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Abstract—Fault tolerance is much appreciated at industry in ap-
plications with high-reliability requirements. Due to their inherent
fault-tolerant capability against open-phase faults (OPFs), drives
with multiple three-phase windings are ideal candidates in such
applications and for this reason many efforts have been devoted
to the development of different fault-tolerant control strategies.
Fault detection is, however, a previous and mandatory stage in
the creation of fault-tolerant drives, and the study of specific OPF
detection methods for six-phase drives is still scarce. Taking ad-
vantage of the secondary currents (so called x-y currents) that are
unique in multiphase machines, this study proposes new fault in-
dices that detect and locate the OPFs without additional hardware.
The method proves to be simple and independent of the operating
point, control technique, and drive parameters. Comparative ex-
perimental results confirm the capability of the proposed method
to achieve fast detection times with good robustness.

Index Terms—Fault detection, multiphase induction motor
drives, open-phase faults (OPFs).

I. INTRODUCTION

B EING favored by the economy of scales and a proven
technology, three-phase machines dominate the market in

variable-speed drive applications. Nevertheless, recent efforts
have been devoted to highlight the advantages of multiphase ma-
chines and to find a niche of applications where they can compete
with the three-phase standard [1]–[3]. Since the fault tolerance
provided by the redundant phases is a unique feature of multi-
phase machines, industry has initially focused on high-reliability
applications, such as aerospace, traction, or wind energy systems
to include machines with multiple three-phase windings [4]–[8].
With these applications in mind, many recent works have been
focused on the development of high-performance fault-tolerant
control schemes for induction machines (IMs) and permanent
magnet synchronous machines (PMSMs) [7]–[18].
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The first step in this direction was the modification of standard
field-oriented control (FOC) to obtain a ripple-free postfault op-
eration [7]–[14], but the widely used direct torque control has
also found its fault-tolerant version recently [15]. Apart from
these two mainstream control strategies, some other modern
control techniques, such as the model-based predictive control
(MPC) and sliding mode control have also modified the healthy
schemes to operate after the fault occurrence [16]–[18]. Re-
gardless of the control approach, an open-phase fault (OPF) has
been considered in [7]–[18] and the fault-tolerant control is per-
formed using the remaining healthy phases. Since the focus in
these works has been placed on control issues, the aforemen-
tioned works have either directly omitted the transition from
pre- to postfault situations [7]–[14], [18] or have considered an
arbitrary fault detection delay [15]–[17]. It is, however, clear
that the postfault control can only be activated after the fault has
been detected, and the investigation on OPF detection methods
for multiphase systems is still scarce.

Fault diagnosis in electrical machines can be used to de-
tect incipient faults, and this leads to fast unscheduled correc-
tive maintenance, short downtimes, and elimination of harm-
ful side effects [19]. In such cases, many different fault types
should be taken into account (e.g., broken rotor bars or inter-
turn faults, to name a few) and relatively long detection times
can be permitted [20]. On the other hand, if the aim of the
fault detection is to apply any of the fault-tolerant techniques
detailed in [7]–[18], the fault detection should be concentrated
in OPFs [21] and detection times should be as short as pos-
sible (typically less than one fundamental period). Since the
fault detection method is combined with a high-performance
postfault control, it should in principle possess the following
requirements:

R1) use of noninvasive techniques and lack of additional
hardware (e.g., voltage measurements [22]);

R2) obtain short detection times (less than a fundamental
period) that avoid torque ripple, vibrations, and overcur-
rents;

R3) avoid complex approaches with a high implementation
effort;

R4) lack of operating condition dependence (load depen-
dence and sensitivity to transients);

R5) lack of dependence on the machine parameter and/or
control strategy.

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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A method for seven-phase IMs that uses the reference voltage
of the secondary components in an FOC strategy is proposed
in [23], but it is focused on stator resistance dissymmetry and
depends on the control strategy. Five-phase PMSMs are consid-
ered in [24] and [25], but also aiming to detect incipient interturn
short-circuit faults and using additional voltage measurements.
A fault diagnosis proposal for five-phase PMSMs in [26] uses
an observed-based approach with an index based on the cross
correlation of the estimated and measured currents. Since the
method is model-based, the estimations imply some additional
calculations that require the knowledge of the motor parame-
ters (violating requirements R3 and R5), which are known to
vary with the operating point (due to thermal effects, magnetic
saturation, and skin effect, to name some of the typical causes
for the parameters mismatch). A slightly different approach is
adopted in [27] together with an MPC strategy, but the approach
is again observer-based, and, consequently, it suffers from sim-
ilar limitations as in [26]. A fault-detection system based on
the rms value of the stator currents is suggested in [28] for a
symmetrical six-phase IM, but the fault detection index is not
normalized and the detection delay is higher than a fundamental
cycle (failing to fulfill requirements R2 and R4).

