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Abstract—This article presents a postfault control algorithm that
minimizes the stator Joule losses in multiphase induction machines
under an open-phase fault and for different star connection lay-
outs. The key novelty is that the algorithm can be applied to any
configuration of a multi-n-phase machine, independently of the
connection of the neutral points. The latter is analytically derived
and is based on the space vector representation of the machine
model. In addition, it is shown that a low number of neutral points
helps to reduce the winding losses in case of an open-phase fault but
requires additional control regulators and computational efforts.
The theory is applied to an asymmetrical quadruple-three-phase
induction machine, which is configured to represent five differ-
ent motor layouts. Finally, experimental results are presented to
validate the control algorithm. The optimal solution that is given
in this article can be employed for the control of symmetrical or
asymmetrical multiphase machines with different star connection
layouts and in any open-phase postfault operation.

Index Terms—Circuit faults, induction motors, multiphase
machines, postfault control (PFC), power system reliability,
variable-speed drives.

I. INTRODUCTION

WHEN reliability is an essential feature, a standard ap-
proach to enhance the fault tolerance is the redundancy

of the critical systems. In the field of electric drives, the use of
multiphase machines is considered as one of the most promising
fault-tolerant technologies [1], [2]. An initial classification of
multiphase drives can be done considering the layout of the
stator phases. Therefore, multiphase drives are commonly distin-
guished in multiphase, multisingle-phase, and multithree-phase
ones [3].
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Fig. 1. Conceptual scheme of the analyzed drive in its quadruple-three-phase
layout (left) and magnetic axes of the 12-phase induction machine (right). The
axes of each three-phase subsystem are equally colored and are shifted by 15◦
with respect to each other.

In a multiphase drive where a single converter feeds all the
phases connected to a single neutral point, a variety of critical
faults may affect the system and lead to the complete failure of
the drive (dc-bus failure, power converter fault, short circuits in
the winding, etc.). To avoid the failure of the system in these
scenarios, one of the most reliable layouts is the multisingle-
phase, where independent converters feed galvanically separated
phases. However, this solution may be complicated, expensive,
and with reduced efficiency [4]. The multithree-phase layout is
an intermediate solution, where each three-phase winding is star
connected and can be fed by an independent inverter. Multi-n-
phase layouts can also be adopted, but the three-phase one is
favorite because of the maturity of the related power electronics
technology. For example, Fig. 1 illustrates the multithree-phase
layout of the 12-phase machine considered for the validation of
the algorithm proposed in this article.

Multiphase drives are redundant by definition: when a phase is
open, the other ones can compensate for the missing power and
reduce the performance derating. However, the optimal postfault
strategy is challenging to generalize, because it depends on the
machine topology and the control algorithm.

Some research lines dealt with methodologies for the defi-
nition of optimum current references to obtain a better torque
response. These methods have been developed for machines with
different layouts and numbers of phases by using genetic algo-
rithms [5] and numerical computations based on analytical for-
mulations [6] and categorizing the angles between the adjacent
healthy phases [7]. The fault-tolerant control systems have also
been integrated with diagnostic algorithms that take into account
the converter layout [8]. In addition, as confirmed by recent
studies, the performance of conventional control schemes for
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multiphase drives significantly deteriorates under open-phase
faults and requires a change of the architecture toward a fault-
tolerant scheme [9]. This phenomenon is well described also
in [10], where a self-healing control scheme is proposed. In that
article, the architecture of the control scheme does not change
when a fault happens, and no fault detection is required, thanks to
an extended phase locked loop (EPLL). The EPLL is embedded
with an automatic adjustment of the reference currents in the
harmonic subspace limited by a minimum loss coefficient.

