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Abstract—Direct torque control (DTC) has been recently
used for the development of high performance five-phase
induction motor (IM) drives, where normal operation of the
system has been usually considered and the ability of DTC to
manage the situation has been analyzed in comparison with
different rotor field-oriented control (RFOC) strategies. The
exploitation of fault-tolerant capabilities is also an interesting
issue in multiphase machines, where the utility of RFOC
controllers has been stated when the open-phase fault
operation is considered. In this paper, the performance of DTC
and RFOC controllers based on proportional resonant
regulators and predictive control techniques is compared when
an open-phase fault appears in a five-phase IM drive.
Experimental tests are provided to compare the performance
of the system using these control alternatives.

Index Terms—Direct torque control, multiphase induction
motor drives, rotor field-oriented control, open-phase fault
operation.

NOMENCLATURE
DSP Digital Signal Processor.
DTC Direct torque control.
EMF Electromotive force.
M Induction machine.
MCL Minimum copper loss.
MMF Magnetomotive force.
PCC Predictive current control.
PI Proportional integral.
PR Proportional resonant.
PWM Pulse width modulation.
RFOC Rotor field-oriented control.
THD Total harmonic distortion.
VSD Vector space decomposition.
VSI Voltage source inverter.
VV-DTC Virtual vector based DTC
edq Direct and quadrature feedforward terms.
I Nominal stator current value.
lopr Rotor currents in the a-f subspace.
lab,cdes Stator phase currents.
idgs Direct and quadrature stator currents.
lo,fs Stator currents in the a-f subspace.
Lxys Stator currents in the x-y subspace.
lzs Stator current in the z subspace.
i, s max Maximum reference currents in the a-f
subspace.
J Cost function for PCC.
Lir Rotor leakage inductance.
Lis Stator leakage inductance.

Ln Magnetizing inductance.

Ly Rotor inductance.

Ls Stator inductance.

p Number of pole pairs.

R: Rotor resistance.

Rs Stator resistance.

Si Switching signals of every VSI leg.

T. Electrical torque.

TL Load torque.

T, Nominal torque.

To Generalized Clarke transformation
matrix.

Trosr Modified VSD transformation matrix.

Ve DC-link voltage.

VVi Virtual voltage vectors.

Vab,c.des Stator phase voltages.

Vdgs Direct and quadrature stator voltages.

Vafs Stator voltages in the a-ff subspace.

Vxys Stator voltages in the x-y subspace.

9 Fixed spatial displacement between
windings.

Ao ps Stator fluxes in the a-f subspace.

We Electrical speed.

Om Mechanical speed.

wr Rotor electrical speed (defined as p-cwm).

Reference variables.
Estimated variables.

* (superscript)
A (superscript)

1. INTRODUCTION

ULTIPHASE drives have attracted considerable
attention of the research community in recent times due
to their potential benefits in electric traction and generation
systems [1-3]. Compared with three-phase drives,
multiphase machines present better power distribution per
phase and higher overall system reliability, making them
attractive when high fault-tolerant capabilities are required.
High performance control methods normally applied in
conventional three-phase drives have been extended in recent
times to multiphase ones to exploit their advantages [4—10].
The most common control strategy in multiphase drives is
also the well-known RFOC method, used in [4] to manage a
five-phase IM in normal operation with an outer PIl-based
speed controller and two pairs of inner Pl-based stator
current regulators. An alternative technique was shown in
[5], where predictive current controllers substitute the
conventional PI-based current regulators. This last study
shows the utility of predictive current controllers in



multiphase drives, detailing their implementation problems
in modern microprocessors. An extension of [5] is shown in
[6], where a detailed comparison between predictive and PI-
based current controllers is provided. Other alternative
controllers have been also recently extended to the
multiphase drive’s case, like the DTC technique [7-9]. In
these particular cases, where five and six-phases IM were
considered, the focus is put on the definition of the look-up
tables that were defined to reduce the stator voltage in
secondary planes to minimize the generated non-torque stator
current components. Last but not least, the predictive
controller is extended to the regulation of the electrical
torque of a five-phase machine in [10], where it is introduced
like a competitor of the DTC method. However, all
aforementioned controllers take into account that the
multiphase machine operates under healthy conditions, not
taking advantage of their ability of producing torque in faulty
situations.