The aforementioned requirements are generally fulfilled by
methods that follow the commonly referred as Park vector ap-
proach [19], [20]. Since most of these methods are designed
on a per-phase basis, they can be in principle extended to other
machines regardless of the number of phases. This is the case of
[29]–[32], which were identified in [19] and [20] as benchmark
approaches for the OPF detection. In [29]–[32], the requirement
R4 is fulfilled using normalized fault detection indices. While
the normalization in [31] and [32] is based on the average ab-
solute values of the motor phase currents, the modulus of the
Park vector is employed in [29] and [30]. With different per-
formances in several figures of merit, the methods proposed in
[29]–[32] show effectiveness, good detection speed, robustness,
and low implementation effort. A similar approach can be found
in [33], but using a normalization that includes the additional
subspace existing in five-phase machines. The methods in [34]–
[36] also follow the main trend of detecting the OPF identifying
the pattern of distortion in the d − q currents caused by the
fault. Although the methods in [31] and [32] can be extended
with small modifications to multiphase machines, neither these
methods nor the multiphase ones found in [23], [26]–[28], and
[33]–[36] take advantage of the specific components (termed x-y
in what follows) that appear in a multiphase system. Compared
to phase currents, the x-y currents present some properties that
make them good candidates to be used as fault indices:

1) the x-y components are constant (null) in healthy opera-
tion, whereas phase currents are sinewaves;

2) the x-y components are not related to the torque produc-
tion (in distributed-winding machines), and, consequently,
they are inherently independent of the drive dynamics.

Following the idea of involving these secondary current com-
ponents to improve the fault detection in six-phase drives, this
study specifically presents the following contributions:

1) the fault detection method in [29] and [30] is extended to
six-phase drives;

Fig. 1. Scheme of the six-phase induction motor drive in OPF operation.

2) a new fault detection method based on normalized x-y
currents is presented;

3) the proposed method based on the vector space decom-
position (VSD) approach is experimentally compared to
previous techniques [29], [30] based in the Park approach
to show the superior characteristics.

This paper is structured as follows. Section II reviews the
background on six-phase IM drives in OPF operation. Section III
discusses some generalities about the OPF detection, extends
the method in [29] and [30] to the six-phase case, and points
out the main limitations of the phase-current-based approach.
Section IV presents the proposed VSD-based fault detection
(VSDFD) method and enumerates its potential advantages. Sec-
tion V describes the experimental rig and shows obtained results,
and Section VI finally summarizes the main conclusions.

II. GENERALITIES OF SIX-PHASE INDUCTION MOTOR DRIVES

IN OPF OPERATION

The drive under study consists of an asymmetrical six-phase
IM supplied from two three-phase voltage-source converters
(VSCs) that are connected to a single dc-link (see Fig. 1). The IM
has two sets of three-phase windings (a1b1c1 and a2b2c2) that
are spatially shifted 30 electrical degrees with isolated neutral
points. The converters (VSC1 and VSC2 ) are two-level Insulated
Gate Bipolar Transistor-based type, each one connected to the
sets 1 and 2 of three-phase windings, respectively.

As in three-phase drives, it is convenient for control purposes
to use the VSD in order to obtain flux- and torque-related d-
q currents. However, since the system is six-dimensional, the
generalized Clarke transformation
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1√
3
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T (1)
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includes new x-y current components in addition to the standard
α − β and zero-sequence components (0+–0−). The VSD was
originally presented in [37] and showed that the variables after
the decomposition can be grouped in α−β and x−y vectors that
form orthogonal subspaces (also termed planes), and this math-
ematical characteristic implies that the new x−y components
can be controlled independently of the α−β components. The
α − β subspace plays a similar role as in three-phase drives,
serving at the control stage to regulate the flux and torque using
d- and q-components, respectively, once the Park transformation
is performed

[D] =

[
cos θs sin θs

−sin θs cos θs

]

[idsiqs ]
T = [D] · [iαsiβs ]

T

θs = ∫
(

p · ωm − i∗q
Tr · i∗d

)
· dt (2)

where θs is the angle of the rotating reference frame that is
obtained from the measured speed ωm and the estimated slip,
being p the number of pole pairs and Tr the rotor time constant.

On the other hand 0+−0− current components will be omit-
ted further on from the analysis since they do not flow due to
the two isolated neutrals configuration. The major difference
compared to three-phase machines is the new x-y subspace, and
for this reason, it has been the focus of some innovations [7],
[38], [39] that cannot be done in three-phase drives where these
components simply do not exist. If the machine has distributed
windings, these components become circulating stator currents
that do not contribute to the torque or flux production.

