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Impact of Postfault Flux Adaptation on Six-Phase
Induction Motor Drives With Parallel Converters

Ignacio Gonzalez-Prieto, Mario J. Duran, Federico Barrero, Senior Member; IEEE,
Mario Bermudez, and Hugo Guzman

Abstract—The redundancy of multiphase drives provides an
inherent fault-tolerant capability that is appreciated in applica-
tions with a complicated corrective maintenance or safety-critical
requirements. Fault restrictions, however, force the system to be
reconfigured to operate in a smooth and efficient manner. Previous
works have been focused on the optimization of current wave-
forms to generate an undisturbed operation but still maintaining
the prefault rated flux settings. This study shows that efficient con-
trollers can improve the postfault performance in six-phase induc-
tion machines supplied by parallel-connected converters if offline
optimization is used to obtain a variable reference flux. Theoretical
and experimental results confirm that the proposed flux adaptation
method provides higher torque/power capability, lower degree of
imbalance in the current sharing between windings and efficiency
improvement.

Index Terms—Efficient control, fault tolerant, multiphase induc-
tion machine, parallel converters.

1. INTRODUCTION

ULTIPHASE systems have experienced an important
M evolution in the last decade due to their advantages over
conventional three-phase systems [1]-[3]. Specifically, the en-
hanced fault tolerance against open-phase faults has promoted
the use of multiphase electric drives in a number of applications
where the continuous operation becomes a major concern for
either security or economic reasons [3]. On the side of secu-
rity, aerospace or naval applications are good examples of sys-
tems where fault tolerance is highly appreciated [4]. Apart from
these safety-critical applications, the enhanced reliability also
provides economic benefits when the corrective maintenance is
complex and faults may result in a long-term shut down of the
whole system, as it is the case of offshore wind farms [5].

Regardless of the application, the fault-tolerant capability
provided by multiphase drives is a desirable feature. However,
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the continuous operation after the fault occurrence is achieved
at the expense of a certain degree of derating. In other words,
the integrity of the system in postfault situation can be only pre-
served by decreasing the torque/power production [6]. In such
scenario, operating in postfault situation with prefault rated flux
may result in low torque/power production and unnecessary
losses [7]. Previous works have focused on the determination
of the current reference waveforms without optimizing the flux
settings in postfault situation [6], [8]-[12], but it is advisable to
use an efficient fault-tolerant control in order to minimize the
drive derating and reduce the system losses.

The concept of efficient control has been implemented using
different strategies [13], and can be classified into search control
(SC) [14]-[20] or loss model control (LMC) methods [7], [21]-
[26]. Regardless of the approach, the strategy to improve the
efficiency is typically based on decreasing the magnetic flux in
the machine at light loads to reduce the losses at the expense
of a slower dynamic response. However, extreme minimization
of flux level causes higher copper losses, and it is therefore
necessary to calculate the optimal value of the magnetic flux to
minimize the total losses.

In the case of SC methods, the input power is measured on-
line and the degree of magnetization in the machine is iteratively
changed until the minimal input power is detected. The main
advantage of these perturb-and-observe methods is their insen-
sitivity to machine parameter detuning. On the other hand, the
disadvantages are a slow convergence and torque pulsations due
to changes in the magnetic flux. To improve the convergence,
fuzzy logic can be applied to estimate the optimum step size of
the input power and magnetic flux [17]-[19]. Regarding torque
pulsations, feedforward compensation [19] and the Fibonacci
search method have also been suggested to minimize torque
ripple [20].

On the other hand, LMC presents higher convergence veloc-
ities and lower torque pulsation when compared with the SC
method. In this case, the optimal flux level is calculated offline
from a theoretical model of the system. To construct the model,
it is necessary to know the machine parameters, and this consti-
tutes the main weakness of the method since it becomes sensitive
to parameter detuning. When the theoretical model is simple,
the optimal flux can be analytically obtained [21], whereas no
analytical techniques can be used when the complexity of the
model increases [7], [22]-[26].

Regardless of the control strategy, the literature about efficient
control for multiphase machines in healthy operation is scarce
[14] and only simulation results have been presented in postfault
operation [7]. Multiphase systems possess additional degrees of
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Fig. 1. Multiphase energy conversion system with parallel connection of

VSCs.

freedom and fault-tolerant operation requires extra constraints.
Then, the extension for the multiphase case of other analysis
previously applied in three-phase induction machines is far from
being trivial.

This work uses an LMC approach for the postfault flux opti-
mization considering the specific topology of [12]. The optimum
flux is obtained offline from a nonlinear optimization process,
and the resulting optimal values are included in the fault-tolerant
control scheme, bringing some benefits to the performance of
the six-phase induction motor drive:

1) higher postfault achievable torque/power;

2) reduced losses and improved efficiency with an appropri-

ate dynamic response;

3) lower imbalance in the current sharing between both sets

of three-phase windings.

