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Abstract

Induction motors are popularly used in most of the industrial applications due to their
simple speed control, less cost, more efficient and high power to weight ratio etc. Starting
and speed control has become more efficient due to invention of power semiconductor
device, development of power electronic converter topologies and their control strategies.
Since the power semiconductor devices in power electronic converter are prone to failure
due to sudden variations in supply or load or both or mal-function of control and protection
circuit/s. An extensive research was done by various researchers on the fault-tolerant
converter topologies for ac drives for three-phase induction motor drives. Some of these
converter topologies require more components and also uses complex control algorithms to
implement. Further, operation of the drive in post-fault condition is restricted to speed,
torque and also their fluctuations and drive cannot operate in full rated operation during
post-fault condition. Therefore it required to design and develop a converter topology with
control strategy to resolve some of the issues related to operation of the drive during post-
fault condition such as reduction of torque and flux ripple, sinusoidal and balance stator
currents and also achieve full rated operation for the drive during post-fault operation. In
this research work fault-tolerant converter topologies and control techniques for three-phase

two-level inverter fed squirrel cage induction motor drive is explored.

In this research work two fault-tolerant converter topologies such as a three-level boost
converter fed two-level voltage source inverter and a boost converter fed two-level voltage
source inverter for maintaining continuity of operation during open-circuit and short-circuit
fault operation of power electronic device in the inverter leg/s. For control of these two
proposed converter combinations, four control schemes such as scalar control (v/f), field
oriented control (FOC), direct torque control (DTC) and predictive torque control (PTC)
techniques are implemented for three-phase induction motor drive. These control techniques
are implemented for reduction of torque and flux ripple, sinusoidal and balance stator
currents and also to achieve full rated operation for the drive during post-fault operation.
Further the control technique proposed also balance the DC-link voltage at the converter
combination.  Analysis, design and simulink models for various apparatus used to
implement these fault-tolerant converter fed drives such as two-level voltage source inverter,

boost converter, three-level boost converter and three-phase induction motor are developed.

Xii



Experiments are conducted on the lab-scale prototype for all possible operating conditions
and results are obtained for healthy operation of the converter and post-fault operation for
load changes as well as speed changes. Simulation results are validated with the
experimental results for conventional converter (B6), conventional fault-tolerant converter
(B4) and proposed fault-tolerant converter topologies. Based on the results obtained from
both simulations and experiments, it is observed that the proposed fault-tolerant converter
topologies attains a reduction in torque ripple and flux ripple and also obtain sinusoidal and
balance stator currents, achieved full rated operation for the drive during post-fault
operation. Further voltage at the DC-link is balanced and improvement in the dynamic
response is observed. Detailed analysis of the induction motor drive with the simulations
and experimental results when compared with B6 converter, B4 converter are presented in

various chapters of the thesis.

Keyword: Fault-tolerant converter, three-level boost converter, scalar control, field oriented

control, direct torque control, predictive torque control, three-phase induction motor.
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Chapter-1
Introduction



1.1. Background

Electric motors are widely used operate with a power rating of few kW to MW based on
their applications in industry. Decoupled nature of the magnetic flux and electromagnetic
torque of dc motors and simple control techniques made the dc motors popular in various
applications in industry. However, armature reaction and commutation process restrict the
operation of these machines to use in all environmental conditions and also demand frequent
maintenance. On the other hand due to rugged construction, maintenance free, low cost, high
power to weight ratio, ac motors particularly three-phase squirrel cage induction motors are
widely used in various environmental conditions in industry for variable speed applications.
Further speed control of this motor is simple due to invention of power semiconductor
devices and development of various converter topologies and control techniques to obtain
closed loop control with good dynamic response. Therefore three-phase induction motor has

become a workhorse for many industries [1]-[2].

Fig. 1.1 represents the general block diagram of the induction motor drive. Three-phase
supply is given to the diode bridge rectifier through isolation transformer. The output of the
rectifier is given to two-level voltage source inverter (VSI) to feed three-phase induction
motor. The voltage, current and speed are sensed to generate the control signals for the

inverter to drive the induction motor to obtain the different speed ranges.
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Fig. 1.1 Block diagram of an induction motor drive

In addition to the development of power semiconductor devices in the fast few decades and
technology associated with the electric power processing; the induction machines operate in
dynamic condition to execute in real-time with control algorithms for adjustable/variable
speed drives. However, the power electronic devices used in the power modulator

(converter) are prone to failure of devices due to ordeal operating conditions. The failures



may be due to stator winding faults, bearing faults, rotor faults and mechanical speed sensor
faults from the motor side and supply fluctuations, overheating of power devices and
aging/minor problems associated with control and isolation circuits associated with power
converters. According to the Electronic Power Research Institute (EPRI) survey [3]-[4], the
stator winding faults are estimated as 36% of motor faults, which include phase-to-ground
faults, phase-to-phase short-circuits fault, open-coil faults or inter-turn short-circuit faults.
Bearing faults are about 41% of motor faults which occur because of improper maintenance,
fast switching occurrence in PWM techniques etc. Rotor faults are about 9% of motor faults
which occur because of ageing effect/manufacturing defects, frequent starting operations,
thermal and mechanical stress etc.

Another survey on the possibility of the faults in the power converter and auxiliary devices
used in the induction motor drives are given in [5], [6]. From this survey is observed that
60% of failures are in capacitors used in the power converters, 34% of failures related to the
power devices used in the inverter and 6% are related to the other components like sensors
failures etc. Therefore it is identified that fault tolerant converters are required for trouble
free operation to operate the drive in variable speeds with variations in loads for all the

possible environmental conditions particularly in continuous process industry.

An extensive research was done by various researchers in the field of fault-tolerant converter
topologies for ac drives particularly for three-phase induction motor drives. A parallel
redundancy and conservative design techniques have been widely adopted to improve their
immunity as a straight forward solution. Multiphase (more than three-phases) PWM drives
are also reported in the literature to provide fault-tolerant capability. The trade-off lies in the
increased system cost and size of such systems [7]-[15]. In order to minimize the cost as a
consequence of system redundancy, a lot of attention has been cantered on developing
intelligent fault mitigation control methods, along with the appropriate hardware
modifications to the conventional three-phase adjustable-speed PWM drives [7], [15]-[30],
[57-64]. To further explore the possibility of cost reduction, various reduced switch-count
converter topologies for three-phase AC motor-drive systems have been developed with
high reliability due to the reduced number of power switching components [31]-[41]. Other
converter topologies such as matrix converters [42]-[44] or multilevel PWM inverters [45],

[46] for three-phase AC motor-drive systems have also been introduced with fault-tolerant



capability for transistor/switch faults. Survey on fault-tolerance techniques for three-phase
voltage source inverter and power electronic converters are explained in [73]-[76]. Delta
connected induction motor drive for fault-tolerant converter is explained in [77], but
majority of studies consider wye —connected induction motors with two-level inverters. The
fault-tolerant converters using multi-phase drives, multi-level converters and open-ended-

winding induction motor drives are proposed in [78]-[80].
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Fig. 1.2 Type of inverter switch faults identification

Two common types of faults investigated in power electronic drives [7], [9]-[30], [54], [57-
64] are power electronic device short-circuit faults in the inverter (F1), gate-drive open-
circuit fault in inverter, power electronic device open-circuit fault (F2) as depicted in Figure
1.2. Short-circuit fault of inverter switch (F1) can lead to failure of the drive, if the power
devices of the same leg of inverter is turned-on, resulting in a direct short-circuit or shoot-
through of the dc-bus link [54]. Conversely, open-circuit faults in inverter switch (F2) may
still operate the drive but much inferior performance due to the resulting significant torque
pulsations introduced by the consequent asymmetry in the circuit of the motor drive system
and the resulting unipolar nature of one of the motor phase currents [54]. Therefore, a drive
fault diagnostic approach is a crucial step in determining the type of fault for appropriate
remedial action to mitigate the fault in the inverter. This is due to the fact that various
efficient and reliable diagnostic methods have already been conceived by various
investigators in the literature [47]-[53]. A prior knowledge of the nature of the fault is studied
and proposed suitable measures immediately upon the occurrence of such a fault. Some of

the fault-tolerant converter topologies and control techniques presented in [7], [9]-[30], [57-



64] offer the motor performance w.r.t rated torque and power. However further scope in this
area is identified after a detailed and this research work is carried out.

1.2. Literature review
Three-phase induction motors controlled with power electronic converters are classified

as shown in Fig. 1.3.

Three-Phase AC Motor
Drive System

Matrix Converter [42]-

(gﬂeﬂ&zgﬁz; Intelligent Controls Reduce_lc_i(;i\évlng;—Count [44], Multi-level

[7]-[15] [71, [15]-[30], [57] [31]-[41] Inverter
[45], [46]
Three-Phase/ Four-Switch Three-Phase/ Four-Switch

Single-Phase Mode Converter w.r.t. Motor Converter w.r.t. Motor Magnet-Flux-Nulling
Operation Neutral Terminal connected Terminal connected to DC- Control in PM Motor
[16]-[19] to DC-link Midpoint link Midpoint [57]

[20]-[22] [15], [23]-[30]

Fig. 1.3 Classification of fault-tolerant strategies for three-phase ac motor-drives

The first fault-tolerant converter topology for two-level voltage source inverter fed induction
motor drive was proposed by Liu et al. [20] as shown in Fig. 1.4. If any one of the power
devices in any one of the inverter legs fails, the topology is modified in post-fault operation
by connecting the motor neutral terminal to the midpoint of the dc-link capacitors by trigging
the TRAIC tr,. This topology mitigates both the faults i.e., open-circuit and short-circuit of
any power devices in any one of the inverter legs. In the pre-fault operation, all TRAICS are
turned-off and the motor-drive system functions in its normal condition. During the post-
fault operation, the faulty inverter leg is first isolated using a fault isolation scheme described
in [22]. Therefore in post-fault operation the motor operates in two phase mode with neutral
terminal connected to midpoint of the dc-link capacitors. The need for the motor neutral
point connection is to allow the individual control of the amplitude and phase of the currents
in the remaining two healthy phases. In order to maintain the rated motor performance and
development of electromagnetic torque, the currents in the remaining two healthy phases
need to be regulated to a magnitude of V3 times their original value and phase-shifted by
60° electrical with respect to each other. It has been shown that this post-fault control method

allows the motor to maintain its normal three-phase performance. Three TRAICS, namely,



tra, tro, and trc, as well as the three fuses, fa, fb, and fc are used for fault isolation [22]. A
similar topology capable of mitigating only power devices open-circuit faults was proposed
by Elch-Heb et al. [21], without the incorporation of the three fuses and the three TRAICs.
A similar topology capable of mitigating only open-phase faults was proposed by
Mohammad jannati [60], [62]. In these, a modified and indirect rotor flux filed oriented

control technique are proposed for obtaining the normal operation of the drive.

try H/ Induction
traic Motor

Fig. 1.4 Fault-tolerant topology proposed by Liu et al. [20]

Despite the fact that this fault-tolerant topology ensures the same rated motor performance,
still many demerits are associated with it such as; no accessibility to the motor neutral in
case of Y-connected stator winding, which is normally not provided by many motor
manufacturers and also not suitable for delta-connected stator winding of induction motors.
Second drawback is, increase in the fundamental rms motor phase current magnitude in the
healthy phases under faulty conditions. This implies that the drive and the motor have to be
overrated to withstand this higher level of current for at least a significant period of time.
Third drawback is, the neutral current is no longer zero. It is comprise of sum of the currents
in the remaining two healthy phases, which results in three times the value of the original
phase current during the healthy operation. It causes a circulating current to flow through
dc- link capacitors. This circulating neutral current may cause severe voltage fluctuations
that may degrade the performance of the drive in the form of increased winding ohmic losses
and motor torque ripples/pulsations. Hence, a larger size dc capacitor is required to sustain
the desired voltage level and minimize the dc voltage ripples.



Fault-tolerant inverter topology called “B4 converter” proposed by Van Der Broeck et al.
[23] to operate the three-phase induction motor using a component-minimized voltage-fed
inverter bridge with only four switching devices. This idea was later adopted by Ribeiro et
al. [15] for fault-tolerant purposes in a standard six-switch three-phase inverter in Fig. 1.5.
This fault-tolerant topology is based on connecting the terminals of the motor to the mid-
point of the split dc- link capacitor through a set of TRAICs. This topology is capable of
mitigating both open-circuit and short-circuit switch faults. Other investigators, such as
Covic et al. [24], [25], Blaabjerg et al. [26], [27], Sobanski P [61] and Dehong Zhou [62]
and had also utilized this “B4 converter” topology with various PWM control schemes to
compensate dc-link voltage ripples.
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Fig. 1.5 Fault-tolerant topology proposed by Van Der Broeck et al. [23] and Ribeiro et al. [15]

In the healthy operation of the system in Fig. 1.5, the TRAICs, namely, tr, tn, and tr, are
turned-off and the motor-drive system operates in its normal condition. During the post-fault
operation, the faulty inverter leg is first isolated by means of fast-acting fuses, namely f,, fo,
or fc [15]. Thereafter, the terminal of the motor corresponding to the faulty leg is connected
to the midpoint of the split dc-bus capacitor link by turning-on the TRAIC of the associated
faulty leg of the inverter. It has been reported in [23] and [15] that in order to maintain the
rated three-phase motor performance, the dc-bus voltage should be doubled which can be
realized by using a controlled rectifier at the drive front-end or a dc-dc boost converter.
Along with this, the motor phase voltages in the two phases, which are not connected to the

centre of the split dc-link, should be phase-shifted by 60° electrical with respect to each



other. Another potential problem associated with this topology is the single-phase
circulating current through the dc-bus capacitor may cause severe voltage variations and
hence affect the system performance. Hence, an oversized dc capacitor is needed to absorb
this single-phase circulating current. Despite the reasonable performance exhibited by the
fault-tolerant topologies of Fig. 1.4 and Fig. 1.5, the above drawbacks may appear to be

intolerable in some motor-drive applications.
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Fig. 1.7 Scheme —I1 of fault-tolerant converter topology proposed by Bolognani et al. [11]



Fault-tolerant inverter topology based on redundancy concept are reported in the literature
proposed by Bolognani et al. [11], Corréa et al. in [13] and Ribeiro et al. in [15]. The fault-
tolerant inverter topology schemes proposed by Bolognani et al. [11] are depicted in Fig. 1.6
and Fig. 1.7 for open-circuit or short-circuit fault in power devices. The difference in fault-
tolerant converter fed drives configurations proposed by Corréa et al. [13] and Ribeiro et al.
[15], is w.r.t., fault isolation scheme. Scheme proposed by Corréa et al. [13] do not have any
fault isolation capability, it is only intended for mitigating a power device open-circuit fault,
while Ribeiro et al. [15] proposed scheme has two fast-acting fuses for each inverter leg that
is equivalent to the fault isolation scheme as depicted in Fig. 1.5. When either a power device
open-circuit or short-circuit fault has been detected, the faulty power device will be first
isolated, and the fourth inverter leg will be activated by turning-on the associated TRAIC.
In the case of the topology of Fig. 1.7, all three-phases of the motor are connected to the
inverter during the pre- and post-fault operations, the current amplitude in each of the phases
remains the same in order to ensure a smooth torque production. In [58] a fault-tolerant
topology for PMSM drives was proposed with similar concept as shown in Fig. 1.7. In this
topology they are using thyristors for isolation mitigating open-circuit fault or short-circuit

faults.

Fault-tolerant inverter topology proposed by Bekheira Tabbache in [59] has an improved
fault-tolerant control scheme for induction motor drive for EV’s is shown in Fig. 1.8. In this
scheme no fault isolation is provided instead of it, a 3D space vector control algorithm for
the fault-tolerance. A similar topology capable of mitigating only open-circuit faults was
proposed by Rebah Maamouri in [64]. In this, an effective fault detection and identification
(FDI) process for a robust IGBT open-switch faults diagnosis in sensor less speed-controlled
induction motor drive is proposed. For the topology shown in Fig. 1.6 only two motor phases
and the motor neutral are connected to the inverter, the fundamental rms current amplitudes
in the motor phases are increased by a factor of v/3 in order to maintain the same rated motor
performance. This is equivalent to the post-fault operating condition of the topology given
in Fig. 1.4. Furthermore, the fault-tolerant inverter topologies of Fig. 1.6 and Fig. 1.7 involve
too many circuit components for the fault isolation scheme, which presents a drawback or

these methods.



Meanwhile, other investigators, such as Elch-Heb et al. [16] and Kastha et al. [17]-[19], had
proposed schemes to operate the three-phase induction motor-drive system in a single-phase
mode, in the event of an inverter switch fault. Due to the single-phase motor operation, a
pulsating torque at the line frequency is generated. In order to minimize the torque pulsation,
Kastha et al. [17]-[19] proposed a scheme to inject odd harmonic voltages at the appropriate
phase angles into the motor terminal voltages to neutralize the lower-order harmonic
pulsating torques by shifting these pulsating torque frequencies to the higher range.
Therefore the machine’s inertia can filter them substantially and permit satisfactory
operation. However, the drawback of this method is its complexity in implementation, which
requires exact computation of the phase angles of the injected harmonic voltages. Any error

in the computation process will result in severe torque pulsation.

In [57] Welchko et. al. proposed another method which will nullify the magnet flux in the
short-circuited phase of an interior permanent-magnet motor following short-circuit faults
in either in the inverter or the motor stator windings. In this scheme a zero-sequence current
is introduced to suppress the current induced in the faulty/short-circuited phase. However,
the downside of the proposed method is the need to increase the currents in the remaining
healthy phases by a factor /3. This scheme requires that each phase of the motor three-phase
winding is to be driven by an H-bridge inverter or alternatively employing a six-leg inverter.
However this method will increase the cost of the overall motor-drive system.

