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Open-Phase Fault-Tolerant Direct Torque Control
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Motor Drive
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Abstract— The important aspect of multiphase machine
(MM)drives is the inherent fault-tolerant capability; thus,
suitable for most reliable industrial and transportation
applications. A faster dynamic response of the electric motor
drive can be achieved by using direct torque control (DTC)
technique. In this paper, an open-phase fault (OPF) control
scheme enabling DTC is proposed for a Five Phase Five-level
induction motor drive. The main scope of the proposed Control
technique is needed for interrupt free operation of the FPIM
drive even after an OPF occurs. The developed post-fault
controller is same for both healthy and post-fault operation
However; the lookup table developed for both healthy and
post-fault operations are different. This is due to the OPF
condition has different voltage vectors than the healthy
condition. The proposed five level converter is verified by
Matlab/Simulink results at steady and transient loading
operations.

Index Terms— Terms—fault-tolerant torque control, induction
motor drive, phase fault detection, three-level NPC VSI.

1. INTRODUCTION

The reliability of high power variable speed drives [1] is

a new upcoming challenges especially in applications like
high-powered electric and hybrid electric vehicles, off-shore
ship propulsion, more-electric aircraft,etc. [2]-[5]. For this,
the multiphase machines (MM) are best alternative option
instead of three-phase machines [6]-[10] due to two
significant concerns. Firstly, the interrupt free operation of
MM drives is possible with increased phase numbers i:e, the
n (odd) phase machine can run with up to n1 2 number of
phases faulty [3]. Second, with the increase in phase
number, per phase requirement of drive power control
capability reduces; thus, the use of series/parallel
configuration of power switches can be minimized. Due to
the inherent fault-tolerant operation, the MM drives provide
reliable operations without any extra hardware as compared
to counter part.

The five-phase induction motor (FPIM) drive has promising
outcomes over other MM drives, hence in this paper the
FPIM drive is considered to implement the proposed direct
torque controller (DTC). Various control techniques like
rotor field oriented control (RFOC) and vector control
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techniques are equally valid for the MM drives with

necessary modifications.
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In vector control, the DTC is more advantageous than the
other control techniques due to its advantages such as less
parameters dependency, high dynamic performance [11].
Various DTC techniques are presented for the two-level
voltage source inverter (VSI) fed MM drives in [12]. For
medium and highpower drives, the three-level NPC is most
accepted VSI in industry due to improved THD and low
dv=dt, common mode voltage (CMV) as compared to
two-level VSI [4], [12]. Also, as level of inverter increases
the possible available voltage vectors are high and hence,
the combination of vectors are more to develop the good
closed loop control. Under the normal operation, various
DTC schemes for three-level NPC VSI fed FPIM drive is
presented in [12].

The fault-tolerant operation consists of three major
objectives, a) fault detection, b) fault localisation and c)
post-fault control strategy. Out of which, (a) and (b) are not
in the scope of this paper. However, the proposed method
uses the fault detection method based on the vector space
decomposed method [13], [14]. In healthy operation, control
techniques of the FPIM drive are equally valid for the
post-fault situation. But, the control structure need to be
modified under an open phase fault (OPF) condition due to
loss of phases [14], [15]. In [14], an open-phase fault (OPF)
enabled DTC is introduced for the two-level (2L) VSI fed
FPIM drive with virtual vector (VV) concept. A quantitative
analysis is performed between RFOC, model predictive
control (MPC) and DTC in [15]. The MPC scheme is good
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competitor for the DTC method. However, this method has
more complexity in implementation, as inverter level
increase. Also, the cost function need to be changed under
the post-fault condition.

Nevertheless, an interrupt-free post-fault investigation can
only be accomplished while the closed-loop control of FPIM
drive is capable of self-configurable control action. For this,
the reconfigure-less control scheme has been developed for
the 2L-VSI fed FPIM [14]. The mentioned method is
therefore restricted to an FPIM drive fed with 2L-VSI. The
post fault control strategies provided in [13] are limited to
five level NPC VSI fed FPIM drive operation.