The use of control techniques to improve the fault-
tolerance capability of the system has been also analyzed but
to a lesser extent [3]. Different types of faults can occur in
the drive, including short- and open-circuits faults in the
power converter and electrical machine. The most common
considered type of fault is the open-phase one [3], which is
mainly due to damages in the power converter
semiconductors or in the electrical machine, leading to the
loss of an active phase. The capability of multiphase drives’
controllers to manage a fault in the system without adding
extra hardware has been considered as a hot research topic.
Different types of machines (permanent magnet [11,12] and
induction [13-19] machines), number of phases (five [11-
16], six [17,18] or the general case of any odd number of
phases [19]) and control strategies (RFOC
[11,13,14,16,18,19] or DTC [15,16] methods) have been
analyzed in recent times.

It is interesting to mention that the symmetrical five-phase
induction machine with distributed windings is an important
case example in the multiphase machines’ field for the
research community, and several open-phase post-fault
control schemes based on RFOC method have been recently
reported for this type of machine [13,14,19]. These control
techniques use the same outer PI-based speed control loop
than in normal operation, but the inner current controllers are
modified. For example, proportional resonant (PR) current
controllers are proposed in [19] for the tracking of oscillating
reference currents, while a model-based predictive current
controller (PCC) is used in [13], where the model of the
electrical drive in post-fault situation is considered. Both
RFOC controllers are compared in [14], concluding that the
speed control in post-fault operation is viable using either
predictive or PR current control methods, leading to similar
performance with the exception of the operation when
unavoidable fault detection delays during a pre- to post- fault
transition appear, where PCC controller is found to be more
affected.

The interest of open-phase post-fault DTC schemes in
five-phase IM drives has been analyzed in recent research
works [15,16], where a virtual vector based DTC (VV-DTC)
controller is presented. The utility of the DTC technique
during the faulty condition is experimentally tested in [15],
where it is shown that switching tables and applied virtual
vectors must be redefined after the fault occurrence to
continue the operation of the multiphase drive. Different
controllers are used to manage the open-phase fault operation

of a five-phase drive in [16], comparing their performance
using a simulation analysis whose conclusions must be
experimentally validated. This work extends the analysis
presented in [16], validating through experimentation the
interest of using in five-phase IM drives VV-DTC controllers
when open-phase fault conditions appear. The comparative
advantages and disadvantages of applying different state-of-
the-art control methods in healthy and open-phase faulty
situations are also detailed, introducing a powerful tool for
the controller selection for practitioners engineers interested
in using multiphase drives in final applications. The paper is
organized as follows. First, the behavior of the five-phase IM
drive during the open-phase fault operation mode is
presented in Section II. Section III details the fault-tolerant
RFOC and VV-DTC schemes, including the adopted control
criterion when the open-phase fault appears, that are then
experimentally analyzed and compared in Section IV.
Finally, the conclusions are provided in the last section.

II. FIVE-PHASE IM DRIVE IN OPEN-PHASE FAULT OPERATION

The considered five-phase drive includes a five-phase
induction machine with distributed windings, equally
displaced 72°, and a five-phase two-level voltage source
inverter (VSI), see Fig. 1, where the switching signals of
every VSI leg are represented by S;, being i = {a,b,c,d,e} and
Si = 1 if the upper switch is ON and the lower switch is OFF
or S: = 0 if the opposite occurs. Eq. (1) details obtained stator
phase voltages from generated switching signals.

4 -1 -1 -1 -1||S

V| | 4 -1 -1 -1]|S,
Ve :% -1 -1 4 -1 -1}|S, (1)
Vs -1 -1 -1 4 -1]|S,

-1 -1 -1 -1 4||S

The five-phase IM can be expressed with a set of
differential equations, considering the standard assumptions
of machine modeling: symmetrically distributed windings,
uniform air gap, sinusoidal magnetomotive force (MMF)
distribution, and negligible magnetic saturation and core
losses. These equations can be simplified in the stationary
reference frame using the vector space decomposition (VSD)
approach [20], through the generalized Clarke transformation
matrix detailed in (2). Applying this transformation matrix to
the phase variable model, see eq. (3)—(4), the original five-
dimensional space of the machine is transformed into two
orthogonal subspaces, a-f and x-y, plus a zero sequence
component, where o-f components represent the supply
components of order 10n = 1 (n =0, 1, 2, 3, ...) and are
involved in the torque production. The x-y components
represent supply harmonics of order 10n =3 (n =0, 1, 2, 3,
...), and zero sequence current components (5n, with n = 1,
2, 3, ...) are cancelled because of the isolated neutral point.
The utilized system can be modeled as follows:

Fig. 1. Schematic diagram of the five-phase IM drive.
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where Ly = Lis + L, Ly = Lir + L and wr = p-wm, being p the
pole pairs number and wx the mechanical speed. Subscripts s
and r indicate stator and rotor variables, while subscripts /
and m denote leakage and magnetizing inductance,
respectively.

When an open-phase fault occurs, the behavior of the
system varies. The current in the faulty phase is zero, its
voltage is given by the back electromotive force (back-EMF)
and the model of the system changes. A modified VSD
transformation matrix (Tposr) is considered in [13], where
phase ‘@’ is assumed to be the faulty phase, to cope with the
asymmetrical stator/rotor impedance terms that are obtained
if To is considered. Consequently, the five-phase IM is
modeled using stationary reference frames with (5)—(10), but
a degree of freedom is lost. For example, if phase ‘a’ is the
faulty phase, the x-current component is inherently fixed to
the a-current component (ixs = —ias), and only y-current
component is controllable in the x-y subspace. In this way,
equations (1)—(4) are substituted by:
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where the second right hand side term in (11) corresponds to
the back-EMF of the faulty phase. The implementation of
control schemes when the open-phase situation appears is
detailed in the next section.

III. RFOC AND VIRTUAL VECTOR BASED DTC IN OPEN-PHASE
FAULT OPERATION

After the open-phase fault occurs, the remaining degree of
freedom (the y-current component if the faulty phase is ‘a’,
as stated before) needs to be established according to a
certain strategy. Different criteria have been recently adopted
in the literature in relation with ensuring post-fault operation
and minimum copper losses, minimum derating (i.e.
maximum load torque) or minimum torque ripple [11,19,21].
The minimum copper loss (MCL) criterion is adopted in this
case to obtain a fair comparison between RFOC and VV-
DTC.

When MCL is used with RFOC techniques, the y-current
reference, which does not contribute to the torque
production, is set to zero (iys = 0). The obtained losses are
then minimized and the efficiency of the system is
improved. Notice that the MCL method, as it is stated in
[21], leads to unequal peaks in the phase currents and does
not achieve the maximum post-fault available torque. The
maximum reference currents in the a-f subspace in MCL to
impose a rotating circle-shaped MMF are i‘wsmax =
0.6813-I+sin(w?) and i"gsmax = —0.6813-Ir-cos(w?), being I
the nominal stator current value [21].

On the other hand, the VV-DTC method is implemented
using a look-up table [8,22] and applying a MCL-type
criterion. Zero average volts-per-second in the y direction is
then produced in post-fault operation using voltage vectors,
which will also force close to zero current in the y direction
in distributed-winding symmetrical five-phase induction
machine.

A. RFOC technique

Fig. 2 shows the scheme of RFOC controllers considered
in this case [13,19]. The control is implemented in a
synchronous (d-q) reference frame, being the g-current
reference obtained using the speed error and a Pl-based
controller, whereas the d-current reference is a constant value
that provides the rated flux in steady-state operation. The
inner fault-tolerant current controllers are implemented
considering PR regulators (RFOC-PR from now on) and
finite-control set model-based PCC techniques (RFOC-PCC
in what follows). Notice that the MCL criterion is imposed in
this analysis (ixs” = —ias, iys = 0).

When a conventional RFOC method is used to manage the
open-phase fault operation, PI controllers in secondary
planes (x-y in this case) are substituted by PR regulators to
cope with the oscillating nature of the references (ixs" = —ias
and iy = 0 as a consequence of the post-fault control
criterion). This method (RFOC-PR) is proposed in [19],
where PR regulators are implemented adding the outputs of
two independent PI controllers to track positive and negative
sequences of the x-y stator current references, obtaining the
voltage references (vxs* and vy"). Inner current controllers in
relation with the d-q plane are Pl-based, including two
feedforward terms (es and e, shown in Fig. 2) to improve the
controller performance. Then, the obtained d-g voltage
references are first converted into the stationary frame (a-f
plane) by means of the inverse Park matrix, grouped with the
obtained x-y voltage references into a-f-x-y voltage
references and transformed into reference phase voltages
using 7o, detailed in eq. (2), to obtain a switching PWM
pattern for the multiphase VSI.