This article investigates how the star connection layout affects
the performance of multi-n-phase induction machines under
open-phase fault conditions. Some postfault algorithms have
already been proposed for induction machines with a single
star and an odd number of phases [11]. Later, they have been
extended to dual-three-phase machines with single or double iso-
lated neutral points [12], [13]. Various fault-tolerant algorithms
have been compared, showing how to obtain the maximum
output torque under open-phase fault scenarios. However, at
the current state of the art, several postfault algorithms require
the numerical solution of an optimization problem with con-
vergence methods that avoid local maximums and guarantee a
global optimum solution [14]. These methods can be applied
to any electrical machine. They have also been extended to
delta-connected layouts [15]–[17] and to customized inverters
or peculiar winding layouts, e.g., to enhance the performance or
the fault-tolerant capabilities [18], [19]. If the postfault control
(PFC) aims to minimize the stator copper losses, it is also
possible to find the optimal analytical solution in closed form, as
demonstrated for particular configurations of the windings [11],
[20], [21] and converter architectures [22], [23].

One of the aims of the current research is to develop fault-
tolerant algorithms that are as general as possible. Furthermore,
the analysis of the stator Joule losses and their distribution in
the machine winding has a significant impact on the postfault
thermal stress [24]–[27], making its minimization a priority for
postfault algorithms of electrical machines.

With reference to these topics, the main contributions of this
article are listed hereafter.

1) The article defines a generalized method for PFC of mul-
tiphase machines in case of open-phase faults, which can
be analytically derived and easily adapted to different
machine layouts. For the sake of generality, the stator
phases are arranged into a set of n-phase windings, where
the neutral points of each winding can be connected to or
insulated from the neutral points of the other windings,
depending on the machine layout. To the best of the
authors’ knowledge, such a method is not available in the
literature.

2) In case of an open-phase fault, it is necessary to find the
optimal set points of the machine currents to mitigate
the effect of the fault. It turns out that the system of
equations that solves this problem depends on the specific
machine layout and, in some cases, is even undetermined.
To overcome this difficulty, the developed algorithm min-
imizes the Joule losses and finds an explicit solution by
using the pseudoinverse operator and the vector space
decomposition (VSD) approach [28].

Finally, experimental results are presented to validate the
PFC and to provide an in-depth comparison of the developed
techniques for the single-, double-, and quadruple-star layouts
of a 12-phase machine.

II. MACHINE EQUATIONS IN HEALTHY AND

FAULTY CONDITIONS

The machine model is developed decomposing the machine
variables in multiple vector subspaces or planes. Consequently,
the equations written in terms of space vectors (SVs) can be used
to evaluate the electromechanical behavior of the machine and
develop a suitable control algorithm.

A. SV Representation

VSD is widely used for the analysis of multiphase ma-
chines and allows representing any set of electrical quantities
y1, y2, . . ., ym in terms of their respective SVs ȳ1, ȳ2, . . ., ȳm
defined as follows:

ȳρ =
2

m

m∑
k=1,2,...

yke
jρϕk (1)

where ϕk is the angular position of the magnetic axis of the kth
phase. In a multi-n-phase machine with m/n n-phase subwind-
ings arranged symmetrically, the angle ϕk can be calculated as
follows:

ϕk = mod
(
k − 1,

m

n

)
Δϕ+

⌊
(k − 1)/

(m
n

)⌋ 2π

n
(2)

where mod is the modulo operation that finds the remainder after
(k − 1) is divided by m

n , �� is the floor operation that rounds its
argument down to an integer, and Δϕ is the angular shift among
neighboring subwindings. In addition, the first phase (k = 1) is
assumed aligned with the stator reference frame (ϕ1 = 0).

In case of distributed windings with m phases, the angular
shift Δϕ of the subwindings is 2π

m for a symmetrical layout and
π
m for an asymmetrical layout (as illustrated in Fig. 1).

If the machine features an odd number of phases, the inverse
transformation of (1) can be simplified as follows:

yk =
ȳm
2
e−jmϕk +

m−2∑
ρ=1,3,5,...

�{ȳρe−jρϕk} (3)

where � is the real operator.
Conversely, for a machine with an even number of phases, the

inverse transformation of (1) becomes

yk =

m−1∑
ρ=1,3,5...

�{ȳρe−jρϕk}. (4)

Equations (1)–(4) can be used to develop models and control
algorithms for multiphase machines, independently of their star
connection layouts.