The equations of the six-phase machine in VSD variables can,
thus, be expressed as [10]:

vαs =
(

Rs + Ls
d

dt

)
iαs + M

diαr

dt

vβs =
(

Rs + Ls
d

dt

)
iβs + M

diβr

dt

vxs =
(

Rs + Lls
d

dt

)
ixs

vys =
(

Rs + Lls
d

dt

)
iys

0 =
(

Rr + Lr
d

dt

)
iαr + M

diαs

dt
+ ωrLr iβr + ωrMiβs

0 =
(

Rr + Lr
d

dt

)
iβr + M

diβs

dt
− ωrLr iαr − ωrMiαs

Te = pM (iβr iαs − iαr iβs) (3)

where Ls = Lls + 3Lm , Lr = Llr + 3Lm , M = 3Lm and ωr

is the rotor electrical speed (ωr = pωm ). Subscripts s and r
denote stator and rotor variables, respectively.

When an OPF occurs, the model of the machine from (3)
is still valid, but the loss of one degree of freedom implies that
the VSD variables are no longer independent. Assuming in what
follows and without lack of generality that the fault affects phase

Fig. 2. Control scheme in prefault situation (see Fig. 4 to link with the fault
detection scheme).

a1 in single OPF scenario, it follows from (1) that the postfault
restriction is

ixs = −iαs . (4)

The y-current is still independent and its reference value is
taken according to a minimum loss (i∗ys = 0) or minimum der-
ating (i∗ys = −iβs) criterion [3].

As far as the control is concerned, the most widespread ap-
proach is the FOC with some modifications that take into ac-
count the nonzero value of the x-y currents [9]–[11], [23]. The
control scheme follows a nested approach with an outer speed
loop that provides the q-current reference and inner current loops
that provide the voltage references for the modulation stage (ei-
ther carrier-based or space vector pulse width modulation), as
shown in Fig. 2. While the speed and d-q current controllers use
standard proportional-integral (PI) controllers, the x-y current
controllers are PI in normal operation (see Fig. 2) and might
need to become resonant after the fault occurs in order to track
the nonzero references from the fault detection stage (see Fig. 4
in Section IV for further details).

In relation to the fault detection method that will be introduced
in Section IV, the most remarkable feature of the six-phase
machine is the appearance of the x-y subspace. Specifically, it is
to be noted that 1) the x-y currents do not need to be specifically
calculated since they are already available from the control stage
(see Fig. 2), 2) the x-y components are null before the fault and
nonnull after the fault occurrence, and 3) the torque in (3) only
involves the α − β subspace. This suggests the adequacy of
using fault detection indices based on VSD x-y currents.

III. BACKGROUND ON OPEN-PHASE FAULT DETECTION AND

EXTENSION OF THREE-PHASE METHODS

The open-phase fault detection methods essentially aim to
know as soon as possible if a phase has been disconnected
from the motor in order to apply any of the postfault strategies
detailed in [7]–[18], to name a few. Since the steady-state phase
currents are sinewaves of variable amplitude and frequency in
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variable-speed drives, all phase currents naturally become zero
twice in a fundamental period.

Furthermore, multiple crossings at zero can be found in in-
dustrial applications due to the current ripple. It is, therefore,
necessary to distinguish between the null current that is obtained
after the OPF occurrence and the multiple zero crossings that
happen in normal operation. In spite of the claims that can be
found in some works, a fault detection time in the order of the
microseconds can only be obtained in simulation studies. To
aggravate the achievement of a correct fault detection, measure-
ment errors must be taken into account and transients may also
cause zero crossings and lead to false alarms [19], [20]. All that
said there is still room for a quick fault detection that should be
done in less than a quarter of the fundamental period.

Since the fault detection cannot be performed using instanta-
neous values due to the possibility to confuse the OPF with a
zero crossing, a normal approach is to average phase currents
over a fundamental period Ts [29]–[33]. However, it is neces-
sary to previously normalize phase currents in order to make the
method insensitive to load variations. Otherwise the variable-
current amplitudes found in variable-speed drives would make
the setting of the threshold impossible. The normalization in
[29] and [30] is done using the modulus of the Park vector as
follows:

iphN =
iph√

i2ds + i2qs

(5)

where iph is the phase current and iphN is the normalized phase
current using the modulus of the Park vector.

Once normalized, the absolute value of iphN is then averaged
over the fundamental period

|iphN (t)| =
1
Ts

∫ t
t−Ts

|iphN (t)| dt. (6)

In prefault steady-state condition, the averaged absolute value
of the phase currents is constant [29]

ξ = |iphN |pre =
1
π

√
8
3

(7)

and then the fault detection index in [29] and [30] is defined as

ek = ξ − |iphN | (8)

which is zero in healthy steady-state condition (|iphN | =
|iphN |pre = ξ) for all phases because the stator currents form a
balanced electrical system.