The RFOC-PCC control scheme detailed in [13] includes
an inner predictive current stator controller as the main



difference with RFOC-PR technique. This predictive
controller is based on the discretization of the post-fault five-
phase IM drive model (predictive model in Fig. 2). Using this
predictive model, the future stator current values, is(k+1), can
be obtained in faulty operation with the measured stator
currents, is(k), mechanical speed, wm, and DC-link voltage,
Vac. The control objective of the predictive controller lies on
defining a cost function J and finding the switching state to
be applied, S (k+1), that minimizes this cost function (see
Fig. 2). This optimum value Si”/(k+1) is obtained computing
the predictive model for every available switching state S; /
(k+1) to obtain the future stator current and find the one
which minimizes J. The cost function considered in this work
is based on the difference between the reference and the
predicted stator currents and it is shown in eq. (15). Note that
the reference stator currents are converted from the
synchronous d-g frame to the stationary a-f using the Park
transformation and the MCL criterion is again applied (ixs" =
—ias, Iys. = 0), while the measured stator phase currents (ipcde)
are transformed into a-f-y coordinates using the Tpost
matrix, see eq. (12).

J =

iy (k +1) = ig (k + D] +|ig (k + D) =i (k +1)
| |ﬂ A (15)
+

i, (k4 1) =i,k +1)|

B. VV-DTC method

The extension of VV-DTC technique to the open-phase
fault operation has been recently presented in [15], where the
scheme summarized in Fig. 3 is proposed. It is based on an
outer PI closed-loop speed control, while two-level stator
flux and three-level electromechanical torque hysteresis
comparators are used to provide the control action (applied
stator voltage vector) through a predefined look-up table. For
this purpose, eight virtual voltage vectors (VV;) are defined in
the a-f subspace, each one placed in the center of a different
sector, as it is shown in Fig. 4(a). These virtual vectors are
obtained as follows:

VVi(v]’VZ):VlKvl +1,K,, (16)
where:

* v; and v2 are two available voltage vectors in post-fault
situation, see Fig. 4(b), obtained from the phase voltages
of eq. (11) and the modified VSD transformation matrix
(Trosr) of eq. (12).

* Ky and K2 are dwell time ratios that are calculated to
get zero average volts-per-second in the y direction,
following the MCL-type criterion (see [15]).

The applied virtual voltage vector is selected from the
look-up table shown in Table I, depending on the stator flux
position in the a-f plane (8 different sectors are defined) and
the error signals d/s and dTe, discretized using two hysteresis
regulators. Notice that the stator flux is obtained using the
observer detailed in [10] and the torque is estimated as:

Te = p'(/im'iﬁr _/iﬁr'im) (17)
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It is important to highlight that the phase ‘a’ is considered
as the faulty phase in this work. In the case that the fault
occurs in a phase different from phase ‘a’, there are two valid
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Fig. 2. RFOC scheme based on proportional resonant (upper plot) and
predictive (bottom plot) current controllers.
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Fig.3. VV-DTC scheme regulating five-phase IM drives in open-phase
fault situation [15]. The “~* and “*’ symbols identify the estimated and
reference variables, respectively.

solutions that can be used. The first one requires
recalculating the transformation matrix and obtaining new
voltage vectors in post-fault situation, virtual vectors with
their respective dwell times and the look-up table. Then, it is
necessary to keep all these parameters in the
microprocessor’s (DSP) memory. When the fault happens,
the controller must select the correct matrix, virtual vectors
and look-up table, and use them to control the multiphase
drive. This is a viable implementation alternative as long as
the DSP’s memory is more than sufficient for the control
method. The second solution would need to readjust the
order of the machine phases in order to establish the faulty
power leg as phase ‘a’. This is also possible thanks to the
symmetry of the multiphase drive and allows to use the
same transformation matrix Trosr, see eq. (12),
independently of the faulty phase. This second approach
would also use the same virtual vectors and look-up table
defined for phase ‘@’ but shows an important
implementation drawback in comparison with the previous
one: the GPIO modules that are used in the DSP to control
the power converter (switching signals) need to be
readjusted. In addition, the computational cost is slightly
higher than in the first case, and what it is worst, a transition
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Fig. 4. Open-phase fault operation of five-phase IM drives. (a) Virtual
voltage vectors (VV;) in the a-f subspace. (b) Available voltage vectors in
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TABLE1