B. Model of a Multiphase Induction Machine

The stator and rotor equations describing a multiphase induc-
tion machine are written in the stator and rotor reference frames,
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respectively, in terms of SVs as follows:

v̄S,ρ = RS īS,ρ +
dφ̄S,ρ

dt
(5)

0 = RR,ρīR,ρ +
dφ̄R,ρ

dt
(6)

whereRS andRR,ρ are the stator phase resistance and equivalent
rotor resistance in the ρth subspace, respectively. Neglecting
the iron saturation, the slotting effect, and the high-order field
harmonics with ρ > 1, the stator and rotor flux vectors are as
follows:

φ̄S,1 = LS,1īS,1 +M1īR,1e
jθm (7)

φ̄R,1 = LR,1īR,1 +M1īS,1e
−jθm (8)

φ̄S,ρ = lS,ρīS,ρ, ρ = 3, 5, . . . (9)

φ̄R,ρ = lR,ρīR,ρ, ρ = 3, 5, . . . (10)

where θm is the angular displacement between the stator and
rotor reference frames in electrical radians, LS,1, LR,1, and M1

are the stator, rotor, and mutual inductances of the fundamental
harmonic, respectively while lS,ρ and lR,ρ are, respectively,
the equivalent stator and rotor leakage inductances in the ρth
subspace. Finally, under the assumption that the high-order
spatial components of the magnetic field are negligible, the
electromagnetic torque can be written as follows:

T =
m

2
pM1�{jīR,1e

jθm ī∗S,1} (11)

where ∗ is used to indicate the conjugate operator (j∗ = −j),
and p is the number of pole pairs. Equations (5)–(11), together
with the equation of motion, can be used to evaluate the elec-
tromechanical behavior of the machine.

C. Model of a 12-Phase Induction Machine

Replacing (7)–(10) in (5) and (6) leads to the following
equations, which are valid for a 12-phase induction machine:

v̄S,1 = RS īS,1 + LS,1
dīS,1
dt

+M1
d(̄iR,1e

jθm)

dt
(12)

0 = RR,1īR,1 + LR,1
dīR,1

dt
+M1

d(̄iS,1e
−jθm)

dt
(13)

v̄S,ρ = RS īS,ρ + lS
dīS,ρ
dt

, ρ = 3, 5, 7, 9, 11. (14)

Equations (12)–(14) can be used to analyze the behavior of
the different layouts of a 12-phase machine (m = 12). The
stator windings can be connected to each other in different
ways, depending on the number of insulated neutral points. For
example, the possible connections of four three-phase windings
are shown in Fig. 2. On the one hand, the single-star layout
presents more degrees of freedom in the current control and is
of interest for the implementation of control systems based on
high-order field harmonics or diagnostic algorithms that employ
the same harmonics to obtain information on the parameters and
the behavior of the electrical machine. This layout is also the
one that allows the best postfault performance of the drive. On

Fig. 2. Most interesting star connection layouts of a 12-phase distributed-
winding machine.

the other hand, the multi-three-phase solution features galvanic
insulation of the subwindings. This insulation allows supplying
each subwinding with an independent inverter connected to a
separated dc link, resulting in a modular converter architecture
that is suitable for the implementation of power-sharing con-
trol schemes and the employment of conventional three-phase
inverter technologies. Intermediate solutions (as the double-six-
phase layouts in Fig. 2) represent possible alternatives to mediate
between the two aforementioned opposite architectures.

D. Constraints Due to Star Connections

In a machine with m phases and Nst insulated neutral points
(or stars), the degrees of freedom in the control of the phase
currents are m−Nst. The phases of the hth star-connected
winding are those whose indexes belong to the set Wh. Owing
to the star connections, the sum of the currents flowing toward
the same neutral point is zero, i.e.,∑

k∈Wh

ik = 0, h = 1, 2, . . ., Nst. (15)

By introducing the inverse transformation (3) or (4), it is possible
to express the constraints described by (15) in terms of current
SVs. It turns out that only some current SVs are constrained
by (15), whereas the fundamental current SV ī1 is not affected,
because it vanishes from the equation. As a result, it is possible
to rewrite (15) in terms of SV components by using the following
matrix notation:

