect it and diagnose its nature properly as soon
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Fig. 1. Schematic of two-level converter dc-link and an arbitrary leg. (a)
Without extra elements. (b) With an additional switch per line. (c) With a fuse
per IGBT. (d) With a bidirectional switch (e.g., a triac or relay) to connect to O
and a fuse per IGBT; this is used for the proposal in this article.

as possible [3], [24]. This subject has been in itself the focus
of extensive research, including methods specifically targeted
at asymmetrical six-phase drives [15], [16], [19]. Subsequently,
a fault-tolerant strategy, suitable for the particular type of fault
identified, should be adopted [3], [24].

In the literature, the tolerance to IGBT faults is normally
addressed differently in two-level drives with three phases and
in those with more phases.

On the one hand, in two-level multiphase drives (with star
connection), it is usually considered that after an IGBT fault
occurs the current through such phase is zero, either for open-
circuit [1], [3]–[9], [16], [25]–[29] or short-circuit ones [1], [3],
[9], [16], [27]. In the latter case, an additional switch (e.g., circuit
breaker, relay, etc.) in the line [see Fig. 1(b)] [1], [9], [24], [27]
or a fuse in series with an IGBT [see Fig 1(c)] [24] is opened, so
that the system behaves as for an open-circuit fault. Compared
with healthy conditions, having the faulty phase1 open results in
substantial reduction of the maximum torque [or equivalently,
derating factor2 [1], i.e., α1–β1 current derating factor (1CDF)]
that can be achieved without exceeding the rated current, as well
as an stator copper loss (SCL) increase (for given torque) [1],
[3], [4], [6], [7], [26].

On the other hand, in two-level three-phase drives a common
fault-tolerant procedure is to provide a current path through a
bidirectional switch (e.g., a triac or relay) connected to the dc-
link midpoint O [see Fig. 1(d)] [24], [30]–[32]. If the IGBT
fault is of short-circuit type, turning ON this bidirectional switch
blows a fuse in series with the faulty IGBT [24], [32]. Then,
the terminal3 voltage of such phase is fixed to the voltage of
O, the corresponding phase current is given by the other phase
currents, and the 1CDF and SCL-per-torque become as good
as if the faulty leg were healthy. However, the maximum speed
without overmodulation is then reduced to roughly half the rated
speed ωrc [30], [32]. This is because the maximum acceptable
value of the line-to-line voltage (nearly proportional to speed ω)

1Through this article, the expression “faulty phase” (or similar) is also used
to refer to the cases where it is not the stator phase itself what is faulty, but the
IGBTs of the respective leg (the latter is the focus of this article).

2The derating factor or 1CDF is the maximum torque/flux-producing (α1–β1)
current modulus, normalized by rated (and healthy) conditions, δ, that can be
obtained in a certain fault scenario without any phase current surpassing its
rating [1]. The maximum achievable torque increases with the 1CDF [1].

3The term “terminal” makes reference to a stator phase ending (typically,
opposite to the neutral point) that is available on the outside of the machine for
connecting to other external wires [3], [5], [25].

should then be imposed, in the worst-case scenario, between a
dc-link positive/negative pole and its midpoint O, rather than
between the two poles. In addition, to prevent overcurrent, it
is not recommendable to connect (fix) several phases to O if
there is a current path through a common stator neutral point.
Accordingly, in three-phase machines this method is limited to
just one leg. To the knowledge of the authors, fixing one or more
phases to O has not been considered for two-level multiphase
drives so far.

In sum, if one or more IGBTs are faulty in a two-level drive,
traditionally the postfault performance is worsened in one of
the following ways until it is repaired, without any switching
between these modes.

1) The 1CDF is reduced and the SCL-per-torque increases,
if the phase is kept in open circuit (normally applied in
two-level multiphase drives [1], [3]–[9], [16], [25]–[29]).

2) The maximum speed is decreased, if a phase is connected
to O (often applied in three-phase drives, to just one
phase [24], [30]–[32]).

The possibility of adequately combining and alternating these
two modes in a single two-level drive has not been considered so
far. Two-level multiphase machines, with their capability to con-
tinue working under one or more open phases, offer the potential
to conveniently combine and alternate these modes to attain a
superior postfault performance, but it has not been studied before
and it is not straightforward. Furthermore, in multiphase drives
there are various neutral-point configurations [1], [4], [9], [12];
hence, it may also be possible to further improve the postfault
performance by alternating the neutral-point configurations in a
suitable combination with the switching between the aforesaid
two operation modes of the inverter legs. Although it has been
proposed to change online the neutral configuration (nearωrc) in
a two-level six-phase drive [9], only open phases (without fixing
to O) were taken into account. Considering simultaneously,
the connection/disconnection of phases to O, and of the star
neutral points to each other, reinforces the nontrivial character of
bringing together these conventional approaches that have never
been studied in conjunction. Moreover, special care should be
devoted to design the pulsewidth modulation (PWM) method
so that it does not cause undesired currents flowing through
the bidirectional switches and the corresponding stator phases,
especially at the instant of turning them ON.

It is worth mentioning that the possibility of having one or two
phases fixed to O continuously was considered in [17]–[19] as a
result of certain fault scenarios in asymmetrical six-phase drives
based on T-type three-level inverters. However, the topology and
its behavior differs from two-level ones, only the case of isolated
stator neutral points (i.e., 2 N) was studied, and no alternation
between drive configurations was applied during postfault op-
eration to further enhance the performance. In particular, as a
consequence of the abovementioned limitation, when adopting
these strategies the maximum speed (for faults such that a phase
is fixed to O) or the 1CDF and SCL-per-torque (for faults such
that a phase is open) are expected to be worse than they could
be if drive reconfiguration were applied.

In this article, a fault-tolerant strategy is presented for two-
level asymmetrical six-phase induction motor drives under one
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TABLE I
SUMMARY OF MAIN DIFFERENCES BETWEEN THIS ARTICLE AND THE STATE-OF-THE-ART

or more open- or short-circuit IGBT faults. Namely, this strategy
consists of the following three novel proposals.

1) In the first place, it is proposed to connect some faulty
phases to O (depending on the neutral configuration and
faulty IGBTs) when the speed is below ωrc/2, and to open
such phases when it is higher. A twofold enhancement is
attained with respect to conventional strategies. On the
one hand, the 1CDF is extended and the SCL-per-torque
is decreased in comparison with the usual two-level multi-
phase approach of keeping all faulty phases open. On the
other hand, the maximum speed is increased (and often
the 1CDF and SCL are also better, by fixing to O several
phases) when compared with the three-phase technique of
fixing to O one phase.

2) It is also proposed to use a bidirectional switch between
the two stator neutral points, adequately combining its
switching with the aforementioned alternation between
open/fixed phases. This permits to increase to a substantial
extent the amount of enhancement in such terms.

