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Abstract

Direct Torque Control (DTC) is the state-of-the- art control strategy for 3-phase AC motor drives which
allows direct control of torque and flux without involving very intensive computations that are inevitable
for field oriented control (FOC). It is well known that DTC has more torque and flux ripples as compared
to FOC as the former is based on voltage vector selection from a 3-phase 2-level inverter that offers only
6 non-zero voltage vectors as possible choices. Increasing the number of levels in a 3-phase inverter will
allow more choices of voltage vectors and hence torque pulsations can be minimized in high performance
drives; however, this also increases the complexity of computations and the number of components in the
power circuit. The three-level inverter used in this work involves only three extra bi-directional switches
as compared to the number of devices in a two-level inverter and hence the cost increase is insignificant
as compared to a two-level voltage source inverter (VSI). The major advantages of DTC such as no
requirement of current controllers, axes transformation, rotor position sensors- are still preserved when
we use a three-level VSI. DTC’s lesser parameter dependency and fast torque response has made this
control technique more popular in industrial motor control. The objective of this research work is to
evaluate and compare the performance of a DTC based three-phase induction motor drive (IMD) while
it is being fed by two-level and three-level VSIs. A two-level hysteresis band controller is used as a flux
comparator and a three-level and five level hysteresis controllers are used as torque comparators in the
two-level VSI and three-level VSI fed drives, respectively. The performance of the drive in these two
cases are compared in terms of starting current and torque, response time, responses during speed and
load disturbances. The amount of pulsations in the torque and current are estimated for the two-level and
three-level VSI fed cases.

The minimization of torque and current ripples has become one of the most important challenges espe-
cially in the case of a DTC fed IMD. In extension to the classical DTC, this work also proposes a novel
predictive torque control (PTC) algorithm for an induction motor that is simple to implement and also
minimizes switching loss by efficient voltage vector placement. An algorithm for selecting the nearest
zero/redundant vector is presented. The aim of this portion of the research work is to evaluate and com-
pare the performances of the DTC and PTC algorithms both applied to a three phase induction motor
fed by a three-level diode clamped VSI. The comparison has been made based on the torque and current
ripples, settling time, and response times during speed and load disturbances and Total Harmonic distor-

tion (THD) of the motor current. The algorithms are simulated using Matlab/Simulink and the results
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are presented. It is observed that the implementation of PTC scheme yields better performance with
reduced torque ripple than the classical DTC. An experimental setup using an FPGA based controller is
developed in the laboratory to implement the DTC based IMD on a 5.7 kW 3-phase induction motor.

A novel direct power control (DPC) scheme, with virtual flux orientation based on the grid voltages,
has been implemented for an active front end converter (AFEC) feeding the DC link of the VSI. The in-
verter feeding the induction motor is a multilevel inverter controlled by predictive torque control (PTC).
Estimation of instantaneous active (P) and reactive power (Q) for the AFEC is carried out using virtual
flux from the mains supply. Optimal switching states are selected from the switching table based on the
errors in P and Q and hence the active and reactive power control is directly accomplished by the device
switching states of the front end rectifier. The proposed PTC algorithm predicts the behavior of the drive
under various load conditions which accordingly sets the power requirement for the AFEC. The pro-
posed optimal voltage vector selection algorithm is applied to both rectifier and inverter, which reduces
the number of switchings and therefore results in distinguishable reduction in the switching losses. Four
quadrant operation of this multi-level inverter fed IMD with DPC at the front end and PTC at the load
end is modeled and simulated in Matlab/Simulink environment and the results are presented. The per-
formance obtained for the drive with the proposed control configuration under various steady state and
transient operating conditions show that the drive possesses a very good dynamic response apart from

having an acceptable power quality at the point of common coupling.
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Chapter 1

Introduction

1.1 Introduction

Electric drives are motion control mechanism which make use of electrical machines, the input to
which is modulated by power electronic converters using software tools and suitable control configu-
ration implemented on an embedded platform. Generally, the main objective of the electric drive is to
control the output load torque and speed, while converting the electrical energy from the power source
into mechanical form. Fig. 1.1 shows the block diagram of an electric drive system along with its control
configuration wherein the control can be implemented by analog controllers or digital processors such
as digital signal processors (DSPs) or microprocessors/ microcontrollers [1]- [2].