The influence and compensation of inverter voltage drop in direct torque controlled four
switch inverter topology for three-phase permanent magnet brushless AC drives was
presented in [65]. In this, voltage based stator flux estimation and current based stator flux
estimation techniques are used to compensate the voltage drops in the B4 configuration to
correct the predicted stator flux to obtain the improved current waveforms with balanced
magnitudes. In [66] Bassem El badsi proposed a DTC scheme for the four-switch inverter
fed induction motor by emulating the six-switch inverter operation. Normally four-switch
inverter having four sectors to generate the switching states but in this, the four sectors are
modified to generate six sectors for the B4 inverter. Mohamed kamel metwally [67], Dehong
Zhou [68] and Chong Zhu [69] proposed different control algorithms for the B4 inverter fed
induction motor. In these sensor less speed estimator based on MARS algorithm, predictive

torque control algorithm with DC-link voltage offset suppression and space vector pulse
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width modulation techniques are implemented respectively to obtain the operation of the
drive. From all these techniques for the B4 converter the drive performance is increased in
terms of stator flux, reduction in torque ripple, obtaining sinusoidal currents, reduces the
oscillations in the speed and balance the dc-link voltage across the capacitors. These
techniques are more complex because of adding extra control parameter for the each
component in the algorithm. However with these techniques the drive cannot operate in full

rated capacity.

In [70] Masoud Farhadi proposed a DC-AC converter fed induction motor drive with fault-
tolerant capability under open-circuit and short-circuit of switches as shown in Fig. 1.8. This
topology mitigates the faults in DC-DC converter and two-level inverter. Parallel redundant
switches are connected with relays in the DC-DC converter to mitigate the faults. The fault
detection technique used for DC-DC converter switches is based on inductor input current
slope. After detection, the faulty switch is replaced by the redundant switch by activating
the relays. The open-circuit fault in the inverter switch is detected based on the normalized
dc current method. For detection of short-circuit fault in the inverter, comparison of gate
voltage with the reference voltage is observed. In post-fault operation by connecting the
motor neutral terminal to the midpoint of the dc-link capacitors by trigging the relay. In this,
the dc-link voltage across the capacitors is balanced and ensure superior post-fault operation,
two third order integral-lead controllers is used to minimize the error between the desired
reference outputs and the generated outputs. The need for the motor neutral point connection
is to allow the individual control of the amplitude and phase of the currents in the remaining
two healthy phases. In order to maintain the rated motor performance and the same torque
production, the currents in the remaining two healthy phases need to be regulated to a
magnitude of /3 times their original value and phase-shifted by 60° electrical with respect
to each other. Despite the fact that this fault-tolerant topology ensures the same rated motor
performance, this scheme suffers with few demerits such as accessibility to the motor
neutral, not be applicable to delta-connected motors, increase in the fundamental rms motor
phase current magnitude in the healthy phases under faulty conditions. This implies that the
drive and the motor have to be overrated to withstand this higher level of current for at least

a significant period of time.
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Fig. 1.8 DC-AC fault-tolerant topology was proposed by Masoud Farhadi [70]

Also, the neutral current is three times the value of the original phase current during the
healthy operation mode and circulating neutral current through the dc-bus capacitors. This
circulating neutral current may cause severe voltage fluctuations which may degrade the
performance of the drive in the form of increased winding ohmic losses and motor torque
ripples/pulsations. Hence, a larger size dc capacitor is required to sustain the desired voltage

level and minimize the dc voltage ripples.

In [71] Mahdi tousizadeh proposed a unified feed-forward method for fault-tolerant filed
oriented control of induction motor drive. This control technique is implemented for all
fault-tolerant topologies exist in the literature and observe the performance of each topology.
For the same topologies Mahdi tousizadeh in [72] observed the performance comparison of
fault-tolerant three-phase induction motor drives considering the voltage and current limits.
From this, three-leg inverter with phase terminal clamped to midpoint of the DC-link (3L-
PCM) is able to give rated torque with reduced speed (less than 50% of its rated capacity)
because faulty phase voltage is reduced to v/3 times of the remaining healthy phase voltages
of the drive. Whereas three-leg inverter and four-leg inverter with neutral terminal clamped
to midpoint of the capacitor or additional leg (3L-NCM and (3+1)L-NAL) gives lower
torque (less than 50% of rated capacity) because healthy phase currents are increased by V3
times of the normal phase currents. In 3L-PCM and 3L-NCM, the voltage fluctuations in
the DC-link midpoint may degrade the performance and also require large size of the DC-

link capacitors. The (3+1)L-NAL do not offer voltage fluctuations in the DC-link midpoint
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but drive operates in two-phase mode with control complexity and also more component
count with higher volt-ampere ratings.

Detailed study was made on the reported literature related to fault-tolerant converter
topologies for three-phase induction motor drives. From the literature, it is identified that
even though these methods promise rated motor operation in the event of a power device
faults in inverter leg, some of their drawbacks may be intolerable or undesirable in some
applications or operating conditions. The issue are related to converter topologies, control
techniques, operating power range of drive, components count in the inverter configurations,
torque ripples and speed fluctuations in post-fault operation. To address these issues

investigations are made to propose few converter topologies and their control techniques.

1.3.  Motivation

Fault-tolerant converter topologies proposed in the literature have various configurations
with different control algorithms for three-phase induction motor drives. Many of these
converter topologies require more components and also uses complex control algorithms to
implement. Further, operation of the drive in post-fault condition is restricted to speed,
torque and also their fluctuations in dc-link and drive cannot operate in full rated operation
during post-fault condition. It gave a motivation to develop a converter topology with control
strategies for a two-level inverter to make it fault-tolerant operation for induction motor
drive. Since open-circuit and short-circuit faults in the power devices of the inverter are
common, for development of control strategies for induction motor drive to perform fault
detection, diagnosis, isolation and remedial action it is necessary to measure pole voltage at
inverter. Therefore converter topology with control strategy developed should able to solve
some of the issues related to operation of the drive during post-fault condition such as
capacitor voltage balance, reduction of torque and flux ripple, sinusoidal and balance stator
currents and also achieve full rated operation for the drive during post fault operation.
Therefore research work is carried out to reduce complexity in control and improve
performance of three-phase induction motor drive during inverter switch fault conditions.
Simulation and experimental results are carried out to highlight the proposed fault-tolerant

converter topologies for three-phase squirrel cage induction motor drive.
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1.4. Scope of the Thesis

The scope of this research work is to propose a fault-tolerant topology for induction
motor drive to operate the drive in normal operation during post-fault condition with dc-link
voltage balance and less ripples in torque and stator flux and also obtain the less fluctuations
in the speed with sinusoidal stator currents.

Accordingly, the contributions made in this dissertation are summarized as follows:
1. The induction motor drive should be operated in full rated condition in post-fault
operation.
2. The dc-link voltage across the capacitors should be balanced in all operating
conditions such as load changes and speed changes.
3. The stator currents should be sinusoidal with minimal ripples in the torque and stator
flux and also having less fluctuations in speed.
To obtain these objectives, two fault-tolerant converter topologies are proposed to operate
the drive with various control techniques:

In the first proposed topology, a three-level boost converter based fault-tolerant
inverter fed induction motor drive is implemented to obtain the above objectives for different
control algorithms such as scalar control, field oriented control, direct torque control and
predictive torque control.

In the second proposed topology, a boost converter based fault-tolerant inverter fed
induction motor drive is implemented to obtain the above objectives for different control
algorithms such as scalar control, field oriented control, direct torque control and predictive

torque control.

Both the proposed converter topologies with their control algorithms offered reduced torque
and stator flux ripple, stator currents are sinusoidal and also dc-link voltage balance across

the capacitors is eliminated.

1.5.  Organisation of the Thesis

In Chapter-1, background of the topic, literature review on fault-tolerant operation for
induction motor drives and motivation for the problem formulation and scope of the thesis

are presented.
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In chapter-2, Modeling, analysis and design of three-level boost converter, boost
converter, two-level VSI and three-phase squirrel cage induction motor are explained in
detail.

In chapter-3, experimental results are presented for proposed fault-tolerant converter
topologies using speed control algorithm. These topologies are compared with the
conventional fault-tolerant topology and healthy inverter topology to show the merits of

proposed topologies under various operating conditions.

In chapter-4, simulation and experimental results are presented for proposed fault-
tolerant converter topologies using field oriented control algorithm. These topologies are
compared with the conventional fault-tolerant topology and healthy inverter topology to

show the merits of proposed topologies under various operating conditions.

In chapter-5, simulation and experimental results are presented for the proposed fault-
tolerant converter topologies using direct torque control. Results are compared with the
conventional fault-tolerant topology and healthy inverter topology to show the merits of
proposed topologies under various operating conditions.

In chapter-6, simulation and experimental results are presented for the proposed fault-
tolerant converter topologies using predictive torque control. Results are compared with the
conventional fault-tolerant topology and healthy inverter topology to show the merits of
proposed topologies under various operating conditions.

In chapter-7, overall summary of the results, comparison of torque ripple, flux ripple and

stator current THD of healthy, conventional and proposed topologies are presented and

future scope for the research work is suggested.
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Chapter-2
Design and Modelling of Fault-Tolerant

Converters



2.1. Introduction

In this chapter analysis, design and modelling of fault-tolerant converters for three-phase
induction motor are explained in detail. The converter topologies considered for study and
investigation are derived and developed from the simple boost converter, three-level boost
converter and two-level voltage source inverter. Two fault-tolerant converters are developed
from the combination of these converters to obtain fault-tolerant operation of induction
motor drive for various operating conditions in the scalar control, field oriented control,
direct torque control and predictive torque control. Converter topologies developed in this
chapter are used to obtain fault-tolerant operation of induction motor are discussed in detail

in subsequent chapters.

2.2.  Analysis and Modelling of Three-Level Boost Converter (TLBC)
This converter consists of an input inductor Lo, switches S;and S; and capacitors C; and
C. are connected in such a fashion to obtain three voltage levels at the output voltage are
shown in Fig. 2.1. The midpoint of capacitors is connected to middle of switches S; and S.
Operation of this converter in continuous current mode (CCM) is discussed in four modes

which are reported in [131]-[133] and are represented in Fig. 2.1.

Mode-1: Switches S; and Sz are turned ON; input voltage is equal to the inductor voltage i.e.

VL = Vin. The current rises in positive direction.

d, Vin
EIL = L_o (21)
d _ Vg
aVCI —_ R1C1 (22)
d _ Ve
aVCZ — R2C2 (23)

Where Vi is input voltage, Vci1, Vc2 are voltages across the capacitors Cy1 and Co, i is

inductor current and R1, Rz are load resistors.

Mode-I1: Switch Sy is turned ON and switch S; is turned OFF. The current rise may be either

positive or negative. Therefore, capacitor C; is charging and capacitor Ciis discharging:

i- — Vin—Vca
at 1, = —Lo (24)
d __Va
aVCl - R1C1 (25)
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d — iLR> _VCZ (2 6)

Fig. 2.1 a) Schematic of three-level boost converter
b) Mode-I ¢) Mode-Il d) Mode-Ill ) Mode-IV

Mode-I11I: Switch S; is turned OFF, whereas switch S; is turned ON. The current rise may

be either positive or negative. The capacitor C: is charging and the capacitor C» is

discharging:
S =T @.7)
Ve =2 (28)
Ve = - . (2.9)

Mode-1V: Both switches S; and Sy are turned OFF; inductor voltage V. is the difference of

input voltage Vin and dc-link voltage. i.e. VL = Vin— (Vc1 + Vo).

d. _ Vin-Vci-Ve

1T 1, = Lo (210)
d _ iLR1—Veq

EVCl —_ —R1C1 (211)
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d _ iLR2—V¢2
dt €27 R,C,

(2.12)
This TLBC operates in two different regions, i.e. non-overlapping and overlapping regions.
In both regions, current flow in inductor may either increase or decrease based on switching
conditions and voltage across capacitor C; and C». In non-overlapping region of operation

of the converter, the average voltages are based on Kirchhoff’s law as:

_Vin + VL + VSW =0 (213)
Where, Vsw is average voltage across the switches.
Vsw = Vsw1 + Vowz = Vo (1 — D)/Z + Vo/2 (2.14)

Where, Vswi1 and Vswz are average voltages across the switches Sy, So.
From Eq. (2.13) and (2.14)
V, = 2V = 2Vi, /(2 — D) (2.15)

Where, Vc is voltage across each capacitor.
From an overlapping region operation of converter, average voltage across the switch is

Vew = Vw1 ¥ Vewz =V, (1—=D)/2+0 (2.16)
From Eq. (2.16) and (2.13)

V, = 2Ve = 2V, /(1 = D) (2.17)
Hence, it is observed that TLBC gives more output voltage and efficiency than traditional

boost converter. Input inductor L, is designed in CCM as:

v, |1V || 2V g
VO VO
AlL=

Lf,

VO [Wj [1- 2\/m j
VO VO
AlL=

Lf

Non-overlapping region (2.18)

sw Overlapping region (2.19)

From Eqg. (2.18) and (2.19), Al of inductor is small in both the regions of TLBC when
compared with conventional boost converter. DC-link voltage required to drive the
induction motor is more than twice the input voltage, which is obtained due to overlapping
of gate pulses to switches in the TLBC. Therefore, input inductor (L) is designed based on
Eq. (2.19).
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2.2.1 Modelling of TLBC
For both overlapping and non-overlapping regions of TLBC, modelling of inductor current
and dc-link voltages of capacitors are expressed in state in state-space form is x = Ax + Bu

and y = Cx + Eu from the fundamentals as:

Yl
YZ

(

001

e

Cc2

C1

{2
VCZ

(Y)

or

diLo 0 _ (1'Slt) _ (1'82t) 1
— L L . — 0
dij/t 1-S 0 T[] | il
c1 | — (' lt) 0 0 . Vc1 0 ,(Vin)+ -— 0 | '01
dt C C loz
1 \V/ 0 21
dV 1_8 Cc2 O -
€2 ( 2t)
q A Sil’i 04 0 0 C,
t C,

ILO

(0 1 1) Vg [=(Vie)

Ve, 2.21)

Where Syt is excitation of S (S1= ON then Sii=1; S1= OFF then Sy= 0) and Sz is excitation
of Sz (S2= ON then Sx=1; S,= OFF then Sx= 0).
Ve

The state variable matrix x is chosen as [iro Ve2]T; u is input variable Vinand y is

output variable Vpc. From above equations by state-space averaging technique, state matrix

A, B, C and E are represented as

0 '(1'S1t) '(1'Szt) 1
Lo Lo L_o
A= (1;:5“) 0 0 |;B=| 0 [;c=(0 1 1);E=(0)
' 0
(1'82t) 0 0
C,

2.22)
Where, (S1t=d1) and (S2:=dz), C1=C2=Co.

2.2.2 Control of TLBC

The proposed current control algorithm is to achieve dc-link capacitors voltage balance
and increase in magnitude of dc-link voltage. This control action is required to operate the
drive in full rated condition under fault condition of switches of the inverter connected at its
output terminals is shown in Fig. 2.2. Control algorithm is executed in two steps, in first step
switch Sp is controlled to obtain desired dc-link voltage and in second step switch S; is

controlled to maintain dc-link voltage balance for load or speed changes.

20



Fig. 2.2 Three-level boost converter control algorithm

First step:
Output voltage across each capacitor is sensed and added as (Vci+Vc2). The total voltage

across dc-link is compared with reference voltage (V*ref). The output of the comparator is
voltage error (Ve)
Ve = Vier — (Ve1 + Vez) (2.23)
Voltage error is given to Pl controller to generate reference inductor current. The controlled
signal as
Ires = KpVe + Kjve (2.24)
Where, k, and k; are proportional and integral controller gains. The output of PI controller
is compared with inductor current (ILo). The output of the comparator is current error (ie)
le = Irer = ILo (2.25)
Controlled signal as
Vpe = kpie + Kile (2.26)
This controlled signal is used to generate modulating signal to obtain output voltage Vpc.
The output of PI controller is compared with carrier signal of frequency 2 kHz and generates
PWM pulses to switch S; to obtain dc-link voltage Vpc.
Second step:
Capacitors voltage difference is compared with set point i.e. zero (0). The output of
comparator is an error signal (e)
e=0—(Ve1 — Vcz) (2.27)
Controlled signal as
S =kpe + ke (2.28)
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This controlled signal is used to generate modulating signal. The output of PI controller is
compared with 180° phase shifted frequency carrier signal of frequency 2 kHz and generates
PWM pulses to switch S; to obtain balanced dc-link voltage. Due to this capacitor voltages
are balanced across the DC-link for any change of load. The total dc-link voltage

(EVc1t+Veo) is regulated by inverter.

2.3 Analysis and Modelling of Boost Converter

Classical boost converter in continuous current mode operates in two modes which are
represented in [131] and are shown in Fig. 2.3 (a) — ().
Mode I: When switch S; is turned ON, the current in the boost inductor increases linearly
and diode Dz will turn OFF.
Mode II: When switch Sy is turned OFF, the energy stored in the inductor is release through
the diode D to the dc-link.

a)

Fig. 2.3 Schematic of boost converter
a) Circuit diagram
b) Mode-I operation
c) Mode-Il operation
d) Control algorithm

The voltage gain of the boost converter is given by

Vbc = (2.29)
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The boost converter operated in continuous conduction mode (CCM) for the inductor Lo> L
is designed as

_ (1-D)?DR

L 2f

(2.30)

Where D is duty cycle and f is switching frequency.

2.3.1 Control of Boost Converter
DC-link capacitor voltage (Vc1) is compared with a reference voltage (Vbc'™") to obtain error
voltage (Ve)

Ve = Vier — (V1) (2.31)

*
ref

Irer = kpve + Kive (2.32)

Which is used to generate reference inductor current (I-.¢) by Pl controller as

Where, k,, and k; are P1 controller gains.