This paper is organized as follows. First, Section II examines
the topology under study and its fault-tolerant capability. Then,
the nonlinear optimization procedure that provides the optimal
flux for different torque conditions is analyzed in Section III. In
Section IV, an efficient control scheme for postfault operation
is proposed, while Section V validates the proposal through
experimentation. Finally, the main conclusions are detailed in
Section VI.

II. Six-PHASE ENERGY CONVERSION SYSTEMS
WITH PARALLEL CONNECTION

A. Description of the Topology

In the last decade, multiphase systems have experienced
an important evolution, partly due to the popularization of
back-to-back (BTB) voltage source converters (VSCs) and the
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evolution of microcontrollers. Full-power topologies based on
BTB converters have allowed the development of novel and
more competitive energy conversion systems [27]—-[29]. The de-
coupling of machine and grid sides through the dc-link provides
better low-voltage ride through capability for grid-connected
renewable systems, but also offers the possibility to use multi-
ple three-phase windings on the machine side [12], [27]-[29].
In this scenario, the n-phase machine is supplied from k& VSCs
(n = 3k) that can be arranged in different manners. Parallel
connection of VSCs connected to a single dc link has been sug-
gested to diminish the postfault derating of the system [6] and
series connection is claimed to favor the medium-voltage grid-
side connection because it elevates the dc-link voltage level [30],
[31]. However, the most simple and popular topology is the use
of independent BTB modules connected to the k sets of three-
phase windings [27]-[29]. Fig. 1 depicts this latter topology for
the case of a six-phase machine (k = 2).

From the fault-tolerance point of view, the use of independent
BTB modules provides limited fault-tolerant capability (50% of
prefault currents). On the other hand, multi-MW energy con-
version systems typically require more than two machine-side
VSCs (e.g., 12 VSCs are used in [28]). In order to increase the
current/power capability of the system and simultaneously en-
hance the fault-tolerant capability, it has been recently proposed
the use of six-phase machines fed by four three-phase two-level
VSCs [11], [12]. Namely, each set of three-phase windings is
connected to two three-phase VSCs operating in parallel [11],
[12] (see Fig. 1). This topology, and its fault-tolerant efficient
control, is considered further on in this study.

For the purpose of the discussion that follows, it is assumed
that the set of windings a;b; ¢ is connected to VSCs Ay B, C}
and A’ B} C] (collectively designated as VSCsl), and the set of
windings asbscy is connected to VSCs Ay BoCy and A)) B, C))
(collectively designated as VSCs2). Due to the parallel con-
nection, the phase current is shared between the two VSCs, so
that each VSC only needs to be sized to take half of the rated
phase current. This reduction in the per-VSC current is ade-
quate in low-voltage high-power drives, where the use of only
two VSCs to drive the six-phase machine is not feasible due
to the limited ratings of IGBT-based VSCs (typically around
1 MW). Similarly to the case of three-phase generators, the
parallel converters (see Fig. 1) are not tolerant to winding open-
phase faults but they provide additional fault tolerance against
converter faults, which are more common and unpredictable
than machine faults [32].

B. Model of the Six-Phase Induction Machine

To complete the description of the six-phase energy conver-
sion system with parallel connection, it is necessary to define
the model of the machine. The machine employed in this study
is an asymmetrical dual three-phase (k = 2) induction machine
with two isolated neutrals and distributed windings. This mul-
tiphase machine is a continuous system described by a set of
differential equations obtained using the vector space decompo-
sition (VSD) approach [33] and the power-invariant generalized
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where Ly = Lys + 3Ly, L, = Ly, + 3Ly, M = 3L, w, is
the rotor electrical speed (w, = P -w, P being the pole pair
number), indices s and r denote stator and rotor variables, and
subscripts [ and m indicate leakage and magnetizing inductance,
respectively. The VSD approach maps the phase components
into o and xy orthogonal subspaces plus two zero sequence
components (04 and 0_). While zero sequence currents cannot
flow in configurations with two neutrals (and they are conse-
quently omitted in (1), secondary xy currents can flow but do not
contribute to the torque/flux production in distributed-winding
machines with negligible spatial harmonics [3]. They can, how-
ever, cause high copper losses due to the low impedance found
in this plane, and for this reason, they are regulated to zero in
healthy condition. Fault-tolerant operation requires, however,
nonzero xy current injection in order to comply with the fault
restrictions (see Section IV for further details). The electrome-
chanical energy conversion process is purely related to the o3
plane where the fundamental component is mapped. The model
from (1) considers the saturation of the main flux using variable
values of magnetizing inductance L., according to the magne-
tizing curve of the machine but neglects iron losses for the sake
of simplicity because the impact on the optimality of the flux
adaptation is low [34].

