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Abstract— Multiphase drives have the capability to
continue operating when some phases are disconnected.
This feature has been traditionally achieved with a
reconfiguration of the control after the open-phase fault
(OPF) occurrence. Since reconfiguration requires the
localization of the faulty phase, different fault detection
(FD) methods that use multiple indices have been
proposed. A recent study suggests however that it is
possible to achieve a passive/natural fault tolerance (FT)
with no changes at the control stage. Since
reconfiguration is avoided in the passive/natural
approach, the localization of the open phase(s) is no
longer needed. In this context, the control just requires
the fault detection in order to apply the corresponding
derating. This work suggests a single-index fault
detection method that, together with the natural fault-
tolerant control, provides enhanced robustness with
minimum complexity. Experimental results confirm the
possibility to detect the fault and distinguish between
single and multiple OPFs using just one fault index.

Index Terms— Fault detection, multiphase drives,
model predictive control, fault tolerance.

. INTRODUCTION

ne of the most distinctive features of multiphase drives

Ois their capability to provide fault tolerance (FT)
without additional hardware [1,4]. Their inherent redundancy
allows achieving a smooth post-fault performance in the
event of open-phase faults (OPFs) [5]. This fault tolerance is
traditionally accomplished modifying the controllers [6],
applying a mandatory derating [8] and recalculating the
current references for maximum efficiency [7, 9,10,11], both
with standard and alternative stator winding connections
[12]. The enhanced reliability has been traditionally obtained
in two stages:

= Stage 1 (S1): Fault detection and localization.

= Stage 2 (S2): Control reconfiguration.

In the conventional case, stage 1 requires both fault
detection (action S1-1) and localization (action S1-2) of the
specific faulty phases. In order to accomplish actions S1-1
and S1-2, several fault indices have been typically defined to
determine whether the drive is operating normally or under
OPFs. Many fault detection methods have been proposed in
literature for three-phase drives [13-16]. Most of them use
fault indices that are defined per phase, so they are fully re-
usable for multiphase drives just extending the number of
fault indices to the n phases.

However, some alternative approaches that are based on
the vector space decomposition (VSD) of the n-dimensional
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space have also been suggested [17-19]. These methods are
exclusive for multiphase systems because they use the x-y
secondary components that simply do not exist in three-phase
drives. Some benefits that include higher speed of detection
and robustness have been reported for the OPF localization
[18-19]. Regardless of approach, either per-phase or based on
VSD, this stage requires at least n fault indices in order to
localize the fault. Consequently, the complexity of the fault
localizations grows with the number of phases.

Stage 2 obtains the information of the fault scenario from
stage 1 and modifies the control scheme accordingly,
typically performing three main actions:

= S2-1: Reconfiguration of the current references.
The a-f and x-y currents are no longer
independent, so it is necessary to modify the x-y
current references to avoid conflicts [7-12].

= S2-2: Reconfiguration of the control structure. In
most cases the pre-fault control structure does not
suit the post-fault situation and it is necessary to
modify the controllers [8-9].

= S2-3: Derating of the drive. The currents in the
remaining healthy phases need to increase to
compensate for the OPFs, hence it is necessary to
derate the drive to avoid exceeding rated values that
would eventually damage the motor [8-11].

The reconfiguration of the control structure depends on the
regulation strategy. In standard field-oriented control (FOC)
it is necessary to use proportional-resonant (PR) controllers
instead to conventional proportional-integer (P1) controllers
in order to cope with the non-constant post-fault x-y currents
[8-9]. On the other hand, if the current loops are replaced by
model predictive control (MPC) current regulators it is then
necessary to modify the Clarke transformation and the cost
function [20-21]. Regardless of the control approach, the FT
is achieved at the expense of a higher overall complexity at
the control stage.