Ciaux = 0 (16)

where C is a full-rank Nst-by-(m− 2) matrix, and iaux is the
column vector of theαβ components of the current SVs different
from ī1. The expression of iaux, respectively, for systems with
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Fig. 3. Open-phase fault typologies.

odd and even numbers of phases, is as follows:

iaux = [i3α i3β i5α i5β . . . . . . imα(β)]
� (17)

iaux = [i3α i3β i5α i5β . . . . . . i(m−1)α i(m−1)β ]
� (18)

where the operator “� ” identifies the transpose operator.
The SVs īρ with ρ > 1 are called auxiliary vectors to distin-

guish them from the fundamental one ī1, which can be rewritten
as a column vector as follows:

i1 = [i1α i1β ]
�. (19)

Equation (16) is used in Section III, together with the constraints
resulting from an open-phase fault, in order to define an opti-
mized postfault algorithm.

E. Model of a Multiphase Stator Winding in Case of
Open-Phase Fault

The zeroing of a stator current may be caused by a fault in
the converter or the machine, as shown in Fig. 3 for a standard
three-phase drive. The breakdown of the switching devices or
the activation of the active and passive protections of the drive
(e.g., the desaturation protection, that turns the switches OFF

in order to avoid dangerous overcurrents) can easily cause the
uncontrolled phase currents to be zero. Also, this happens in
case of actual open-phase faults due to the disconnection of the
phases from the terminal box, the neutral point, or the terminals
of the inverter. This might result from assembly mistakes or the
deterioration of the connections.

In the postfault condition, the machine operates under the
constraints that the currents of the faulty phases k1, k2, . . .kNf

are zero, i.e.,

ikf
= 0, f = 1, 2, . . . ,Nf . (20)

In terms of current SVs, (20) can be rewritten using the inverse
Clarke’s transformation (3) or (4) and expressed in matrix form
as follows:

Bi1 +Aiaux = 0 (21)

where B is an Nf -by-2 matrix, and A is an Nf -by-(m− 2)
matrix, respectively, defined as follows:

B =

[
c1,k1

. . . . . . c1,kNf

s1,k1
. . . . . . s1,kNf

]�
(22)

A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

c3,k1
. . . . . . c3,kNf

s3,k1
. . . . . . s3,kNf

c5,k1
. . . . . . c5,kNf

s5,k1
. . . . . . s5,kNf

. . . . . . . . . . . .

. . . . . . . . . . . .

c(m−1)odd,k1
. . . . . . c(m−1)odd,kNf

s(m−1)odd,k1
. . . . . . s(m−1)odd,kNf

c(m)odd,k1
. . . . . . c(m)odd,kNf

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

�

(23)

where cρ,kf
= cos(ρϕkf

), sρ,kf
= sin(ρϕkf

), and ϕkf
is the

electrical angle of the faulty phase with index kf , as defined
in (2).

In the next section, the postfault constraint (21) is combined
with the one resulting from the presence of insulated neutral
points (16) in order to find the analytical solution for the opti-
mized postfault algorithm.