3) Moreover, a novel carrier-based PWM procedure is pro-
posed to avoid excessive current peaks during the transi-
tions between these various drive configurations.

Experimental results of all these improvements are provided.
In this manner, in agreement with the preceding discussion,
the main differences between this article and the state of the
art can be summarized, as shown in Table I. The preliminary
version [13] just included simulation results, only steady state
(not the transitions) was considered, and many fault scenarios
were not addressed.

This article is organized as follows. Section II reviews some
fundamentals about fault-tolerant asymmetrical six-phase in-
duction motor drives. Then, in Section III, the proposed strategy
is described in detail, focusing on the steady-state performance.
The PWM is adapted in Section IV to ensure a smooth tran-
sition between drive configurations. The experimental results
are presented in Section V. Finally, Section VI summarizes the
conclusion.

II. BACKGROUND

A. Neutral-Point Configurations

The stator of an asymmetrical six-phase machine consists of
two three-phase stars (winding sets), shifted by γ = π/6 (see

Fig. 2. Stator windings of an asymmetrical six-phase machine, for SN neutral-
point configuration (a switch is used between the neutral points).

Fig. 2). The neutral points (N1 and N2) of the stars4 can be
connected (1N), isolated from each other (2 N), or sharing a
bidirectional switch as in Fig. 2 (SN) [9]. For healthy drive, 2 N
yields lower SCL than 1N [12]. Under open phases, 1N offers
better SCL-per-torque and 1CDF than 2N [1].

B. Vector Space Decomposition

A stator electrical variable x (voltage v or current i) can be
transformed from per-phase values to six orthogonal axes, which
pairwise form the planes α1–β1, α3–β3, and α5–β5 [7]

[xα1
xβ1

xα3
xβ3

xα5
xβ5

]T=H [xa xb xc xd xe xf ]
T (1)

H =
1

3

⎡
⎢⎢⎢⎢⎢⎢⎣

1 cos(γ) cos(4γ) cos(5γ) cos(8γ) cos(9γ)
0 sin(γ) sin(4γ) sin(5γ) sin(8γ) sin(9γ)
1 cos(3γ) cos(12γ) cos(15γ) cos(24γ) cos(27γ)
0 sin(3γ) sin(12γ) sin(15γ) sin(24γ) sin(27γ)
1 cos(5γ) cos(20γ) cos(25γ) cos(40γ) cos(45γ)
0 sin(5γ) sin(20γ) sin(25γ) sin(40γ) sin(45γ)

⎤
⎥⎥⎥⎥⎥⎥⎦
.

(2)

Assuming sinusoidally distributed windings, iα1
and iβ1

are
related to rotor flux and torque, whereas the other two plane cur-
rents, only to losses [2]. Theα3–β3 (often called zero-sequence)
current is restricted by iα3

= −iβ3
and iα3

= iβ3
= 0 for 1N

and 2 N, respectively [12], which according to (1) and (2) is

4Although for 1N it could be understood that there is a single six-phase star,
henceforth, the term star refers to a three-phase winding set, even for 1N.
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equivalent to

ia + ib + ic + id + ie + if = 0 for 1 N (3)

ia + ic + ie = 0; ib + id + if = 0 for 2 N. (4)

C. Relation of α1–β1 Current With Rotor Flux and Torque

In a frame with orthogonal axes d1 and q1 rotating in the
α1–β1 plane, with the d1 axis aligned with the rotor flux ψr,
typically ψr is set to its rated value by a constant id1

, and the
torque is linearly adjusted with iq1 , in both healthy [33] and
faulty [4] drive. The α1–β1 current modulus

|iα1β1
| =

√
i2α1

+ i2β1
=

√
i2d1

+ i2q1 (5)

can be normalized as

δ =
|iα1β1

|
|ircα1β1

| (6)

where rc means rated (healthy) conditions. Torque is propor-
tional to δ2 [1]. In healthy and steady state, δ ∈ [0%, 100%].

D. Review of the Full-Range Minimum-Loss Strategy
(FRMLS) for Obtaining 1CDF and SCL

The FRMLS, based on calculating the current references so
as to minimize the SCL for each δ value (torque and flux)
under the fault constraints, yields the largest 1CDF (maximum
achievable δ) and lowest SCL-per-δ for certain fault and drive
configuration [6], [7].

1) Review of the FRMLS: Since iα1
and iβ1

set rotor flux and
torque, currents references can be written as [1], [4], [6]

I =
[
iα1

iβ1
iα3

iβ3
iα5

iβ5

]T
= Hk

[
iα1

iβ1

]T
(7)

Hk =

[
1 0 kα3,α kβ3,α kα5,α kβ5,α

0 1 kα3,β kβ3,β kα5,β kβ5,β

]T
. (8)

The optimumHk for each δ is obtained by minimizing the SCL
(normalized by healthy and rated conditions) [6], [7]

J =
ITI

|ircα1β1
|2 =

∑
σ=1,3,5

(
i2ασ

+ i2βσ

)
(ircα1

)2 + (ircβ1
)2

=
ITI

(irc)2
(9)

while satisfying for any α1–β1 phase angle [6], [7] the current
constraints (3) and (4) and (op stands for open phase/s)

iop = 0 (10)

max {|iφ|} /irc ≤ 1, φ = a, b, c, d, e, f. (11)

The latter means that no phase current surpasses its rated value.
In this minimization problem, it is not necessary to include

torque ripple (ideally zero, in absence of harmonics), mechanical
loss (function of ω), core loss (depends only on iα1

and iβ1
), or

inverter loss (indirectly optimized with J) [7], [8].
The converter voltage constraints are ignored for the FRMLS

as well because, assuming constant id1
[4], [33] and negligible

stator-impedance voltage drop, they are only related to speed,
not to current. Furthermore, using zero-sequence noncurrent-
producing voltage for extra dc-link utilization [14], [34] re-
inforces the validity of disregarding stator-impedance voltage

Fig. 3. Equivalent representation of an inverter leg of the type shown in
Fig. 1(d) when using the proposed strategy and the leg is (a) healthy, (b) faulty
and actively kept open, (c) faulty and actively fixed to O.

drop, because it diminishes the effect of its postfault unbalance
on the dc-bus exploitation [26]. For more accuracy, current-
dependent voltage constraints may be added [9]. However, this
introduces motor-parameter dependence, and the associated ω
extension [9] is small compared with that studied here (from
ωrc/2 to ωrc) and it could simply be added afterward.