Therefore, in this paper, the post-fault DTC scheme is
developed to continue the drive operation after an OPF
appears in the drive. The proposed study has a major
advantage is that the controller reconfiguration is not
required, when fault appears in the system. However, the
pre-stored lookup tables are different for both pre and
post-fault activity.

1. FPIM DRIVE WITH PROPOSED FIVE-LEVEL NPC IN
NORMAL AND POST-FAULT CONDITION

The five-level NPC VSI is shown in Fig. 1 with switch port
(marked in red; Normal: switch is ON, Faulty: switch is
OFF) indication for the OPF insist in one phase of the drive.
Where, the power converter switches indicated Sal and Sa3
are complementary to each other, similarly Sa2 and Sa4 are
complementary with one another. The available states for
each Five-level NPC leg are 1, 1/2, 0, -1/2, and -1 and
hence, the possible switching voltage vectors are 35 = 243
under normal operating conditions [12]. For post-fault
activity with an OPF condition, the possible voltage vector
combinations are restricted to 81 (34 = 81), which are
derived using (1) and (2). Out of 81 vectors, 20 vectors are
preferred for the proposed DTC scheme using the phase
voltage relation and proper sector segments and are
projected in _ -frame and xy-frame as presented in Fig. 2.2
and Fig. 2.3, respectively.

The available VVs are mapped in _ and Xy plane by
considering the post-fault conversion matrix (tx) and stator
phase voltages (1) [14]. From these voltage vectors, the
post-fault DTC method is developed to obtain the
reconfigure-less interrupt free drive operation under the OPF
condition

The stator winding of FPIM is fed from the five phase
supply, a revolving field will be developed due to the
currents produced in the stator. The total flux is analyzed at
various instants in terms of maximum flux at different
instants.Here, , @a , ob , ¢c, @d, @e , is flux produced by the
respective phases a, b, ¢, d, e etc., and shown in Figure 1
with a phase delay of 720 as the developed stator currents
are also in phase delay of 720. In the conventional supply,
the total flux produced by three phases is 1.5 times of the
maximum flux. But this should be varied in the case of the
proposed motor, analyzed by the produced flux in all the
five phases at several instants which are shown below in
five modes.
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Figure 2.2 Resultant Flux Analyzed in Mode 1

The revolving flux rotates at constant speed around the air
gap of the proposed FPIM. In this mode I, the resultant flux
is analyzed in terms of maximum flux from phasor diagram
shown in Figure 2.
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Figure 2.3 Resultant Flux Analyzed in Mode 2
In this mode 2, the resultant flux is analyzed in terms of
maximum flux from phasor diagram shown in Figure 3. At
ot="72°

P, =0.95. @y, =0. QPc =095Q,
Pg =059Q,. P =095,
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Figure 2.4 Resultant Flux Analyzed in Mode 3
In this mode 3, the resultant flux is analyzed in terms of

maximum flux from phasor diagram shown in Figure 4. At
ot=144°
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Figure 2.5 Resultant Flux Analyzed in Mode 4

In this mode 4, the resultant flux is analyzed in terms of
maximum flux from phasor diagram shown in Figure 5. At
ot=216°

0, =090y . O =059, . Pc=0950,,
®q =0. Qe :0-95(pm

o5 ®m
Aorm T

Figure 2.6 Resultant Flux Analyzed in Mode 5
In this mode 5, the resultant fluxes are analyzed in terms
of maximum flux from phasor diagram shown in Figure
6.At 0t=288°

Pa =095Q . Pp =059, Qc =0.59Q,,
Pq=095Q,,. P.=0

III. MATHEMATIC LE MODAL FOR FIVE PHASE INDUCTION MOTOR
The state variables are presumed to be the structure of the
supply voltages. Representing the supply voltages as
Vobs = Re(vb.ﬁ'sejee )
Vibss — Vme_jg
Ves = Re(v e’ %)
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es ess
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where Vm represents peak value of the phase voltage. In
view of the form of the supply phase voltages, the state
variables and the input voltages are therefore defined. In
attaining the model equations based on the harmonic
balance technique,

The transformation matrix of arbitrary reference frame is
given by
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where , ,0 is the transformation angle of arbitrary reference
frame. is for the stator stationary reference variable
transformation and is for the corresponding rotor variable
transformation, where is the electrical rotor angle.