LOOK-UP TABLE FOR THE VV-DTC CONTROLLER IN POST-FAULT SITUATION

PROPOSED IN [15]

Position of stator flux (Sector
1 2 3 4 5 6 7 8
+1 VVo | VWV | VW | VVs | VW6 | VV7 | VB | VV,
+1 -1 VVs VVi VV, VVs VVy VVs VVe 4%

0 Vo Vis Vo Vis Vo Vis Vo Vis

+1 VVs VVs VVs vV, VVs VVi \4%3 VVs
-1 -1 Vs | VV7 | Vs | VVi | VVo | VV5 | VV4 | VVs
0 Vis Vo Vis Vo Vis Vo Vis Vo

dis | dT.

in the control action is introduced if the GPIO modules are
reassigned, worsening the performance of the controlled
system when managing the faulty situation.

IV. EXPERIMENTAL RESULTS

The RFOC and VV-DTC methods have been implemented
in a lab-scale multiphase system to compare the obtained
results. The experimental test rig is shown in Fig. 5. Its main
component is a five-phase IM with 30-slots and three pairs of
poles, whose electrical parameters have been determined
using different tests [23,24] that provide the specifications
summarized in Table II. The multiphase electrical machine is
driven by two conventional three-phase VSIs from Semikron
(SKS22F modules), connected to an external DC power
supply that provides a DC-link voltage of 300 V. The control
actions are  obtained wusing Texas  Instruments
TMS320F28335 DSP placed on a MSK28335 board. The
rotor speed is obtained with a digital encoder
(GHMS510296R/2500) and one peripheral of the DSP (the
enhanced quadrature encoder pulse or eQEP). A
programmable load torque is set by an independently
controlled DC machine, which is mechanically coupled to
the five-phase IM during the experiments. Finally, the fault
occurrence is emulated opening a power relay connected in
series with the faulty phase (phase ‘a’).

5-PHASE IM DRIVE

Phase
RS232 Currents
Serial
Ports
POWER ELECTRONIC
Switching CONVERTERS (VSIs)
CoNTROL Semls  (ff

BOARD

1 St @? i

5-PHASE IM

DCMOTOR
DRIVE

Fig. 5. Experimental test rig. The five-phase IM (bottom right side) is
controlled using two three-phase VSI and an electronic control board based
on the MSK28335 (center middle). An independently controlled DC motor
(bottom left side) provides a programmable load torque, while the DC-link
voltage is set using an external DC supply (upper side).

TABLEII
ELECTRICAL PARAMETERS OF THE FIVE-PHASE IM
Parameter Value Parameter Value
R () 12.85 M (mH) 681.70
R/ () 4.80 p 3
Lis (mH) 79.93 T. (N-m) 6.50
Ly (mH) 79.93 Asn (Wb) 0.435
TABLE III
PROPORTIONAL AND INTEGRAL PARAMETERS OF PI AND PR CONTROLLERS
RFOC-PR RFOC-PCC VV-DTC
Controller Ky Ki K, Ki K, Ki
PI speed 0.15 6 0.08 6 0.25 5
PI d-current 336 18 - - - -
PI g-current 80 390 - - - -
PR x-current 12.5 322 - - - -
PR y-current 12.5 322 - - - -

The experiments are performed with a constant stator
current reference in the d-axis of 0.57 A for RFOC methods,
with an equivalent stator flux reference of 0.435 Wb in the
VV-DTC scheme. The hysteresis bands of the VV-DTC
torque and flux regulators are programmed at 0.77% and
1.15% of the rated values, respectively. The proportional and
integral constants of the PI and PR controllers used in this
study are shown in Table III and were adjusted using a trial
and error procedure. The configured control sampling time is
0.1 ms in RFOC-PCC and VV-DTC methods, and 0.4 ms in
RFOC-PR, giving a similar switching frequency of about 2.5
kHz in all cases. Figs. 6 to 11 summarize the obtained results
that include the performance of the system in steady and
transient-states, and show the performance from pre- to post-
fault situations. The first, second and third columns in each
figure show the obtained results using the RFOC-PR, the
RFOC-PCC and the VV-DTC control methods, respectively.