III. POSTFAULT CONTROL ALGORITHM WITH MINIMUM

COPPER JOULE LOSSES

Managing an open-phase fault is essential to ensure the oper-
ation of the drive (e.g., to avoid instability phenomena or unex-
pected extra losses) and to optimize its postfault performance.
Furthermore, such a control scheme could be used to keep the
current of one or more phases at zero in case of necessity,
although a fault has not occurred yet. The advantages of zeroing
the currents in particular phases are twofold: reduce the related
copper losses and minimize the stress of the emergency ac
breakers for the disconnection of these phases. For example,
if a fault or a localized temperature increase is detected, the
current of the phase placed next to that area can be controlled
to zero in order to avoid the accelerated aging of the insulation.
Furthermore, in case of a redundant converter architecture (as
in a multi-three-phase configuration), it would be possible to
control to zero the power of one subconverter, so that its dc
link could be opened with a limited effort and without incurring
in the phenomenon of electric arc. Then, the converter could
be replaced or its maintenance could be carried out without
unscheduled service interruption. Because of the importance of
the open-phase fault-tolerant algorithm in highly reliable drives,
this section shows a general approach to define an optimized
postfault algorithm for a multiphase machine analytically. The
fundamental contributions to the electromagnetic torque and
flux depend on ī1, which can be assumed as a known quantity
calculated by the control system depending on the operating
conditions. Therefore, the PFC problem consists in finding a
solution for iaux that satisfies (16) and (21). The system of
equations obtained combining (16) and (21) has Nst +Nf rows
and m− 2 unknown variables, so it is usually underdetermined
being Nst +Nf < m− 2. Among the possible solutions of (16)
and (21), the one that minimizes the total stator copper losses
can be found analytically.
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The stator copper losses are as follows:

PJ =

m∑
k=1

Rsi
2
k =

m

2
Rsi

�
1 i1 +

m

2
Rsi

�
auxiaux. (24)

The solution to the problem of minimizing (24) with the con-
straints (16) and (21) can be written in closed form, as explained
hereafter.

Let D be the (Nst +Nf )-by-(m− 2) matrix obtained by
appending the rows of C to the rows of A

D =

[
A

C

]
(25)

and let E be the (Nst +Nf )-by-2 matrix obtained by appending
Nst null rows to the rows of B.

E =

[
B

0(Nst,2)

]
. (26)

The rank of D is (Nst +Nf ). Equations (16) and (21) can be
written in compact form as follows:

Diaux + Ei1 = 0. (27)

The solution to the optimization problem is

iaux = F i1 (28)

where F is an (m− 2)-by-2 matrix defined as follows:

F = −D+E. (29)

The operator “+” applied to D in (29) represents the Moore–
Penrose inverse of D, more precisely its right pseudoinverse
matrix defined as follows:

D+ = D�(DD�)−1. (30)

The resulting matrix F represents a unique set of constants,
which relates the auxiliary SVs iaux to i1 for each fault con-
figuration and layout of the neutral points and minimizes the
stator copper losses. The values of F are not affected by the
operating condition of the machine and need to be calculated
only once, when the fault is detected. In addition, these values
can be calculated offline and stored on a conventional control
platform such as a DSP. As an example, the aspect of matrices
A, B, C, and F is analyzed in the Appendix and presented in
Table III for a particular fault scenario.

In a machine without star connections, i.e., a multi-single-
phase or an open-end winding layout, the matrix F in (28) and
(29) can be simplified as follows:

F = −A�[AA�]−1B. (31)

When the machine has an odd number of symmetrically dis-
tributed phases and a single star, C is a single-row matrix. The
entry in the (m− 2)th column is 1, while the other entries are
zero. In other terms, it is enough to neglect the one-dimensional
current SV component related to the zero-sequence current in
the A matrix (i.e., the mth column of A). In this case, in
agreement with the relationship found in [11], (31) can still be
used. In conclusion, (28) can be employed to directly find the

Fig. 4. Open-phase fault management in a quadruple-three-phase converter:
“single-phase PFC” logic (left top) and “three-phase PFC” logic (left bottom).

optimal solution for symmetrical or asymmetrical multiphase
windings with different layouts of the star connections and in
any open-phase postfault operation.

IV. SIMPLIFIED POSTFAULT CONTROL ALGORITHM FOR

MULTI-n-PHASE DRIVES

This section briefly summarizes a simplified control algorithm
suitable for multi-n-phase windings. The algorithm is based on
an analytical approach and is suitable for drives with a high
number of phases and star connections (e.g., a quadruple-three-
phase one), where the application admits a high reduction in the
machine performance in the postfault operation.

The problem of PFC is linked to the concept of power sharing.
According to this technique, the overall power of a multi-n-
phase drive can be unequally split among a set of independent
n-phase converters [24], [29]–[31]. A particular case of power
sharing is when the output power (or current) of a converter is
zero. This case perfectly matches the PFC of the machine.