Aiming to simplify stage 2, recent works suggests an
alternative approach: designing a control structure that is
valid both in pre- and post-fault situations [22-25]. This FT
is referred as passive or natural because there is no need to
modify the control scheme or the current references to obtain
a smooth post-fault performance. All previous FT proposals
required at least the mandatory modification of S2-1
(recalculation of the current references), and in different
cases the modification of the controllers (S2-2) [6-12, 20-21].
In other words, the natural FT fully avoids modifications S2-
1 and S2-2. As a result, the drive automatically operates after
the OPF occurrence with a satisfactory performance. This
concept has been introduced in [22] for an MPC based on the
inclusion of synthetic/virtual voltage vectors (termed VVs in
what follows). The VV-MPC allows performing the x-y
current control in open-loop mode, hence avoiding the
controllers conflict in post-fault situation. As a consequence,
the natural FT highly simplifies stage 2.



Although the natural FT is automatically achieved (action
S2-1 and S2-2 are avoided), it is still necessary to apply the
drive derating (action S2-3) in order to keep the drive safe in
prolonged operation. The degree of drive derating is a solved
issue that is extensively covered in [8], but the application of
this derating mandatorily requires to identify the fault
scenario. However, the localization of the specific phases
under OPF, which was mandatory for S2-1, is no longer
required. For the sake of example, the degree of derating in
S2-3 is the same in all single OPFs for symmetry
considerations [8]. This opens the possibility to also simplify
stage 1. While the determination of the faulty phases requires
the use of at least n fault indices [18-19], this works suggest
a simplified fault detection method that only requires one
fault index. The main idea behind the method is that,
regardless of the specific faulty phase(s), any OPF increases
the value of the x-y currents. Since the machine has
distributed windings, the x-y currents are driven close to zero
in normal operation of the drive for efficiency reasons.
Nevertheless, when the OPF occurs, the x-y currents are
inevitably linked to the a-f currents. Since the machine is
supplied with non-null a-8 currents, the x-y currents also
become non-zero regardless of the OPF scenario.

The proposed FD method together with the natural FT
strategies provide a fault-tolerant drive with minimum
complexity. Specifically, only fault detection (with a single
fault index) and derating is required to provide the electric
drive with a self-healing capability. The fault localization
(action S1-2), current references modification (action S2-2)
and control reconfiguration (action S2-3) are skipped. In this
work the proposed single-index FT method has been tested it
using a natural FT strategy that is based on MPC current
controllers with VVs. Once the OPF scenario is detected with
the proposed fault detection method, the degree of derating is
taken from [8] and applied to preserve the integrity of the
drive.

The paper is structured as follows. Section Il briefly
describes the VV-MPC control scheme. Section |1l details
the proposed single-index FD method and analysis the
different independent fault scenarios. Section IV
experimentally tests the proposed FD method under single
and double OPFs, and section V finally draws the main
conclusions of the study.

Il. MoDEL PREDICTIVE CONTROL WITH NATURAL FAULT
TOLERANCE IN SIX-PHASE INDUCTION MOTOR DRIVES

A. Six-phase induction motor drives

The topology that is used hereafter in this work consists of
an asymmetrical six-phase induction machine (IM) fed by
two three-phase two-level voltage source converters (VSC),
as shown in Fig. 1. The selected asymmetrical IM has
distributed windings and it is formed by two sets of three-
phase windings spatially shifted 30 degrees and connected to
two isolated neutral points. The VSCs are supplied from a
single dc-link, providing 26=64 switching states. These
switching possibilities have been traditionally expressed
using a vector S=[Sa1 Sp1 Sc1 Saz Spz Sc2]" Whose elements S;;
are binary coded, i.e. S;; = 0 when the upper switch of the
leg is OFF and S;; = 1 if the upper switch is ON. This vector
[S] can be employed to obtain the phase voltage vectors:

Va1 2 -1 -1 0 0 0 7[Sa]
|[vm]| |[—1 2 -1 0 0 © ]||Sb1|
|vc1|=V_dC|—1 -1 2 0 0 0 |lSc1| (1)
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Different reference frames have been proposed in the
literature to simplify the modeling process of IMs. For that
purpose, the power-invariant Clarke transformation matrix
can be employed to express the phase variables in two
orthogonal stationary subspaces (a-f and x-y), plus two
zero-sequence components (0, and 0_):
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where a-B components are related with the flux/torque
production and x-y components only produce stator copper
losses in the case of distributed-winding machines. Fig. 2
shows the localization of voltage vectors in the a-f and x-y
planes, where a decimal number equivalent to the binary
codification of [S] has been used to identify the
corresponding voltage vector.