Current error (ie) is obtained by comparing (I;..¢) with inductor current (ILo) as

le = Irer — ILo (2.33)
Reference signal (Vpoc) is generated as
VDC = kpie + kiie (234)

This reference signal is compared with carrier signal of frequency 4 kHz to generate PWM
pulses for boost converter. Whereas in post-fault condition, the reference dc-link voltage
value is shifted to 2 times of the healthy reference dc-link voltage value. According to the
modified reference dc-link voltage value, the boost converter control technique is
implemented in post-fault condition to operate the drive-in full rated condition. The control

algorithm for boost converter is shown in Fig. 2.3 (d).

2.4 Modelling of Two-level VSI

The circuit diagram of three-phase two-level VSI is shown in Fig. 2.4. A DC voltage
source of constant voltage is connected at the input and it can be controlled with various
control techniques to obtain the three-phase variable voltage variable frequency output to
control the speed of three phase induction motor [134]. Each phase of this VSI contains two
IGBTSs. Sa, Svand Sc are the control signals given to the VSI in order to obtain the output
voltage at desired magnitude and frequency for induction motor drive applications. The
following are the switching state (‘ON’ and ‘OFF’) conditions for the above-mentioned

control signals [85].

23



S — {1 if S, ON and S', OFF
A7 |0ifS, OFF and S', ON
5. = {1 if S, ON and S',, OFF
B~ 10if S, OFF and 'y, ON
S. = {1 if Sc ON and S’. OFF
¢~ 0ifS. OFF and S’ ON

€& LF L3

<
3
e

B
C
4 45} 1
S’a S’ S’ b

a

Induction
Motor

Fig. 2.4 Two-level voltage source inverter fed induction motor

s
7 ~
Sector 2

Sector 5
S~
VS Vs

Fig. 2.5 Healthy two-level inverter voltage vectors representation in a-f plane
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During the healthy (normal) condition of the inverter, the line-to-line voltages are given as:

Vas 1 -1 071]Sa
Vec| =Vpc| O 1 —=1]|Sp (2.38)
Vea -1 0 1 1LS,

Where Vag, VBe, Vca are the line-to-line voltages and Sa, Sp, Sc are the switching signals
for the inverter. A total of eight switching states are available for a two-level VSI and the
output voltage vector in stationary reference frame can be obtained by using the following
relation

Vi(t) = (Van + a*Ven +a%*Ven) (2.39)
Where a = exp(j2n/3)
In healthy case eight voltage vectors are generated, where six are active vectors and two are
null or zero vectors (0,0,0) and (1,1,1). The voltage vectors are presented in Table-2.1 and

their representation in a-f plane is shown in Fig. 2.5.

Table-2.1. VVoltage vectors of the inverter during normal operation

Voltage vector State of transition Vector [V]
VO Say Sby SC: 0 0
2
Vl Sa: 1 & Sb, Sc: 0 §VDC
1 1
V> Sa, Sp,=1&S:=0 (§ +ij. \/§§)VDC
1 1
Vs Sa, S=0& Sp=1 (- 3 +ij. \/§§)ch
2
V4 Se=0& Sp, Sc=1 - §VDc
1 1
Vs Sa, Sp=0&S.=1 (- 3 +ij. _\/§§)ch
1 1
Ve Sa, Se=1& Sp=0 (§ +ij. _\/§§)ch
V7 Say Sby SC: 1 O

2.4.1 Voltage vectors for Inverter during switch failure

The two-level voltage source inverter with TRAIC connected between midpoint of dc-link
capacitors and each pole of inverter is shown in Fig. 2.6. Inverter phase voltage significantly
reduces due to open-circuit or short-circuit of a switch in the inverter. Inverter voltage

vectors during fault in inverter phase A is shown in Fig. 2.7.
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2-L Inverter

£ " £
A
c. =< e
—_ — = s Sp Se
I try |
I | A
v, 4 try
DC
o | l B
tr |
| | C
1 rai s, s b
“T Kz
v
fa fo’
o c .
Induction
Motor

Fig. 2.6 Healthy two-level voltage source inverter fed induction motor

In this, entire leg of phase A is disconnected; as a result the phase voltage Van is equal to
zero. Voltages vectors applied to inverter are obtained using Eq. 2.39 and their magnitudes
are shown in Table-2.2. In case inverter upper or lower switch fails, two active voltage

vectors become zero and remaining four active voltage vectors are shifted by an angle close

to g in stationary o-f plane co-ordinates, as shown in Fig. 2.8. As a result, asymmetrical

voltages are applied to the motor which offer ripples in torque.

PB C ”

a  V;F(100) ) V,© (011) ® Vi (001)
1

Ven= 1/2V
V=0 ”T CN DC

b
C if C -

IVDc i ~ Y = o—N
okt - comt IIlvBN: 1/2Vpe

B

ITVCN: 1/2VDC
N
”1VBN: -1/2Vpe

Ven= 1/2Vpe ©
VANZOHL BN DC

| |1VCN: -1/2VD(;

B
b)  V, (110) d) V5F (010) Ve (101)

Fig. 2.7 Equivalent inverter configurations for switching states of Saand S.

<¢
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a) v, VZFAB— 5 b) B“V; y
~ :
Vo \£
Ve 'l vy :' \ >(Jl
Vs Ve 6 . A Vs
Fig. 2.8 Representation of inverter voltage vectors during fault of a switch
a) Sa b) S

Table-2.2. Inverter voltage vectors during fault in inverter phase A

Faulty
Switch Voltage Vectors [V]
F— Vv T 3T
Sa V1 0 VZFzﬁ elz VGF= ://l;_’c e] 2
> F - Vv ;T ;3T
Sa V4 0 V3F= \/I%C e]2 V5F= Y/I%C e] >

2.4.2 Fault identification and reconfiguration of inverter

Open-circuit or short-circuit of switch in any leg of the inverter will be identified by change

in pole voltages. The difference of inverter pole voltages and reference voltage generates

control signal [7]. The analysis of the control signal is used to identify fault in inverter leg,

as shown in Fig. 2.9. The voltage error obtained from the comparison of measured pole

voltage Vsj’ and its reference pole voltage Vsj* is given by
error = Vg — Vg = +AVj;

Where j=A, B, C.

av,

TABLEI |

A
A 4

-ﬂvsi

Hysteresis detector

Fig. 2.9 Block diagram for fault identification.
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Ven=1/3Vpc
Ven=1/3Vpe

Ven=-1/3Vpe2

y B
d) V, R (01)
Fig. 2.10 Equivalent post-fault inverter configurations for switching states.

Table-2.3 Voltage vectors related to fault switch detection in the inverter

Fault | AV« AV AVs3
Sa A\/sl 0 0

Sy 0 AV 0

Sc 0 0 AVS3
Sa -AVs 0 0

Sv 0 -AVs2 0

S¢ 0 0 -AVg3

Table-2.3 shows voltage errors used to identify faulty switch in the inverter leg. With this
fault identification technique, the faulty leg is isolated and switch T; (where j = A, B, C) is

turned ON. Due to this, inverter is re-configured as shown in Fig. 2.10.

2.4.3 Voltage vectors for Reconfigured Inverter during post-fault

operation
To restore normal operation of the drive due to failure of switch in inverter phase A, the
converter topology is modified such that the faulty phase of the motor is connected to mid-
point of the DC-link as shown in Fig. 2.10. Four active voltages are calculated as per Eq.
2.39 and are represented in Table-2.4. From Table-2.4 it is observed that, four basic non-
zero voltage vectors are generated in post-fault operation. If the dc-link voltages are not
equal, amplitude and angle of the voltage vectors changes. Due to this, a ripple in dc-link

capacitor voltage occurs, which leads to a deviation of vectors. To overcome this, dc-link
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voltage of the two capacitors is maintained constant at Vpc/2 by TLBC to produce four

voltage vectors for four switching combinations.

Table-2.4. Inverter voltage vectors for the post-fault inverter topology

Voltage vector State of transition Vector [V]
S'%S':ON 2
R
Vi SyScOFF 3 Vocz
SpS'c ON (Vpcz = Vber) . =ber + Vbez)
R
Ve S'vSc OFF 3 +3.V3 3
Sy Sc ON 2
R
Vs S,S' OFF —3Vba
S'bSc ON (Vpez = Vber) . =ber + Vbez)
R
Ve S, S :OFF — V33—
Y B ) ) AB
V,¥(10) V,¥(10) V2"(10)
Voc1=Voe: Vpc1<Voe: Vper> Ve
a o a
V,?(00) V;5¥(11) V,7(00) V3R (11) V,?(00)
V,(01) V,(01) V,(01)
Y

Fig. 2.11 Voltage vectors of the inverter :
a) Vbci =Vbez b) Voci< Vocz €) Voer> Ve

Vs

Vs VR Ve

a)
Fig. 2.12 Representation of inverter voltage vectors after circuit re-configuration.
a) Voltage vector after inverter re-configuration
b) Voltage vector after inverter re-configuration with and without dc-link voltage
boosted.

The vector positions are shown in Fig. 2.11 and voltage vectors during post-fault operation
iIs shown in Fig. 2.12 (a). Due to this, drive cannot operate in full rated condition. To
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overcome this, dc-link voltage is boosted with the help of TLBC to operate the drive in full
rated condition. Hence the modified voltage vectors during post-fault operation are shown
in Fig. 2.12 (b). From Fig. 2.12 (b) V1R, V2R, V3R, V4R are voltage vectors before the dc-
link voltage boosted. V1'R, V2’R, V3R, V4R are voltage vectors after the dc-link voltage

boosted.

2.4.4. Representation of Inverter (Motor Stator Terminal connected to
positive terminal of capacitor C,)

The proposed healthy (normal) two-level voltage source inverter with TRAICs connected to
negative terminal of DC bus with capacitor is shown in Fig. 2.13. It is essential to eliminate
the fault at the earliest after detection of fault with the help of a control algorithm, i.e. either
short-circuit or open-circuit fault in any device of a particular leg will be disconnected by
turning ON of the switch Tj (where j = A, B, C). As a result, the inverter is reconfigured i.e.,
the entire inverter leg is disconnected and the corresponding phase terminal of the motor is

connected to the positive terminal of capacitor Co.

2-L Inverter
A fa+ fb+ ft:Jr
Sy Se
C,
~
VDC r 3 B
c
\Y
‘L S’ S’ b
T~
c Lz A
2 \{ fo f
Cc
a
Induction
Motor

Fig. 2.13 Healthy two-level voltage source inverter fed induction motor

From Eq. 2.39, inverter voltage vectors ViR to V4R are calculated after the inverter
reconfiguration and are shown in Fig. 2.14. Fig. 2.12 (a) shows the post-fault inverter voltage
vectors in space vector representation. After reconfiguration of the inverter, the faulty phase
voltage of the motor terminal is reduced to /3 of healthy value. Due to this, the drive cannot

operate its full rated capacity. To overcome this, a combination of the boost converter and
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two-level inverter is proposed for induction motor. The boost converter increases the dc-link
voltage to a level that can operate the drive under full rated capacity in post-fault operation.
Fig. 2.12 (b) represents the modified voltage vectors i.e., Vi-R to V4R and corresponding
motor phase voltages are shown in Table-2.5.

Table-2.5 Switching states of inverter and phase voltages of motor during post fault

States Vo Veo Vco Van VenN Ven V
w0 | Yoc | o | o | Yoc | _Vbc | _Vbc |\ r_Vocjo
2 3 i 6 S
DC DC DC R_ Vpc _jZ
Vbe Vbe Vbe Vbe Vpe j
11 — V, V, S = 2 V4 R= YDc oj
VZ DC DC 3 \6/ V6 3 3
Vpc j3E
3 5 Vi*(00) c) V5" (11)
@
=TVDC A —
C; Van=1/3Vpe

I T VBN = '1/6VDC

VCN = -1/6VDC

TVBN = 1/2VDC

lVCN = '1/2VDC

b) V" (10) d) V" (01)
Fig. 2.14 Post-fault condition inverter switching states

2.4.5. Design of Capacitors C1 & C»

The design of the dc-link capacitor (C1) and the Capacitor connected to faulty phase terminal
in post-fault operation (Cy) is calculated from

~C(Ve — VBcy) = 3 xax Vp [ %t (2.41)
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Where ‘Vpc’ is the reference de-link voltage, “Vpc1” is the minimum level of dc-link voltage,
‘a’ is overloading factor, ‘Vpn’ is the phase voltage, ‘I’ is the maximum phase current and

‘t’ is the time for recovery of dc-link voltage.

t | |
VBO
0 [ | @ |, o« Forfaultinphase ‘A’
' Voo Voo ! i.e., switching state
Vco @ l @ I I ‘A’=0
0 » ot
<= | + - _+ + |}\ Switching states in
| I | post-fault condition
\Vj A
Al\(l) VDC/3” @ I I @ I s
'VDcl3 I

Fig. 2.15 Waveforms to calculate pole voltage of inverter

Calculation for C; & Co:
Vpc = 1200 V, Vpc1 = 1% of Vpc = 1188 V,a=1.2, Vph =240 V.
By assuming maximum current, | = 1.25 X Rated current =5.75 A, t = 0.005 sec.
C1 = (2*3*1.2*240*5.75*0.005)/((1200)?-(1188)?)

C1=1733.6684 uF.

Vbc =600V, Vpcr = 2% of Vpc =588 V,a=1.2, Vpr =240 V.
C, = (2*3*1.2*240*5.75*0.005)/((600)?-(588)?)

Co=3484.8484 pF.

Let voltage across the capacitor C as V,, and is calculated for each switching state using
Van = Vao — Vno (2.42)

Where Vy, = §(VA0 + Vgo + Vo), therefore

1
Van = Vao — (5 (Vao + Vg + Vco)) (2.43)
2 1 1
Van = Va0 =35 VBo =3 Veo (2.44)

From Fig. 3.5; For switching state 00, Vay = 5 Vpc, Vgo = Veo = 0 then

2 1 1
Van = §VA0 _§VB0 —§Vco
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1 2
§VDC = quO—O_O

Vao = =V,
Ao = 5 VpC

For switching state 1 0, Van = 0, Vg = Vpc, Veo = 0 then

1 1
Van = 3;/A0 - E]YBO - §Vco
0 §VA0 - §VDC -0
1
Vao = EVDC
For SWitChing state 11, Vay = — %VDc, Veo = Vo = Vbe then
1 1
Van = §VA0 —§VBo - §Vco
1 2 1 1
—3Vpc = 3Vao —3Vnc —3 Ve
Vao = EVDC

Similarly for switching state 0 1, Van = 0, Vg = 0, Vo = Vp, then

2 1 1
Van = §VA0 —§VB0 —§Vc0
2 1
0 = §VA0 - O _§VDC
Vag = 1V
a0 = 5 Ve

From the above calculations, it is observed that voltage across the capacitor C» for each

switching state is constant and its magnitude is %

2.5. Schematics of the Proposed Topologies

In this, the proposed fault-tolerant converter topologies for open-circuit or short-
circuit of inverter switch in any one of the legs are presented. The proposed fault-tolerant
converter topologies for induction motor drive are shown in Fig. 2.16. Fig. 2.16 (a) consists
of three-level boost converter, two-level inverter fed induction motor with fault-tolerant
capability. If any inverter switch fails in any one of the inverter leg; the corresponding motor
terminal connected to the faulty inverter leg is isolated and connected to the midpoint of the
dc-link capacitors with help of TRAIC. The TLBC boost the voltage across the dc-link of
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the inverter to operate the drive in full rated condition during pre-fault and post-fault
condition. Fig. 2.16 (b) consists of boost converter, two-level inverter fed induction motor
with fault-tolerant capability. If any inverter switch fails in any one of the inverter leg; the
corresponding motor terminal connected to the faulty inverter leg is isolated and connected
to the auxiliary capacitor with help of TRAIC. The boost converter boosts the voltage across
the dc-link of the inverter to operate the drive in full rated condition during pre-fault and

post-fault condition.

Three-Level Boost Converter 2-L Inverter
Lo D; T’
€& o 1
S Sb
Vi
K A 5
[@
4 S’ b
Cr~ _I
Sz
D, fa fy
< c a
Induction
Motor
a)
Boost Converter 2-L Inverter
Lo b fa, fi*
Sp
+|V C,
T {} T~ B
S
c
- S’ b
e~
C,
fy
C a
Induction
Motor

b)
Fig. 2.16 Schematics of the proposed fault-tolerant converter topologies
a) TLBC based fault-tolerant two-level inverter fed induction motor (Topology-A)
b) BC based fault-tolerant two-level inverter fed induction motor (Topology-B)
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2.6. Modeling of Induction Motor

The popular representation of three-phase squirrel-cage induction motor in a stationary

reference frame is given as follows [135], [136]

Viq = Rylgq + 222 (2.45)
Vig = Ryigp + 228 (2.46)
0 = Ryirg + 2%+ w, 1 (2.47)
0= Ryig + 22 — w01 (2.48)
@sa = Lsisq + Linira (2.49)
Osp = Lsisp + Lining (2.50)
Ora = Lyirg + Linisa (2.51)
Orp = Lying + Lunisp (2.52)
Te = 2p(@salsp — Pspisa) (2.53)
J¥r =1, -1 (2.54)

dt

In the above representation, subscripts s and r represent the stator and rotor respectively. u,
I and ¢ represent voltage vector, current vector and flux vector respectively. R and L
represent resistance and inductance respectively. Lm represents the mutual inductance and
wr is the rotor angular velocity. Te and T, represent electromagnetic torque and load torque
respectively. J and p represent moment of inertia and number of pole pairs respectively. The
electromagnetic system of induction motor is represented by Eq. 2.45 to Eq. 2.52 and the

mechanical system is represented by Eq. 2.53 and Eq. 2.54.

The continuous-time model of electromagnetic system of the induction motor by considering
stator flux and stator current as state variables can be obtained by using the following
relations [137], [138].