Different PFC strategies can be defined, as shown in Fig. 4, for
a quadruple-three-phase electric drive. After the failure of one
device, two strategies seem more reasonable. The first one con-
sists of disabling the switches of the faulty phase (“single-phase
PFC”), and the second one consists of disabling all the switches
of the inverter involved in the fault (“three-phase PFC”). When
commercial three-phase inverters are used, the latter approach
is simpler. The three-phase PFC strategy can also be preferred
because it avoids the low-frequency distortion of the power flows
at the dc links of the converter in case the converter is built of
independent modules connected to insulated dc links.

The next section shows the proposed control architectures of
a 12-phase induction motor drive for various winding layouts
and compares them in terms of control design and performance.

V. CONTROL ARCHITECTURE

A standard three-phase machine is controlled through the
fundamental SV īS,1. To control this current vector, two
proportional–integral (PI) regulators are usually employed. In
general, the minimum number of PI regulators required to con-
trol the current SVs of an m-phase machine with Nst stars is
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Fig. 5. Control algorithm of a 12-phase machine in different conditions:
healthy or “three-phase PFC” with four insulated neutral points (white), faulty
with four independent stars and “single-phase PFC” (white and green), healthy
with double-six-phase or single star (white and yellow), and faulty with double-
six-phase or single star and “single-phase PFC” (white, green, and yellow).

equal to the number of independently controllable currents, i.e.,
m−Nst.

For example, Fig. 5 shows the control scheme of a quadruple-
three-phase machine (m = 12 and Nst = 4). The signals at the
input of the PI controllers are complex quantities, so each block
highlighted with a “*” in Fig. 5 must be intended as a couple
of PI regulators, respectively, for the d and q components of the
signals. The eight PI current controllers colored in white are the
ones required to control the healthy machine (m−Nst = 8).
Two current PI controllers are required to track the reference
set points of the fundamental space, whereas the other six PI
controllers are used to keep at zero the currents in the harmonic
subspaces.

Conversely, if all the subwindings were connected together
to the same neutral point (m = 12 and Nst = 1, i.e., m−Nst =
11), the number of PI regulators needed to control the machine
would increase to m− 1, i.e., 11.

However, a postfault algorithm requires, in general, more PI
regulators than the normal control system. In fact, the trajecto-
ries of some current SVs are often elliptic (even degenerate)
rather than circular. For each SV with an elliptic trajectory,
it is necessary to use a pair of PI regulators, implemented in
counter-rotating reference frames, in order to ensure a theoretical
zero error at the steady state. Hence, the PI regulators for the
control of these SVs double. Although, for each faulty phase, the
number of the degrees of freedom decreases by one, it results that
the number of PI regulators for the control scheme of the faulty
machine needs to be increased to obtain an effective tracking of
the current references.

It is possible to analyze how the control architecture changes
depending on the layout of the winding, the type of fault,
and the adopted postfault strategy. Under the assumption of an

TABLE I
MAIN MACHINE PARAMETERS (50 Hz)

Fig. 6. Comparison of analytical stator copper losses with the healthy machine
(blue) and the faulty machine (phase A1 open). “Three-phase PFC” (purple) and
“single-phase PFC”: quadruple-three-phase layout (green), double-six-phase
layouts (spotted), and 12-phase single-star layout (yellow). The rated copper
losses are highlighted in red.

open-phase fault, the control scheme of a quadruple-three-phase
machine does not require any additional PI regulator if the
“three-phase PFC” is implemented (purple signals in Fig. 5).
Conversely, if the optimized “single-phase PFC” is used, the
control system requires three additional pairs of PI regulators
(green signals at the input of regulators d, e, and f). In addition,
if the winding layout is a single-star type or a double-six-phase
type, the number of PI regulators required to implement the
“single-phase PFC” increases further. The additional regulators
are necessary to control the zero-sequence currents flowing from
and to different three-phase windings. In Fig. 5, the additional
PIs needed in case of “single-phase PFC” are highlighted in
yellow. Hence, the total number of PI regulators for the current
control raises to 11 pairs.