Therefore, the variables of machine can be transformed to
qd ,xy,oz variables as is the variable matrix consisting of
voltages, fluxes and currents in reference frame and is the
variable matrix consisting of voltages, fluxes and currents in
frame of natural reference can respectively be replaced with
and for stator and rotor variables respectively

The electromagnetic torque , is given by e T
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Where is the number of phases, is the number of poles,
represents moment of inertia, and represents load torque. m
PJLT

MODELING OF FPMD FOR OPEN PHASE FAULT
Consider the configuration of Figure 3.1 with a switch
connected in series with phase ‘a’ of the stator winding.
Open phase fault occurs when the switch is open such that
the supply voltage is disconnected from the machine’s phase
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Figure 3.1 Open stator phase Fault ‘a’ for the FPIM

IV. MATLAB IMPLEMENTATION AND RESULTS

The validity of the models presented in section 4.1 - 4.2 has
been investigated through the computer simulation of the
full-order model of the machine with stator phases ‘@’ and
‘b> open-circuited. The steady-state model is used to
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calculate the state variables and then the results are
compared

Fig 4.1 Five Phase Induction Motor modal

Five Phase Induction Motor

SpeedRP)

Five Phase Inducon Molor

Fig 4.2 Five Phase Induction Motor Subsystem modal

Fig 4.3 has been Represented for Five phase five level
NPC  multilevel inverter implemented  through the
computer simulation using matlab Simulink . and Level
Shifted PWM Technic Employed to Generated five level out
put which is shown fig 4.4.
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Fig 4.3 Five phase Five Level Diode clamped Inverter

Observe the Figure 10 and 11 the rotor speed and starting
torque of the FPIM are 2985 rpm, 32N-m respectively. The
experimental values are also tabulated. The settling time of
the torque will be 0.6Sec and the magnitude of torquel3.8
N-m. Both simulated and experimental results of speed and
torque are approximately equal as shown.

M Scopel(1) ™ Scopet(2) W Scopet(3) W Scope(4) W Scopel(5)
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Fig 4.4 Level Shifted Sign PWM Generation

Observe the Fig.4.5 the five phase five level inverter output
voltage with 400v, this wave connected five phase induction
motor modal( FPIM). Clearly Observe the Figure 4.6 to 4.8
output voltage , motor speed and Motor torque without
increasing the voltage under phase loss condition; when one
phase loss condition i.e. stator current Ie = 0, now the
magnitude of input and output currents are 3.6A and 2.6A
during a period of three cycles with FPIMD.
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Fig 4.6 Motor Termenal Volage
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Fig 4.7 Motor Speed

Under phase loss condition; the performance of FPIM
does not degrade much. The stator currents are increased
when phase loss condition, therefore the advantages of the
proposed drive, without increasing the voltage, the stator
currents are increased with minimum torque ripple in the
drive. Hence the reliability of the drive, gets enhanced.

08 08 10

During the phase loss environment of FPIM, there is no
change in the input and output voltages. But if the speed and
torque are changed slightly, the results are shown both
simulated using MATLAB/SIMULINK
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Fig 4.8 Motor Torque

V. CONCLUSION

The proposed post-fault Control scheme for the
Five-level NPC VSI fed FPIM drive performance has been
presented at steady and transient conditions. The PWM
Control is designed in such a way that the post-fault
activity of the drive should be continued without any
interruption. The controller need not to be changed
when fault appears in the drive phases. The five-level
torque band is used to reduce the torque ripple in
post-fault activity. The proposed Control scheme has
verified in Matlab/Simulink results. The findings are
shown that the proposed scheme has good post-fault
controller for reliability in its operation under the OPF
condition.
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