X(t) = A(X () + B(OU(D) (2.55)

Y(&)=C)X()+D()U(L) (2.56)
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Where X represents the matrix for state variables, U represents the matrix for input variables,
Y represents matrix for output variables and A, B, C and D represent state matrices

respectively and they are given as follows

. . 1T
X = [(psa Psplsa ls/?] (2.57)
U=[Vig Vg 0 0] (2.58)
. . T
Y =[isa ispg 0 0] (2.59)
0 0 —R, 0
0 0 0 —R,
A= R, A Ay o) (2.60)
—AL,w,(t) AR, wr(t) —Akg
1 0 0 0
0 1 0 0
B(t) = 2.61
O=11. 0 o0 0 (2.61)
0 AL, 0 O
[0 0 1 0
cov=ly o o 1 (2.62)
D(¢t) = [0] (2.63)

Where A = ﬁ ks = RiL, + R, Lg

For the above linear time-varying system (LTV), matrix A(t) depends on the instantaneous
value of rotor mechanical speed wr(t), the other two matrices B(t) and C(t) are constant.
Since A(t) is LTV matrix, the realization of an exact discrete model of the system becomes
complex and it is not straightforward due to the variations in w(t) [138]. Hence, a simple
forward Euler's discretization method is used to obtain the required discrete model of the
induction motor. The discrete model for the continuous-time LTV system described in Eq.
2.55 and Eq. 2.56 is given as

Xk+1 = Akx¥k 4 Bkyk (2.64)

yk+t = ckxk + pkyk (2.65)

Forward Euler's discretization is a simple and approximate numerical differentiation

method. It can be represented by the following relation
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dx _x
at -~ Ty

(2.66)

In the above equation, k represents present sampling instant and Ts represents sampling
period.

By applying the forward Euler's discretization to Eq. 2.55 and Eqg. 2.56, the discrete model
can be obtained as

AN =T1+TA (2.67)
B =T.B (2.68)
ck=c (2.69)
Df¥=D (2.70)
Hence, the discrete matrices A¢¥, B4¥, Cd“and D¢*for electromagnetic model of the
induction motor are given as follows
0 0 ~T,R, 0
0 0 0 —TcR
k _ sits
A= TAR,  TALw, 1-Tak, —T., (2.71)
~TAL.w, TR, Tw,  1-TAk,,
T, 0 00
0 T. 0 0
B = q 2.72
k=lraL, 0 0 0 (2.72)
0 TAL. 0 0
4. 0 0 1 0
e = [o 0 0 1] (2.73)
Dé = [0] (2.74)

The electromagnetic toque can be obtained by using the Eq. 2.53.

2.7. Summary

In this chapter analysis, modelling and control algorithms of three-level boost converter,

boost converter is explained in detail. Operation of two-level inverter during fault condition
of any one switch in any of the legs of a three-level inverter topology is explained by
connecting TRAICs between DC link and Inverter poles and observed that even though
supply to all the three phases of induction motor is achieved, the voltage at inverter output

terminal is not same as before fault condition. To achieve balanced three-phase voltages at

37



the inverter output terminals a boost converter and a three-level boost converter connected
at the input terminals and two Topologies are developed to obtain fault-tolerant operation
for the induction motor. Modelling of three-phase induction motor in stationary reference
frame is also presented. These two fault-tolerant inverter topologies are used to control the
induction by applying various speed control methods are presented in the subsequent
chapters.
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Chapter-3
Scalar Control using Fault-Tolerant

Converter Topologies



3.1. Introduction

In this chapter, the speed control of induction motor using scalar control with the help
of proposed fault-tolerant two-level voltage source inverter topologies are presented for
various operating conditions. Scalar v/f control scheme is implemented to observe the
suitability of these converters to control the speed of the drive under faulty condition of the
inverter switches and results are presented by conducting the experiments on the

developed hardware setup.

3.2. Speed Control Algorithm

Speed control of squirrel cage induction motor can be obtained by various scalar
methods such as supply voltage control, supply frequency control, stator resistance/
reactance control, pole changing mechanism, v/f control etc. Each method has its own
limitations w.r.t motor operating conditions, insulation requirements and so on. Out of
these methods v/f control is popular to get wide variation of speeds within the operating
range of the motor with reasonable dynamic performance [81]. Due to advancements in the
development of wide range of power semiconductor devices, converter topologies and also
control techniques, the generation of variable voltage variable frequency supply become
simple and easy from the available AC/DC supply. Since power converters consists of
semi-conductor switches which are prone to open circuit or short circuit faults due to input
supply side problems or load operating conditions. As a result the performance of drive
may deteriorate and may also spoil the quality of the product particularly in case of
continuous process industry. Therefore it is necessary and essential to design and develop
a fault-tolerant converter. In this research work two such converter topologies are
developed and observed their operation for open-circuit and short-circuit switch faults in
any one leg of the three phase two-level voltage source inverter. In this process a simple

scalar v/f control is applied at first stage and results are presented in this chapter.

Fig. 3.1 shows the scheme for speed control of induction motor drive fed from a voltage
source inverter with sine-triangle PWM. In outer loop, the reference speed is compared
with the measured speed and the error is used to obtain the slip speed. This slip speed is
added to the rotor speed to obtain synchronous speed and then stator frequency to generate
three-phase sinusoidal signals with a phase shift of 120° These reference signals are

compared with the triangular carrier wave of 2 kHz to generate PWM signals for inverter
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(i.e., Sa, Sv and Sc) during normal operation. Whereas in post-fault operation; two sinusoidal
signals are generated with a phase shift of 60° and compared with the triangular carrier
wave of 2 kHz to generate PWM signals for the reconfigured inverter (i.e., Sp and S¢) to

achieve post-fault operation.

—

m* .
' O m O Pl Sinusoidal > PWM Sa
fon Wave 1 Generation > S
Generation
e

— S,

Fig. 3.1 Speed control algorithm for induction motor drive

Speed control algorithm using SPWM

3.3. Experimental Setup

Block diagram of proposed fault-tolerant induction motor drive is shown in Fig. 3.2. It
consists of an IGBT based DC-DC converter, 2.2 kW, 4-pole, 50 Hz, three-phase squirrel-
cage induction motor, a 1.5 kW separately excited DC generator along with resistive load
bank, a 9.3 kVA two-level IGBT based voltage source inverter (VSI), an incremental
encoder with 1024 ppr, three current sensors (LA-25 NP), two voltage sensor (LV-25) and
a dSPACE-DS1104 R&D controller board. Induction motor is coupled with DC generator
which in turn connected to a resistive load bank. Speed of the motor is measured at a sub-
sample rate of 500 Hz in order to reduce the quantization error of the speed signal obtained
from the incremental encoder [91]. The two-level VSI used to drive the induction motor
and intermediate dc-link capacitors. The DC supplies of £ 15 V are used for current
sensors and voltage sensor and a DC supply of 10 V is used for incremental encoder. A
digital storage oscilloscope (Make: Yokogowa with model No.: DLM 4058) is used to
capture the experimental results. The photograph of the experimental setup is shown in
Fig. 3.3. This experimental setup is used to implement all the proposed converter

topologies and control techniques presented in this thesis.

The dSPACE-DS1104 R&D controller board is used for real-time implementation of
conventional and proposed control algorithms. The block diagram of this controller board

is shown in Fig. 3.4. The main components of this controller board are main/master

41



processor (MPC8240, PowerPC 603 core, 250 MHz), four multiplexed ADCs (16 - bit),
four independent ADCs (12-bit), eight DACs (16-bit), two incremental encoder interfaces,
20-bit digital 1/0s, serial interface (RS232, RS485 and RS442) and one slave DSP
(TMS320F240) with built-in PWM signals for both three-phase and single-phase PWM
outputs. This controller board is placed in the 32-bit PCI slot of the personal computer
(PC) and it requires Matlab/Simulink/RTW. In order to communicate Simulink based
control algorithm with induction motor drive, it is necessary to introduce 1/O interface into
the model using dSPACE real-time interfacing (RTI) blocks. This will allow the
simulation to interface with the hardware. A model will be created with Simulink and RTI
blocks using the SimulinkCoder™. This generates the C code and the RTI build process
compiles the generated C code and links the object files and libraries into an executable
form. This application directly dumped to the real-time processor after the compilation
(build). The build status is displayed in the MATLAB command window and generates

four files namely

DC/DC 2-Level
Converter VSl
dc
kL i
: 1
\ /a\
LT T i
[ i
Digital /0~ &S A A Vie Vi
Y Current Current
> l— T —|— _——— —| Sensor Sensor
| Sa |Sy |Se LA-25NP | | LA-25NP
| nE <—|—,
Control — 4—'—
| Algorithm AD | Voltage v
| - < Sensor do
I I LV-25 [—8
| |
| Incremental |
| Encoder |

DS 1104 Control Board
Fig. 3.2 Block diagram of proposed fault-tolerant induction motor drive

PPC: The real-time application to be downloaded to a Power PC board
MAP: Map file with address information of variables.

TRC: Variable description files to use by Control Desk.

SDF: System description files with reference to PPC, MAP and TRC files.
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Using the information from the SDF, control desk will read and write the variables in real-
time. Control desk provides numerous instruments to access, measure and display the

various parameters in the real-time implementation.

DS 1104
INTERFACING BOARD

A A&

LOAD BANK [ bc-DC & 2-LEVEL
= : HOST PC / INVERTER

V & | SENSORS

=9 Y\
—4 | ,
l' -

= g o
)

b\ " . INDUCTOR
\ \ N
{ : o

|

- 3
O

'
| \ OSCILLOSCOPE
.
]
A

INDUCTION MOTOR "
& /
DC GENERATOR SET / N

Fig. 3.3. Experimental set-up of fault-tolerant induction motor drive

Host PC

|
| PCI PWM |
I Interface | 1x3-Phase —t—>
| 4 1-Phase |
| Interrupt |
| Control Unit |
| - !

32 MByte Timers TMS320F240 4 Capture :tl
: SDRAM DSP inp%ts T
| Memory |
| |7 Controller | |
| PowerPC Serial !

8 MB Flash Dual Port i
| 603e | Peripheral ::'l:,
| Memory RAM Interface |
|
| | :
| -
- L_| Digital IO
| < 24-bit 1/0 Bus > Tabits [
| | | | | '
| |
I ADC DAC Incremental - Serial Interf '
| 4 ch 16-bit 8 channels Encoder D'%atl)iltlo 55'?32&22353& !
| 4.ch 12-bit 16-bit 2 channels RS422 :
|
|

S O i

Fig. 3.4 Block diagram for dSPACE DS-1104 R&D controller board [97]
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3.4. Experimental Results for Topology-A

Experiments are conducted on the designed and developed proposed converter
topology by controlling in real-time with dSPACE-DS 1104 controller as shown in Fig.
3.3 for various operating conditions of the drive. As mentioned in the chapter-2, this
Topology-A consists of three-level boost converter (TLBC) based fault-tolerant two-level
inverter fed induction motor. Fig. 3.5 represents the results for load 8 N-m at motor speed
of 80 rad/sec for the healthy inverter and proposed fault-tolerant inverter when switch fail
I.e., open-circuit or short-circuit in any one leg of the VSI. Fig. 3.6 represents the results of
the healthy inverter and proposed fault-tolerant inverter operating at a speed of 150 rad/sec
with a load torque of 8 N-m. From the results, it is witnessed that the proposed topology
with switch failure gave stator currents, torque and speed are almost similar to the healthy
inverter, hence it can be assumed that the proposed control algorithm is working
satisfactorily for variation in load and also for speed changes.

S0ms/d R 0/
VertVep [500V/div]

Voc [200V/div]

v Vi [500V/div]

= beunk

Wr [100 rad/div]
i Isa, Isb [5A/div]

YNNI

Te [10 N-m/div]

2) " b)
Fig. 3.5 Speed and torque response for variation of load from 0 N-m to 8 N-m at 80 rad/sec.
a) Healthy converter topology
b) Proposed converter topology

Wain 1 T W 0ms /v Wan 1 170 M
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Fig. 3.6 Speed and torque response for variation of load from 0 N-m to 8 N-m at 150 rad/sec.
a) Healthy converter topology
b) Proposed converter topology

44



Man = 1.2 W 50ms/div

VetV [200V/div]

Wr [100 ra.d/div] )
Isa, Isb [4 A/div]

=| CURRENTS

Te [4 N-m/div]
—ToRaUE ool

Fig. 3.7 Torque respbnse for variation of load from 0 N-m to 4 N-m at 80 rad/sec for B4

converter.
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Fig. 3.8 Response of the proposed fault-tolerant inverter topology

a) Change in speed
b) Change in load

¢) Output of three-level boost converter

Fig. 3.7 represents the results of conventional fault-tolerant inverter topology (B4)
operating at a speed of 80 rad/sec with a load torque of 4 N-m. From the above result, it is
observed that the conventional fault-tolerant inverter topology can operate with less load
torque in post-fault condition; whereas the proposed topology in post-fault condition will
operate in rated condition similar to the healthy inverter topology. Hence, it can be

concluded that the proposed control algorithm worked satisfactorily for these operating
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conditions. Fig. 3.8 represents the results of proposed fault-tolerant converter topology
during change in speed, change in load and TLBC outputs respectively. From these
waveform it is observed that the proposed converter topology and its control algorithm

gives a better dynamic performance in a post-fault condition.

3.5. Experimental Results for Topology-B

Experiments are conducted on the designed and developed proposed converter
topology by controlling in real-time with dSpace_1104 controller as shown in Fig. 3.3 for
various operating conditions of the drive. As mentioned in the chapter-2, this Topology-B
consists of a boost converter with fault-tolerant two-level inverter fed induction motor. The

proposed converter and motor parameters are represented in Appendix.
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Fig. 3.9 Speed and torque response for variation of load from 0 N-m to 8 N-m at 80 rad/sec.
a) Healthy converter topology
b) Proposed converter topology
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Fig. 3.10 Speed and torque response for variation of load from 0 N-m to 8 N-m at 150 rad/sec.
a) Healthy converter topology
b) Proposed converter topology
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Fig. 3.11 Torque response for variation of load from 0 N-m to 4 N-m at 80 rad/sec for B4
converter.
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Fig. 3.12 Response of the proposed fault-tolerant inverter topology
a) Change in speed
b) Change in load
c) Boost converter output

Fig. 3.9 represents the response of the healthy inverter topology and proposed fault-
tolerant inverter topology operating at 80 rad/sec with 8 N-m load torque. From the results,
it is examined that the proposed topology stator currents, torque and speed are almost
similar to the healthy inverter. Fig. 3.10 shows the response of the healthy inverter and
proposed fault-tolerant inverter operating at a speed of 150 rad/sec with a load torque of 8
N-m. From the results, it is examined that the proposed topology stator currents, torque
and speed are almost similar to the healthy inverter. Fig. 3.11 shows the results of

conventional fault-tolerant inverter topology at 80 rad/sec with 4 N-m load torque. From
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the above result, it is observed that the conventional fault-tolerant inverter topology
operate with low speed and load torque in post-fault condition; whereas the proposed
topology in post-fault condition will operate in rated condition similar to the healthy
inverter topology. Fig. 3.12 shows the proposed topology results during load change, speed
change and boost converter outputs respectively. The proposed topology gives a better
dynamic performance in a post-fault condition which is observed from the experimental

results.

3.6. Summary

Two-level VSI is connected with three-level boost converter/boost converter
(Topology-A/Topology-B) at the front end for induction motor with fault-tolerant
capability is presented in this chapter. The proposed converter topologies operation is
compared with conventional fault-tolerant converter topology and experimental results are
presented. In post-fault operation, the proposed topologies can able to operate the drive in
full rated capacity and also gives a better dynamic performance, eliminates the voltage
balance at dc-link in the B4 operation. From the experimental results, it is witnessed that
the proposed fault-tolerant topologies and its control logic with switch failure offer the
stator currents; torque and speed variations almost similar as that of healthy inverter
however conventional fault-tolerant topology (B4) drive operates with less capacity.
Hence, it may be considered as one of the alternative solutions for operation of induction

motor drives during inverter switch failures.
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Chapter-4
Field Oriented Control using Fault-

Tolerant Converter Topologies



4.1. Introduction

In this chapter, the brief fundamentals related to field oriented control of three-phase
induction motor are discussed. Simulation and experimental results using three-level boost
converter fed fault-tolerant converter and boost converter fed fault-tolerant converter are
presented and results are compared with conventional fault tolerant inverter (B4) for load
changes and speed changes. Detailed explanation with respect to merits of the proposed

topologies is presented.

4.2. Field Oriented Control Algorithm

Induction motor operation can be studied for different operating conditions by sensing
the variation in currents, voltages and speed. With the help of these measurements torque
and flux are estimated. Reference frame theory is applied to convert three phase quantities
into two phase quantities and vice-versa wherever required. By using park’s
transformation the measured stator currents are converted into rotating reference frame and
shown in Fig. 4.1. The magnitude of rotor flux and electromagnetic torque is controlled by

the direct and quadrature axis currents respectively [82-85].

Fig. 4.1. Reference frame orientation used in FOC [85]

Lm .

Pra =7 7lsa (4.1)
3L .

T, = EL_Tp(prdlsq (4.2)

The reference direct and quadrature axis currents are generated with the help of rotor speed
and rotor flux. The current error is given to PI controller to obtain reference voltage signals

in d-g transformation and converted into three-phase reference voltages by using Inverse
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Park’s transformation. The three-phase reference voltages are fed to the PWM unit to
generate the switching states to the two-level inverter to control the speed of induction
motor. The complete mechanism is represented in Fig. 4.2. During normal operating

conditions, the motor line currents are given by (4.3) — (4.5).

Ve

A

Estimation

Fig. 4.2. Block diagram of FOC for induction motor drive [85]

| s =Icos (ot+®) (4.3)
I s =Icos (cotJrcD- 2:) 4.9
lcg=Icos (cot+<1)+ 2;_[) (4.5)

The MMF generated by the stator currents of the three phases as
MMF = MMF; + MMF, + MMF¢
= Nlas + aNIbs + aZNlcs

Where a = 12120%and N is the effective stator turns per phase.