The steady-state performance in faulty operation is firstly
examined, driving the motor at 500 rpm when different load
torques are demanded. Fig. 6 shows the evolution of the
stator currents using RFOC and VV-DTC controllers when
the applied load torque is 0.28-7, (about half of the
maximum achievable post-fault torque when the MCL



criterion is used [13]). Regardless of the control strategy,
stator currents in ‘b’ and ‘e’ phases are equal in magnitude
and possess unequal peak values compared to ‘c’ and ‘d’
stator phase currents, Fig. 6(a), being the obtained result in
accordance with the applied MCL criterion [21]. Since the
MMF remains the same in healthy and faulty operations, a
circular trajectory is obtained in the o-f currents, see blue
circles in Fig. 6(b). However, a horizontal line is observed in
the x-y plane because ixs = —ius and iys is nearly null, see red
line in Fig. 6(b). The main difference between the three
controllers is that the harmonic content (amplitude of the
current ripple in the circular plot) is higher using VV-DTC in
the a-f and x-y plane, while the use of PR current controllers
with RFOC techniques offers the best performance in steady
state.

If the maximum post-fault torque in steady state with the
MCL criterion is applied (0.56-7») [13], the obtained results
are summarized in Fig. 7. Similar conclusions are achieved
when RFOC methods are analyzed, see stator phase currents
and circular plots of stator currents in a-f and x-y planes in
Fig. 7(a) and Fig. 7(b), respectively. Notice also that the
reference speed is controlled during the experiment, Fig.
7(c). The situation changes when the VV-DTC method is
used (right plots in Fig. 7): the speed is not regulated, a-f
currents do not describe a circular trajectory and peak values
of stator phase currents are different. This is a consequence
of using virtual voltage vectors of lower amplitude than the
available voltage vectors, which reduces the harmonic
content of VV-DTC at the expense of reducing also the DC-
link voltage utilization. It can be then concluded that the
maximum load torque that the VV-DTC method can manage
in post-fault operation is lower than using RFOC techniques.

The compared dynamic performance in faulty operation
using the different control schemes is then analyzed. A
reversal speed test is done, where the reference speed is
changed from 500 to -500 rpm at ¢t = 0.2 s, while no
electrical load torque is demanded to the multiphase drive
using the controlled DC machine. Fig. 8 shows the obtained
results, presenting the VV-DTC technique lower settling
times and overshoots than RFOC methods, Fig. 8(a). The
harmonic content in the stator currents is lower using RFOC
techniques, as it is illustrated in the zoom-in of the a-f stator
currents at the zero-speed-crossing instant, Fig. 8(b).

Next, the transition from pre- to post-fault operation is
studied in Fig. 9, showing the performance of the controlled
system. Note that a delay of 40 ms between the fault
occurrence and the control action is considered to take into
account the fault detection process. The motor is driven at
500 rpm, before and after the fault occurrence, with a
constant load torque of 0.50- 7. It is interesting to note the
degradation of the speed tracking when the RFOC-PCC
method is used, see Fig. 9(a), where the mechanical speed of
the system drops to about 480 rpm. The control action is also
poor when the RFOC-PR method is used, see Fig. 9(b),
where the harmonic content in the generated electrical torque
is the highest among the considered control methods. In this
case, an oscillating ripple at double the fundamental
frequency appears due to the g-current oscillation because of
a negative sequence current that cannot be regulated by the
outer PI-based speed and flux d-g controllers [14, 19]. This is
not the case when the VV-DTC technique is used, being a
more robust control method in the experiment. Once the
post-fault controllers are activated at 0.24 s, the control

action is recovered and the speed is regulated in all cases. In

particular, VV-DTC method shows a higher settling time.