VI. ANALYTICAL RESULTS

In this section, the postfault strategies and star connection
layouts are analyzed for the quadruple-three-phase induction
machine in a single-phase postfault operation.

The comparison is carried out in terms of stator copper losses
and maximum phase currents by varying the magnitude of the
fundamental current SV |̄iS,1|. Table I presents the main machine
parameters.

Figs. 6 and 7 show the stator copper losses and the maximum
phase currents, respectively, as a function of the magnitude of
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Fig. 7. Comparison of analytical maximum phase current with the healthy
machine (blue) and the faulty machine (phase A1 open). “Three-phase PFC”
(purple) and “single-phase PFC”: quadruple-three-phase layout (green), double-
six-phase layouts (spotted), and 12-phase single-star layout (yellow). The max-
imum phase current is highlighted in red.

Fig. 8. Test bench: 12-phase inverter (left) and machine prototype (right).

the main current SV |̄iS,1| and for the analyzed PFCs and star
connection layouts. It is possible to notice from Fig. 6 (green
line) that for a quadruple-three-phase layoutA|B|C|D, the rated
copper losses are reached at about 14.81 and 13.86 A in case
of a single-phase open-fault with a “single-phase PFC” and a
“three-phase PFC,” respectively, compared with 16 A |̄iS,1| in
healthy conditions. Conversely, assuming a “single-star PFC,”
the rated losses are reached at about 15.18 A with a single-star
layout, and at about 15.08 A for all the double-six-phase layouts.

Fewer differences between single-phase and three-phase
PFCs have been found in terms of maximum phase currents.
In fact, as illustrated in Fig. 7, the limitation on the peak
current during postfault operation leads to a reduction of the
maximum magnitude of īS,1 from 23 A, in healthy conditions,
to about 17.5 A during the postfault operation. A worse result has
been found for the double-six-phase layouts. TheA−B|C −D
layout admits a maximum |̄iS,1| value of 15.54 A, which in-
creases to 16.16 and 17.21 A for the layouts A− C|B −D
and A−D|B − C, respectively. It is worth to note that the
only result that changes with the position of the faulty phase is
the peak current in the double-six-phase layout A−D|B − C,
which in half of the cases results in the same constraint obtained
for the layout A−B|C −D (i.e., it admits a maximum |̄iS,1|
value of 15.54 A). Considering the worse condition in terms
peak current for all the possible open-phase faults, it turns out

that A− C|B −D is the dual-six-phase layout and admits the
highest set point for the fundamental current vector |̄iS,1|.

In the proposed control technique, the control system ensures
that the magnitude of the current SV in the fundamental subspace
is always kept below a threshold value, which makes the phase
currents satisfy the current constraint. This threshold value
depends on the fault scenario. The auxiliary current SVs are
indirectly limited, being calculated from the fundamental one
by (28).

In case of healthy machine, the current limitation affects the
fundamental current vector (which is the only one controlled to a
value that differs from zero) and is equal to the inverters’ current
limit.

In case of a fault, the limitation of the fundamental current
SV must consider the different peak values that are reached from
the remaining healthy phases. For example, for the considered
machine with a rated inverter current of 23 A, the limitation of
the fundamental current vector in case of a single open-phase
fault corresponds to the values that are reported in Fig. 7 above
the horizontal axis.

The comparisons of the stator copper losses and the peak
currents show that the proposed PFC allows the continuous
operation of the machine with an acceptable reduction of power.
In contrast, the available overload capability is limited by a
tighter constraint related to the maximum peak of the phase
currents.

VII. EXPERIMENTAL RESULTS

In order to experimentally assess the proposed control strategy
for five different winding layouts of multiphase drive, a pro-
totype of a quadruple-three-phase induction machine has been
employed. The test bench, the quadruple-three-phase induction
machine, and the multiphase inverter, commanded by a DSP
TMS320F28335 controller, are shown in Fig. 8.