2) Obtaining the SCL-Per-δ and 1CDF: The normalized
SCL for given δ equals J after solving for Hk the minimization
problem (1)–(11) with cost function (9) [6], [7], [26]. The 1CDF
for certain fault and drive configuration is the largest δ such that
this problem has solution [6], [7], [26], i.e., such that no phase
current (increasing with δ) exceeds its rating [see (11)] [1]. Since
(1)–(11) do not depend on motor parameters and a whole cycle
of α1–β1 current is considered in every problem iteration for
given δ, the 1CDF and normalized SCL-per-δ are independent
of motor parameters and id1

/iq1 ratio [1], [26]. Thanks to the
normalization by rated current in (6), (9), and (11), the 1CDF
and SCL values (expressed as percentages of rated ones) do not
vary with motor rating either [1], [26]. The highest achievable
torque increases with the 1CDF [1], [26].

It should also be emphasized that the FRMLS is not a con-
tribution of this article. The FRMLS has been presented and
used in previous publications [6], [7], and it is here employed
just as a tool to quantify the improvement in 1CDF and SCL
attained by the method proposed here (next section), based on
conveniently adapting the drive configuration. In [6] and [7], the
drive configuration was not altered after fault; namely, faulty
phases were always kept open, and only 1N was considered.

III. PROPOSED METHOD FOR IMPROVEMENT OF THE

TORQUE–SPEED REGION AND SCL

Instead of keeping faulty phases open, as usual in two-level
multiphase drives [1], [3]–[9], [16], [25]–[29], or fixed to O, as
done (for just one phase) in two-level three-phase drives [24],
[30]–[32], it is proposed in Sections III-A and III-B to adequately
combine and alternate these strategies in two-level six-phase
drives with 1N or 2 N, using Fig. 1(d) configuration for each leg.
Under single or double IGBT faults per leg, Fig. 1(d) topology
permits to either keep the phase open or fixed to O, as represented
in Fig. 3. It is assumed that an algorithm (out of scope) detects
and diagnoses the fault when it occurs, turns OFF the gating
signals of both IGBTs in the leg, and if it is of short-circuit type,
turns ON the bidirectional switch to blow the fuse in series [24],
[32]. To stabilize the O voltage, it is advisable, e.g., to oversize
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Fig. 4. SCL-versus-δ comparison, with 1N and an IGBT fault in one phase, de-
pending on whether such phase is kept open (conventional two-level multiphase
approach [6], [7]) or fixed to O (proposed).

the capacitors [24], [30] or to add balancing resistors [35].
In Section III-C, the possibility of conveniently using SN to
further improve the performance is addressed in detail. Finally,
in Section III-D, several general guidelines to implement the
proposed strategy are summarized.

A. Improvement for 1N

Regardless of the number of faulty legs, for 1N with the
proposed strategy at most only one phase should be fixed to
O. Otherwise, overcurrent may arise in the loops involving the
dc link and the stator neutral point.

If only one leg is faulty, the respective phase can be switched
between open/fixed modes [Fig. 3(b) and (c)]. Fig. 4 shows
the SCL-versus-δ curves, assessed with the FRMLS from Sec-
tion II-D, assuming for generality that actual currents track
their references perfectly. The differences between the different
fault/configuration scenarios are related to the constraint (10),
which determines in which phases current flow is allowed. Note
that the blue curve in Fig. 4 corresponds to the conventional
approach for two-level multiphase drives of keeping the faulty
phase open [6], [7]. From Fig. 4, for any δ the SCL is reduced
when fixing the phase to O. For instance, for δ = 69.4%, which
is the 1CDF (maximum δ) for open phase,5 the SCL decrease is
35.1%. Regarding the 1CDF, when fixing to O the 1CDF rises
by 30.6%, from 69.4% to 100%.

When several legs are faulty, the SCL and 1CDF depend on
which phases are affected [7]. Fig. 5 shows SCL-versus-δ for
several scenarios of two faulty phases. All the curves except
the beige one represent the conventional two-level multiphase
approach [7] of keeping both faulty phases open. Due to machine
symmetry, all possibilities of two open phases are implicitly
considered. Table II illustrates which cases of two faulty phases
are analogous due to symmetry [1], [7]. The beige curve in Fig. 5
illustrates the situation with one (any) of such faulty phases fixed
to O, so that only one phase remains open. From this figure, the
SCL and 1CDF improvement when the phase is fixed to O is

5Henceforth, when a phase is said to be open or in open circuit, it is meant
that such phase is kept without current path. These expressions are not used to
refer to a phase with open-circuit IGBT fault/s that has been afterward fixed to
O, unless it is explicitly stressed.

Fig. 5. SCL-versus-δ comparison, with 1N and IGBT faults in two phases, for
various scenarios: phases a and b open, a and c open, a and d open, a and f open
(conventional two-level multiphase approaches [7]), and lastly one phase open
and one fixed to O (proposed).

TABLE II
EQUIVALENT TWO-OPEN-PHASE CASES DUE TO SPATIAL SYMMETRY

substantial for any two faulty legs. In particular, for faults in
phases a and d, the 1CDF rises by 40.6%, and the SCL (e.g., for
the maximum δ for both phases open) is reduced by 55.3%. The
SCL-versus-δ curves and 1CDF values are not a contribution
of this article, but rather selecting the optimum configurations
for each situation and adequately switching between them to
provide the best performance at each moment. It should also be
remarked that although, e.g., the beige curve in Fig. 5 can also
be found in [6] in which this performance was achieved with
single-phase fault, whereas here it is attained under two faulty
phases thanks to the proposed strategy.

If the faulty legs are three or more, the choice of the phase to
switch between open/fixed modes (the other two are kept open)
is no longer irrelevant. The FRMLS can be used to assess the
SCL-versus-δ curves for the scenarios that result by fixing each
(one at a time) faulty phase to O. From the resulting plots, the
phase to switch between modes can be chosen. For instance,
for faults in phases a, c, and f, the behavior in various cases
is compared in Fig. 6. Up to roughly δ = 54.6%, the lowest
SCL-per-δ is obtained by fixing phase f to O (a and c open).
For δ > 54.6%, it is preferable to fix phase c to O, so that the
SCL-per-δ is the lowest and the 1CDF is the largest. In this
manner, the 1CDF with respect to keeping the three phases open
(conventional approach [1]) is increased by 16.9%, and the SCL
(for, e.g., the maximum δ for the three phases open) is reduced
by 11.1%. Less importantly, alternating between fixing to O
phases c or f at δ ≈ 54.6% reduces the SCL-per-δ by up to
approximately 2%, compared with fixing phase f to O regardless
of δ. Since a 2% difference is small, in practice the latter may be
preferred. It is worth noticing that, although the red and beige
curves were given in [7], in that case such behavior was obtained
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TABLE III
1CDF FOR DIFFERENT OPEN-PHASE SCENARIOS [1], [7]

Fig. 6. SCL-versus-δ comparison, with 1N and IGBT faults in phases a, c, and
f, for different scenarios: the three phases are kept open (conventional two-level
multiphase approach), phase a is fixed to O, phase c is fixed to O, phase f is fixed
to O, and the strategy combining the previous two cases (proposed approaches).
(a) General view. (b) Zoom on the rightmost part.

under two faulty phases, whereas in this article it is achieved for
three faulty phases.