After the OPF occurrence, the current in the faulty phase
drops to zero and ek converges to ξ after a fundamental period
Ts (see Fig. 3). Assuming that a1 is the faulty phase, it follows
that

|iphN |post = 0 and ek = ξ, for k = a1 . (9)

Consequently, the phase-current-based fault detection method
(termed PHCFD in what follows) is based on monitoring ek for
all phases (i.e., k ∈ {a1 , b1 , c1 , a2 , b2 , c2} for the six-phase
machine shown in Fig. 1), and defining a threshold in between
zero and ξ (0 ≤ Tth ≤ ξ).

In an ideal scenario, the value of the fault index ek for the
remaining healthy phases would remain at zero after the fault

Fig. 3. Evolution of eph after the fault occurrence for phase a1 (faulted) and
phases b1 , c1 , a2 , b2 , and c2 (healthy). Experimental results.

occurrence. Unfortunately, the set of postfault currents is no
longer balanced and the unequal values of the phase currents
imply that

|iphN |post �= ξ and ek �= 0, for k ∈ {b1 , c1 , a2 , b2 , c2} .
(10)

Even though |ek | ≤ ξ for the remaining healthy phases, the
fact that these indices evolve to both positive and negative values
diminishes to some extent the margin for the setting of the
threshold Tth . For the sake of example, the threshold in Fig. 3
needs to be set above the postfault steady-state value of the index
ec2 with a certain security margin (TSM ) that can be defined as
a portion of the final value ξ

TSM = γ · ξ (11)

where γ is the per unit vale of the security margin.
The threshold can then be set above the maximum value of

the fault indices in the healthy phases (which is equal to ec2(∞)
in the example shown in Fig. 3)

Tth = emax
k + TSM = ec2 (∞) + TSM . (12)

It is also worth noting that the sinusoidal nature of the phase
currents forces the integration (6) in a minimum time of one
fundamental period (as shown in Fig. 3). Otherwise the integra-
tion in (6) would not provide the constant value ξ that is shown
in (7). The speed of the detection method is, thus, limited by two
factors: 1) the integration time cannot be set arbitrarily below
Ts and 2) the threshold cannot be set below ec2(∞).

Another practical issue is the determination of the fundamen-
tal period Ts and the implications of an erroneous estimation. If
the drive is regulated with FOC, the fundamental period can be
obtained from the control scheme as

T̂s =
2π

ω̂s
with ω̂s =

i∗qs

τr · i∗ds

+ pωm (13)

where τr = Lr/Rr is the rotor time constant, i∗ds and i∗qs are the
d-q current references taken from the control. The calculation
(13) implies no further computational cost since it is already
done for the Park transformation in (2), but it is parameter
dependent. Since the rotor time constant is known to vary at
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different operating conditions, it can be concluded that, in gen-
eral, T̂s �= Ts . If T̂s �= Ts , then |iphN | in (6) will not be equal
to ξ in prefault condition. Furthermore, the moving average in
the period T̂s − Ts will make the fault detection index ek to be
sinusoidal at twice the fundamental frequency in prefault situa-
tion. If the error in the estimation T̂s − Ts is reasonably low, the
amplitude of this sinewave will remain below the threshold Tth

and will not provoke false alarms. It is in any case an undesirable
feature of the PHCFD technique.

Equations (6)–(9) directly express the method in [29] and
[30] for three-phase machines. It has been, however, indicated
in Section II that multiphase machines provide additional sub-
spaces after the Clarke transformation compared to three-phase
systems. For this reason, it seems natural to include these sec-
ondary components in the normalization of (5). In this way,
following a similar procedure as in [33] (5) can be expressed as

iphN =
iph√

i2ds + i2qs + i2xs + i2ys

. (14)

In prefault situation, ixs = iys = 0, and, consequently, the
result of (5) and (14) is the same, but after the OPF occurrence,
both normalizations will provide a different evolution of the fault
indices in the healthy phases. It must be noted, however, that
the experimental comparison of the methods using (5) and (14),
not shown in this manuscript for the sake of brevity, provides
a similar performance and for this reason they are both simply
referred as PHCFD.

To sum up, even though the phase-current-based method of
[29], [30] can be extended using the normalization in (14), it
still has the following shortcomings.

S1) The postfault values of the fault indices ek in the healthy
phases are nonnull. The unbalanced operation after the fault
occurrence leads to both positive and negative values of all fault
indices, and this diminishes the margin to select the threshold
Tth in (12).