The increasing demand over the years for advanced motion control technologies have resulted in
the development of many control strategies for electric motor drive systems. This is because of the fact
that medium voltage drives are immensely employed in the industry. Proper integration of motor drives
with suitable control schemes improves the performance and efficiency of an electric motor and its input
power quality (PQ) too [3]. Also, the advent of a plethora of high power, high frequency, less lossy power
semiconductor devices, novel circuit topologies and processors with immense computational capability
have contributed to the development of high performance electric drives. Among all the conventional
electric motors, squirrel cage induction machines (SCIMs) have really attracted a lot of attention due to
their advantages like low maintenance requirement, high power-to-weight ratio, high reliability, etc. With
the advent of different control schemes such as field-oriented control (FOC) and direct torque control
(DTC), SCIMs are replacing dc motor drives even for adjustable speed applications [4]. Classification
of various control schemes for induction motor drives (IMDs) are shown in Fig. 1.2. The main objective

behind applying these techniques is to achieve high performance in motor drives.
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As the name indicates, scalar control changes voltage and frequency magnitudes in proportion to
each other to achieve control over the rotor speed until base speed. Above rated speed, field weakening
is incorporated to achieve constant power operation. Field oriented control (FOC) strives to emulate
DC motor control structure into an induction motor (IM) by decomposing stator current into torque
producing and flux producing components of current and control these components independently. On
the other hand, direct torque control (DTC) deals with flux linkages and voltages directly rather than
dealing with the currents. These control techniques can be implemented by making use of different
types of converters. Classification of converter topologies is presented in Fig. 1.3. As shown in the
figure, the power conversion could be direct AC-AC conversion using a cycloconverter; otherwise, a
fixed frequency, fixed magnitude AC is converted into DC and then in the next stage, it is converted into
AC of required frequency and magnitude by making use of voltage source inverters (VSIs) or current

source inverters (CSIs).



1.2 State of the Art of Control techniques in Induction Motor Drives

Three-phase SCIMs are extensively used in industries owing to their low cost, simple and rugged
structure, self-starting capability and versatility. Due to the advent of power electronic converters, these
motors are used for several adjustable speed applications such as electric traction, paper mills, tex-
tile mills, process control industries, electric four wheelers, mining and heating, ventilating and air-
conditioning (HVAC) systems. Some of the applications like CNC machines, robotics, traction systems
and textile mills require very accurate speed and position control mechanisms. Accurate control can be
achieved by employing state-of-the-art control techniques like FOC or DTC [5-7]. FOC is capable of
generating a good amount of torque even at zero speed condition which is useful in applications such as
elevators, cranes and hoists. However, the implementation FOC requires huge amount of calculations to
be done in a short span of time and coordinate transformations. On the other hand, DTC is simpler to
implement, as it deals with flux linkages and torque directly, rather than dealing with currents as is the
case with FOC. DTC does not require coordinate transformation and it is not necessary to determine the
exact position of the flux linkage space vector. Because of these advantages, DTC is becoming popular
with three-phase IMDs for various applications [8—10]. But, one of the major drawbacks of any DTC
drive is the pulsations in its torque [11]. The pulsations are caused by the overshoot and undershoot in
the magnitude and position of the flux linkage space phasor. There are only six non-zero voltage vectors
available in a two-level voltage source inverter (VSI) out of which two voltage vectors have to be chosen
to nullify the flux and torque errors obtained from the DTC algorithm. Due to the constraints imposed
by the power converter devices and processor used, the minimum sampling time is restricted to a certain
value. So, any voltage vector applied to the stator in a DTC drive, is sustained for a duration of that
sampling interval. This causes overshoots and undershoots in the torque and flux values. If there had
been more choices of voltage vectors, this situation could have been avoided. One has more choices in
voltage vectors by using a multilevel inverter [12]- [13]. Such an inverter, say, a 3-level inverter will
have various switching combinations of the devices involved. In a 3 level inverter, 360° space is divided
into 12 sectors and one can utilize twelve non-zero vectors out of 27 possible voltage vectors to control
the position and magnitude of the flux.

Different types of controllers are employed while implementing DTC or FOC. A unified approach
for designing control configuration for switching converters and electrical machines is realized in the
form of sliding mode control (SMC) or variable structure control (VSC). This technique is appropriate

during the discontinuous control actions i.e. the ON-OFF behavior of power converter switchings [14].



But the main drawback is chattering effect. Because of high frequency switching, the condition of the
switches changes so fast that it leads to the change of whole structure of the controller making the
chattering effect persist. So, higher order of SMCs are proposed for eliminating these issues and for
achieving accurate performance of the system.