For balanced operation
3_jo_3
MMF = > Fel0= > F(cos6+jsin6)

Where F = NI and 6=(ot+®).

For fault in inverter leg 'A’, corresponding motor phase ‘A’ is isolated and connected to
mid-point of the DC-link capacitors/capacitor C, and the line current of the motor las is
sensed. After reconfiguration of inverter and modification in the control logic induction
motor phase current l.s and also healthy phase currents lps, Ics are sinusoidally distributed
with a phase shift of 120°as indicated in (4.4) and (4.5) of the normal operation of the

drive controlled using FOC. Even though FOC has the drawbacks of indirect control over

51



flux and electromagnetic torque and require more coordinates transformation which
increase the control complexity and computation burden, some application may still
require this control. Therefore simulation and experimental studies are made and results
are presented for feasibility of this control with the proposed two fault tolerant converter

topologies.

4.3. Simulation Results of Topology-A
Simulations are carried out on the induction motor drive system with the conventional
converter(B6), conventional fault-tolerant converter (B4) and proposed Topology-A

consists of three-level boost converter (TLBC) based fault-tolerant two-level inverter fed

induction motor.
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Fig. 4.3. Step-change responses of an induction motor drive at load torque of 0 N-m to 8 N-m at
150 rad/sec.

a) Conventional converter

b) Proposed 3-level boost converter fed B4 converter.

Fig. 4.3 shows the results of B6 converter (conventional two-level inverter) and proposed
three-level boost converter with B4 converter configuration for induction motor drive
operating at reference speed of 150 rad/sec and step-change in load torque from 0 N-m to 8
N-m. Fig. 4.4 shows the results of B6 converter, conventional fault-tolerant converter (B4)
and proposed B4 converter at load torque of 8 N-m with reference speed of 80 rad/sec.
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Fig. 4.4. Steady-state response of an induction motor drive at load torque of 8 N-m at 80 rad/sec
a) Conventional converter
b) Conventional B4 fault-tolerant converter
¢) Proposed three-level boost converter fed B4 converter.

From Fig. 4.4, it is observed that behaviour of the B4 converter fed drive is not similar to
B6 converter. Ripples in current generate ripples in the torque which in turn produce
oscillations in the speed. Hence, a TLBC is proposed at front end of two-level inverter to
minimize these issues. Operation of the drive system with proposed fault-tolerant topology
at full load, change in speed and change in load and output of three-level boost converter
are shown in Fig. 4.5. The stator phase voltages of the proposed converter in healthy and
post-fault condition are shown in Fig. 4.6. From the results it is observed that the proposed
converter can operate in full rated operating condition of the drive similar to conventional
converter (B6). To observe the performance of the drive, a load torque of 8 N-m is
considered as a test case and results are presented. During B6 converter operation, when
the motor is operated at a speed of 80 rad/sec for a load torque of 8 N-m, the current THD

IS 6.80% and torque ripple is 1.55 N-m.
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Fig. 4.5. Simulation results of the proposed 3Level-boost converter fed induction motor drive.
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Fig. 4.6. Stator phase voltages of the proposed three-level boost converter fed induction motor
drive.

a) Healthy condition
b) Post-fault condition

For the same operating conditions, during fault, the converter is re-configured as B4, the

current THD is increased to 11.04% and torque ripple is increased to 2.95 N-m, however
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with proposed three-level-boost converter fed B4 inverter, the current THD is 6.94% and
torque ripple is 1.68 N-m which are very close to normal operation of the inverter (B6

configuration) and also the dc-link voltage is restored to in post-fault operation.

4.4. Experimental Results of Topology-A

Experiments are carried out on the developed setup as shown in Fig. 3.3. A three-level
boost converter at front end of two-level voltage source inverter and control logic is shown
in it. Experiments are conducted on this hardware setup for various operating conditions

and results are presented.
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“ a) b)
Fig. 4.7. Experimental results of step change in load for induction motor drive
a) Conventional converter
b) Proposed 3-level boost converter fed B4 converter.

Wr [100 rad/div]

Te [10 N-m/div]
= TORQUE

Fig. 4.7 shows results the stator currents iss, isb, Speed and torque with reference speed of
150 rad/sec at a load of 8 N-m for conventional converter and the proposed three-level
boost converter fed B4 converter respectively for the step change in load. Similarly Fig.
4.8 shows the results of conventional converter (B6), B4 converter and proposed B4
converter at load 8 N-m at a speed of 80 rad/sec. From the results, it is examined that
three-level boost converter fed converter(proposed converter) exhibits similar behaviour as
that of conventional converter during post-fault operation. With B4 converter, stator
currents are not sinusoidal and the torque ripple is more as a result the motor speed is
fluctuating. To overcome this problem, a three-level boost converter is proposed at front

end of the two-level inverter.
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Fig. 4.8. Steady-state response of drive at load torque of 8 N-m at 80 rad/sec.
a) Conventional converter
b) Conventional fault-tolerant B4 converter
¢) Proposed three-level boost converter fed B4 converter.
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Fig. 4.9. Experimental results of the proposed converter topology
a) Speed change
b) Load change

Fig. 4.9 illustrates the variations in speed, load and performance of the proposed converter.
From these results, the stator current; torque and speed of the drive system with three-level
boost converter fed induction motor drive is almost similar to conventional inverter fed
induction motor. Fig. 4.10 shows the stator phase voltages of the proposed converter under

healthy and post-fault operation. The THD of motor current with the conventional
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converter is 6.70% and torque ripple is 1.61 N-m for a load torque of 8 N-m at reference
speed of 80 rad/sec. For same operating conditions, the proposed three-level boost
converter inverter offered current THD is 6.90% and torque ripple is 1.72 N-m. However
the conventional B4converter offered more current THD and torque ripple i.e., current
THD of 11.48% and torque ripple of 3.14 N-m.

i 1l W il i it H -G
[500V/div] [500V/div]

[1000V/div]

[1000V/div]

b)
Fig. 4.10. Stator phase voltages of the proposed three-level boost converter fed induction motor
drive.

a) Healthy condition
b) Post-fault condition

4.5. Simulation Results of Topology-B

Simulation results for the converter topology consists of a simple boost converter and a
single capacitor at the DC link its control strategy is shown in Fig. 3.2. Fig. 4.11 shows the
steady-state operation of the induction motor drive with FOC, for a speed of 85 rad/sec and
a load torque of 8 N-m for a healthy converter (B6), conventional fault-tolerant converter
(B4) and proposed fault-tolerant configuration respectively. From the results it is noticed
that, the stator currents of the conventional fault-tolerant converter are unbalanced, speed
fluctuates and torque having more ripples. The proposed fault-tolerant converter and
healthy converter results are almost the same. Fig. 4.12 shows the features of the healthy
converter and proposed converter under the steady-state operation of the induction motor
drive using FOC with load torque of 8 N-m at a speed of 150 rad/sec. From the results, it is
observed that stator currents are balanced, torque ripple is less and speed fluctuations are
nominal. Fig. 4.13 shows the phase voltages of the proposed drive in healthy and post-

fault condition.
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Fig. 4.11 Simulation results of drive operating with speed of 85 rad/sec at a load torque of 8 N-m.
a) Conventional converter (B6)
b) Conventional fault-tolerant converter(B4)
c) Proposed fault-tolerant converter (boost conveter+B4)
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Fig. 4.12 Simulation results of the induction motor drive at a speed of 150 rad/sec and load torque
of 8 N-m.
a) Conventional Converter (B6)
b) Proposed fault-tolerant converter (boost conveter+B4)
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a) Healthy condition
b) Post-fault condition
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Fig. 4.14 Simulation results of the proposed topology of induction motor drive using FOC.
a) Change in load
b) Change in speed
c) Speed reversal
d) Waveforms of boost converter
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Fig. 4.14(a), (b) and (c) shows some features of the proposed converter with change in
speed, change in torque and speed reversal of the drive respectively and Fig. 4.14(d) shows
the input and output waveforms of boost converter i.e. input voltage (Vin), inductor current
(ILo) and dc-link voltage (Voc). From the results it is noticed that, the stator currents are

balanced, ripples in load torque are less as a results speed fluctuations are nominal.

4.6. Experimental Results of Topology-B

Experiments are carried out on the developed setup consists of a boost converter at
front end of two-level voltage source inverter and control logic as shown in Fig. 3.3. On
this experimental setup tests are conducted for various operating conditions and results are
presented. Fig. 4.15 shows the waveforms of stator currents iss, ish, Speed and torque with
reference speed of 85 rad/sec at a load of 8 N-m for conventional converter (B6),
conventional fault-tolerant converter (B4) and the proposed boost converter fed B4

configuration respectively.
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Fig. 4.15 Experimental results of drive operating with speed of 85 rad/sec at a load torque of 8 N-m.
a) Conventional converter (B6)
b) Conventional fault-tolerant converter (B4)
¢) Proposed fault-tolerant converter (B4+ Boost Converter)
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Fig. 4.16 Experimental results of the induction motor drive at a speed of 150 rad/sec and load
torque 8N-m.

a) Conventional converter(B6)
b) Proposed fault-tolerant converter (B4+ Boost Converter)
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Fig. 4.17 Experimental results of the proposed topology of induction motor drive using FOC.
a) Change in speed
b) Change in load
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Fig. 4.18 Phase voltages of the proposed topology with load torque 8 N-m at a speed of 150
rad/sec.

a) Healthy condition

b) Post-fault condition

Similarly Fig. 4.16 shows the results of conventional converter (B6) and proposed B4
converter at load 8 N-m for speed of 150 rad/sec. From the results, it is examined that

boost converter fed induction motor drive converter configuration (proposed converter)
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exhibits similar behaviour as that of conventional converter during post-fault operation.
With B4 converter, the drive speed is fluctuating, stator currents are not sinusoidal and the
torque ripple is more. To overcome this problem, a boost converter is proposed at front end
of the two-level inverter. Fig. 4.17 illustrates the speed changes and load changes. From
these results, the stator current; torque and speed of the drive system with boost converter
fed induction motor drive is almost similar to healthy inverter fed induction motor. Fig.
4.18 shows the stator phase voltages of the proposed converter under healthy and post-
fault operation. The performance indices of the boost converter fed induction motor drive
topology using FOC are compared with healthy converter and conventional fault-tolerant
converter (B4), for load torque of 8 N-m and operating at a speed of 85 rad/sec are
explained in detail. The drive fed with healthy converter (B6) offered stator current THD
6.75 % with a torque ripple of 1.62 Nm, whereas with conventional fault-tolerant
converter (B4) offered stator current THD 12.28 % with a torque ripple of 3.31 Nm and
with the proposed fault-tolerant converter offered stator current THD 6.98 % with a torque
ripple of 1.88 Nm. From the above results, it is observed that torque ripple and stator
current THD of the proposed converter values are closer to the healthy converter values.
From the results it is observed that the drive system with proposed converter topology
offered results very close to conventional fault-tolerant converter (B4).

4.7. Summary

Three-level boost converter/Boost converter fed fault-tolerant inverter for induction
motor with filed oriented control is presented in this chapter. Results are presented for
conventional inverter configuration (B6), conventional fault-tolerant inverter (B4)
configuration and B4 configuration with three-level boost converter/boost converter fed
fault-tolerant inverter on the developed hardware setup at a load torque of 8 N-m using
field oriented control for three-phase induction motor drive. From the results it is
concluded that the operation of proposed three-level boost converter/boost converter fed
induction motor drive in post-fault operation is very close to the conventional two-level
inverter (B6) fed induction motor drive. These proposed drive systems has offered
considerable improvement in the torque ripple, current THD and balanced dc-link voltage
of capacitors compared to a conventional two-level fault-tolerant inverter (B4). Hence
proposed drive system may be considered as one of the alternatives for the field oriented

controlled fault-tolerant induction motor drives.
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Chapter-5

Direct Torque Control using Fault-
Tolerant Converter Topologies



5.1. Introduction

In this chapter, the brief fundamentals related to direct torque control of three-phase
induction motor, simulation and experimental results using three-level boost converter fed
fault-tolerant converter and boost converter fed fault-tolerant converter are presented. These
results are compared with conventional fault tolerant inverter (B4) for load changes and
speed changes. Detailed explanation with respect to merits of the proposed topologies are

presented.

5.2. Direct Torque Control Algorithm

The DTC offer control over stator flux and electromagnetic torque to generate a suitable
switching states for the inverter. The DTC is implemented in stationary reference frame [83],
[85]-[88]. Fig. 5.1 represents the block diagram of the control technique. The estimation of
stator flux, stator flux vector positon and electromagnetic torque is required to implement

the DTC algorithm. The stator flux estimation expression for induction motor is

s = V; — Ry (5.1)

dt
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Fig. 5.1. Block diagram of DTC for induction motor drive [88]

A

In a sample time of Ts, the change in stator flux by neglecting the stator resistance in the Eqg.
5.1 is modified as

Aps = VT (5.2)
The change in voltage vector in a particular sample time will directly impact on the stator
flux; which is observed from the Eq. 5.2. Hence, by selecting a proper voltage vector will

directly control over the stator flux. Stator and rotor flux complex plane is divided into six
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equal sectors. In complex plane the variation of rotor flux and stator flux in one sample
period is shown in Fig. 5.2. The stator flux position in the complex plane is obtained as

p=tan~! %) (5.3)

Since-rotor dynamics are much slower than the stator dynamics, # one sampling period is

considered to estimate the electromagnetic torque [85] as

Lm
LgLy—L%,

T, =>p |51y Isin(8) (5.4)
The difference of the reference and estimated flux is given as the input to the two level
hysteresis band. 2HB,, is selected as the hysteresis band width. The stator flux is rotated in
a circular path by application of active voltage vectors [88]. Two digital outs 1 and -1 is
generated from the controller based on the trajectory of the stator flux (i.e., decrement or

increment of stator flux) as per the below conditions

Hog = 1for Eps > +HBg; (5.5)
Hog = —1for Eqs < —HB@q (5.6)
Reference speed is compared with the measured speed to generate the reference to torque
using P1 controller. This reference torque and measured torque are compared and the error
is given as input to the three-level hysteresis band to control the torque. Based on the torque

requirement (i.e., decrement, increment or no change of the torque), the output of the

controller is
HT, = 1 for ET, > +HBT, (5.7)
HT, = 0 for —HT, > +HBT, (5.8)
HT, = —1 for ET, < —HBT, (5.9)
B P
A
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Fig. 5.2.Variation of stator flux and rotor flux Fig. 5.3. Switching state selection for stator
in complex plane [85] flux in sector 1 [83]
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Based on the stator flux position in the complex plane outputs from the hysteresis controllers
generates a suitable switching state. For example, if stator flux position is in sector 1, the
criterion for the corresponding switching state selection is shown in Fig. 5.3. The different
combinations of hysteresis outputs and the sector locations will generate the overall

switching states for the induction motor drive which is represented in Table. 5.1.

Table-5.1 DTC switching table

Hos |HTe — T35 T3 4156

1 V2| Vs | Va| Vs | V6| Vi
1 0 V7| Vo | V7| Vo | V7| Vo
-1 | Ve | Vi |V2]| Vs | V4| Vs
1 | Vs | Vs |Vs| Ve |Vi]| V2
-1 0 [Vol| Vs |Vo| Vz|Vo| V7
-1 | Vs | Ve |Vi| V2 |V3]| V4

Switching states: Vo (0 00), V1(100),V2(110),Vs(010),V4(011),V5(001),Ve(101)
andV7(111).

Under fault condition, a modified DTC with four voltage vectors are calculated as per Eq.
5.10 and applied. The motor phase voltages Van, Ven, and Vcn are determined based on
inverter switching states and hence DC-link voltage is also balanced. The voltage vectors of
re-configured inverter for fault in leg A are presented in Table. 5.2.

VR or V= Z(Van + a*Ven +a**Ven) (5.10)

Table-5.2 Inverter switching states and motor phase voltages after inverter re-configuration

States Vao VBo Vco VAN VBN Ven Vv

00 Vbe 0 0 Voc _Voc | _Voc | ygi=Yceio
2 3 6 6 3

10 Ve Voc 0 0 Ve _Voe | yge=Yoce s
2 2 2 V3

1 Ve Voc Vnc _Vbe Ve _Voe | vge=Toeein
2 3 6 6 3

01 Ve 0 Vnc 0 L T O VA )
2 2 2

Speed () is sensed by an incremental encoder and given to encoder slot in dSpace to
implement control algorithm. The reference speed is compared with sensed speed to

generate error signal
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e=w" —w, (5.11)
This error signal generates reference torque as
T, = ke + ke (5.12)
Where, k, and k; are controller gains.
The output of PI controller is compared with estimated Torque (T,)
Te = 2P((fsa * isp) — (Fsp * isa)) (5.13)

Torque error (ET,) is given to hysteresis controller with a band of +0.1 to generate torque
vector (HT,).