S2) The moving average is calculated using one fundamental
period, and this implies that the fault index will need at least a
time Ts to reach the value ξ (see Fig. 3). Although the selection
of a proper threshold allows fault detection delays below Ts ,
this requirement slows down the speed of the fault detection.

S3) The prefault values of the fault indices ek are only null
if the estimated period of the fundamental component (T̂s) is
equal to the actual period Ts . Since T̂s is typically estimated
using (13), this makes the method parameter dependent to some
extent.

Aiming to overcome these limitations, the next section sug-
gests a VSDFD method with the capability to maintain postfault
healthy indices close to zero, calculating the moving average in
a window below Ts and obtaining prefault indices that are in-
sensitive to the estimated period T̂s .

IV. PROPOSED OPEN-PHASE FAULT DETECTION METHOD FOR

SIX-PHASE INDUCTION MOTOR DRIVES

Even though multiphase machines offer additional planes af-
ter the VSD, most of the existing OPF detection methods still

follow a phase-current approach that is essentially similar to
the three-phase case because they are developed in a per-phase
basis [26]–[28], [33]. On the contrary, the indices suggested in
this study are based on the VSD variables and overcome the
aforementioned limitations S1 to S3.

From the generalized Clarke transformation (1) and setting
the OPF condition (iph = 0), it is possible to express the OPF re-
striction as the ratio of VSD variables. For the sake of example,
if the OPF occurs in phase a1 , the condition ia1 = 0 provides
the physical restriction − ix

iα
= 1 from the first row in (1) after

inversing the Clarke matrix. By defining the ratio Ra1 = − ix

iα
,

it follows that Ra1 is forced to be one after the fault by the
physical OPF condition. Since i∗x = 0 before the fault and the
current controllers ensure a good current tracking of the x−y
currents, the ratio Ra1 is close to zero in prefault situation. The
OPF condition together with the null prefault x−y currents en-
sure that the ratio Ra1 is close to zero in prefault situation and
one after the fault occurs. Consequently, the ratio Ra1 provides
a simple mean to identify the fault occurrence in phase a1 with
well-established values in pre- and postfault situations. Proceed-
ing in the same manner, it is possible to define similar ratios for
the other phases

Ra1 = − ix
iα

, Rb1 =
ix

−iα +
√

3 · iβ −√
3 · iy

,

Rc1 =
ix

−iα −√
3 · iβ +

√
3 · iy

Ra2 =
ix

iα + 1√
3
iβ + 1√

3
iy

, Rb2 =
ix

iα − 1√
3
iβ − 1√

3
iy

,

Rc2 = − iy
iβ

. (15)

The ratios Rk in (15) are already normalized and they are
zero and unity before and after the OPF occurrence, respec-
tively. Compared to the sinewaves that result from the normal-
ized phase currents iphN in (5) or (14), the ratios Rk in (15)
are constantly zero at any instant in prefault situation. This in
turn implies that while phase currents need to be averaged over
a fundamental period in (6) to obtain the constant value ξ, the
ratios Rk = 0 ∀t. Consequently, the limitation S3 is directly
avoided because the periods of the moving average Tm and the
estimated value T̂s have no impact on the averaged ratios Rk .

Similarly to the PHCFD approach, the ratios Rk can be inte-
grated using a moving average

〈 Rk (t) 〉 =
1

Tm

∫ Tm

0
Rk (t) dt (16)

but opposite to (6), it is not necessary to calculate the absolute
value and the period of the moving average Tm does not need to
coincide with the fundamental period Ts . On the contrary, the
period Tm can be freely chosen as a certain portion of T̂s

Tm = σ · T̂s , σ ≤ 1 (17)

where σ is a parameter that defines the portion of the funda-
mental period that is used in the moving average. The selection
of σ is a tradeoff between the fault indices noise and the OPF
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Fig. 4. Proposed fault detection scheme VSDFD (see Fig. 2 to link with the
control scheme).

detection speed. Setting a value σ = 1 as in the PHCFD ap-
proach may results in longer detection times, whereas values of
σ too close to zero will unacceptably increase the fault indices
ripple. Further details on the selection of σ will be provided in
Section V, but in any case the freedom to choose a value of
σ ≤ 1 also eliminates the limitation S2.

Finally, the limitation S1 is eliminated by applying a hystere-
sis band to the ratios Rk for noise rejection. Since it is known
that only the faulty ratio will be constantly 1 after the OPF oc-
currence, all indices are filtered using the following hysteresis
band:

if 1 − ε ≤ Rk ≤ 1 + ε, then Rpb
k = Rk

else Rpb
k = 0 (18)

where ε is the width of the hysteresis band in (18). This width
should be limited in order to ensure a low ripple of the fault
indices of the healthy phases. A 10% of the postfault index value
(i.e., ε = 0.1) typically provides a sufficient security margin, but
it is also possible to increase the value of σ if the current ripple
is higher in order to limit the oscillations (see Section V).