To facilitate choosing the phases to fix to O in other open-
phase situations, the 1CDF for all of them is shown in Table III,
in accordance with the data in [1] and [7]. The ∅ symbol
means unfeasible operation. The fault scenarios of more than
two phases that are equivalent due to spatial symmetry can be
easily found analogously to Table II. It can be checked that the
1CDFs in Table III for 1N match the maximum δ in Figs. 4–6
for the respective cases. Furthermore, indirectly the 1CDF values
are also useful to select the best options in terms of SCL, because
usually the SCL-per-δ is smaller when 1CDF is larger [6], [7].
For instance, from Table III, for 1N and faults in phases a, c,
d, and f, it is convenient to fix phase d to O (1CDF = 40.8%)
instead of, e.g., phase f (1CDF = 14.9%). Note that the 1CDF
values in Table III were given in [1], [7] for the strategy based on
keeping all faulty phases open, whereas in this article the same
performance is obtained under a higher number of faulty phases,
thanks to the proposal of fixing some to O.

Fig. 7. Representation of proposed strategy for 1N with IGBT fault/s in
phase a. (a) ω < ωrc/2. (b) ω > ωrc/2.

Fixing a phase to O halves the maximum voltage (or ω)
that can be obtained in the inverter output without overmod-
ulation. [30], [32]. Thus, for 1N, it is here proposed to fix a
phase (chosen as aforesaid) to O when ω < ωrc/2, and to open
it otherwise, as depicted in Fig. 7. A hysteresis band can be used
at ω ≈ ωrc/2.

Fig. 8(a) illustrates the torque–speed (δ versus ω/ωrc) region
with 1N and faults in phases a and d, for three strategies: keeping
both phases open (left), fixing to O one of them (center), and the
proposal of combining both depending on ω (right). The two
values (55.7% and 69.4%) of maximum δ (1CDF) in Fig. 8(a)
mach those of the corresponding curves (black and beige) in
Fig. 5 and the respective numbers in Table III. Most importantly,
it can be observed in Fig. 8(a) that, by switching one phase
between the open/fixed modes when ω ≈ ωrc/2, the torque–
speed area is extended (see the rightmost region, in beige). On the
one hand, in comparison with keeping both phases open (usual
in multiphase drives [1], [7]), the maximum δ (1CDF) rises from
55.7% to 69.4% for ω < ωrc/2. This 1CDF increase also comes
with an SCL-per-δ reduction, in accord with the black and beige
lines in Fig. 5. On the other hand, compared with keeping a
phase fixed to O (as in some three-phase drives [24], [30]–[32]),
the proposal increases the maximum ω from ωrc/2 to ωrc.

The 1CDF quantities that limit the areas in Fig. 8(a) at the
top, and the associated SCL, would vary for other faulty legs.
Nevertheless, the main conclusion from this figure, about the
convenience of alternating both modes at ω ≈ ωrc/2, can be
applied to other 1N fault scenarios. The proposed configurations
for 1N are summarized in Table IV, where∅ indicates unfeasible
operation. Fixing a phase to O at low speeds is desirable for faults
in one, two or three phases, whichever they are. For faults in four
phases, the drive would also be able to work for ω < ωrc/2 by
fixing one phase to O, but not for ω > ωrc/2. With more than
four faulty legs, the motor cannot run even at low speed, because
of the fault severity. Table V shows the improvement achieved
in this manner for 1N and ω < ωrc/2 in each fault situation,
with respect to the conventional two-level six-phase strategy
of keeping faulty phases open [1], [6], [7]. It is expressed in



1960 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021

Fig. 8. Comparison of δ-speed region with faults in phases a and d, for several
fault-tolerance approaches: both phases kept open (left), one (any) or both of
them fixed to O (center), and the proposal based on alternating the mode of one
phase depending on the speed (right). (a) 1N. (b) 2 N. (c) SN.

TABLE IV
PROPOSED CONFIGURATIONS FOR 1N

terms of SCL (at the 1CDF of the conventional method) and
in terms of 1CDF. These values match those given through this
section for particular examples, such as in Figs. 4–6 and 8(a).
From Table V, in every scenario with a number of faulty legs
between one and three, the proposal yields smaller SCL and

TABLE V
FOR 1N, IMPROVEMENT FOR ω < ωrc/2 OVER CONVENTIONAL STRATEGY

FOR TWO-LEVEL SIX-PHASE DRIVES (KEEPING FAULTY PHASES

OPEN WITH 1N [1], [6], [7])

− Not possible to compute the SCL improvement at the 1CDF of the conventional strategy,
because the latter does not exist in such case.

TABLE VI
PROPOSED CONFIGURATIONS FOR 2N

∗ Exception: if the faulty phases areπ/2 apart spatially, identical performance is obtained
without fixing any to O; thus, it is not needed.

greater 1CDF, as expected. For four faulty legs, although the
conventional strategy is not able to run the machine at all, with
the novel method it becomes possible for ω > ωrc/2.

B. Improvement for 2 N

For 2N and ω < ωrc/2 two phases can be fixed to O without
overcurrent, if they are not of the same star. Otherwise, only
one of them can be fixed to O, as for 1N. When ω > ωrc/2,
due to voltage constraints none can be fixed to O, as for 1N as
well. Accordingly, the configurations in Table VI are proposed
for the scenarios with 2N. Due to symmetry, k = 1 and k =
2 can be swapped in the table, as long as it is done in all its
columns. Whenever there is one or two phases with faults in
the same three-phase winding set k, one of them is fixed to O
for ω < ωrc/2, regardless of the other star. An exception to this
statement (as indicated in Table VI) is when there are two faulty
phases and they are π/2 apart spatially (e.g., a and f), since
then the performance with one phase open would be exactly the
same (compare the cases of one phase and of a&f open in the
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Fig. 9. Representation of proposed strategy for 2 N with IGBT faults in phases
a and d. (a) ω < ωrc/2. (b) ω > ωrc/2.

TABLE VII
FOR 2N, IMPROVEMENT FOR ω < ωrc/2 OVER CONVENTIONAL STRATEGY

FOR TWO-LEVEL SIX-PHASE DRIVES (KEEPING FAULTY

PHASES OPEN WITH 2N [1])

− Not possible to compute the SCL improvement at the 1CDF of the conventional strategy,
because the latter does not exist in such case.

last row of Table III). Similarly, in agreement with Tables III
and VI, if the three phases of a star are faulty, fixing one to O
does not make any difference. In addition, from Table VI, as for
1N (cf. Table IV) when there are four faulty legs operation is
only possible if ω < ωrc/2, and when there are more, the drive
cannot work at any ω.