Similarly, stator flux is estimated based on stator voltages and currents. The expression is

fsq = I(Vsa — Ryisa) (5.14)
fsp = f(VsB — Rsisp) (5.15)
From the above equations the resultant flux is estimated as
2
Y = \/(fsa)z + (fsﬁ) (5-16)

Table-5.3 Inverter switching states after re-configuration of inverter at fault in leg A

He._ | HT Flux position | Flux position | Flux position | Flux position
s e (0°- 909 (90°-180% | (180°-270% | (270°- 3609
= T Vg? Vg3 Ve* V!
T VRl VR2 VR3 VR4
= T Vg® Ve* VR! Vg?
T VR4 VR1 VR2 VR3

The reference stator flux (ys®") is compared with estimated stator flux (ys) to generate flux
error (Ews). This flux error is given to hysteresis controller with a band of +0.01 to generate
flux vector (Hys). The stator flux is also used to generate flux position (p), which indicates
the sector number. Finally, selection of inverter switching states is based on stator flux vector
(Ho,), torque vector (HT,) and position of flux vector (p). If He_ is increased, the HT,may
increase or decrease and based on flux position the inverter switching state is generated.
Similarly, A is decreased, the HT, may increase or decrease and based on flux position the
inverter switching state is generated and represented in Table-5.3.
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5.3.  Simulation Results using Topology-A

Simulations are carried out on the induction motor drive system with the conventional
converter (B6), conventional fault-tolerant converter (B4) and proposed Topology-A
consists of three-level boost converter (TLBC) based fault-tolerant two-level inverter fed
induction motor for various operating conditions.
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Fig. 5.4 Simulation results of an induction motor drive for pre-fault to post-fault transition.
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Fig. 5.5 Simulation results of an induction motor drive for speed 80 rad/sec at load torque of
8 N-m.
a) Conventional converter (B6)
b) Conventional fault-tolerant converter (B4)
¢) Proposed fault-tolerant converter (B4+ TLBC)
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Fig. 5.6 Simulation results of proposed TLBC fed induction motor drive
a) During starting
b) Change in load
c) Change in speed
d) Response of TLBC
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Fig. 5.7 Stator phase voltages of proposed fault-tolerant induction motor drive during
a) Pre-fault

b) Post-fault

Results for pre-fault to post-fault condition of the proposed converter is shown in Fig. 5.4
and results at a speed of 80 rad/sec with a load torque of 8 Nm are shown in Fig. 5.5. It

illustrates that, torque ripple of the proposed converter under post-fault condition is same as
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the conventional converter under normal operation, but B4 converter having ripples in the
dc-link voltage and torque and also fluctuations in speed. Response of proposed converter
at starting, during load change, speed change and TLBC response of the drive with current
control and DTC algorithm during post fault-condition are presented in Fig. 5.6. From results
it is observed that, proposed converter operation is almost similar to conventional converter
and also operates in full rated condition during post-fault operation. Finally, from the above
results it is observed that proposed converter configuration has less torque ripples, stator
currents are sinusoidal and also the voltage across the dc-link capacitors are balanced. Stator
phase voltages of the proposed converter during pre-fault and post-fault operation are
presented in Fig. 5.7.

5.4. Experimental Results using Topology-A

Experiments are carried out on the developed setup as shown in Fig. 3.3. A three-level
boost converter at front end of two-level voltage source inverter and control logic is shown

in it.
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c)
Fig. 5.8 Experimental results of an induction motor drive for speed 80 rad/sec at load
torque of 8 N-m.
a) Conventional converter
b) Conventional fault-tolerant converter
¢) Proposed fault-tolerant converter
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On this experimental setup tests are performed for various operating conditions and results
are presented. Fig. 5.8 shows the steady-state behaviour of conventional converter,
conventional fault-tolerant converter and proposed fault-tolerant converter at 8 Nm load for
a speed of 80 rad/sec. From the results it is observed that, stator currents are not sinusoidal
and ripples in the torque are more with conventional B4 converter. Further increase in speed
and load may lead to halt the drive system. The faulty phase voltage of the B4 converter is

decreases by v/3 times. Due to this, B4 converter is restricted to 50 % of full rated condition.

To overcome the issue, a proposed converter is implemented.
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A a) b)
Fig. 5.9 Experimental results of the proposed TLBC fed induction motor drive during

a) Change in load

b) Change in speed

Fsa  Fsb [500m Whidiv]

a)
Fig. 5.10 Stator flux of the proposed fault-tolerant induction motor drive
a) Pre-fault
b) Post-fault

The response of stator currents iss, isv [A], speed [wm], torque [N-m] of a drive for
conventional converter under normal operation and the proposed converter for post-fault
operation are almost same. Fig. 5.9 shows the experimental results of proposed converter
for a change in load and change in speed. From results, it is observed that proposed topology
having better dynamic response. Fig. 5.10 shows the lissajous stator flux response in healthy
and post-fault condition. Fig. 5.11 illustrates stator phase voltages of the proposed fault-
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tolerant induction motor drive in pre-fault and post-fault operation. Fig. 5.12 shows the
results of conventional converter, conventional B4 converter and proposed converter for a
step-change in load from No-load to 8 Nm for a speed of 80 rad/sec.
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Fig. 5.11 Stator phase voltages of the proposed fault-tolerant induction motor drive
a) Pre-fault

b) Post-fault
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Fig. 5.12 Experimental results of the drive for Wr=80 rad/sec at step change in load

torque 8 N-m
a) Conventional B6 converter

b) Conventional B4 converter
c) Proposed TLBC fed induction motor drive

Fig. 5.13 shows step-change in load and steady-state behaviour of the drive for conventional

converter and proposed fault-tolerant converter at a load torque of 8 Nm for a speed of 150

72



rad/sec. From results it is observed that, conventional converter at normal operation and
proposed converter at post-fault operation behaves in similar manner. The proposed fault-
tolerant converter fed induction motor drive offers balanced stator currents, dc-link voltage
and also the drive is able to operate in full rated condition during post-fault operation. When
the drive is operating with a load torque of 8 N-m at 80 rad/sec for a conventional two-level
inverter with DTC offered a stator current THD of 6.92 % and torque ripple of 1.46 N-m.
For conventional fault-tolerant converter in post-fault operation with same operating
conditions offered a stator current THD of 9.81 % and torque ripple of 2.26 N-m, whereas
proposed fault-tolerant converter topology with modified DTC offered a stator current THD
of 7.02 % and torque ripple of 1.54 N-m. From results it is observed that; torque ripple and
%THD of stator current of a proposed TLBC fed induction motor operating in post-fault
condition is very close to the conventional converter fed drive system. Hence, it is observed

that drive is operating satisfactorily with the proposed fault tolerant converter topology.
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Fig. 5.13 Experimental results of the drive for Wm=150 rad/sec.
a) Conventional B6 converter with No-load to 8 N-m
b) Proposed TLBC fed induction motor drive with No load to 8 N-m
c) Steady-state response of conventional B6 converter
d) Steady-state response of proposed TLBC fed induction motor drive.
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5.5.  Simulation Results using Topology-B

Simulation results are presented for the proposed fault-tolerant converter fed induction
motor drive and compared with the conventional fault-tolerant converter (B4) fed drive to
show its effectiveness. Induction motor fed from conventional converter, conventional fault-
tolerant converter (B4) and proposed fault-tolerant converter operating with a load torque of
8 N-m at a speed of 85 rad/sec is shown in Fig. 5.14. From the results it is observed that the
conventional fault-tolerant converter has fluctuations in speed, more torque ripple and stator
currents are non-sinusoidal when compared with proposed fault-tolerant converter. The

normalized root mean square deviation (NRMSD) expression used for calculation of torque

ripple, flux ripple is
(xi=%)?
NRMSD = / Ly = (5.17)

o1 . .
Where X = n t_, x;, | = number of samples i.e., 1000 samples are considered to calculate

the torque ripple.
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Fig. 5.14 Simulation results of the drive with a load torque of 8 N-m at 85 rad/sec.
a) Conventional converter
b) Conventional fault-tolerant converter
c) Proposed fault-tolerant converter
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Fig. 5.15 Simulation results of the drive with a load torque of 8 N-m at 150 rad/sec.

a) Conventional converter
b) Proposed fault-tolerant converter
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Fig. 5.16 Simulation results of proposed topology for pre-fault to post-fault transition.
a) Induction motor speed, torque, current and flux

b) Motor phase voltages

Fig. 5.15 shows the results of conventional converter and proposed fault-tolerant converter
operating with a load torque of 8 N-m at 150 rad/sec. From the results, it is observed that
the proposed converter topology performance is almost similar to the conventional converter
and also eliminates the drawback of conventional fault-tolerant converter. To show the full
rated operation (150 rad/sec, 14.5 N-m) of the proposed fault-tolerant converter fed

induction motor drive, simulation results are presented for pre-fault operation, pre-fault to

post-fault transition and post-fault operation and shown in Fig. 5.16.
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Fig. 5.17 Simulation results for post-fault-operation of proposed fault-tolerant converter
a) Full rated operation
b) Load change
c) Speed change
d) Output of boost converter
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Fig. 5.18 Simulation results of an induction motor drive
a) Pre-fault phase voltages
b) Post-fault phase voltages
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Fig. 5.17 (a-d) illustrates the operation of proposed fault-tolerant drive at rated load, change
in load, change in speed and the output of boost converter. From the results it is observed
that the proposed topology operating at full load also have dynamic performance similar to
that of conventional converter. Fig. 5.18 shows the stator phase voltages of the proposed

converter in pre-fault and post-fault condition.

5.6. Experimental Results using Topology-B

Experiments are carried out on the developed setup as shown in Fig. 3.3. A boost
converter at front end of two-level voltage source inverter and control logic is shown in it.
On this experimental setup tests are performed to observe the response of the drive system
for various operating conditions and results are presented for variations in stator currents,

speed, torque, dc-link voltage, and stator flux.
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Fig. 5.19 Experimental results of the drive with load torque 8 N-m at 85 rad/sec.
a) Conventional converter
b) Conventional fault-tolerant converter
c) Proposed fault-tolerant converter

Fig. 5.19 shows the operation of induction motor with load torque of 8 N-m at 85 rad/sec
fed with conventional converter (B6), conventional fault-tolerant converter (B4) and

proposed fault-tolerant converter in post-fault condition. From the results of the proposed
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fault-tolerant converter it is observed that stator currents are sinusoidal; torque ripples are

less and fluctuations in the speed compared with conventional fault-tolerant converter (B4).
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Fig. 5.20 Experimental results of the drive with load torque 8 N-m at 150 rad/sec
a) Conventional inverter
b) Proposed fault-tolerant converter
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Fig. 5.21 Experimental results of proposed fault-tolerant converter fed drive

a) Load change

b) Speed change
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Fig. 5.22 Experimental results of proposed fault-tolerant converter fed drive
a) Pre-fault phase voltages
b) Post-fault phase voltages

When the drive is operating with a load torque of 8 N-m at 85 rad/sec for a conventional
two-level inverter with DTC offered a stator current THD of 6.97 % and torque ripple of

1.62 N-m. For conventional fault-tolerant converter in post-fault operation with same
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operating conditions offered a stator current THD of 10.21 % and torque ripple of 3.12 N-
m, whereas proposed fault-tolerant converter topology with modified DTC offered a stator
current THD of 7.01% and torque ripple of 1.51 N-m. From these results, it is noted that
stator current THD and torque ripple for a proposed two-level inverter with DTC in post-
fault operation is almost the same as the conventional converter topology. Fig. 5.20 shows
the drive operating with load torque of 8 N-m at 150 rad/sec for conventional converter (B6)
as well as proposed fault-tolerant converter. From these results, it can be identified that the
proposed topology operating at rated speed has less torque ripple, less speed fluctuations
and stator currents are sinusoidal. Fig. 5.21 shows the dynamic operation of the proposed
topology in post-fault operation, which is found to satisfactory w.r.t torque and flux ripples
and also profile of stator currents. The pre-fault and post-fault phase voltages of the motor
are presented in Fig. 5.22. Fig. 5.23shows the Lissajous pattern of stator flux in pre-fault and
post-fault condition. From the results, it is observed that the stator flux pattern is almost

similar.

T s/

a)
Fig. 5.23 Stator flux Lissajous pattern of proposed converter fed drive
a) Pre-fault
b) Post-fault

5.7. Summary

Three-level boost converter/Boost converter fed fault-tolerant inverter for induction
motor with direct torque control is presented in this chapter. Results are presented for
conventional inverter configuration (B6), conventional fault-tolerant inverter (B4)
configuration and B4 configuration with three-level boost converter/boost converter fed
fault-tolerant inverter on the developed hardware setup at a load torque of 8 N-m using direct
torque control for three-phase induction motor drive. From the results it is concluded that
the operation of proposed three-level boost converter/boost converter fed induction motor

drive in post-fault operation is very close to the conventional two-level inverter (B6) fed
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induction motor drive. These proposed drive systems has offered considerable improvement
in the torque ripple, current THD and balanced dc-link voltage of capacitors compared to a
conventional two-level fault-tolerant inverter (B4). The proposed fault-tolerant converter
topologies and fault-tolerant topologies existing in the literature are carried out for a load
torque of 8 N-m at 85 rad/sec and results are presented in Table-5.4 w.r.t the number of
components used, Open-Circuit (OC) and Short-Circuit (SC) fault, control complexity,
torque ripple, flux ripple, %THD of stator current. From the results, it is concluded that the
proposed fault-tolerant converter topology operates the drive at rated values during post-
fault operation with less control complexity when compare with the existing converter
topologies. Hence proposed drive system may be considered as one of the alternatives for

the direct torque controlled fault-tolerant induction motor drives.
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Table-5.4 Comparison of proposed converters with conventional fault-tolerant converters

Ripple at 85
No. of Diodes No. of . rad/sec and 8 N-m
Topologies Switches & Capacitors | Redundant Switches Leg Contro_l %THD Performance
X X Complexity | Torque Flux
(IGBT’s) | Inductors Switches (N-m) (Wb)
SC | OC | sC | OC
0,
Proposed 8 2 &1 2 3 Yes | Yes | Yes | Yes | Average 155 | 00176 | 7.03 |100%o0f
Converter-A operation.
0,
Proposed 7 1&1 2 3 Yes | Yes | Yes | Yes | Average 151 | 00176 | 7.01 |100%0f
Converter-B operation.
Faulty phase Restricted to 50 %
connected to 6 - 2 3 Yes | Yes | Yes | Yes | Complex 312 | 00790 | 1021 | Ofoperation, de-
midpoint of link voltage
dc-link fluctuations.

. 100 % of

Additional leg 8 -- 2 3 Yes | Yes | Yes | Yes Complex 1.48 0.0169 6.98 .
operation.
Restricted to 50 %
Motor neutral -

. of operation, Extra
terminal Neutral terminal
connected to 6 -- 2 3 Yes | Yes | Yes | Yes Complex 3.92 0.095 11.32 :

A required & Motor
midpoint of -

' operates in Two
dc-link

phase mode.
Restricted to 50 %
Motor neutral of operation, Extra
terminal Neutral terminal
connected to 8 -- 2 3 Yes | Yes | Yes | Yes Complex 4.12 0.105 12.23 required & Motor
extra leg operates in Two
phase mode.
Quasi 0
z-source 6 1&2 2 3 Yes | Yes | Yes | Yes Complex 1.65 0.0182 7.42 100 A).Of
inverter operation.
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Chapter-6
Predictive Torque Control using Fault-

Tolerant Converter Topologies



6.1. Introduction

In this chapter, the brief fundamentals related to predictive torque control of three-phase
induction motor, its simulation and experimental results using three-level boost converter
fed fault-tolerant converter and boost converter fed fault-tolerant converter are presented.
Studies carried out from the results obtained for possible operating conditions and

conclusions are presented.

6.2. Model Predictive Control

The MPC concept was introduced for optimal control theory in 1960s and it was
completely implemented in industrial process by the end of 1970s [115]. The predictive
control for power electronics was made in early 1980s as first attempt [117], [118]. In this
method, high amount of calculations are required in each sampling period of time. Hence it
is not popular at that time but in recent past the advanced digital control platform with high
computational capabilities enabled the implementation of complex control techniques like
MPC with more precision and ease. This control concept explicitly uses the model of a
system to select an optimal control action by using receding horizon policy which is shown
in Fig. 6.1. From this illustration, it can be observed that the input signal ukat the beginning
of the present sampling period k is obtained by predicting the future behaviour of the output

yk for a given range of prediction horizon (k+NP).

Present
A

Past Future

\

<
~a

Uy+1
w [ T

P

tia tk 0%} tis2 - teanp

N
Np

Fig. 6.1. Receding horizon polocy for model predictive control
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Similarly, an input signal for the next sampling period is obtained by predicting the future
behaviour of output for a prediction horizon of (k+NP+1). Hence, this is known as receding
horizon policy [114]. The basic structure for implementation of MPC is shown in Fig. 6.2.
The input and output values of past and present status are given to the model of the system
to predict the future behaviour of the outputs. The errors obtained from the reference
trajectory and the predicated outputs are given to the optimizer. Future inputs for the system

will be selected depending upon the objectives and constraints given to the optimizer.

Model Predictive Control

Objectives Weights
| |

] v
Future L

Reference > LU LI Optimizer »| System [Outpul
Trajectory Errors

Predicted J

Outputs System Past

Model Inputs & Outputs
]

Future
Inputs

Fig. 6.2. Structure for implementing model predictive control

6.3. Finite Set Model Predictive Control

Continuous Control Set Model Predictive Control (CCS-MPC) and Finite Control Set
Model Predictive Control (FCS-MPC) are the MPC control techniques used for power
electronics and drives [85], [105], [111], [119]. In CCS-MPC to obtain desire control action
from the modulation stage,a control signal is computed in a continuous time (usually duty
ratio of voltage). On the other hand, FCS-MPC directly selects the control signals by
optimizing the objective-function which contains the error terms of control parameters and
uses the inherent discrete nature of the converters. For power converters and drives, finite
number of control actions are implemented in straight forward by using FCS-MPC. There
are several advantages by using this technique such as easy to understand and provision to
include nonlinearities into objective function and addition of control parameters [111],
[119].