If the filtered values Rpb
k are then averaged as in (16), the new

fault indices are

ek =
∫ t

t−Tm

Rpb
k (t)dt, k ∈ {a1 , b1 , c1 , a2 , b2 , c2}. (19)

Finally, the information of the faulty phases Fk is obtained
comparing the fault indices with the threshold

if ek ≥ Tth , then Fk = 1

else Fk = 0. (20)

At this stage, the OPF has been detected and localized, but it is
still necessary to calculate the x-y current references. According
to a certain criteria, such as minimum loss (ML) or maximum
torque (MT), the fault detection scheme provides the references
that serve as an input for the x-y Proportiona Resonant controller
(see Fig. 2). The previously described steps (15)–(20) are sum-
marized in the fault detection scheme of Fig. 4. The calculation
of the faulty state Fk is simple: the calculation of Rk just im-
plies few arithmetic operations, and then it is just necessary to
filter using a hysteresis band and integrate over the period Tm .
In addition to the simplicity, the method overcomes limitations
S1 to S3. The goodness of the proposed VSDFD method is ex-
perimentally evaluated in the next section to verify its speed of
detection and robustness.

Fig. 5. Scheme of the test bench used for the experimental results.

TABLE I
RATED VALUES OF THE MOTOR

Power (kW) 1.4
Ip e a k (A) 5
id (A) 1.4
iq (A) 8.5
nm (r/min) 1000
T load (N·m) 13.4

V. EXPERIMENTAL RESULTS

A. Experimental Rig

A scheme of the experimental system used for the analysis
is shown in Fig. 5. The system consists of an asymmetrical
six-phase IM driven by two conventional two-level three-phase
VSCs from Semikron (SKS22F modules) that are controlled
using the scheme shown in Fig. 2. The parameters of the custom-
built multiphase machine have been determined using ac-time
domain and standstill with inverter supply tests [40], [41]. The
obtained parameters are: stator and rotor resistances of 4.2 and
2 Ω, stator and rotor leakage inductances of 4.2 and 55 mH, and
mutual inductance of 420 mH. The rated values of the six-phase
IM are included in Table I.

The VSCs are connected to a single dc power supply and
the control actions are performed by a digital signal processor
(TMS320F28335 from Texas Instruments, TI). The control unit
is programmed using a JTAG and the TI proprietary software
called Code Composer Studio. Four hall-effect sensors (LEM
LAH 25-NP) and a digital encoder (GHM510296R/2500) have
been used to obtain the current and speed measurements, re-
spectively. The six-phase IM is loaded by a dc machine that
is coupled to the shaft and whose armatures are connected to
a variable passive R load that dissipates the power. The load
torque is consequently speed dependent.
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Fig. 6. Evolution of the fault detection indices ek in the proposed VSDFD
method in single OPF for different periods Tm . σ = 1 (red), σ = 0.66 (blue),
and σ = 0.33 (green).

B. Experimental Results

Before proceeding to show some tests, it is first necessary to
set parameters γ, ε, and σ that define the proposed VSDFD
method in Fig. 4.

1) Security margin: The value of γ in (11) is set to 0.1, thus
resulting in a threshold Tth = 0.2862 which has a security
margin TSM = 0.1 above the maximum postfault value of
the healthy phases: emax

k = 0.188.
2) Hysteresis band width: The value of ε in (18) is set to 0.1,

obtaining a hysteresis band for Rpb
k ∈ [0.9, 1.1].

3) Period of the moving average: The selection of σ in (17)
requires some attention. While decreasing the value of
Tm accelerates the rise of the faulty phase index after the
fault occurrence, an excessively low value of σ will also
increase the ripple of the fault indices ek . Fig. 6 shows the
experimental results of the indices ek for three values of
σ (1, 0.66, and 0.33) with Ts = 0.06 s. In all three cases,
the index of the faulty phase rises after the OPF occurs at
t = 5 s, whereas the indices of the healthy phases remain
close to zero. It can be noted, however, that the rising slope
is larger for lower values of σ (red trace in Fig. 6) at the
expense of an increased ripple. Conversely, setting σ = 1
as in the PHCFD method reduces the ripple but leads to
longer detection times (red trace in Fig. 6). The value of
σ is set to 0.66, in this paper to obtain a high speed of
detection without increasing the ripple in excess.