Since open-phase faults do not affect the electrical machine,
the model from (1) can be used both in healthy and faulty modes
of operation. Nevertheless, fault tolerance requires additional
restrictions to be included in the postfault efficient control as it
is described next.

C. Restrictions in an Open-Phase Fault-Tolerant Operation

The fault considered in this study occurs when leg A of
VSCsl is open-circuited. Open-circuit faults are the most com-
mon and unpredictable ones in the converter [32], [35] and they
are also the most widely studied in the literature [3]. A review
of IGBT fault diagnostic and protection methods for power con-
verters can be found in [36], while the detection and isolation to
safeguard the integrity of the system is addressed in [37], [38] for
multiphase and multilevel converters, respectively. Other recent

works have explored the fault-tolerant capability of multiphase
drives against short-circuit faults in the converter [39] or ma-
chine [40], but it typically requires a specific design of the drive
with a modular structure and dedicated winding arrangement
[41].

Due to the parallel connection of the converters A; B;(Cy
and A} B|C{, phase-a; is still fed with leg-A; of VSCsl, and,
consequently, the current can still flow. However, maximum
phase current in phase-a; is now just half of the rated phase
current (i.e., I, /2) due to the limitation on the VSCs current
rating. If the module of the currents |iqq| is below 50% of the
rated value of module (|i4q—rated|), this limit is not achieved
and the energy conversion system is not affected by the fault.
Above this current limit, currents in the faulted set of three-phase
windings need to remain balanced and to be equally limited in
order to avoid power oscillations

iq1 < 0.5, cos (wt)
i1 < 0.5, cos (wt — 27w/3)
ie1 < 0.51, cos(wt — 47/3). 2)

Since VSCs2 are healthy, there is no current limit in the
other set of three-phase windings, and the phase currents can be
generally expressed as

iq2 = kI, cos (wt — 7/6)

ip2 = kI, cos (wt — 57/6) 3)
ieo = kI, cos(wt — 97/6)

0<k<1

where k is a parameter, whose value represents the degree of
imbalance in the current sharing between VSCs1 and VSCs2. If
k < 0.5, the solution is trivial and the maximum postfault |iqq|
is limited to 50% of the rated value. Higher values of k& imply
nonzero xy currents, but also higher output power. The o3 and
2y VSD currents can be obtained from (2), (3) using the Clarke
transformation

fos = V31, - (

igs = V3-1,-(0.254 0.5 k) -sin (w - t)

ixs = V31 - (

iys = V31, - (=0.25+0.5- k) -sin(w-t). (4

0.25+0.5- k) - cos (w - t)
0.25—0.5-k) - cos(w - t)

From (4), it can be obtained that xy currents are related to o3
currents by the £ factor

i _mi i ——Mi
xs—0.5+ka57 ys — 05+kﬂ5

This means that xy currents have the same frequency and
phase relation as a3 currents, with the difference only in their
amplitudes. The relationship derived in (5) is important for con-
trol purposes and will be used in Section IV to build a controller
that permits the unbalanced operation defined in (2), (3) with
k > 0.5. The injection of xy currents after the fault occurrence
affects not only VSCs1 due to current restrictions of (2), but also
VSCs2 since the currents through the healthy set of three-phase
windings need to compensate the limited current capability of

(&)
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Fig. 2. Performance comparison with rated flux (point A) and optimum flux
(point B) obtained in the optimization procedure: (a) Maximum torque ver-
sus degree of magnetization of the machine, (b) losses versus load torque,
(c) efficiency versus load torque, and (d) imbalance degree versus load torque.

the faulty set. Nevertheless, this unbalanced operation can be
achieved with different flux settings, and it is still necessary to
determine the optimal degree of magnetization in the machine to
improve the maximum achievable torque/power and efficiency.

III. POSTFAULT EFFICIENT CONTROL

Efficiency in energy conversion systems is a main concern
both from economic and environmental points of view. Both SC
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and LMC techniques have been widely studied for three-phase
induction motor drives where flux weakening at light loads in
the base speed region is known to improve efficiency at the ex-
pense of a slower dynamic response [13]. Aiming to improve the
efficiency of the multiphase energy conversion system of Fig. 1,
this section studies how to adapt the degree of magnetization
in the machine in order to minimize losses. An LMC approach
is followed, so it is necessary to make an offline evaluation
of the magnetic flux that provides minimum losses for differ-
ent loading conditions. Compared to similar techniques used in
three-phase electrical drives, this study presents the following
differences:

1) the use of multiphase motor provides additional degrees
of freedom (see Section II-B) to the system complicating
the optimization procedure;

2) the fault-tolerant operation includes additional restrictions
(see Section II-C) in order to maintain the systems ratings.