Focusing on the VV-DTC technique, the obtained healthy
stator phase currents in the transient operation between
healthy and faulty situation are shown in Fig. 10. The speed
reference is fixed at 500 rpm, while the demanded load
torque is programmed about 28%, Fig. 10(a), and 50%, Fig.
10(b), of the nominal one. It is observed that the healthy
phase currents increase their magnitude to compensate the
faulty phase, being equal the stator current in ‘b’ and ‘e’
phases and in ‘¢’ and ‘d’, but unequal among them in
accordance with the MCL criterion.

The low speed operation of the drive is finally analyzed in
Fig. 11. A delay of 40 ms between the fault occurrence and
the control action is again considered. A constant load of
0.50-Tx is applied, and a reference speed of 50 rpm is set.
Similar responses are obtained using different controllers,
although the VV-DTC method takes longer to settle down to
its steady-state speed, Fig. 11(a). The RFOC-PR method
offers an oscillating ripple at double the fundamental
frequency, like in the previous test, Fig. 11(b).

A qualitative comparative analysis between the studied
control schemes is summarized in Table IV, and the obtained
assumptions can be detailed as follows:

e Different fault detection delays (from 20 to 100 ms)
have been tested in the analyzed transitions from pre- to
post-fault situation, concluding that the VV-DTC
method maintains the control action during the transition
and shows the highest robustness in the study.

e A change in the model of the physical system is
imperative when RFOC-PCC and VV-DTC methods are
used, while the RFOC-PR technique does not require
this change.

*  The controller must be redefined if RFOC-PR and VV-
DTC techniques are used (substitution of conventional
PI controllers and definition of a new look-up table,
respectively) when the fault appears. In contrast, a
change in the cost function is only needed after the fault
detection when RFOC-PCC is used.

e The computational cost of the implemented algorithms
shows the lowest value for the VV-DTC method and the
largest one for the RFOC-PCC technique.

e The quality of the obtained stator current in terms of
THD depicts the lowest values for the RFOC-PR
method, while the VV-DTC technique produces the
highest current ripple.

e The maximum obtained torque in faulty situation is
higher (roughly about 10 %) with RFOC methods.

All in one it can be concluded that there is no ideal
controller to manage the open-phase fault appearance. If
robustness, simplicity or computational cost are the desirable
characteristics, the VV-DTC method offers the best
performance. However, if the quality of the obtained stator
current or the maximum post-fault electrical torque are
demanded in post-fault operation, the RFOC techniques are
superior.
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current probes). (b) Stator phase currents in a-f and x-y planes. (c) Speed response (‘*’ symbol identifies the reference speed).
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Stator current waveforms in the a-f plane at the zero speed crossing point.
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Fig. 9. Pre- to post-fault transition under realistic conditions (a delay of 40 ms in the fault detection is assumed). RFOC-PR (left plots), RFOC-PCC
(middle plots) and VV-DTC (right plots) techniques are considered. A load torque of about 50% of the nominal one and a reference speed of 500 rpm are
considered. (a) Speed response. (b) Zoom-in of the generated electrical torque at the fault occurrence instant.
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Fig. 10. Healthy stator phase currents in the transient operation between healthy and faulty situation when the VV-DTC method is applied. The speed
reference is considered to be 500 rpm, while the demanded load torque is set up at about (a) 28% and (b) 50% of the nominal one.



RFOC-PR RFOC - PCC VV-DTC

100 ‘ : 100 100
T 75— L] “ “ = 7 : © 4l -
g Fault Occurrence T E_ | Fault Occurrence | [ | %
R e T ™ A B ST
3 | | | 8 I | | 8
G o2 G oo &

. | _ Ti=0507, | |

0 0.5 1 1.5 2

g g g
z z z
Q Q (5}
5 & 5
3 8 5]
= = =

Time [s]

(b)
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TABLEIV
QUALITATIVE COMPARISON BETWEEN RFOC AND VV-DTC METHODS IN OPEN-PHASE FAULT OPERATION
Close-loop system performance RFOC-PR RFOC-PCC VV-DTC
Speed tracking error when the fault appears Negligible High Slight
Torque tracking loss in control during the delay Yes Yes No
Robustness against fault detection delay 1 1l 11
Change in the Clarke transformation matrix No Yes Yes
Reconfiguration of the controller Yes No Yes
Computational cost 1 11 !
Stator current THD ! 1 1
Maximum available torque 56% of T 56% of T, 50% of T,
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