Based on the previous approach, the differential equations
of a six-phase IM can be expressed using vector space
decomposed (VSD) variables as follows:

dy . a.
Vas = (Ry + Lyt )igs + M2y,
day . a.
UBS = (RS + LSE) lBS + Malﬁr
day .
Uxs = (Rs + LLSE) Lxs
dy .
Vys = (RS + LLS&) lys (3)
0=(R L day . L.i Md . Mi
- ( rt r&) lgr T Wr rlgr + Elas + w, Igs
. d\ . . da.
0=—wLi, + (Rr + Lr&) lgr — Wy Migs + Malﬁs
T, = PM(iasiBr - iﬁ’sitxr)
where Ly =L +3-L,, L, =L, +3-L,, M=3"-L,and
w, is the rotor electrical speed (w,, = P - w,, being P the
pole pair number). Indices s and r denote stator and rotor

variables and subscripts [ and m indicate leakage and
magnetizing inductance, respectively.

B. Model Predictive Control Using Virtual Voltage Vectors

MPC based on VVs maintains the outer proportional-

integral (P1) controller for the speed regulation and the inner
predictive current regulators of standard MPC [26-27].
However, a reduced machine model/cost-function can be
employed because the standard voltage vectors are replaced
by virtual voltage vectors. Fig. 3 shows an MPC scheme for
a six-phase IM where VVs are implemented.
As described in [22], the inclusion of VVs into an MPC
scheme allows performing the x-y current regulation in
open-loop mode. For that purpose, VVs must be determined
offline using pairs of medium-large (turquoise diamonds in
Fig. 2) and large (purple pentagons in Fig. 2) voltage vectors
with the same direction in the a-8 plane. Fortunately, the
abovementioned voltage vectors couples have opposite
directions in the x-y plane (see Fig. 2) and therefore allow to
obtain active a-f voltage and null average value of the x-y
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Fig. 1. Scheme of a six-phase IM with two VSCs connected to a
single dc-link.

Fig. 2. Stator voltage vectors in a-f and x-y planes.

voltages. This is achieved using different application times
for the large and medium-large vectors. Following this
procedure, 12 active virtual voltage vectors can be defined
as:

vV, =t Vlarge +i Vmedium—large (4)

where t; and t, are application times for each voltage vector
(ty =0.73-T,, and t, = 0.27 - T, for the selected topology)
and T, represents the sampling time. Fig. 4 shows the VVs
localization in the a-f plane. These VVs have a magnitude
that is 92% the amplitude of large vectors in the a-f and
allow regulating the x-y currents in open-loop mode [22].

VV-MPC presents some differences compared to standard
MPC. From the point of view of the machine model, a
reduced machine model without x-y components can be
employed, since the regulation of these components is

directly provided in open-loop mode by the VVs. The
following machine model can accordingly be defined:

d _ _
= Xap] = [A] - [Xap] + [B] - [Uag] (5)
[Yap] = [CT- [Xap]

where

[Uag] = [ttas ugs 0 0]
.. . T
[Xaﬁ] = [L(xs Lﬁs lar Lﬁr]
[Yeg] = [ias igs 0 0]"
where matrices [4], [B] and [C] define the dynamics of a six-
phase IM and their coefficients are dependent on the machine
parameters [24].
The same approach can be employed for the cost function

and therefore a reduced cost function can be defined without
x-y current terms:

Jie = K+ (i = 1)? + Kg - (i — 1)’ (7)
where K,, and K, are the weighting factor of the reduced cost-
function.

To summarize, VV-MPC allows minimizing the MPC
performance degradation due to low values of the stator
leakage inductance and, at the same time, reduces the
computational cost. Moreover, this MPC version avoids the
controllers’ conflict in post-fault situation since the x-
ycurrent regulation is realized in open-loop mode.
Therefore, the control scheme can provide fault tolerance
without any control reconfiguration, as it is described next.