The degree of magnetization in the machine can be regulated

by proper modification of the d-current reference settings

(6)

where parameter a represents the per unit value of the rated flux
used at each operating point. The g-current is then calculated to
provide the reference torque

. .
1qs = Alds—rated

.k

i o Te (Lm + Lh‘)
as PL2i,

m

)

A problem that is found in a fault-tolerant operation when
maintaining rated flux (e = 1) is that the limited current capa-
bility from the restrictions described in Section II-C reduces the
capability to generate g-current. This results in a reduction of the
maximum achievable torque/power, as illustrated in Fig. 2(a).
Operating with reduced flux (point B) in postfault condition
allows a higher torque/power production than maintaining the
prefault rated flux (point A). Apart from this, it is advisable to
operate with a < 1 to reduce losses [see Fig. 2(b)] and improve
efficiency in the whole range of operation [see Fig. 2(c)]. The
losses can be effectively reduced using a proper flux weakening
(point B) instead of keeping a constant flux (point A). Finally,
the degree of imbalance k decreases with the required modulus
of the (3 current space vector. Since efficient operation results
in lower current requirements for the same torque/power, operat-
ing with optimal flux leads to a lower imbalance [see point B in
Fig. 2(d)] in the current sharing between three-phase windings.
Nevertheless, these advantages can only be achieved by proper
optimization of a in (6), and for this purpose, it is necessary to
derive the input power consumed by the system.

The rotation speed of the rotor (w,.) is an input data, whereas
the stator frequency (wy), the angular slip frequency (ws;), and
the slip (s) can be obtained from the indirect rotor-field-oriented
control (IRFOC) equations

R,i?
Wsl = -
’ (Lm + Lh') a’zrlzfrated
2Pr
Ws = Wp——— + Wy ‘8‘ = |wSl/w5|

60
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TABLE 1
MACHINE PARAMETERS

Machine parameters

R,=42Q,R,.=2Q,P =3,

Ly, = 0.0042 H, Ly, = 0.055 H,

L, = —0.0482 -4}, + 0.0453 - i3, + 0.0415H
[In|=2 A, id ratea = 1.815 A, |idq-ratea| = 3.45 A

Xm = wsLm7 Xls = wsLlsv Xlr = wsLlr (8)

where X5 and X, are the stator and rotor leakage reactances
and X, is the magnetizing reactance.

Considering the VSD model in steady-state conditions, to-
gether with the reference settings from (6)—(8), the input power
and the losses for any operating point can be calculated as

Vs
Pec = Tewf’%
Pout = Rnec
—1 (0.5k +0.25)* X2
Pout = 31721Rr i ( i ) 1

§ (&)2 + (Xm, + ler)2

.
Ploss—staor = 312 Ry (0.5k + 0.25)*

(0.5k +0.25)° X2,
(Xic + X ) 4 (B2)°
Piossxy = 3I2R, (0.5 -k — 0.25)°

Pioss =

Rn =

3I’R,

Bossfrotor =

Rossfstator + Plossfrotor + Plossfxy
Pout + ROSS7 (9)

where P, .. is the mechanical power (neglecting mechanical
losses), Pyt is the output power provided by the motor (neglect-
ing mechanical losses), F,ss are the copper losses associated
to the different currents flowing in the machine, and P, is the
input power consumed by the system.

The objective function is to minimize the input power P,
consumed by the system, using an appropriate magnetic flux
for each operating point. Once defined the system model, the
optimization problem can be written as follows:

min ~ {Py}
kL)

7%
Lys

1.2 T
® Exp
GAMS R,
1 s
v GAMS15R
g s
0.8 y » GAMS 0.5-’?S 4
x *x  GAMS F’F
3
06 L
®
0.4
0.2
2 25 3 3.5 4 4.5
Te(N-m)
(@)
2 T T T T T T
——385R == %s5R ===9g =#=ar, © Apr function
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(b)

Fig. 4. Optimal values of £ and a for increasing value of the load torque
T, : Experimental values and theoretical calculation from software GAMS. The
optimized results from GAMS are obtained with stator resistance variation
(£50%) and consideration of the core losses (Ppe ).

Subject to

Egs. (7) — (10)

liaq| = \/(Z(*i% + Z:ﬁ)

liaq| = V3 - I, - (0.5k + 0.25)
0.5<a<1

05<k<1

Fault restrictions.

(10)

Since the system is rather complex, the determination of
an analytical solution is not feasible and it is convenient to
use methods of nonlinear programming. These optimization
techniques are generally included in some commercial soft-
ware, as it is the case of GAMS [42]. GAMS is widely used in
the electrical engineering field and it allows solving nonlinear
optimization problems by defining a model of the system, an ob-
jective function, and an optimization algorithm. Fig. 3 shows a
schematic of the optimization problem with the different inputs
and outputs of the system. In addition to the current restrictions
(2), (3) and flux limitations (10), the model of the system im-
plemented in GAMS uses the parameters defined in Table I and
includes the power equations of the six-phase induction machine
9).