Once the VSDFD method is defined, test 1 for single OPF is
shown in Fig. 7, where phase a1 is opened at t = 5 s. In this
test, the machine is operated with i∗d = 1.1 A at 300 r/min and
3.2 N·m. In the zoom-in right plot of Fig. 7, it can be noted
that the currents become unbalanced after the fault occurrence,
this causing the appearance of nonnull x-y currents. As a conse-
quence, the fault index of phase a1 quickly rises while the rest
of indices remain close to zero. The detection time is 11.7 ms
which is about 18% of the fundamental period. This low detec-
tion time is possible due to two main causes: 1) the slope of the
faulty index is high because σ ≤ 1 and 2) the threshold is low
because emax

k is also low. If higher detection times are admissi-
ble, it is possible to increase the security margin and elevate the
threshold at the expense of longer detection times. On the other

Fig. 7. Test 1: Evolution of the fault detection indices (ek ) in the proposed
method VSDFD in the event of a single OPF at t = 5 s.

Fig. 8. Test 2: Evolution of the fault detection indices (ek ) in the proposed
method VSDFD in the event of a step in the load torque at t = 5 s.

Fig. 9. Test 3: Evolution of the fault detection indices (ek ) in the proposed
method VSDFD in the event of a step in the d-current at t = 5 s.

hand, the detection time can be further reduced setting lower
values of σ at the expense of higher ripple in the fault indices.
Both the quick rise of the faulty index and the high margin to set
the threshold are key features of the proposed VDFD method.

Apart from the detection speed, it is also necessary to prove
that the VSDFD method is robust against transients, avoiding
false alarms. For this purpose, three tests have been performed:
test 2, where the machine is unloaded from 3 to 1 N�m at t =
5 s (see Fig. 8), test 3, where the reference of the d-current
is stepped from 1.2 to 0.4 A (see Fig. 9), and test 4, where
the speed reference is varied from 300 to 500 r/min at t = 5
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Fig. 10. Test 4: Evolution of the fault detection indices (ek ) in the proposed
method VSDFD in the event of a speed ramp at t = 5 s.

Fig. 11. Test 5: Evolution of the fault detection indices (ek ) in the proposed
method VSDFD in the event of two OPFs at t = 5 s.

s (see Fig. 10). The changes in the torque/flux/speed of tests
2/3/4 force a transient in the machine, whose stator current is
decreased/increased/increased for t ≥ 5 s (see the right zoom-in
plots in Figs. 8–10). In spite of the sudden steps of torque/flux
and the speed ramp, (3) shows that the flux and torque modifi-
cations only affect the α − β subspace. Consequently, the x-y
currents remain regulated to zero by the inner current loop of
Fig. 2 regardless of the dynamics conditions [2], and this im-
plies that the ratios in (15) are also kept at zero mean value
with a small ripple. The fault indices ek in Figs. 8–10 prove
to be completely unaffected by the torque/flux/speed transients.
The decoupling of the orthogonal x-y plane provides a good
robustness to the VSDFD method against any kind of transient
in prefault operation.

The verification of multiple OPFs is finally verified in test
5, where phases a1 and c2 are opened at approximately t = 5
s. Due to some delay in the relays that perform the OPF, the
instant when the two phases are opened is slightly displaced in
time around 1 ms, as it can be appreciated in the left zoom-in
plot of Fig. 11. Similarly to test 1, the indices of the faulty phases
rapidly rise after the fault occurrence, whereas the healthy in-
dices stay at values close to zero. The detection time is again
around 10 ms which is 16% of the fundamental period. Test 5
confirms that multiple OPFs can be detected with similar speed

Fig. 12. Test 1: Evolution of the fault detection indices (ek ) in the benchmark
method PHCFD in the event of a single OPF at t = 5 s.

Fig. 13. Test 5: Evolution of the fault detection indices (ek ) in the benchmark
method PHCFD in the event of two OPFs at t = 5 s.

of detection as in the single OPF scenario. The machine operat-
ing conditions in this test are the same as in test 1.

All in all, tests 1–5 of Figs. 7–11 confirm the capability of the
proposed VSDFD method to detect single and multiple OPFs
with a detection speed around 17% of the fundamental period
and good robustness. This satisfactory performance is obtained
with a simple procedure and satisfies requirements R1 to R5
shown in the introduction.

In order to compare the performance of the VSDFD method
with the phase current-based approach from [29], [30], the
PHCFD performance is evaluated in the same tests 1 and 5
used for VSDFD in Figs. 7–11. Aiming to do a fair compari-
son, the security margin is also set as γ = 0.1. However, since
the fault indices do not remain close to zero after the fault in
PHCFD, the value of emax

k is increased up to 0.33 (see ec2 in
Fig. 12), which elevates the threshold to a value Tth = 0.43. On
the other hand, the moving average period Tm is mandatorily
equal to the estimated fundamental period T̂s .