(6)

C. Natural Fault Tolerance

OPFs have been the most studied post-fault situations in
the literature of multiphase drives [3-12]. Several OPF
localization methods and post-fault controllers have been
developed in last decade in order to provide OPF tolerance
[3-12,17-19]. However, [22] recently introduced the concept
of natural fault against OPF in multiphase drives regulated
using VV-MPC, where the post-fault control reconfiguration
is no longer necessary.

The abovementioned controllers’ conflict is caused by the
new post-fault constraint of the system. The current cannot
flow through the damaged phase when an open-phase fault
occurs. For that reason, a new constraint appears in the
system and, therefore, a-f and x-y planes are no longer
independent. This new condition can be known applying the
fault condition to the inverse of the Clarke transformation
matrix (2). Thus, for the selected topology when an OPF
appears in phase a,, the new constrain in the system is:
=l (8)
As a consequence, a-f and x-y controllers have
incompatible objectives in this new situation: a-current
needs to be drive to non-null values to provide the necessary
flux/torque, whereas x-current still aims to be drive to zero.
This conflicting situation has been traditionally solved with
the reconfiguration of the control according to the specific
OPF localization. However, this controllers’ conflict can be
avoided if x-y current regulation is realized in open-loop
mode [22, 24-25].

As previously exposed, for the case of MPC the use of
VVs allows doing the control of x-y currents in open-loop
mode and therefore a natural fault tolerance against OPF is
obtained with their implementation.

Ly
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Fig. 3. VV-MPC scheme for a six-phase IM.
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Fig. 4. Virtual voltage vectors for six-phase IMs.

1. SINGLE-INDEX FAULT DETECTION METHOD AND FAULT
SCENARIOS.

A. Single-index fault detection method

The natural FT from the formerly described VV-MPC does
not require the localization of the fault because the control
modifications S2-1 and S2-2 (current references and control
reconfiguration) are no longer needed. Nevertheless, there
are two main requirements for the application of the drive
derating (i.e. modification S2-3):

R1) Open-phase fault detection.
R2) Identification of the fault scenario.

It is known that, regardless of the type of fault, the
secondary x-y currents become non-zero after the OPF
occurrence. Hence, a simple manner to detect an OPF
(requirement R1) is to monitor the relative value of the x-y
currents with respect to the a-f currents. For this purpose,
this work suggests the use of the following fault index:
iZ+i;

R )
iz + I3

Conceptually, when the fault index R from (9) is close to
zero the drive would be operating in healthy mode, whereas
the machine would be under OPF when R is different from
zero. In practice, x-y currents can have a significant ripple
due to the low impedance in the secondary plane, so the fault
index R will also present some ripple. Furthermore, eventual
spikes in the current measurements may lead to false alarms
in the FD process

While in the fault detection suggested in [18] it is
necessary to use n fault indices (one per phase), a single
index is proposed in (9) in order to identify the fault scenario
with a higher simplicity.

In order to avoid eventual false alarms due to instantaneous
inaccurate values, a moving average is applied to the fault
index from (1), obtaining the averaged value:

R =

Minimizer

Ji | Cost function  lap (D] iq oI wr,
Jk
faﬁ iy [
_ 1 [t
R=— R(t)dt (10)
Tm t—-Tm

where T, is the period of the moving window that is used for
the FD. High values of T,,, lead to slow FD with low R ripple
whereas low values of T, accelerates the FD at the expense
of a lower robustness. Unlike methods with control
reconfiguration, the detection time is not critical because the
immediate switch to a post-fault scheme is no longer
necessary. For this reason, the period T,, is always set to be
at least equal to one fundamental period:
Th,=0'T, o=1

where: (11)

722 ith @, =

s r " lds
where 7, = L, /R, is the rotor time constant, and iz, and iz
are the d-q current references taken from the control.

The use of a moving window is a common procedure both
in three-phase [14-16] and multiphase [18-19] fault
localization methods and makes the FD stage more stable.

On the other hand, with regard to the ripple that can present
R, it is necessary to define a certain threshold to provide a
security margin. This threshold depends on the x-y current
ripple and must be experimentally determined to find a
tradeoff between robustness and accuracy. Monitoring if the
averaged value R is below or above the predefined threshold,
the FD becomes feasible (Fig. 5).