The model of (10) is solved in the optimization problem (see
Fig. 3) for increasing values of 7. and w}, within the range
1.6 <TF<31N-mand 100 < w} < 900 r/min. These val-
ues match a range from I, /2 to I, of i,20p9i.2 in postfault
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Field-oriented control of the six-phase induction motor drive shown in Fig. 1, including synchronous dg current control and antisynchronous zy current

control (left). Standard IRFOC is implemented setting rated flux @, ,¢.q in FB2-a, while efficient field-oriented control (EIRFOC) sets the optimized flux ap timum
in FB2-b. Prefault or postfault with £ < 0.5 situations sets null 2y currents in FB1-a, whereas the postfault control with & > 0.5 activates the current imbalance
controller in FB1-b. Applies to the case of paralleled converters for each three-phase winding at the machine’s side.

situation. The optimization procedure performed with GAMS
provides the optimal « and k values for different input w; and
T*values. The degree of imbalance k£ and the optimum mag-
netic flux a are independent of the speed but present a linear
and quadratic relation with the input torque, respectively (see
Fig. 4). This quadratic relation can be approximated by (torque
is given in N-m)

a* =—0.0294 - T2 +0.2668 - T + 0.334 (1)

and it will be used in the postfault control which is presented in
the next section.

It must be noted that the LMC is a model-dependent ap-
proach, and, consequently, any mismatch in the parameters or
inaccuracy in the model affects to some extent the optimiza-
tion process. For the sake of example, variations in the stator
resistance due to thermal effects modify the degree of imbal-
ance k [see Fig. 4(a)] and the optimum flux « [see Fig. 4(b)] that
are obtained from GAMS in the optimization process. Similarly,
including the iron losses into the machine model provides higher
accuracy but the impact on the optimality is low [see Fig. 4(a)].
For the purpose of highlighting the impact of the flux adapta-
tion on the postfault performance of six-phase induction motor
drives, this study assumes constant parameters and null core
losses (see Section II-B).

IV. PROPOSED FAULT-TOLERANT EFFICIENT CONTROLLER
A. Control Structure

The structure of the prefault control strategy is shown in
Fig. 5. The scheme is an IRFOC with an outer speed loop and
inner current loops for dg and xy currents. Only four phase
currents (Z41, %51, 142, and 7,9 ) need to be measured because the
remaining phase currents can be obtained from the condition of
having two isolated neutral points. Measured phase currents are
converted into o3 currents using the Clarke transformation [12]
and dq currents are obtained from the rotation of o currents in
the forward (synchronous) direction using the Park transforma-
tion

The angle 6, of the rotating reference frame is obtained from
the measured speed w, and the estimated slip

0 —/ las +P dt
= ) \Tis, wr

where 7). is the rotor time constant.
The machine in prefault situation is fluxed by setting a value
of 4}, that corresponds to the rated flux of the machine, while

sind,
cost,

cost,

—sind, (12)

o= |

13)
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the torque is regulated by an outer speed control loop that pro-
vides its reference. The reference of the quadrature current 4
can be obtained directly from (7) and the reference values of
i3, and T (see Fig. 5). The output of the dg current controllers
and the decoupling terms e and eg, [12] provide the refer-
ence voltages vj, and vy,. The second inner current control
loop corresponds to the xy current components. If the xy con-
trol is performed in the stationary reference frame, as it is a
common practice in multiphase drives in healthy operation [2],
it is necessary to regulate sinusoidal currents and the limited
bandwidth of proportional-integral (PI) controllers will result
in a poor performance [3]. For the purpose of regulating non-
constant xy currents, it has been recently suggested the use of
dual PI or resonant controllers [6], [10], [11]; this, however,
complicates to some extent the controller structure and tuning.
Fortunately, in this case, it is possible to perform the control
in a reference frame where xy currents become constant. It can
be noted from (5) that the required x-current is proportional to
a-current, while the required y-current is inversely proportional
to the (-current. This implies that the o3 current vector rotates
in synchronous direction, whereas the xy current vector rotates
in antisynchronous direction. It follows that the rotation of xy
currents in backward direction using the inverse of the Park
transformation [D] " leads to xy currents (termed z'y/ in the
rotating reference frame, see [43] for further details) becoming
proportional to dq currents
i = 05—k b, i = _05-k ik (14)
0.5+ k v 05+k

The use of resonant controllers (PR), which is a common
procedure in fault-tolerant control schemes with time-varying
xy current references [8], [43] is then not necessary.
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Fig. 7. Obtained experimental results in a pre- to postfault transition at
500 r/min using IRFOC. From top to bottom: motor speed, dq currents, imbal-
ance degree k, and &y’ currents.