For example, with faults in phases a and d, forω < ωrc/2 . [see
Table VI and Fig. 9(a)]. Thus, the 1CDF rises from 28.8% (open
phases) to 100% [see Fig. 8(b)]. It is also obvious, comparing
the red curve in Fig. 4 with the black one in Fig. 5, that the SCL-
per-δ is greatly reduced. Additionally, by switching as proposed
between modes at ω ≈ ωrc/2 [see Table VI and Fig. 9(b)], the
maximum speed is extended from ωrc/2 (phases fixed to O) to
ωrc in the rightmost region of Fig. 8(b).

The enhancement shown in Fig. 8(b) for the proposal in
torque–speed region and SCL-per-δ can be achieved for other
2N fault scenarios (with the few aforesaid exceptions), with
just quantitative differences in the amount of improvement. As
reflected in Table VII, the proposed strategy (applying Table VI)
yields a considerable improvement in 1CDF and SCL when
compared with the conventional two-level six-phase strategy
(faulty phases open) for 2 N [1] in most situations; only for three
fault cases (rows) of the table the performance is unaltered.

TABLE VIII
PROPOSED CONFIGURATIONS FOR SN

∗Exception: if two of the faulty phases are π/2 apart spatially, for ω < ωrc/2 identical
performance results by fixing just one (the other phase), with either 1N/2N; for ω <

ωrc/2, in such case the choice 1N/2N is also irrelevant ideally. Nevertheless, due to
practical zero-sequence current, 2N is better.

C. Improvement for SN

For SN, switching between 1N and 2N can be combined
at ω ≈ ωrc/2 with the aforesaid connection/disconnection of
phases to O, to further improve postfault behavior. The config-
urations proposed for SN are displayed in Table VIII. They are
derived by comparing for each scenario the 1CDF (see Table III)
of the choices in Tables IV and VI. In this manner, optimal
SCL-per-δ and highest 1CDF result in every situation.

As shown in Table VIII, under fault 1N is normally preferred
over 2N when ω > ωrc/2. This is due to two facts. a) As
aforementioned earlier, for high speeds all phases with faults
should be open for both 1N and 2N. b) Ideally, for 1N, the 1CDF
and SCL-per-δ are better (or at worst, equal) than for 2N with
the same open phases (see a column of Table III) [1], [7]. The
only fault case where 1N is not preferred over 2N for ω > ωrc/2
is for three-phase faults such that two of the affected phases are
π/2 apart spatially (e.g., a and f). This is because, as mentioned
in the note under Table VIII, in such condition ideally there is no
difference in performance between 1N and 2N (57.7% 1CDF in
Table III), but 2N is preferred to avoid nonideal zero-sequence
current.

When ω < ωrc/2, 2 N is usually chosen (see Table VIII) be-
cause the associated capability to fix two phases to O, one in each
star, normally yields better 1CDF (see Table III) and SCL-per-δ.
There are a few cases where performance is maximized without
exploiting this possibility of 2N, as for the first two rows of
Table VIII, or for the fifth row in the exceptional situation that
two of the three faulty phases are π/2 apart spatially (then,
maximum performance results by fixing just one phase, i.e.,
the other one, with either 1N/2N). In these scenarios, 2N is also
preferred because, although no α3–β3 current is needed in them
either for 1N or 2N, the latter prevents undesired current between
neutrals. There are also some scenarios where 1N should be set
rather than 2N even at low speed. If there are two faulty legs, both
involving the same three-phase star (fourth row of Table VIII),
with either 1N or 2N only one phase can be fixed to O, which
implies that with both configurations the same phases are open;
the extra current degree of freedom of 1N then yields higher
performance (see Table III). When three legs are faulty, and
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Fig. 10. Representation of proposed strategy for SN with IGBT faults in phases
a and d. (a) ω < ωrc/2. (b) ω > ωrc/2.

they all belong to a three-phase star (sixth row of Table VIII),
both 1N and 2N exhibit equivalent behavior for ω < ωrc/2, but
1N becomes more suitable because, since for ω > ωrc/2 1N
is better, the bidirectional switch between neutrals would not
have to be turned ON/OFFat ω ≈ ωrc/2. Finally, if three phases
of one star and one phase of the other star are affected by faults,
then at low speed there is no preference between 1N and 2N,
as indicated in the penultimate row of Table VIII. The reason
is that no current flows between neutrals in either case and the
performance is equivalent, provided that the open phase sharing
a star with two healthy phases is fixed to O.

Let us consider again faults in phases a and d. As shown in the
third row of Table VIII, at high ω the optimum is 1N with two
open phases, and at low ω it is 2N with both fixed to O. These
choices are illustrated in Fig. 10. The δ–ω regions for these in-
dividual configurations (ignoring the alternation between them)
are depicted in the left and center parts of Fig. 8(c), respectively.
They match the corresponding ones in Fig. 8(a) and (b). The area
that results by applying the proposed strategy from Table VIII
of combining these modes is shown in the right part of Fig. 8(c).
The δ–ω region is extended not only compared with the other
cases in Fig. 8(c), but also with those in the rightmost part of
Fig. 8(a) and (b). For ω < ωrc/2, when comparing the complete
proposal [right part of Fig. 8(c)] with the conventional two-level
multiphase procedure using 1N [1], [7] [left part of Fig. 8(a)],
the 1CDF is enhanced from 55.7% to 100% and the SCL-per-δ
(e.g., at the 1CDF of the latter approach) from 66.3% to 31.0%,
respectively (see Table III and compare the red curve in Fig. 4
with the black one in Fig. 5). Moreover, Fig. 11 shows that the
amount of improvement obtained at high speed by changing
from 2N to 1N as proposed (instead of keeping 2N, as for low
ω) is 26.9% in 1CDF (in accord with Table III) and up to 50.8%
in SCL-per-δ.

Table IX displays the enhancement provided by the complete
proposal using SN, compared with the conventional two-level
multiphase strategy (keeping faulty phases open with 1N) [1],
[6], [7], for all fault scenarios. It can be observed that the

Fig. 11. SCL-versus-δ comparison, with phases a and d open, for 1 N or 2 N.

TABLE IX
IMPROVEMENT FOR ω < ωrc/2 USING SN OVER CONVENTIONAL STRATEGY

FOR TWO-LEVEL SIX-PHASE DRIVES (KEEPING FAULTY PHASES OPEN WITH

1N [1], [6], [7])

− Not possible to compute the SCL improvement at the 1CDF of the conventional strategy,
because the latter does not exist in such case.

configurations used in each situation with the proposal (second
and third columns) are in agreement with those recommended
in Table VIII. In all fault cases, the proposed technique achieves
a considerably better performance, i.e., much higher 1CDF and
lower SCL. For instance, for IGBT faults in phases a and b, it
permits to raise the 1CDF from 28.8% to 100%, and to reduce the
SCL at the conventional 1CDF from 66.3% to 8.3%. For faults
in four phases, the proposal permits to run the drive (unlike the
previous two-level six-phase methods), and with 1CDF of 50%
or higher. The only fault conditions for which the performance is
not enhanced are those with five or six phases affected by faults,
because of the extreme severity.