B. Open-phase faults scenarios

Nevertheless, the derating is not the same in all fault
scenarios, hence the application of a single threshold cannot
satisfy requirement R2. For derating purposes, there are only
three independent sets of scenarios in a six-phase machine
with two isolated neutrals:

F1) Set of single OPFs, including one OPF in any of the

six phases.

F2) Set of double OPFs (case 1), including two OPFs
produced either in the same set of windings or in
different ones with a phase shift of 90°.

F3) Set of double OPFs (case 2): including two OPFs in
windings from different sets with a phase
displacement of either 30° or 150°.

For derating purposes and based on symmetry
considerations, it is the same if the OPF occurs in phase a,
or b, because all single OPFs belong to set F1. Since the
natural fault tolerance detailed in section 11.C can be achieved
without any control reconfiguration, the knowledge about the
specific faulty phases is not necessary.

Based on the aforementioned OPFs scenarios, it is possible
to calculate the theoretical value of the fault index defined in
(9). Assuming that the a-f currents maintain their circle

+Paw, 12)



shape in post-fault situation using VV-MPC, they can be
defined as follows:

ip(t) =1, cos(ws - t)

ig(t) = I - sin(ws - t) (13)
where I, is the amplitude of the a-f currents and w; is the
stator frequency.

On the other hand, using the fault locator indices proposed
in [18] the x-y currents can be expressed as a function of the
a-f currents for each specific OPF scenario. Therefore, for
the case of a single OPF in the phase a, (F1 scenario), the
constraint defined in (8) appears in the system. Based on (13)
and the fault restriction, the x-current can be defined as:

i,(t) =—1, cos(ws-t) (14)
Since there is still a degree of freedom in the system, the y-
current can be maintained equal to zero to achieve minimum
copper losses in this OPF scenario:

() =0 (15)
Finally, introducing the modules of theoretical a-f and x-y
currents in (9), the value of R over an electrical cycle is:
iZ2+i2 05-T,-I2
iZ+ip T2

Since the six-phase IM behavior is symmetric for single
OPF [20], this value of R can be employed to identify all fault
scenarios from set F1 (single OPFs).

Following the same procedure, the value of R can also be
calculated for F2 scenario. Taking the restriction due to a
double open-phase fault in phase a, and c, the theoretical
value of R can be obtained for F2 scenario. According to
abovementioned post-fault situation, x-y currents are [18]:

i,(t) =—1,- cos(ws-t)

i,(t) ==L, sin(ws - t) n
Finally, introducing the modules of theoretical a-8 and x-y
currents in (9), the theoretical value of R calculated over an
electrical cycle is:

_ 242 T, 12

CiZ4ip T 12

The same approach can be employed again for F3 scenario.
However, Scenario F3 can also be simply identified when the
fault index R is above the theoretical value of scenario F2.

In order to illustrate the behavior of the currents in post-
fault situation for the proposed fault scenarios, Fig. 6 shows
the a-B and x-y current diagram for the different OPF
scenarios when |i,z|=1 A. It can be observed the degree of
severity that corresponds to each OPF scenario (e.g. Fig. 6¢
shows very high x-y currents).

As a summary, although the number of single and double
fault scenarios isequalton +n-(n—1)/2 (i.e. 21 forn =
6), only three different derating values need to be applied
after the OPF. The lowest derating is found in set F1, whereas
the higher derating corresponds to set F3. A detailed analysis
of the derating can be found in [8] for different configurations
in six-phase IMs. It is then expected that the value of the fault
index R will also differ in scenarios. Aiming to satisfy the
requirement R2, it is possible to define three different
thresholds for each set of fault scenarios (Tf'=0.3, Tf?=0.8
and T;3=1.2). The values of theses thresholds have been
estimated in order to avoid false alarms in healthy mode and
provide a suitable detection speed. Following this procedure,
the drive state can be determined with a single fault index:

R =

=05 (16)

(18)

= Healthy mode: the fault index R is below T/,

= Single OPF (F1): the fault index R is above T;F* and
below T;2.

* Double OPF case 1 (F2): the fault index R is above
T2 and below T;F3.