B. Calculation of Postfault Flux and Current References

The aim in postfault situation is to drive the machine ensuring
that the currents in the faulted VSCs1 are below half the rated
value (max |ig1p101| < I, /2), trying to operate with maximum
efficiency. These targets can be achieved by using an appropriate
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degree of magnetization in the electrical machine and a suitable
injection of xy currents.

The degree of magnetization can be modified including (11)
into the control scheme in order to calculate the new reference
value 7}, in postfault situation, as shown in the feedback FB2-
b of Fig. 5. The use of an optimized degree of magnetization
reduces the required |iqq| current needed to provide the same
reference value of 7, and, consequently, the losses are reduced.
This efficient control scheme (termed EIRFOC in what follows)
will also allow reduce the losses caused by the injection of zy
currents and the degree of imbalance k.

As for the zy current references, it is necessary to use a
controller that injects currents only when it is truly necessary.
In the low-torque region, the limit of VSCsl is not reached
and the machine can be symmetrically operated as in pre-
fault situation (Fig. 5 with FB1-a). However, when the torque
is such that the currents in VSCsl reach the postfault limit
(max |ig1p101| = I, /2) for k = 0.5, the system can no longer
increase the generated torque/power unless some imbalance in
the power sharing of VSCs1 and VSCs2 is permitted. At this
moment, the controller of FB1-b in Fig. 5 is activated. This
controller is used to provide variable zy current injection (i.e.,
variable k) to generate only the minimum degree of imbalance
that is required to comply with current limits. The controller

that regulates the imbalance is an antiwind-up PI whose in-
put and output are the excess above half the rated value of the
modulus of dg currents and the k parameter, respectively. The
flowchart included on the right hand side of Fig. 5 specifies the
conditions for the dg current settings (FB2-1 or FB-2b) and xy
current settings (FB1-a or FB1-b), according to the fault state
and operating point.

V. EXPERIMENTAL RESULTS
A. Test Bench

A three-phase induction machine has been rewound to ob-
tain an asymmetrical six-phase induction machine whose elec-
trical parameters have been determined using conventional ac
time-domain experiments and standstill with inverter supply test
[44], [45] (see obtained results in Table I). The six-phase ma-
chine is driven by conventional three-phase power converters
from Semikron (SKS22F modules) that correspond to VSCsl
and VSCs2 in Fig. 1. The control actions are performed by a
TI TMS320F28335 digital signal processor. This control unit is
programmed through JTAG and TI proprietary software Code
Composer Studio. Current and speed measurements are taken
with four hall-effect LEM LAH 25-NP sensors (with an accu-
racy of the & 0,5%) and a GHMS510296R/2500 digital encoder,
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(red trace) and EIRFOC (blue trace) methods.

respectively. The load torque is provided by a dc-machine whose
armature is connected to a variable resistive—inductive load. The
full scheme of the test bench is depicted in Fig. 6.

B. Experimental Results

Different experimental tests have been performed setting
a rated d-current of 1.815 A, a rated g-current of 2.934 A,
a switching frequency of 10 kHz, and dc-link voltages of
Viaer = Viaeo = 300V. The threshold for the activation of the
controller in FB1-b of Fig. 5 is set to iqqs= 1.720 A, which
corresponds to half the rated value. To verify the improvement
of the efficient control in postfault situation, the same tests are
done both with standard IRFOC and constant rated flux (FB2-a
in Fig. 5) and with proposed EIRFOC and optimum flux (FB2-b
in Fig. 5).

First, the transition from pre- to postfault situations using
standard IRFOC (see Fig. 7) and EIRFOC (see Fig. 8) control
methods is studied. From ¢ = 0 to 5 s, the machine is operated
with rated flux at 500 r/min and 2.35 N-m in prefault situation.
Results confirm that the motor speed is satisfactorily regulated
to 500 r/min [see Figs. 7(a) and 8(a)] with d and ¢ currents of
1.815 and 1.4 A [see Figs. 7(b) and 8(b)], respectively. Since the
system is still healthy, the drive is operated in balanced mode
with k = 0.5 [see Figs. 7(c) and 8(c)] and null xy currents [see
Figs. 7(d) and 8(d)], according to the references set in FB1-b
of Fig. 5. At t = 5 s, an open-phase fault is forced in leg A}
and the currents in the first set of three-phase windings need
to be limited by (2) to half the rated value. After the fault oc-
currence, it is necessary to detect and identify the fault, and
this is typically carried out using fault indices that are based
on current measurements. Three-phase methods can be used for
this purpose (e.g., those based on negative-sequence or zero-
sequence currents/voltages [46], [47]) but it is also possible to
use the additional degrees of freedom existing in multiphase
drives to detect the fault based on the evolution of xy currents
[48]. This study, however, focuses on the postfault control with
flux adaptation and the system is instantaneously reconfigured
(neglecting the fault detection delay). At this moment, the post-
fault xy current references are no longer set to zero, but obtained
from the controller shown in FB1-b of Fig. 5.
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Fig. 10.  Experimental results in a pre- to postfault transition at 400 r/min with
EIRFOC (switching frequency at 4 kHz). From top to bottom: motor speed,
dq currents, imbalance degree k, and 'y’ currents.