Predictive torque control (PTC) is another upcoming robust control technique for both linear and
non- linear systems [15]. The availability of fast microprocessors and DSPs has led to better controlla-
bility and higher accuracy in power converter fed electric drive systems. PTC as well as model predictive
control (MPC) techniques require intensive computations; but, these are capable of achieving high per-
formance control in AC drives [16]. The concept of predictive control involves in predicting the future
behavior of the system for different kinds of inputs. Though there are many innovations and control
techniques proposed in the literature for the speed control of drives, still there is scope for simplifying

the control architecture and topological configurations for AC motor drives.

1.3 Research Gaps

High performance AC motor drives employ FOC and DTC commonly either using a VSI or CSI. In
a typical FOC algorithm, the stator current is decomposed into flux and torque producing components.
For achieving this, estimation of the exact position and magnitude of the air gap flux is essential which
is done by making use of complex coordinate transformations [5]. On the contrary, DTC has gained
prominence with adjustable speed IMDs due to its fast torque response and simplicity in implementation;
but, the conventional DTC algorithm causes high torque and current ripples especially at lower speeds.
A modified DTC technique based on stator voltage vector prediction is proposed in [17]- [18], where
the drawbacks such as current distortion and torque ripple are minimized. However, power quality
improvement achieved due to these algorithms are not highlighted in these papers. An improved DTC
technique with space vector modulation (SVM) is proposed in [9] which eliminates undesired torque and
current ripples effectively. A performance comparison of DTC based IMD with P and PI controllers is
presented in [19]. A neuro-fuzzy based adaptive controller for accurate speed estimation in a sensorless
direct torque controlled IMD, working at low speeds, is discussed in [20] wherein model reference
adaptive controller is being employed as a rotor flux observer. There are a large number of papers on the
modeling and simulation of IMDs in MATLAB, whereas [21] describes complex real-time simulation of
IMD using RT-Lab software while it is running simultaneously on several personal computers.

A few papers discuss specially designed model predictive DTC to provide fast dynamic and good



steady state performances for an IMD by reducing rotor flux and electromagnetic torque ripples [22-25].
However, many of these control algorithms are applicable while operating the converter at high switch-
ing frequencies. On the other hand, PTC using immediate flux control (IFC) [26] allows the converter
to operate with a low average switching frequency, with slightly higher current and torque ripples. In
the second variant of IFC, these ripples have been reduced drastically, but with a considerable increase
in the average switching frequency. In [27], an objective comparison of model predictive direct torque
and current control methodologies has been done. A comparative study between PTC and DTC for a
permanent magnet synchronous machine (PMSM) is presented in [28]. Based on the control techniques
discussed above for various adjustable speed AC motor drives, some research gaps have been identified
and they are being addressed in the present work. The work carried out in this thesis are as follows:

e Analysis on various control strategies for the performance improvement of Multilevel Inverter fed
IMDs.

e Implementation of the above control strategies in Simulink/MATLAB platform and identification of
the limitations with the existing control strategies.

e Proposing a suitable control strategy to overcome these limitations especially with reference to multi-
level inverter fed IMD to reduce switching losses and to improve performance.

e Implementing this IMD scheme experimentally using an FPGA to achieve compact hardware setup

with high performance capability.

1.4 Scope of the work

In most of the DTC drives, high switching frequency due to the use of hysteresis controllers and
associated switching losses are major issues, especially when a multi-level inverter is used to feed the
IMD. Furthermore, the ripples observed in torque and flux, particularly in low speed operation, pose a
major problems to sensitive loads. Some remedial measures are proposed to overcome these issues in
the present work. Initially, the performance of a DTC based IMD fed by a 2-level and 3-level inverters
are compared in terms of their starting and steady state responses, flux and torque ripples, overshoots
and undershoots during speed and torque perturbations. The three level inverter used here has reduced
number of devices and yet capable of yielding a voltage with low output distortion. A modified DTC
strategy incorporating predictive algorithm is proposed for the three level reduced switch (nine switches)