The generic principle of FCS-MPC for two-level Voltage Source Inverter (VSI) with short

prediction horizon (i.e., NP=1) is shown in Fig. 6.3. Here, y% is considered as a control
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parameter for the present sampling instant k and it can be estimated based on the past data.
As the two-level VSI has eight switching states, the response of control parameter for all

these eight switching states can be predicted for the next sampling period (k+1).
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k+1 |, k+1

yPO ' ype

k+2 k+2

l
: y;o ! yge
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[ y Measurement/ |
: Estimation :
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Fig. 6.4. Block diagram for finite control set model predictive control

The switching state which results in close tracking of predicted control parameter with
respect to the reference of control parameter y* (i.e., [y*-y*+1 | is minimum) is considered
as an optimal control action for the next sampling period. From Fig. 6.3, at the sampling
instant (k+1), switching state S4 leads to close tracking of y*with respect to y*. Based on this
measure, Ssis applied at k to obtain the optimal control action. Similarly, Sz is the suitable
control action at (k+1) [111]. The block diagram of FCS-MPC for a typical two-level VSI
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connected to a three phase load is shown in Fig. 6.4. Initially, control parameter y* is
measured for present sampling instant k. If the direct measurement of the control parameter
is not possible, then estimation of control parameter has to be done based on the model of
the system and past history of the control parameter. Based on the measured/estimated
values, prediction of control parameter can be done for all available inverter control actions.
An objective function is formulated by using these predicted values and the corresponding
reference value. A suitable control action for two-level VSI is selected based on the
minimization of this objective-function. However, in power electronics and drive
applications; the inclusion of diverse control parameters like current, stator flux, torque,
speed and common mode voltage into single objective-function requires a suitable selection

of weighting factors to maintain the relative balance between them.

CCS-MPC and FCS-MPC are the two MPC techniques used for power electronics and
electric drive applications. Out of these two, FCS-MPC is widely used technique for power
electronic applications due to its advantages such as concepts are easy to understand,
optimizations are greatly simplified due to finite number of switching states and
simultaneous control over all control parameters can be achieved with the help of single
objective-function [105], [111], [119].

Vdc
+ -
: 7]
e Q) [T o,
Iy R Objective- 5 o\
o, VY e—| function ® _I A
Optimization *
> Se >
k2 k2 - i i
*Te *\Vs 2-Level VSI \ J sa \ J sb
W i
s P Clarke’s
[ [ Transformation
Stator Flux and Stator Flux
Torque L
L .k Estimation
Prediction i v
P P Clarke’s
il il Transformation
‘ Load
* I

Fig. 6.5. Block diagram for PTC of induction motor drive [120]

FCS-MPC based techniques used for induction motor drives are classified into two types;
Predictive Current Control (PCC) and Predictive Torque Control (PTC). Block diagrams of
PTC for induction motor drive is shown in Fig. 6.5. The control structure of PTC is similar

to DTC. In PCC, stator currents in the stationary reference frame are used as control
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parameters. Prediction of stator currents can be done for all available inverter actuations
based on the stator measured currents and estimated rotor flux for the present sampling
period. A cost function is formulated by using the predicted stator currents and
corresponding reference values. By minimizing this cost function, a suitable control
actuation will be selected for the converter. The required reference currents can be obtained
from outer speed loop and rotor flux loop [121], [122]. In PTC, torque and stator flux are
used as control parameters. Prediction of torque and stator flux can be done for all available
inverter actuations based on the stator measurements, estimated stator and rotor fluxes. A
cost function (also known as objective-function) is formulated by using the predicted toque
and stator flux and corresponding reference values. Finally by minimizing this cost function,
an optimal actuation is selected for the converter. The reference torque required for cost
function is obtained from outer speed loop. The comparative analysis of PTC and PCC for
induction motor drives was given in [120]. Since the selection of control action directly
depends on the error terms of torque and stator flux, PTC achieves the lower torque ripple
and better dynamic response compared to PCC. Hence, PTC is becoming as an effective
alternative for DTC based control techniques and also allows the flexibility of adding extra

control parameters into the cost function with ease [121]-[130].

6.4. Algorithm for Predictive Torque Control

PTC is used to control the induction motor drive in pre-fault and post-fault operation is
explained in detail. Fig. 6.5 shows the schematic of the control algorithm. As shown in the
figure, the comparison of reference speed with the measured mechanical speed, then speed
error is given to the PI controller to generate reference torque. Finally, the switching pulses
are generated by predictive control, which is implemented in three stages; (i) flux estimation,
(ii) prediction stage and (iii) formulation of the cost function.

6.4.1. Flux Estimation
Stator currents are obtained by direct measurement at stator terminals of the motor. Stator
flux at present sampling period can be estimated by using first-order forward Euler
discretizing method as follows:

P§ = PE + To(—Rei&H + V) (6.1)
Where T is sampling time period, V; is stator voltage vector, i is stator current vector, Rs

is stator resistance and 1 is a stator flux vector.
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6.4.2. Prediction Stage

To implement predictive torque control, the torque and stator flux predictions for all the
switching states for a two-level inverter are obtained by one step ahead prediction. In healthy
condition of the two-level inverter, seven vectors are sufficient to operate the drive in healthy
condition (two null vectors generate the same voltage), but in the post-fault operation of the
inverter, six active voltage vectors are reduced to four active vectors, which are presented in

Table-2. Based on this, the stator flux at (k+1) is predicted as

(lp§+1)m = ll}_é( + Ts(_Rsi_]s( + (Vsk)m) (6.2)
The stator current at (k+1) instant is
(iD= TARy — jLrw)Ps + (1 + Ts(—Akgy + jwf))i + TeAL (V) (6.3)
1
Where A = m
From the stator flux and stator current torque at (k+1) is obtained as
(TE ) = 2Pl (I X (@4 ) (6.4)

2
Where ‘m’ is switching states of healthy and post-fault converter, ‘Ts’ is sampling time, ‘Vs’

is stator voltage, ‘Ls’ is stator inductance, ‘L’ is rotor inductance, ‘Lm’ iS magnetising
inductance, ‘W is rotor speed and ‘P’ is pole pairs. Predictions are obtained for all possible

switching sates and corresponding resultant voltage vectors.

6.4.3. Formulation of Cost Function

After the predictions of torque and stator flux, cost function is formulated as

Cn = |Te* - (Tek+1)m| + 4o h/);l - |(¢§+1)m| (65)
Where Ao is the weighting factor to maintain the relative relation between stator flux and
torque. In [126-127], the general procedure for obtained the weighting factor is explained

and is given as

nom
Te

(6.6)

o = Tyrom]
Where Tg°™ =14.6 N-m & [yF°™| = 1.
From the above expression, the optimal torque and stator flux is obtained by minimizing the
cost function to select the optimal switching state for the next sampling period (k+1).

Optimal switching states for the inverter is obtained by minimizing the cost function

Sopt =arg min Cp For healthy inverter
(51 ..... SG)
Sopt =arg min Gy, For post-fault inverter
(Sl ..... 54)
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6.4.4. Delay Compensation

One step ahead prediction of flux and torque is sufficient for optimization of the cost
function in simulation studies. Whereas, in real-time implementation of PTC requires a
considerable time for sensing feedback signals such as motor currents and speed, prediction
of torque and flux causes a time delay in obtaining the optimal switching states. Hence, the
delay concept is introduced in the PTC algorithm to overcome the delay caused by the digital
control platform. This delay is compensated by using a two step ahead prediction.

Accordingly, eqg. (4), (5) and (6) are modified and re-written as follows.

&) = YE + To(—RiE™ + () m) (6.7)
(il )m = TAR, = jLro)PE + (14 Ty(=Akegy + jwf)) i + TAL (V)
(6.8)
(TE* )y = 2 Plimg (@2 ) X (i5¥2),) (6.9)
Based on this, the cost function is modified as
Cm = |Te = (TE D)l + Ao |15 = |WE) ] (6.10)

In post-fault operation, the phase terminal of the motor connected to the inverter faulty leg
is removed and connected to the mid-point of the dc-link. After the inverter is reconfigured
to operate the drive in normal operation, current imbalance in the capacitors creates an issue
of dc-link voltage offset. To eliminate the voltage offset in post-fault operation, capacitor
voltage predictions are required to be added as the third term in the cost function. Due to
this, the cost function becomes complex and requires more computational time. To
overcome these issues, the faulty phase terminal of the motor connected to the inverter is
isolated and connected to midpoint of the dc-link/positive terminal of capacitor C; and the
negative terminal of the capacitor is connected to the negative rail of the dc-link in the
proposed topology. As a result dc-link voltage offset suppression is eliminated in the
proposed topologies. Due to this, the cost function in post-fault operation remains same as
(6.10).

6.5. Simulation Results using Topology-A

Simulations of predictive torque controlled induction motor drive with the conventional
converter (B6), conventional fault-tolerant converter (B4) and proposed converter topology

consists of three-level boost converter (TLBC) based fault-tolerant two-level inverter fed
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induction motor are presented. Results of pre-fault to post fault operation is shown in Fig.
6.6.
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Fig. 6.6 Simulation results of the proposed fault-tolerant drive during pre-fault to post-
fault transition

a) Stator currents, Speed, Torgue, Flux and DC-link voltage
b) Phase Voltages of the induction motor

Response of the drive operating with a speed of 80 rad/sec at a load torque of 8 N-m is
compared with healthy two-level inverter, conventional fault-tolerant inverter (B4) and
proposed fault-tolerant inverter are shown in the Fig. 6.7. From the results, it is witnessed
that the stator currents, stator flux and torque of proposed fault-tolerant inverter are almost
same as the normal two-level inverter. However the stator currents are unbalance, torque
ripples are more for the conventional fault-tolerant inverter. As a result the drive system may

halt when further speed increases.
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Fig. 6.7 Simulation results of the drive at load torque of 8 N-m and operating at80 rad/sec.
a) Conventional Two-level inverter (B6)

b) B4 converter

c) Proposed fault-tolerant inverter
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Fig. 6.8 Simulation results of the drive at load torque of 8 N-m and operating at150 rad/sec.
a) Healthy two-level converter
b) Proposed fault-tolerant converter
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Fig. 6.9 Simulation results of the proposed fault-tolerant inverter in post-fault condition
a) Steady-state operation
b) Load change
c) Speed change
d) Output of TLBC

91



Va1

-500 | T

400 | ! | | ! | ! ! 3 1 T 3 T 3 3 3 3
i i i i i 5 i s i
17 171 172 173 174 175 176 177 178 179 18 17 1705 171 1715 172 1725 173 1735 174 1745 175

3

b i i i b i i t
17 171 172 173 174 175 176 177 178 179 18

— 3 3 3

Ven 1

| —
-400 1 1

— b T T i T i b
17 17 172 173 174 175 176 177 178 179 1s 17 1705 171 1715 172 1725 173 1735 174 1745 175
Time [sec]

Time [sec]

a) b)

Fig. 6.10 Simulation results of the proposed fault-tolerant converter fed induction
motor drive.
a) Phase voltages in healthy condition
b) Phase voltages in post-fault condition

To avoid this, a conventional fault-tolerant inverter is operated at less than 50% of its full
rated capacity. Whereas the proposed fault-tolerant inverter operates with full rated capacity
in post-fault operation by boosting the dc-link voltage with the help of a three-level boost
converter. The normal two-level inverter and proposed fault-tolerant inverter at load torque
8 N-m and operate with full rated speed i.e. 150 rad/sec are shown in Fig. 6.8. From the
results it is witnessed that the stator currents are sinusoidal and balanced, torque and flux
also have fewer ripples for the proposed fault-tolerant inverter. Fig. 6.9 illustrates the
behaviour of the drive at the steady-state, load change, speed change and output of three-
level boost converter for proposed fault-tolerant converter topology. From the results, it is
witnessed that the dynamic response is reasonably and the voltage across the dc-link is
balanced for load and speed changes. The proposed fault-tolerant converter phase voltages

in healthy and post-fault converter operation are presented in Fig. 6.10.

6.6. Experimental Results using Topology-A

Experiments are carried out for various operating conditions and results are presented
on the developed setup consists of a three-level boost converter at front end of two-level
voltage source inverter and control logic as shown in Fig. 3.3. The steady-state operation of
the induction motor with a load torque of 8 N-m at a speed of 80 rad/sec for conventional
two-level inverter (B6), conventional fault-tolerant inverter (B4) and proposed fault-tolerant
inverter are presented in Fig. 6.11. From the results it is witnessed that the stator currents
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are sinusoidal and balanced, torque and stator flux ripples are reduced in proposed fault-

tolerant inverter in post-fault operation when compared with a conventional fault-tolerant

inverter.
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Fig. 6.11 Experimental results of the drive at load torque of 8 N-m and operating at 80 rad/sec.
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c) Proposed fault-tolerant inverter
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Fig. 6.13 Experimental results of the proposed fault-tolerant inverter in post-fault condition for

a) Load change
b) Speed change
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Fig. 6.14 Experimental results of the proposed fault-tolerant converter fed induction motor drive.

a) Phase voltages in healthy condition

b) Phase voltages in post-fault condition
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Fig. 6.15 Lissajous pattern of stator flux from the experimental results
a) Healthy operation

b) Post-fault operation
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The two-level healthy inverter and proposed fault-tolerant inverter operate with full rated

speed of 150 rad/sec and a load torque of 8 N-m is shown in Fig. 6.12. From the results, it

is witnessed that the proposed converter can operate in full rated speed and the operation is

similar to the healthy inverter. The results for load change, speed change and response of

three-level boost converter are presented in Fig. 6.13. From the results, it is observed that

the dynamic response is satisfactory and the voltage across the dc-link is also balanced in



load and speed changes. Fig. 6.14 illustrates the inverter phase voltages in healthy operation
and post-fault operation. The steady-state operation of the drive at a 80 rad/sec and at load
torque of 8 N-m for healthy two-level inverter offered 6.82 % stator current THD, 0.042 N-
m of torque ripple and 1.40 Wb of stator flux ripple. Whereas, the convention fault-tolerant
inverter operated in post-fault operation offered stator current THD of 13.8 %, torque ripple
of 4.04 N-m and stator flux ripple of 0.153 Wb. For the same operating conditions, the
proposed fault-tolerant inverter in post-fault operation offered stator current THD of 6.91
%, torque ripple of 1.46 N-m and stator flux ripples of 0.062 Whb. Fig. 6.15 illustrates the
lissajous pattern of the stator flux in pre and post-fault operation of the proposed fault-

tolerant inverter.

6.7. Field Weakening Operation using Topology-A
Behaviour of induction drive with the proposed topology is observed in the field
weakening region by running above its base speed. Stator flux reference is chosen based on

the speed and is inversely proportional to the rotor speed as follows as

q);‘ef — QD;atEd % “’%ﬁed (6_11)

Where w,qteq 1S the induction motor rated speed.
Whenever speed of the drive increases to above its rated value, accordingly the stator
currents will exceed their rated values. To limit this, the maximum torque reference is

adjusted with the help of stator flux reference as follows

ref

ref _ mrated , _Ps _ mrated , Prated

Te - Te * (prated - Te * w—r (612)
S

Where TJ4ted is the rated torque of the induction motor.
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Fig. 6.16 Control algorithm for field weakening region
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Fig. 6.17 Field weakening operation in the speed of 150 rad/sec to 200 rad/sec.
a) Simulation results of the proposed topology
b) Experimental results of the proposed topology
c) Lissajous pattern of stator flux for the proposed topology

The control algorithm for the filed weakening region is shown in Fig. 6.16. Simulation and
experimental results of the proposed fault-tolerant converter operating above its rated speed
of 150 rad/sec to 180 rad/sec and then to 200 rad/sec are shown in Fig. 6.17 (a) and Fig. 6.17
(b) respectively to observe the field weakening mode of operation. From the results it is
observed that the drive is able to operate satisfactorily for this increase in speeds. The
Lissajous pattern of stator flux results for the proposed topology with speed changes from
150 rad/sec to 180 rad/sec and then to 200 rad/sec is shown in Fig. 6.17 (c).

6.8. Simulation Results using Topology-B

Simulations of predictive torque controlled induction motor drive with the conventional
converter (B6), conventional fault-tolerant converter (B4) and proposed converter topology
consists of boost converter based fault-tolerant two-level inverter fed induction motor are
presented. From the results result of the pre-fault to post-fault condition shown in Fig. 6.18
it is observed that, the proposed topology operate the drive in full rated condition under pre-
fault and post-fault condition. Fig. 6.19 shows the steady-state operation of the drive with
PTC for a speed 85 rad/sec at a load torque of 8 N-m for a healthy converter (Conventional

three-leg Inverter), conventional fault-tolerant converter (two-leg inverter B4) and proposed
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fault-tolerant converter respectively. From Fig. 6.19 (b), it is noticed that the stator currents
of the conventional fault-tolerant converter are not balanced; speed oscillates and torque
having more ripples. The healthy converter and proposed fault-tolerant converter results are
almost same as shown in Fig 6.19 (a) & (c). Fig. 6.20 shows the operation of the drive with
healthy converter and proposed reconfigured converter at steady-state with PTC, for a speed
150 rad/sec and a load torque of 8 N-m. From the results, it is observed that stator currents

are balanced; torque ripples and speed oscillations are less.
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Fig. 6.18 Pre-fault to post-fault simulation results of the proposed topology
a) Current, speed, torque, flux and voltages of the proposed topology
b) Phase voltages of the induction motor drive
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Fig. 6.19 Simulation results of the induction motor drive using PTC at load torque 8 N-
m and speed 85 rad/sec.
a) Normal operation of drive
b) Conventional fault-tolerant operation of the drive
c) Proposed fault-tolerant operation of a drive
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Fig. 6.20 Simulation results of the induction motor drive using PTC at load torque 8 N-
m and speed 150 rad/sec.
a) Normal operation of a drive
b) Proposed fault-tolerant operation of a drive
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Fig. 6.21 Simulation results of the proposed fault-tolerant induction motor drive using
PTC
a) Change in load
b) Change in speed
c) Speed reversal
d) Response of the Boost converter

Fig. 6.21 (a) and (b) illustrate the operation of the proposed converter with change in torque and

change in speed respectively. Fig. 6.21 (c) shows the speed reversal of the proposed topology. Fig.
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6.21 (d) shows input voltage (Vin), inductor current (I.o) and dc-link voltage (Voc) of the boost
converter. From these results it is noticed that, the stator currents are balanced, speed and load torque
are having less ripples under dynamic conditions. Fig. 6.22 illustrates the inverter phase voltages in
healthy and post-fault operation.
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Fig. 6.22 Stator phase voltages of the induction motor drive
a) Healthy Inverter
b) Post-fault Inverter