Fig. 9 illustrates the waveforms of the stator currents and
the trajectories of the current SVs in the αβ planes when the
machine operates in an open-phase fault condition (the first
phase of the inverter A is open). The experimental results are
presented for the most significant PFC strategies (the optimum
“single-phase PFC” and the simpler “three-phase PFC”) and star
connection layouts (quadruple-three-phase, double-six-phase,
and single-star 12-phase configurations). The machine is op-
erating at 700 r/min. The torque is 7.5 N·m and iS,1,d is 10 A.

The current waveforms and trajectories of the current SVs
are as expected from the analytical study, except for the current
ripple. The distortion of the phase currents is mainly attributed to
the effects of the high-order field harmonics and the machine and
converter nonlinearities. The peak values of the phase currents
in the results of Fig. 9 do not show significant variations when
different star connection layouts or an improved “single-phase
PFC” algorithm are used. This agrees with the results presented
in Fig. 7. Table II summarizes the experimental results in terms
of stator copper losses and number of additional PI regulators re-
quired for effective control of the current SVs (in case of healthy
and faulty machine). The results are in agreement with the
expected analytical solutions with a maximum mismatch on the
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Fig. 9. Phase currents (left) and current SV trajectories (right, with in red
the measured values and in green the reference values) when the machine is
operating in healthy operation (first row) and in the same post fault condition
(phase A1 open fault) with the most significant PFCs and star connection layouts.
The scale is 5 A/div in all the subfigures.

stator copper losses of 4.6%. In terms of stator copper losses, the
comparison shows significant advantages in using a single-star
layout and a “single-phase PFC” over a quadruple-three-phase
layout and a “three-phase PFC.” However, this improvement
is obtained with a more complicated control architecture. The
other possible star layouts and postfault algorithms present
intermediate solutions, and the selection of the layout has to
be evaluated according to the considered application and its
fault-tolerant requirements.

In case of a higher number of faulty phases, the advantage
of using a more complicated control strategy with a reduced

TABLE II
COMPARISON OF THE PFCS (THREE-PHASE AND SINGLE-PHASE PFCs) AND

STAR CONNECTION LAYOUTS FOR A SINGLE-PHASE OPEN FAULT

number of neutral points seems even more significant in terms
of copper losses. However, the probability of simultaneous
open-phase faults in different converters is much lower than
a single-phase or a single-converter failure. Therefore, the pre-
sented analysis and the developed control strategy, together with
the experimental validation summarized in Table II, can be con-
sidered as a useful guideline for the choice of the fault-tolerant
design/control architecture of a multiphase drive.

VIII. CONCLUSION

This article extends the PFC algorithms developed for mul-
tiphase drives under open-phase fault operation to multiphase
machines with any layout of the star connections. The presented
postfault strategy, based on the minimization of the stator copper
losses, allows defining the optimum reference currents for sym-
metrical or asymmetrical multiphase windings with different star
connection layouts and in any open-phase postfault operation,
under the assumption of neglecting the effects of the high-order
field harmonics. In fact, (28) can be directly implemented on
a control platform in each fault scenario, and the optimum
postfault algorithm is calculated without the need for numerical
iterations. The proposed method takes into account the constraint
introduced by the different star connection layouts of then-phase
subwindings, highlighting advantages and drawbacks in terms
of stator copper losses, peak currents, and computational efforts
(number of additional PI regulators) resulting from the winding
architecture and postfault strategy. The theoretical considera-
tions have been verified by experimental tests using a prototype
of a quadruple-three-phase induction machine. This article aims
to give a contribution to the state of the art in the design and
control of multiphase machines for safety-critical applications.

APPENDIX

The matrices A, B, C, and F for a particular open-phase fault
(phase A2) are reported in Table III. In particular, the matrices
A, B, and C are used in (25)–(29) to determine the postfault
matrix F . All these matrices are constant and are only related
to the winding layout, the fault configuration, and the postfault
strategy. Thus, they are not affected by the actual operation of
the drive.
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TABLE III
SUMMARY OF THE A, B, C, AND F MATRICES FOR PHASE A2 OPEN FAULT IN CASE OF SINGLE-PHASE AND THREE-PHASE PFCs

AND FOR SIGNIFICANT STAR CONNECTION LAYOUTS
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