D. General Principles to Apply the Proposed Method

In summary, in agreement with Tables IV, VI, and VIII, the
proposed strategy can be implemented in general as follows.

For 1N (see Table IV), one faulty phase (the optimum) is fixed
to O when ω < ωrc/2; and when ω > ωrc/2, it is opened.

For 2N (see Table VI), one faulty phase (the optimum) is fixed
to O per star when ω < ωrc/2 (unless the three phases of such
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Fig. 12. General scheme of six-phase carrier-based PWM.

star are faulty, or if only two stator phases are faulty and they
are spatially orthogonal); and when ω > ωrc/2, it is opened.

For SN (see Table VIII), which is preferred, the 2N approach
is applied when ω < ωrc/2 (unless there are several faulty legs
in a star and none in the other); and when ω > ωrc/2, 1N is set
(except for healthy drive) and all faulty phases are opened. On
the other hand, if a total of three stator phases are faulty and two
of them are spatially orthogonal, instead, 2N is set for the whole
speed range and when ω < ωrc/2 only the faulty phase that is
not orthogonal is fixed to O.

IV. PWM TECHNIQUE FOR SMOOTH TRANSITIONS

To avoid excessive current peaks, the voltage drop across
the switches should be roughly zero before turning them ON.
The PWM method proposed for this purpose is described in the
following.

Fig. 12 depicts the PWM scheme. Carrier-based PWM is
considered rather than space-vector PWM because, although
there is always certain equivalence between both techniques, the
former is simpler to implement [36]. In Fig. 12, when the PWM
output for one healthy leg is high (1) or low (0), its top or bottom
IGBT is turned ON, respectively. A zero sequence vzs1 is added
to the control output signals of the first star v′a,c,e, and a zero
sequence vzs2 is added to those of the second star v′b,d,f , yielding
the modulating signals va,c,e and vb,d,f . The modulating signals
of faulty phases are ignored. Accordingly, for convenience, here
the concept of “zero sequence” is used to refer to the common
mode of the healthy phases of a stator winding set. When not
changing the drive configuration, to improve dc-link utilization,
the zero-sequence voltages vzs1 and vzs2 may be set as [14],
[34], [37]

vzsk = vzs,optk = −0.5
(
max{v′φ}+min{v′φ}

)
(12)

whereφ sweeps through the healthy phases of the corresponding
star k (both stars k = 1, 2, for 1 N). Equation (12) should not be
applied if a phase is fixed to O in the same winding set (in any
set, for 1 N), since then the zero-sequence current is used by the
control to adjust the current of such phase.

First, a transition [see Fig. 8(c) and the third row of Table VIII]
from 1 N with phases c and f open (equivalent to a and d; cf.
Table II) to 2 N with phases c and f fixed to O is considered.
Three bidirectional switches are turned ON/OFFin consecutive
steps. The process is divided into the four situations (rows) in
Table X. The voltage between the phase-φ (healthy or faulty)

TABLE X
PWM FOR TRANSITION FROM 1N WITH c&f OPEN TO 2N WITH c&f FIXED TO

O (OR VICE VERSA)

stator terminal and O is

vφO = Rsiφ + ψ̇φ + vNkO (13)

whereRs is the stator resistance, ψ̇φ is the time derivative of the
stator flux linkage in phase φ, and vNkO is the voltage between
the neutral Nk (k is 1 or 2, depending on φ) and O.

For 2N with phase c fixed to O and phase f open, vfO
should be set to to zero, so that phase f can be fixed to O
without overcurrent. It is achieved by setting vzs2 as shown in
the respective cell of Table X. The vzs2 term −1/2(v′b + v′d)
cancels the v′b + v′d value6 that may exist before adding vzs2 .
The 1/2 factor is included because vzs2 is added to both v′b
and v′d. On the other hand, −3ψ̇f is the vb + vd value needed
to yield vfO = 0. This is derived by checking that (13) gives
vN2O = −ψ̇f for φ = f and vfO = if = 0, while the sum of
(13) for φ =b, d, f results in vbO + vdO = 3vN2O, assuming
ψ̇b + ψ̇d + ψ̇f = 0. The quantity ψ̇f can be obtained by applying
the inverse transform H−1 to the stator flux linkage, estimated
from the stator current and the steady-state motor model [33].

Analogously, the vzs1 and vzs2 formulas in Table X for 2N with
two open phases provide vN1O = vN2O and vcO = 0. Thus, the
bidirectional switch between neutrals or between O and phase c
can be closed without overcurrent.

The other vzs1 and vzs2 expressions in the table avoid the v′φ
terms, because in such conditions the v′a + v′e and v′b + v′d values
are instead used for controlling the current between neutrals
(for 1 N) or of phases fixed to O (last two rows), and hence,
otherwise the dynamics could be worsened. To ensure this
avoidance of v′φ terms in vzs1 and vzs2 , while preventing abrupt
transient disturbances in the new current paths being closed, the
fundamental components in the individual signals vzs1 and vzs2 are
maintained (oscillating) after such current paths are generated.
For this purpose, vzsk passes through a bandpass filter (based,
e.g., on negative feedback of integrators rotating at fundamental
frequency) when no bidirectional switches connect star k to
O or to the other star, and when the latter happens the filter
bandwidth is set to zero, so that the filter output vzs,prevk no
longer depends on any v′φ terms. Then, vzs,prevk can be used for
PWM, as shown in Table X. In addition, for 1 N with two open
phases (see Table X), the optimum global zero-sequence vzs,opt1,2

6For the situation of phase f open with 2N, such value of the current-control
output can be removed/altered without any effect on the stator currents.
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TABLE XI
PWM FOR TRANSITION FROM 1N WITH a OPEN TO 2N WITH a FIXED TO O

(OR VICE VERSA)

TABLE XII
PWM FOR TRANSITION FROM 1 N WITH a&c OPEN TO 1 N WITH a FIXED TO

O AND c OPEN (OR VICE VERSA)

TABLE XIII
PWM FOR TRANSITION FROM 1 N WITH a&c&d OPEN TO 2 N WITH a&d

FIXED TO O AND c OPEN (OR VICE VERSA)

from (12) can be added for better dc-link utilization, without
affecting the currents.

The vzs1 and vzs2 expressions for other transitions can be ob-
tained in a similar manner. Namely, Tables XI– XIII show those
necessary for the second, fourth, and fifth rows of Table VIII,
respectively. The third row of Table VIII has been addressed in
Table X, and the other rows in Table VIII do not involve any
transition related to the bidirectional switches. Regarding the
exceptional case of the note under Table VIII, it can simply be
performed analogously to the last two rows of Table XIII.