VSI fed IMD. This inverter topology is less costly than a regular three level inverter due to the use of



only one additional device per leg as compared to the normal two-level VSI. The future behaviour of
the system in terms of flux, current, and torque are predicted using mathematical model equations and
the voltage vector that minimizes the future error is deduced; this particular voltage vector is applied to
the motor drive to achieve a better performance. The complete system is studied for different speed and
load conditions by modelling the drive system in Simulink/MATLAB. The torque and current ripples,
settling times and overshoot, total harmonic distortion (THD) etc. are analysed and also compared with
the classical DTC method and the results are presented. A novel predictive control scheme for a three-
level diode clamped VSI fed IMD is presented for reducing the torque ripples; further, its performance
is compared with a two-level inverter fed drive. For implementing predictive control, the present values
of drive parameters such as its current and flux are utilized to predict the behavior of the complete drive
system during the next time step. This enables the controller to apply a suitable combination of voltage
vector(s) such that the torque ripples could be minimized. The proposed predictive control algorithm
is analyzed and the responses are studied for different load and speed conditions of the IMD using
Simulink/MATLAB. Whenever there is a redundancy in the switching states of the devices to obtain a
particular voltage space vector, suitable choice is made so that the number of switching transitions is kept
to a minimum. The switching losses, THD in the stator current, current and torque ripples, overshoot
and settling time are analyzed in detail, in this work. The present work combines the optimal zero vector
placement strategy for switching loss reduction for the multi-level inverter with direct power control of
the active front end (AFE) rectifier. Direct power control of three phase AFE rectifier achieved by optimal
voltage vector selection based on the estimation of grid virtual flux. This enables the control strategy to
calculate instantaneous active and reactive powers. On the load side, three level neutral point clamped
inverter fed IMD is controlled using the proposed PTC algorithm with optimal zero vector placement
that reduces the switching losses. This analysis is carried out in Simulink/ MATLAB/ environment for
dynamic operating conditions in all four quadrants of dive operation. Finally PTC based IMD has been
implemented using an FPGA module. The performance of the drive has been recorded for different

operating conditions.

1.5 Organization of Thesis

The work done during the course of this doctoral study has been organized in the form of a disser-
tation in the following chapters:

Chapter 1 introduces classification and state of the art of control schemes for an IMD and converter



topologies. This chapter also identifies research gaps and then presents the scope of this thesis work.
Chapter 2 gives an account of the literature survey carried out during the course of this research work.
The focus is mainly on the control techniques and circuit topologies of the converters for IMDs.
Chapter 3 elucidates the system configuration for both the front end converter and machine side con-
verter and their control methodologies.

Chapter 4 presents modeling and simulation of the proposed control schemes for inverter fed IMDs.
This includes both two-level and three-level inverter fed IMDs.

Chapter 5 discusses the results obtained from the simulation models for the proposed control techniques
for the reduced switch multilevel inverter fed IMD.

Chapter 6 presents the hardware setup for a FPGA controlled inverter fed IMD followed by experimental
results in Chapter 7.

Chapter 8 presents the main conclusions drawn from this research work. It also presents scope for future

work.



Chapter 2

Literature Review

2.1 Introduction

Higher efficiency, quick response and accurate control are the requirements of many of the indus-
trial drives today. Adjustable speed AC motor drives based on FOC and DTC are able to provide high
dynamic performance with maintenance-free operation. In the last two decades, due to the advent of high
speed processors and high power semiconductor devices and converters, many novel control configura-
tions have been implemented for IMDs catering to the needs of various applications such as e-mobility,
paper mills, textile mills and process control industries. This research work primarily concentrates on
multi-level converter fed IMDs with DTC and PTC techniques. An account of the literature survey car-
ried out during the course of this research work has been presented in the following sections. The papers
surveyed have been categorized under two specific topics namely, converter topologies and control tech-
niques for IMDs. Based on the material available on these two topics, research gaps have been identified

and subsequently, scope of work to be carried out during the course of this dissertation has been outlined.

2.2 Converters for Adjustable Speed Induction Motor Drives

In literature, articles [29] - [30] have discussed power converters and control systems for IMDs
because most of the industries use induction motors as their back bone especially for motion control
applications. A plethora of high performance, high rated power devices have been developed in the
recent past, which have given rise to a huge variety of converters thus improving the performance of
the motor drives significantly [3]. Among the different types of DC to AC inverters, two level voltage

source inverters (VSIs) are used for medium power drives whereas current source inverters (CSIs) are



commonly employed in very large capacity drives. For drives of high voltage rating, multilevel inverters

(MLIs) are commonly used.

2.2.1 Two level Voltage Source Inverters

Most of the two level VSI fed IMDs are used in medium and low power applications. Generally,
the number of levels of the converter is decided by the number of steps in the output voltage or current
(either zero or +Vdc/-Vdc) generated by the converter. This inverter output voltages or currents can be
generated using sine pulse width modulation (SPWM) technique. However, there are certain limitations
with SPWM [31]. The output voltage and current are distorted if the switching frequency is not high
enough and the total harmonic distortion (THD) of the voltage will be beyond the limits stipulated by
international power quality standards. Two level inverters have to be operated at high switching frequen-
cies if overall harmonic content in the output has to be reduced which is not possible for high power and
high voltage applications [32]. Most of the PWM techniques require high speed processors for successful
implementation [33-35]. One more modulation technique called space vector PWM (SVPWM) is com-
monly used in VSIs for better utilization of DC link voltage as explained in [36]. As two-level inverters
normally have only 6 possible (non-zero) voltage vectors, the choices are limited while implementing a
drive control scheme. From the point of view of increasing the choices available, MLIs provide a better

flexibility of control [37].