When the IRFOC maintains the rated flux reference after the
fault (see Fig. 7), the dgq currents maintain the same prefault
values, with no appreciable impact on the motor speed or dg
current tracking. This smooth transition proves that the system
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can withstand the fault with no disturbance either in the torque
or the speed. However, since the modulus of the dg currents
is over the threshold value (iqqs = 1.72 A), it is not possible
to operate the system in balanced mode after the fault without
violating the limits set in (2). For this reason, the controller in
FB1-b of Fig. 5 is activated and the motor is driven with some
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degree of current imbalance after the fault occurrence, as it is
illustrated in Fig. 7(c) with values of k > 0.5. This imbalance in
turn implies that the zy currents are no longer zero, as indicated
in (14) and shown in Fig. 7(d).

Alternatively, when the EIRFOC is activated after the fault
occurrence (see Fig. 8), the d-current reference is decreased to
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the optimum value obtained from (11) included in the control
scheme of Fig. 5 with FB2b, allowing higher g-current [see
Fig. 8(b)]. Although the load torque is the same, the modulus of
the dq currents is lower with EIRFOC providing lower values of
k [see Fig. 8(c)] and xy currents [see Fig. 8(d)]. The injection
of the xy currents leads to the desired unbalanced operation
[see Fig. 8(e)] and keeps phase currents of the faulty set within
the limits [see Fig. 8(f)]. Similarly to the case with the IRFOC
strategy, the system can withstand the fault and the transitions
from pre- to postfault operation is smooth, with no undershoot of
the speed/torque. However, since the same torque is generated
with lower current values, the system losses are reduced (see
Fig. 9). The same conclusions apply if the switching frequency
is reduced, as it is mandatory in high-power energy conversion
systems. It is shown in Fig. 10 that operating at 4 kHz increases
the current ripple in the xy plane but the results are mostly similar
to those in Fig. 8. This experimental test confirms that EIRFOC
allows the operation with lower degree of imbalance [as shown
in Fig. 2(d)] and lower losses [as shown in Fig. 2(b)]; thus,
confirming the benefit 2 listed in the Section I. It is important
to highlight that lower values of k are specially appreciated in
series-connected topologies [30], [31] because higher imbalance
in the current sharing complicates the dc-link voltage balancing
task. Needless to say that lower losses are always beneficial and
lead to better system efficiency.

A second test is performed to verify the postfault transient
operation, again using IRFOC (see Fig. 11) and EIRFOC (see
Fig. 12), according to the control schemes depicted in FB2-a
and FB2-b of Fig. 5, respectively. The fault occurs at t = 5 s,
and the speed reference is changed at this time from 300 to
500 r/min following a ramp. Since the load torque is provided
by a dc machine whose power/torque is proportional to the
square of the speed, the acceleration also implies a load torque
increment.

IRFOC and EIRFOC methods are able to satisfactorily reg-
ulate the speed [see Fig. 11(a) and Fig. 12(a)]. In the case
of IRFOC, the torque change has no effect on the d-current,
as expected, whereas the g-current varies with the increas-
ing values of the torque [see Fig. 11(b)]. However, both d-
and g-currents change with the value of 7 when the EIR-

FOC is activated after the fault occurrence [see Fig. 12(b)]. The
d-current is modified to adapt the flux to the load torque, accord-
ing to (11), whereas the g-current is obtained from the reference
speed ramp.

The 2’y current references are given by the controller de-
tailed in FB1-b of Fig. 5, increasing their values after the fault
in order to comply with the fault requirements and in accordance
with [12]. While standard IRFOC modifies the 2’y currents as
a function of the imbalance, EIRFOC also considers variations
of the dq currents according to (14). The degree of imbalance
k is depicted for IRFOC and EIRFOC in Figs. 11(c) and 12(c),
respectively, and Fig. 13 compares the values of k£ for both
strategies in the same figure. As expected, a lower imbalance
is needed when the postfault flux is adapted, thus confirming
the benefit 3 listed in Section I. Moreover, the time that this
variable is saturated at £ = 1 when the change of torque and
speed occurs is also lower with the proposed efficient con-
troller. The results obtained in this test confirm a satisfactory
transition from pre- to postfault situations, an improved steady-
state performance and a satisfactory dynamic response of the
proposed controller in FB2-b of Fig. 5 with optimized flux,
being very similar to the controller of FB2-a with rated flux.
As indicated in the benefit 1 listed in Section I, the perfor-
mance improvements are obtained retaining a good dynamic
response.