The current references should also be altered with the drive
configuration, in accordance with the FRMLS. Furthermore,
constraints (3) and (4) can be imposed to the measured currents.

V. EXPERIMENTAL RESULTS

A. Experimental Setup

The experimental setup is shown in Fig. 13. The six-phase
motor is coupled to an eddy-current brake. Concerning the six-
phase IGBT-based inverter, it is composed of two three-phase
ones, the switching frequency is 10 kHz, and dead time is 3 μs.
The total dc-link capacitance is 4 mF, and its voltage is kept at
vdc = 600 V by a voltage source. The motor has one pole pair,

Fig. 13. Experimental setup. (a) Scheme. (b) Photographs.

stator, and rotor resistance of Rs = 6.7 and 7 Ω, respectively,
fundamental magnetizing inductance of 582 mH, α1–β1 stator
and rotor leakage inductance of 38.2 and 12.8 mH, respectively,
and α5–β5 stator leakage inductance of 5.2 mH. These parame-
ters were estimated according to [11]. Rated speed and rated peak
current ofωrc = 2540 r/min and irc = 2.7 A are considered. In
rated and healthy conditions, for field-oriented control theα1–β1
rated current modulus |iα1β1

| = 2.7 A is distributed between the
d1 and q1 axes as id1

= 0.65 A and iq1 = 2.62 A, i.e., the rated
rotor flux linkage and rated torque are ψrc

r = 606 mWb and
4.7N · m. The control is run at 10 kHz in dSPACE DS1006.
Switching harmonics are removed by oversampling the mea-
sured currents at 10 MHz and averaging [7], [12]. Resonant
controllers are implemented in the α1–β1 and α5–β5 planes
at the fundamental [12], [28] and at low odd-order harmonic
frequencies (to cancel undesired harmonics) [10], [12]. The
control gains are tuned as in [12]. In the PWM scheme of Fig. 12,
vzs1 and vzs2 are set according to (12) in the specified situations.
Contactors with average impedance of 2.5 mΩ at 50 Hz are used
as bidirectional switches to alter the drive configuration.
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TABLE XIV
AVERAGE TORQUE AND iq1 (id1 = 0.65 A) FOR EACH δ TESTED

Fig. 14. Results for healthy drive, with 2 N , and at the healthy maximum δ
(100%). (a) 2300 r/min (over ωrc/2). (b) 1000 r/min (below ωrc/2).

Table XIV displays the δ values being tested, as well as
the respective average iq1 and output torque, with the latter
expressed in N·m and as a percentage of the rated torque.

B. Steady-State Results With Healthy Drive

First, the healthy behavior with 2 N is shown in Fig. 14. The
motor is run at 2300 r/min and 1000 r/min with the rated peak
current (1 p.u.). It can be checked that δ is as expected 100%,
the phase-current amplitudes are on the 1-p.u. boundary, and the
output voltages (normalized by vdc/2) are within the available
margin. The modulating signals are relatively close to their
limit at 2300 r/min, but very far from it at 1000 r/min. The
phase currents and their plane trajectories are similar for both
speeds, just with different frequency. The currents and voltages
are practically balanced. At higher speed the current harmonics
are canceled to a lower extent, because their frequencies tend

Fig. 15. Results for phases c and f open, at 2300 r/min (over ωrc/2), and at
the maximum δ for each case. (a) 1 N (δ = 55.7%). (b) 2 N (δ = 28.8%).

to spread in the spectrum, and hence, be less affected by the
control proportional gain. The most noticeable current harmonic
is a principal rotor slot harmonic, which could be used for speed
estimation [7].

C. Steady-State Results With IGBT Faults in Phases c and f

In the following, faults are considered in phases c and f, which
is equivalent to faults in phases a and d (see Table II). This
scenario is chosen (as in Fig. 8) because it is a representative
one, involving three bidirectional switches. If the results confirm
the theory for this case, it can be stated that they also indirectly
verify it to a great extent for other (mostly less general) scenarios,
since the theoretical approach was essentially the same for all
of them.

Fig. 15 shows results at 2300 r/min for 1N [see Fig. 15(a)]
and 2N [see Fig. 15(b)], each at the respective 1CDF (55.7%
and 28.8%). Since ω > ωrc/2, no phases are fixed to O. The
currents of all healthy phases reach the maximum value of
1 p.u., in accordance with the fact that it is the maximum δ for
each scenario. 1N allows much larger α1–β1 current than 2N,
i.e., much greater 1CDF, as expected from theory. The slight
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Fig. 16. Results for faults in phases c and f, at 1000 r/min (below ωrc/2), and at the maximum δ for each case. (a) 1 N with both phases open (δ = 55.7%),
i.e., conventional approach so far considered optimum for two-level six-phase drives [1], [7]. (b) 1 N with phase c fixed to O and phase d open (δ = 69.4%).
(c) 2 N with both phases open (δ = 28.8%), as in [1]. (d) 2 N with both phases fixed to O (δ = 100%), i.e., the proposed strategy using SN (preferred).

difference among voltage amplitudes, in each case, is due to
the unbalanced voltage drop (since the stator current is also
unbalanced) across the stator impedance [5], [26], the latter of
which is relatively large in this motor.

The current for 1000 r/min (below ωrc/2) is shown in
Fig. 16. In agreement with Fig. 8, there are two approaches for
each neutral configuration. Fig. 16(a) and (b) shows the results
for both phases open (conventional approach [1], [7]) and for
phase c fixed to O, respectively, both with 1N. Concerning 2N,
Fig. 16(c) and (d) shows the plots for both phases open and
for both fixed to O, respectively. For each scenario in Fig. 16,
the load torque is set so that δ is equal to the corresponding
1CDF (from left to right, 55.7%, 69.4%, 28.8%, and 100%).
Indeed, since it is the maximum δ, the peak phase currents reach
1 p.u., except in the phases where constraints (3), (4), (10), and
(11) prevent it. As expected, when the phases are fixed to O,
current is allowed to flow, providing a greater modulus ofα1–β1
trajectory, i.e., larger 1CDF. In this manner, the radius of the
α1–β1 circumference is longer in Fig. 16(b) than in Fig. 16(a),
and in Fig. 16(d) than in Fig. 16(c). The highest 1CDF is achieved
for the proposed configuration with 2N and both phases fixed
to O [see Fig. 16(d)], as expected from theory. It can also be

TABLE XV
SCL IN THE EXPERIMENTS FOR IGBT FAULTS IN PHASES c AND f

∗ Proposed strategy using SN (preferred).
† Conventional postfault strategy, so far considered optimum for two-level six-phase
drives [7].

seen that when some phase is fixed to O [see Fig. 16(b) and (d)],
the amplitude of the modulating signals is roughly doubled with
respect to when it is not [cf. Fig. 16(a) and (c)]. This is in accord
with the indication that such approach should only be applied
for ω < ωrc/2.