Under the same conditions and equivalent parameters, the re-
sults for PHCFD are shown in Figs. 12 and 13 for the cases of
single (phase a1) and dual (phases a1 and c2) OPFs. As it can
be observed from Fig. 12, the detection time is around 40 ms,
which is 66% of the fundamental period. Compared to Fig. 7,
the proposed VSDFD method is nearly four times faster than
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Fig. 14. Test 6: Transition from pre- to postfault situation under a1 OPF. From
top to bottom: (a) Motor speed, (b) d-q currents, (c) x-y currents, and (d) phase
currents.

the benchmark PHCFD technique. The slower behavior of the
PHCFD is caused by a longer moving average period and a
higher threshold. The case with two OPFs using PHCFD is fi-
nally shown in Fig. 13. In this case, all healthy indices become
negative after the OPF occurrence, and this reduces the emax

k

TABLE II
VALUES OF SYNCHRONOUS AND ANTISYNCHRONOUS CONTROLLERS

Controller PI ω PI d current PI q current PI x current PI y current

Kp 0.75 50 120 22 22
Ki 0.45 5 35 100 100

value. According to (12), this means that it is also possible to
reduce the threshold Tth value for this specific fault. Neverthe-
less, it is not possible to set the value of Tth a posteriori once the
information about the type of fault is available. Consequently,
the threshold must be set in advance considering the most unfa-
vorable scenario, and for this reason, Tth is maintained at 0.43
as in test 1. The PHCFD proves to correctly detect and localize
the OPFs in the faulty phases a1 and c2 with a detection delay
around 66% of the fundamental period (46 ms). Compared to
Fig. 11, it is verified again that in the event of multiple OPFs,
the proposed VSDFD method is much faster (nearly four times)
than the benchmark PHCFD technique.

Finally, the transition from pre- to postfault situation is tested
under a1 OPF situation (test 6). The VSDFD method is inte-
grated in the control scheme of the Fig. 2. The phase a1 is
opened at t = 5.015 s, and, therefore, the current cannot flow
through this phase (see Fig 14(d)). The VSDFD method detects
the fault in approximately 10 ms and then the x-y reference cur-
rents are properly modified according to the maximum torque
mode [42], as it is shown in the Fig. 14(c). Moreover, when the
OPF occurs in phase a1 , the x-y reference currents in maximum
torque mode are inversely proportional to α-β and a rotation in
the forward (synchronous) direction using Park transformation
(2) provides constant x-y references [43]. For this reason, this
rotation is applied to x-y components after the fault is detected.
The OPF detection time is so short that the speed regulation is
not affected by the fault, confirming the smooth transition from
pre- to postfault modes of operation (see Fig. 14(a)). Fig. 14(b)
finally shows that d-q currents remain unaffected after the OPF
occurrence. Table II shows the gains of the controllers used
in the tests, which have been adjusted to obtain a satisfactory
performance both in terms of overshooting and rising time.

The integration of the fault detection technique together with
the fault-tolerant control whose results are shown in Fig. 14
proves the capability of the six-phase drive to self-reconfigure
the control in the software stage and provides enhanced relia-
bility without additional hardware.

VI. CONCLUSION

Fault detection techniques in electrical drives are key issues in
industry applications where reliability is a main concern. Most
of the fault detection methods are based on fault indices that
are elaborated from preprocessed phase currents. In the specific
case of multiphase machines, it is, however, possible to follow
a VSD approach to formulate these fault indices. Using nor-
malized x-y currents together with a hysteresis band, the OPFs
can be detected and localized with good robustness and detec-
tion speeds nearly four times faster than applying conventional
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phase-current-based methods. In addition, the calculation of the
moving average based on constant (zero) currents, the exclusion
of the x-y plane in the torque/flux production, the possibility to
use an arbitrary period for the moving average window, and the
capability to maintain the indices of the healthy phases close to
zero after the fault are key features of the proposed method.

Since the purpose of the proposed fault detection method is
to be integrated into a fault-tolerant control, the VSD approach
for the fault detection can naturally be inserted into conven-
tional VSD-based control strategies. The suggested technique
can be used in conjunction with high-performance fault-tolerant
control methods for six-phase variable-speed drives without the
requirement of additional hardware and with independence of
the operating point, the type of control, and the electrical and
mechanical parameters. Simplicity is then preserved and fast
detection times are guaranteed as well as a smooth transition
from pre- to postfault states of the drive.

Although the method developed in this study is specifically
designed for six-phase drives, it can be easily generalized to any
distributed-winding multiphase machine with a proper redefini-
tion of the fault indices.
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