* Double OPF case 2 (F3): the fault index R is above
T3,

Fig. 5 depicts the aforementioned states and how the FD
procedure can differentiate between them with just the single
index R.

It is worth noting here that the use of the proposed single-
index FD method together with the natural FT control
approach highly simplifies the design of the FT drive
compared to the standard case when the fault needs to be
localized and the control requires reconfiguration. Table |
performs a qualitative comparison that clarifies how the
proposed solution reduces the overall complexity and
provides higher robustness, hence improving the prospect for
industry applications.

IV. EXPERIMENTAL RESULTS.
A. Test Bench

The performance of the proposed single index FD method
has been evaluated in the test bench of Fig.7. In this
experimental ring, a custom-built asymmetrical six-phase
machine is fed by two commercial VSCs (Semikron SKS22F
modules). These VSCs are connected to a single dc-link
supplied with a single dc-power (LAB/HP 15300/0-300V/0-
50A). Table Il provides the information of the electric drive,
where the IM parameters have been estimated using two
different standard estimation techniques [28-29].

The six-phase IM is loaded coupling its shaft to a dc-
machine. The armature of the dc-machine is connected to a
variable resistive load that dissipates the power, therefore the
load is speed-dependent. The dc-machine shaft is coupled to
a digital encoder (GHM510296R/2500) to measure the
rotational speed of the drive. From the control point of view,
phase currents also need to be obtained, and for that purpose
four hall-effect sensors installed in the VSCs are employed
(LEM LAH 25-NP). A digital signal processor
(TMS320F28335 from Texas Instruments, TI) receives the
adapted signals of the abovementioned sensors and realizes
the control actions.

B. Experimental results

Four set of tests have been designed to confirm that the
proposed FD method (Fig. 5) can successfully satisfy
requirements R1 an R2:

= Test set 1: the machine is operated in steady-state
condition when a single OPF (F1) occurs at t =
10s.

= Test set 2: the machine is operated in steady-state
condition when a double OPF (F2) occurs at t =
10s.

= Test set 3: the machine is operated in steady-state
condition when a double OPF (F3) occurs at t =
10s.

= Test set 4: the proposed fault detection method is
evaluated under different operating conditions.
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In the three first sets of tests the machine is driven at 300
rpm with a load torque of 4 Nm in pre-fault condition and the
OPFs are provoked with a relay that fully disconnects the IM
terminal from the VSC. The values of the single fault index
R for fault scenarios F1, F2 and F3 are expected to be 0.5, 1
and > 1, respectively. For this reason, the thresholds
TF1, TF2and T} are set to intermediate values of 0.3, 0.8 and
1.2. Experimental tests from sets 1 to 3 confirm in any case
the theoretical values of the fault index R in all possible
scenarios.

Fig. 8 shows two single OPF scenarios for phases a, and
c,. In both cases the currents are increased and become
unbalanced after the OPF occurrence. The fault index R is
close to zero when the drive is healthy (before t = 10 s) and
the eventual spikes are far from the threshold 7,7 = 0.3. This
confirms the lack of false alarms in pre-fault situation.
Conversely, after the single OPF occurrence, the fault index
R evolves to the theoretical value of 0.5 from (16) (see Fig.
8), which is in between T} = 0.3 and Tf? = 0.8. At this
time the OPF is detected and the fault scenario is correctly
identified as belonging to scenario F1 (i.e. single OPF).
Although, the control structure does not require any
modification, the fault detection and the identification allow
applying the corresponding derating (see [8] for details on the
calculation of the derating values). Both in pre- and post-fault
situations the fault index R successfully remains within the
correct zone with a margin of security that guarantees the
robustness of the proposed single-index FD method.

Fig. 9 shows the cases of two double OPFs (F2),
corresponding to phases a,-c; and b;-a,. In both cases the
fault index R remains below T;F* = 0.3 in pre-fault situation
and evolves to 1 after the fault occurrence. This unity value
was already expected according to the waveform of the a-f
and x-y currents (i.e. equal circular shape, as shown in Fig.
6). Since the unity value is located within Tf? = 0.8 and

F3 = 1.2, the fault is correctly identified to be in scenario
F2. Again, both the pre- and post-fault states can be identified
with a sufficient margin to avoid false alarms and to apply
the corresponding derating after the fault.