Table XV displays the SCL for the δ and ω values tested in
Figs. 14–16, but taking into account all possible drive configu-
rations for each δ–ω pair. The normalized SCL is obtained as
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Fig. 17. With faults in phases c and f, results for transient between 1N with
both phases open and 2N with both phases fixed to O, using proposed PWM.

Fig. 18. With faults in phases c and f, results for transient between 2 N with
both phases fixed to O and 1 N with both phases open (i.e., opposite to Fig. 17),
using proposed PWM.

2
∑

(irms
φ )2/(irc)2, where irms

φ is the rms for each phase current.
Switching harmonics are disregarded. From Table XV, for given
δ and ω, the lowest SCL-per-δ at high speed is provided by 1N,
and the smallest SCL-per-δ at low speed is always attained by
2N with two phases fixed to O, as expected. As aforesaid, these
options also match those that yield the largest 1CDF. It is, thus,
convenient to install SN, so that 2N and 1N can be set at low
and high speed, respectively, as proposed. The table also shows
that the proposal (∗ cells) yields lower SCL-per-δ (less than
half) and larger operation range (maximum δ increased from
55.7% to 100%) for ω < ωrc/2 than the conventional solution
of 1N and two open phases, so far considered optimum [1], [7]
for two-level asymmetrical six-phase drives, especially using
FRMLS [7] († column). All these outcomes match the theory.

D. Transition Between Drive Configurations

Fig. 17 shows the results for the transition between 1N with
phases c and f open and 2N with both phases fixed to O. The
procedure proposed in Section IV is implemented. The speed is
1270 r/min (ωrc/2) and δ is set to 29%. The opposite transition
is shown in Fig. 18. From Figs. 17 and 18, there are no substantial
current peaks despite the switching of the contactors, thanks to
the proposed PWM adaptation. In contrast, when these transients
are tested with vzs1 = vzs2 = 0 in the PWM (see Fig. 12) there

Fig. 19. With faults in phases c and f, results for transient between 2 N with
both phases fixed to O and 1 N with both phases open, using conventional PWM.

TABLE XVI
SUMMARY OF EXPERIMENTAL IMPROVEMENT OVER CONVENTIONAL

TWO-LEVEL SIX-PHASE STRATEGY [7]

is overcurrent and the protections are triggered, interrupting the
drive operation. For instance, this happens in Fig. 19 when the
bidirectional switch between neutrals is closed. The moderate
steady-state dissimilarities in the voltage and current waveforms
among the four situations in Figs. 17 and 18 are due to the
modifications in the PWM zero sequence and to the different
FRMLS Hk coefficients in each of them. Note that the FRMLS
behavior [6] is the reason why the current amplitudes are clearly
unequal for the two situations with open phase/s and 1CDF > δ.

If triacs or solid-state relays are used instead of electrome-
chanical contactors, the transition time can be much shorter and
less variable, at the cost of increased loss and complexity.

E. Summary of Experimental Improvement Over Conventional
Two-Level Six-Phase Strategy [7]

Table XVI summarizes the experimental improvement pro-
vided by the proposed strategy in comparison with the conven-
tional one for two-level asymmetrical six-phase drives based
on keeping all faulty phases open with 1N [7]. The significant
decrease in SCL (at the conventional 1CDF) and increase in
1CDF (obtained at 1000 r/min) are similar to the theoretical
ones, shown in Table IX for faults in phases a and d (c and
f). Moreover, the novel PWM method included in the proposed
technique avoids overcurrent during transitions, unlike the one
used in [7].

Although no more results can be included due to space con-
straints, it has also been checked that in other fault scenarios
the setup behaves as expected from theory. Nevertheless, the
most important conclusion from the theory is that the proposed
postfault method yields much better performance than the con-
ventional one for a given fault situation, and this has been directly
proved with the presented results (see Table XVI).
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VI. CONCLUSION

In this article, a fault-tolerant strategy for two-level asymmet-
rical six-phase induction motor drives under one or more open-
or closed-circuit IGBT faults is proposed. This strategy mainly
consists of three novel proposals.

1) Some of the phases with IGBT faults alternate between
two modes: keeping the phase open or fixed to the dc-link
midpoint O. Although previous postfault strategies rely on
keeping the faulty phases open (in two-level multiphase
drives) and some others on fixing one to O (in two-level
three-phase drives), conveniently switching between these
operation modes in a single two-level drive has not been
addressed before.

2) It is also proposed to adequately turn ON/OFF a bidirec-
tional switch between the stator neutral points, to further
enhance the performance.

3) Moreover, a PWM procedure is proposed to ensure a
smooth transition between drive configurations. Overcur-
rent is avoided by injecting a zero-sequence voltage such
that the voltage drop across a bidirectional switch (e.g., a
triac or relay) is canceled before it is closed.

The following general guidelines (with a few exceptions,
discussed in the article) were defined to set the optimum drive
configuration at each moment.

1) For 1N, one phase under fault is fixed to O when ω <
ωrc/2; and when ω > ωrc/2, it is opened.

2) For 2N, one phase under fault is fixed to O per each star
when ω < ωrc/2; and when ω > ωrc/2, it is opened.

3) For SN (preferred), the 2 N method is applied if ω <
ωrc/2; and if ω > ωrc/2, 1N is set and all faulty phases
are opened.

By applying these principles, on the one hand, the 1CDF
(or equivalently, the maximum achievable torque) is increased
(e.g., from 55.7% to 100%) and the SCL-per-torque is decreased
(e.g., to less than half) in comparison with the usual two-level
multiphase approach of keeping all faulty phases open. On the
other hand, the maximum speed is raised (and often the 1CDF
and SCL-per-torque also improved, by fixing to O two faulty
phases) with respect to the existing strategy (applied in two-level
three-phase drives) based on permanently fixing to O a single
faulty phase. Therefore, since both the maximum torque and
maximum speed become larger compared with conventional
postfault methods, it can be concluded that, besides reducing
the SCL-per-torque, the torque–speed region is extended. In
addition, the proposed PWM technique (unlike conventional
ones) included in the postfault strategy permits to alter in
this manner the drive configuration without overcurrent during
transitions.

The price to pay for these benefits is mainly the need for
extra fuses and bidirectional switches, as well as a particular
converter design with accessible dc-link midpoint and special
measures (e.g., oversized capacitors) to avoid oscillations in its
voltage. Nevertheless, these shortcomings are often considered
acceptable for improving postfault performance in actual motor
drives [20], [24], [32].

The theory has been verified by experimental tests.
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