A third test is finally performed to verify that operating
with an optimized flux leads to higher postfault achievable
torque/power, as previously indicated in Fig. 2(a). In this test,
the machine is operated at 800 r/min and the fault is provoked
at t = 5 s both using IRFOC (see Fig. 14) and EIRFOC (see
Fig. 15). When the IRFOC is used, the load torque is such that the
degree of imbalance & is increased up to 1, where it gets saturated
[see Fig. 14(c)]. Operating with k£ = 1 implies that the drive has
reached the postfault limits (rated and half-rated currents in
windings a1 by c; and asbyco, respectively) and it can no longer
maintain the speed at 800 r/min [see Fig. 14(a)]. This decrease
in the motor speed is obtained because the d-current maintains
its prefault rated value [see Fig. 14(b)]. Even though zy currents
are increased after the fault [see Fig. 14(d)] to provoke an im-
balance in the current sharing, the capability to generate torque
is not sufficient and the speed is reduced. On the contrary, when
EIRFOC is activated, it is possible to generate a higher torque
without exceeding the current limits. The degree of imbalance &
is kept below 1 after the fault occurrence [see Fig. 15(c)] and this
nonsaturated value allows generating the required torque and
maintaining the speed at 800 r/min in postfault situation [see
Fig. 15(a)]. Consequently, apart from the efficiency improve-
ment and lower degree of imbalance previously shown (see Figs.
9 and 13, respectively), this third test confirms that the reduction
of the d-current after the fault [see Fig. 15(b)] provides a higher
postfault torque capability. This confirms the benefit 1 listed
in Section I.

VI. CONCLUSION

The postfault operation of multiphase drives is limited by
fault restrictions that force the system to operate below rated



526

1000
900 ‘ ‘ |-
800
§ 700
S
§ 600
(%)
500
400
300
0 2 4 6 8 10 12 14 16 18 20
Time (s)
(a)
1.2 T
—k
4
0.8
x 0.6
0.4
0.2
0
0 2 4 6 8 10 12 14 16 18 20
Time (s)
(©

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 1, JANUARY 2017

d-q currents (A)
o

0 2 4 6 8 10 12 14 16 18 20
Time (s)

(®)

4 T T T T T

TP TV PITTIV . INY Y
YNy LAGAMA (A ARL AL ]

x-y currents (A)
S
3
>
E
35

l\N Loy, A b AAAMAAA SN A At ad bt
Ww YWV YUY VM

0 2 4 6 8 10 12 14 16 18 20
Time (s)

(@

Fig. 14. Experimental results in a pre- to postfault transition at 800 r/min with IRFOC. From left to right and from top to bottom: motor speed, dg currents,

imbalance degree k, and @'y’ currents.

1000
900 1 |-

800

g 700
&

> 600
D
g

& 500

400

300

200

0 2 4 6 8 10 12 14 16 18 20
Time (s)
(a)
1.2 .
-k

4

0.8

x 06

0.4

0.2

0

0 2 4 6 8 10 12 14 16 18 20
Time (s)
(©

J— [ — |-
d
4 d q
<3
2
<
g2 7 Wi VoS oV ~
3 | AN N ~ v J
o
S
31
0
-1
0 2 4 6 8 10 12 14 16 18 20
Time (s)
4 T T T T T
3 Ixs lxs Iys ’ys<
: 2
<
@2
< 1 ey A A, Y VY Er .y gy Ty
[ "o 4 R A A p w o
£
3 0 e
o
B WWW\N\,— VAR g i
-1
-2
-3

0 2 4 6 8 10 12 14 16 18 20
Time (s)

(d)

Fig. 15.  Experimental results in a pre- to postfault transition at 800 r/min with EIRFOC. From left to right and from top to bottom: motor speed, dg currents,

imbalance degree k, and 'y’ currents.

values. Reducing the flux in such derated scenario can lead to
improved efficiency at the expense of a lower dynamic response.
Furthermore, overfluxing the machine after the fault occurrence
brings undesirable consequences when parallel-connected con-
verters are used, such as a lower torque/power productions or

higher imbalance degrees in the current sharing. Instead of main-
taining the prefault flux settings, it is shown in this study that
the optimization of the postfault flux using an offline LMC
procedure improves the performance of the multiphase energy
conversion system. Experimental results show that the efficient
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fault-tolerant control reduces the system losses and the degree of
imbalance in the current sharing, allowing a higher torque/power
production while retaining a good dynamic performance.
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