Fig. 10 shows the cases of two double OPFs (F3),
corresponding to phases a,-a, and b;-c,. The evolution of
the fault index R is similar to the previous cases: it is close to
zero in healthy operation and increases after the fault
occurrence. Nevertheless, in this case the spatial location of
the faulty phases is particularly unfavorable (e.g. phases a,
and a, are both located in the same region) and this highly
elevates the necessary derating and the fault index value.
When the values of R are over 1, fault scenarios
corresponding to set F3 are clearly identified because the
value of T/ = 1.2. It is worth highlighting once more that
the proposed FD procedure can simultaneously detect the
fault and also identify if the fault scenario belongs to F1, F2
or F3 with a sufficient security margin.

Finally, Fig. 11 shows the performance of the proposed
single index for the same open-phase fault (phase a,) at
different operating points. Fig. 11a validates the performance
of the proposed R index when the reference speed is 600
rpm and the load torque is 4 Nm, whereas Fig 11b shows the
performance of R when the refence speed is 200 rpm with
no load torque. It can be observed that, regardless of the
operating conditions, the proposed single index increases
when the open-phase fault occurs, allowing the successful
identification of the anomalous situation.



TABLE |
FAULT DETECTION AND FAULT-TOLERANT CONTROL COMPARISON

Reconfigured FT | Natural FT control with
control with fault single-index fault
localization detection
Fault detection and v v
identification (S1-1)
Fault localization (S1-2) v
Number of fault indices >n 1
Current references v
recalculation (S2-1) -
Control reconfiguration v
(S2-2) B
Application of the v v
current derating
Fa_ult scenario_s to be n-(n-1)
considered for singleand| n+——m— -
double faults 2
High overall complexity v -
Impact of FD errors/
delays on the FT control v -
performance
TABLE Il
SIX-PHASE IM AND DRIVE PARAMETERS
Parameters Values  Units
Stator resistance, Ry 142 Q
Rotor resistance, R, 204 Q
Stator leakage inductance, L;s 1.5 mH
Rotor leakage inductance, L;, 55 mH
Mutual inductance, M 420 mH
Number of pole pairs, P 3 -
Nominal current, iq_max 35 A
Rated torque, T, 83 Nm
Sampling frequency, f,, 7.5 kHz
de-link, V., 200 V

Since the set of tests 1 to 3 shown in Figs. 8-10 cover all
possible scenarios, it can be concluded that a single index
serves to satisfy requirements R1 and R2. Moreover, test 4
has confirmed the capability of the proposed fault detection
method to identify fault scenarios for different operating
conditions. Consequently, the proposed single-index FD
method can be successfully used together with natural FT
strategies. The combination of the single-index FD and
natural FT control provides a simple and robust manner to
allow the operation of multiphase drives in the event of OPF
(see table I).

V. CONCLUSIONS.

Although conventional procedure to provide fault
tolerance to multiphase machines is feasible, its complexity
grows with the number of phases. The minimum number of
fault indices for fault localization is n and the number of
single and double fault scenarios to accomplish the control
reconfigurationisn +n-(n — 1)/2.

An alternative approach has been recently presented that
provides fault tolerance in a natural manner, i.e. without any
action on the control strategy (except the derating of the
drive). Nevertheless, the higher simplicity is restricted to the
control stage, whereas the complexity of the fault detection
remains the same so far.

Since the natural FT does not require the localization of the
specific phases under OPF, it is demonstrated in this work
that it is possible to detect the fault using a single fault index
instead of the multiple indices (= n) required in previous
works.

The proposed single-index FD method does not only detect
the fault, but also provides information about the fault
scenario (single OPF, double OPF case 1 or double OPF case

2). Hence, with a single fault index it is possible to extract
the necessary information (i.e. the distinction between fault
scenarios F1, F2 and F3) to appropriately derate the drive
after the OPF occurrence.

The joint use of the single-index FD method and the
natural FT control make the drive tolerant to OPFs with
minimum steps and reduced complexity.
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