6.9. Experimental Results using Topology-B

Experiments are carried out for various operating conditions and results are presented
on the developed setup consists of a boost converter at front end of two-level voltage source
inverter and control logic as shown in Fig. 3.3. Fig. 6.23 shows the stator currents, speed,
torque, stator flux and dc-link voltage of the healthy converter (Conventional three-leg
Inverter), conventional fault-tolerant converter (two-leg inverter B4) and proposed fault-
tolerant converter operating the drive at a speed of 85 rad/sec at a load torque of 8 N-m.
From the results it is observed that, in conventional fault-tolerant converter stator currents
are not sinusoidal, speed fluctuates and torque have more ripples. Whereas, in proposed
fault-tolerant converter the variations in stator currents, speed, torque and stator flux are
almost similar to conventional converter. The dynamic behaviour of the proposed converter
at load and speed changes are shown in Fig. 6.24 (a-b). From these results it is noticed that,
the stator currents are balanced, speed and load torque ripples are less under dynamic
conditions. The pattern of stator flux in a-p plane is shown in Fig. 6.25 (a -b). The phase
voltages of the drive in healthy mode and post-fault mode are presented in Fig. 6.25 (c-d).
Fig. 6.26 shows the results of healthy converter and proposed fault-tolerant converter

operating the drive at a speed of 150 rad/sec at a load torque of 8 N-m. The proposed fault-
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tolerant converter can operate the drive in full rated speed in post-fault operation and the
results are similar to the conventional healthy converter. From the results it is observed that,
in conventional fault-tolerant converter stator currents are not sinusoidal, speed fluctuates
and torque have more ripples. Whereas, in proposed fault-tolerant converter the variations
in stator currents, speed, torque and stator flux are almost similar to conventional converter.
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Fig. 6.23 Experimental results of the drive operating at a speed of 85 rad/sec with a
load torque of 8 N-m
a) Healthy converter
b) Conventional fault-tolerant converter
c) Proposed fault-tolerant converter
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Fig. 6.24 Experimental results of the proposed fault-tolerant induction motor drive in
post-fault operation
a) Load change
b) Speed change
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Fig. 6.25 Experimental results of the proposed fault-tolerant induction motor drive
a) Stator flux during pre-fault operation
b) Stator flux during post-fault operation
c) Phase voltages during pre-fault operation
d) Phase voltages during post-fault operation
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Fig. 6.26 Experimental results of the drive operating at a speed of 150 rad/sec having a
load torque of 8 N-m.
a) Healthy converter (B6)
b) Proposed fault-tolerant converter (B4+Boost Converter)

The dynamic behaviour of the proposed converter at load and speed changes are shown in
Fig. 6.24 (a-b). From these results it is noticed that, the stator currents are balanced, speed
and load torque ripples are less under dynamic conditions. The pattern of stator flux in a-§
plane is shown in Fig. 6.25 (a -b). The phase voltages of the drive in healthy mode and post-
fault mode are presented in Fig. 6.25 (c-d). Fig. 6.26 shows the results of healthy converter
and proposed fault-tolerant converter operating the drive at a speed of 150 rad/sec at a load
torque of 8 N-m. The proposed fault-tolerant converter can operate the drive in full rated

speed in post-fault operation and the results are similar to the conventional healthy converter.
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The performance indices of the proposed converter topology (B4+boost converter) are
compared with healthy converter (B6) and conventional fault-tolerant converter (B4)
operation of the induction motor drive with PTC for speed 85 rad/sec and a load torque of 8
N-m are presented. The healthy converter stator current THD is 6.8 %, torque ripple is 1.25
N-m and flux ripple is 0.042 Wb, whereas the conventional fault-tolerant converter stator
current THD is 14.2 %, torque ripple is 4.12 N-m, flux ripple is 0.153 Wb and also for the
proposed fault-tolerant converter stator current THD is 6.95 % having torque ripple of 1.48
N-m and flux ripple of 0.062 Wb. From the above results, it is observed that torque ripple,
flux ripple and stator current THD of the proposed converter is almost similar to the healthy

converter.

6.10. Field Weakening Mode using Topology-B

To verify the proposed topology in the field weakening region, the estimation of torque

reference and stator flux reference is consider based on the below equations.

prel = groted , Lrated (6.13)

Where w,qteq 1S the rated speed of the induction motor.

ref

ref _ mrated , Ps _ mrated , Prated

Te - Te * (prated - Te * w—r (614)
S

Where TJ4ted is the rated torque of the induction motor.
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Fig. 6.27 Control algorithm for field weakening region

The control algorithm for the field weakening region is shown in Fig. 6.27. Simulation and
experimental results of the proposed fault-tolerant converter operating above its rated speed
of 150 rad/sec to 180 rad/sec and then to 200 rad/sec to observe the field weakening mode

of operation are shown in Fig. 6.28 (a) and Fig. 6.28 (b) respectively. From the results it is
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observed that the drive is able to operate satisfactorily for this increase in speeds. The
Lissajous pattern of stator flux results for the proposed topology with speed changes from
150 rad/sec to 180 rad/sec and then to 200 rad/sec is shown in Fig. 6.28 (c).
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Fig. 6.28 Simulation and experimental results of the proposed topology in the field
weakening region
a) Simulation results of the proposed topology operating at a speed of 150 rad/sec to
200 rad/sec.

b) Experimental results of the proposed topology operating at a speed of 150 rad/sec
to 200 rad/sec.

c) Lissajous pattern for stator flux for the proposed topology operating at a speed of
150 rad/sec to 200 rad/sec.

6.11. Summary

Three-level boost converter/Boost converter fed fault-tolerant inverter for induction
motor with predictive torque control is presented in this chapter. Results are presented for
conventional inverter configuration (B6), conventional fault-tolerant inverter (B4)
configuration and B4 configuration with three-level boost converter/boost converter fed
fault-tolerant inverter on the developed hardware setup at a load torque of 8 N-m using
predictive torque control for three-phase induction motor drive. From the results it is
observed that the operation of proposed three-level boost converter/boost converter fed
induction motor drive in post-fault operation is very close to the conventional two-level
inverter (B6) fed induction motor drive. These proposed drive systems has offered
considerable improvement in the torque ripple, current THD and balanced dc-link voltage

of capacitors compared to a conventional two-level fault-tolerant inverter (B4). The
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proposed topologiesare validated in field weakening region of operation and also verified
by using simulation and experimental results. From the results it is observed that, the drive
is operating satisfactorily even above the rated speeds with proposed converter topologies
and control algorithm.The proposed fault-tolerant converter topologies and fault-tolerant
topologies existing in the literature are carried out for a load torque of 8 N-m at 85 rad/sec
and results are presented in Table-6.1 w.r.t the number of components used, Open-Circuit
(OC) and Short-Circuit (SC) fault, control complexity, torque ripple, flux ripple, %THD of
stator current. From the results, it is concluded that the proposed fault-tolerant converter
topology operates the drive at rated values during post-fault operation with less control
complexity when compare with the existing converter topologies. Hence proposed drive
system may be considered as one of the alternatives for the direct torque controlled fault-

tolerant induction motor drives.
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Table-6.1 Comparison of proposed converters with conventional fault-tolerant converters

Ripple at (85
Topologies | Switches | Diodes Redundant Switches Leg Control radisec &3 fm) THD Performance
polog Switches Complexity | Torque Flux (%)
sC OC |sC oc (N-m) | (W)
Proposed 3 100 %
Topology-A 8 2 Yes Yes Yes Yes Average 1.47 0.062 6.92 operation.
Proposed 3 100 %
Topology-B 7 1 Yes Yes Yes Yes Average 1.48 0.062 6.95 operation.
Faulty phase Restricted to 50
o ;
connected to 6 - 3 Yes | Yes | Yes | Yes| Complex | 412 | 0153 | 1165 | 2 Ofoperation,
midpoint of dc-link voltage
dc-link fluctuations.
. 100 % of
Additional leg 8 - 3 Yes Yes Yes Yes Complex 1.45 0.045 6.75 .
operation.
Restricted to 50
% of operation,
Motor r_leutral Extra Neutral
terminal terminal
connected to 6 - 3 Yes Yes Yes Yes Complex 4.45 0.221 12.13 required &
midpoint of a
. Motor operates
dc-link .
in Two phase
mode.
Restricted to 50
% of operation,
Motor neutral Extra Neutral
terminal 8 - 3 Yes | Yes | Yes | Yes | Complex 425 | 0191 | 11.89 | terminal
connected to required &
extra leg Motor operates
in Two phase
mode.
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Chapter-7
Conclusion and Future Scope



7.1. Overview and Summary of Results

Most of the industrial applications in the continuous process industry demand
continuous and trouble free operation without interruption for different operating conditions
and speeds depending on the requirement. In modern industry most of the drives are AC
drives with induction motors controlled with power electronic converters and there is a
possibility of occurrence of fault due to open-circuit or short-circuit of power electronic
devices in the converter. Many drives are operating with three phase two-level voltage
source inverter consists of three legs with two devices in each leg (B6 Configuration). Due
to failure of any device in one leg, it becomes B4 configuration and it will not support full
rated operating conditions of the drive along with other draw backs. To overcome the
drawbacks in the conventional fault-tolerant converter topology (B4), two topologies are
developed for induction motor drive i.e., three-level boost converter (TLBC) based two-
level fault-tolerant converter topology and boost converter (BC) based two-level fault-
tolerant converter topology for three-phase induction motor drive. These topologies can
operate the drive in full rated condition along with balancing the dc-link voltage across the
capacitors in pre-fault and post-fault conduction for various operating conditions such as
change in speed and variations in load. Further, these topologies improves the stator current
% THD, stator flux ripple, torque ripple and also reduce the speed fluctuations when
compare with conventional fault-tolerant converter topology (B4). The simulation and
experimental results shows the effective operation of the proposed drive. From the results it
is observed that its operation under faulty condition is closely match with the healthy
converter topology (B6) with the proposed converter configurations and their control
strategy. The two proposed fault-tolerant converter topologies for induction motor drive is
controlled by various control algorithms i.e., speed control using V/f method, field oriented

control (FOC), direct torque control (DTC) and predictive torque control (PTC).

The two proposed fault-tolerant converter topologies operation with the control
algorithms are examined in experimentation along with simulations for healthy converter
(B6) and conventional fault-tolerant converter (B4). In post-fault operation, the proposed
fault-tolerant converter topologies can operate the drive in full rated capacity and also
eliminates the voltage balance at dc-link. From the simulation and experimental results, it is

also witnessed that the proposed fault-tolerant topologies with switch failure capability and
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its control logic; stator currents, torque and speed are almost gives similar results as that of
healthy converter.

Using field oriented control algorithm, results are presented for healthy inverter
configuration (B6), conventional fault-tolerant inverter (B4) configuration and proposed
fault-tolerant converter topologieson developed hardware setup for induction motor drive.
From the results it is concluded that the operation of proposed fault-tolerant converter
topologies fed induction motor drive in post-fault operation is very close to the conventional
two-level inverter (B6) fed induction motor drive. Proposed drive systems has offered
considerable improvement (reduction) in the torque ripple, current THD and balanced dc-

link voltage of capacitors compared to a two-level inverter (B4).

Using direct torque control algorithm, the proposed converter topologies operation
is compared in real-time with healthy inverter topology (B6) and conventional fault-tolerant
converter topology (B4). Proposed converter topologies under post-fault condition balance
the dc-link capacitor voltages, operates the drive in full rated load condition with less stator
flux ripple and torque ripple indeed with stator current THD. From simulation and
experimental results, it is observed that proposed converter topologies operate the drive
system satisfactorily during open-circuit and short-circuit faults in the inverter for all
practical conditions and also prove that the proposed fault-tolerant converter topology offer

better performance than conventional fault-tolerant converter topology (B4).

Using predictive torque control algorithm, the proposed fault-tolerant converter
topologies operation is compared in real-time with healthy inverter topology and B4
converter topology. In post-fault operation, the proposed fault-tolerant converter topologies
can operate the drive in full rated capacity and also gives a better dynamic performance,
eliminates the voltage balance at dc-link in the B4 converter. From the simulation and
experimental results, it is witnessed that the proposed fault-tolerant topologies with switch
failure capability and its control logic gives stator currents, torque and speed are almost
similar results as that of healthy inverter (B6). However conventional fault-tolerant topology
(B4) drive operates with less capacity in all the operating conditions tested. The proposed
topologies are validated in field weakening region of operation and also verified by using

simulation and experimental results. From the results it is observed that, the drive is
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operating satisfactorily even above the rated speeds with proposed converter topologies and
control algorithm.

Table-7.1 Summary of experimental results for proposed Topology-A at a steady-state

Speed Torque Torque ripple [Nm] Stator current THD (%)
Methodology | 1 4/sec] | [Nm] FOC | DTC | PTC | FOC | DTC | PTC
Conventional 150 8 1.68 1.58 1.44 6.98 7.35 7.25
Converter (B6) 80 8 1.61 1.46 1.40 6.70 6.92 6.82
Conventional
Fault-Tolerant 80 8 3.14 2.26 4.04 11.48 9.81 13.8
Converter (B4)
Proposed Fault- 150 8 1.78 1.70 1.56 7.21 7.73 7.45
Tolerant
Topology-A 80 8 1.72 154 1.46 6.90 7.02 6.91

Table-7.2 Summary of experimental results for proposed Topology-B at a steady-state

Speed Torque Torque ripple [Nm] Stator current THD (%)
Methodology [ra%/sec] [Nr?ﬂ FOC | DTC | PTC | FOC | DTC | PTC
Conventional 150 8 1.68 1.58 1.44 6.98 7.35 7.25
Converter (B6) 85 8 1.62 1.48 1.25 6.75 6.97 6.8
Conventional
Fault-Tolerant 85 8 3.31 3.12 4.12 12.28 10.21 14.2
Converter (B4)
Proposed Fault- 150 8 1.84 1.70 1.59 7.61 7.73 7.45
Tolerant
Topology-B 85 8 1.88 1.51 1.48 6.98 7.01 6.95

7.2.  Conclusions

In this research work, two-fault tolerant converter topologies are proposed with four
control algorithms such as scalar v/f control, field oriented control, direct torque control and
field oriented control for induction motor drive. These topologies can operate the drive in
full rated condition along with the dc-link voltage across the capacitors are balanced in pre-
fault and post-fault conduction over speed and load changes. Further, these topologies
improves the stator current % THD, stator flux ripple, torque ripple and also reduce the
speed oscillations when compare to the conventional fault-tolerant converter topology (B4).
The simulation and experimental results shows the effective performance of the proposed
drive and from the results it is observed that it is closely match with the healthy converter
topology (B6). Hence the proposed converter topologies with four control algorithms may

be considered as some of the alternatives for the fault-tolerant induction motor drives.
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7.3.

Future scope

Investigation of novel control algorithms for two-level fault-tolerant induction motor
drive to obtain the still better results of the drive system in terms of w.r.t stator flux,
torque and stator current % THD.

Investigation on fault-tolerant converter topologies for four quadrant operation of
induction motor drive.

Investigation of multi-level fault-tolerant converter topologies for three-phase

induction motor drive.
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Appendix A: Experimental Setup Specifications

Al: Induction motor specifications and parameters

Rated Power 2.2kw
Supply Voltage 415V
Rated Current 46 A
Number of Poles 4
Rated Speed 1430 RPM
Rated Torque 14.66 N-m
Rated Stator Flux 1 Wb
Stator Resistance (Rs) 2.23Q
Rotor Resistance (R) 1170
Stator Inductance (Ls) 0.23H
Rotor Inductance (L) 0.23H
Mutual Inductance (L) 0.198 H
Moment of Inertia (J) 0.051 Kg-m?

A2: DC generator specifications

Rated Power 1.5 kW
Rated Speed 1500 RPM
Armature Voltage 220V
Armature Current 6.0 A
Field Voltage 220V
Field Current 0.6 A
Winding Shunt

A3: Two-level VSI specifications

Rated Power 9.3 KVA
Input VVoltage 415V
Input Current 13.8 A
Input Frequency 50 Hz
Output Voltage 0-415V
Output Current 13.0A
Output Frequency 0-200 Hz
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A4: Incremental Encoder Specifications

Voltage Supply Range 10to 30V
Pulses per Revolution 1024
Starting torque 0.01 N-m
Maximum RPM 6000 RPM
Pulse Frequency 300 kHz
Low Signal Level 05V
High Signal Level Vee-1V
Channel A/A Green/ Yellow
Channel B/B Grey/ Pink
Channel Z/Z Blue/Red
V¢cand Ground Brown/White

Ab5: Sensor Board Parameters

Voltage Sensing Board
Supply Voltage +15V
Maximum DC Voltage 800V
DC link Voltage Gain, ADC 8 465
Current Sensing Board
Supply Voltage +15V
Maximum Current 25 A
Current Gain, Phase “a”, ADC 6 19
Current Gain, Phase “b”, ADC 7 19

A6: dSPACE 1104 Specifications

Processors

Primary Processor

Slave Processor

Inputs and Outputs

Muxed ADCs 4 Multiplexed ADCs, 16 Bit
ADCs 4 ADCs, 12 Bit
DACs 8 DACs, 16 Bit
Digital 1/0 20-bit digital 1/0

Peripherals

Incremental Encoder

Serial Interface

PCI Slot 32-bit PCI slot
PWM 1, 3-® PWM
4, 1-® PWM
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MPC8240, PowerPC 603e core, 250 MHz
Texas Instruments’ DSP TMS320F240

2, 24-bit digital incremental encoders
Serial UART (RS232, RS485 and RS422)
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Appendix B: Simulation and Experimental Parameters

B1: Simulation Parameters

Start time 0.0 sec
Stop time 5.0 sec
Solver type Fixed step
Solver Ode 1 (Euler)
Tasking mode Single tasking

B2: Experimental Parameters

Start time 0.0 sec
Stop time Infinite
Solver type Fixed step
Solver Ode 1 (Euler)
Tasking mode Single tasking
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