2.2.2 Multilevel Voltage Source Inverters

Multilevel converters are considered today as the state-of-the-art power-conversion systems for
high-power and power-quality sensitive applications [38]. An overview of multilevel converter topolo-
gies is presented in [39] and recent advances made in modulation and control of such converters are
discussed in [40]. These multilevel converters are employed in controlling motor drives and utility in-
terface systems. It is easy to produce high power, high voltage with the help of multilevel structure
because of the way in which device voltage stresses are controlled in the structure. MLIs include an
array of power semiconductor devices and capacitor voltage sources, the output of which generate volt-
ages with stepped waveforms. Hence, power rating is increased by increasing the number of voltage
levels in the inverter without requiring higher rating on individual devices. Medium-voltage multilevel
converters with a focus on achieving low harmonic distortion and high efficiency at low switching fre-

quency operation has been proposed in [41]. The main disadvantage of MLIs is the requirement of a
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large number of power semiconductor switches. As number of levels increases, the number of switches
and gate drive circuits increase which makes the overall system more expensive, complex and less reli-
able. Most of the inverters are controlled by Pulse Width Modulation (PWM) signals of various forms.
PWM methods for the most commonly used VSIs impress either voltages, or currents with low THD,
into the stator windings of the machine [42]- [43]. Modern inverter control techniques for the power
converters are capable of addressing issues such as power quality improvement, taking care of voltage
imbalances and enhancing efficiency of the system [44]- [45]. A PWM scheme for a dual-inverter-fed
open-end winding IMD is designed in [46] to eliminate harmonic currents. Simplified SVM techniques
for an MLI have been presented in [47]. Initially, cascaded MLI structure was introduced by McMurray
in the 1970’s [48]. But, the major problem with the cascaded H bridge inverter is the requirement for
multiple numbers of DC sources. Diode clamped or neutral point clamped (NPC) MLI was proposed in
early 1980’s [12], where all phases share a common DC bus, which minimizes the number of capaci-
tors of the converter and hence they are used in applications such as an interface between DC and AC
transmission lines and in adjustable speed drives. Another topology called flying capacitor MLI was
introduced subsequently [49] and there have been many papers on balancing the capacitor voltages in
that topology [50]. The flying capacitor inverter is similar to a diode clamped inverter; but instead of
clamping diodes, the inverter uses capacitors. A survey of existing MLI topologies and control configu-
rations are presented in [51]. Classical cascaded MLIs cannot provide regenerative operation in various
applications like transportation systems and downhill conveyors where bidirectional power flow is nec-
essary. In order to accommodate regeneration, a few topologies are proposed in [52]- [53]. A new MLI
topology with reduced switch count is proposed in [54]. Hammond has addressed the issue of DC link
voltage balancing in an MLI [55] as the intermediate DC levels tend to overcharge or discharge if there
is no precise monitoring and control. A 5-level inverter for a medium voltage drive has been presented
in [56] whereas a grid-tied MLI with higher efficiency is presented in [57]. Multi-level converters for
DC-DC applications are detailed in [58]. One major advantage of MLIs is that they can successfully
reduce the output THD even at lower switching frequencies [59]. The analysis of an MLI operating over
a wide range of modulation indices is discussed in [60]. Modular multi-level converters (MMC) [61]
are a new breed of MLIs that are used in off-shore oil-drilling applications. Ever since, there has been a

number of researchers working on MMC for various high power applications.
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2.2.3 Current Controlled VSIs (CC-VSIs)

Current controlled PWM converters are extensively discussed in the literature due to their merit of
having control over the output current despite the PWM controller directly controlling voltage waveform
only [62—-64]. Various current control techniques have been known for several years. They can be
grouped into the following classes: PI controllers, Hysteresis current controllers (HCCs) and Predictive
controllers. PI current controllers could predict the harmonics present in the output of an inverter due to
which the design of filters becomes simple. But, HCCs operate at variable switching frequencies making
the filter design difficult. Predictive controllers are quite complex to implement; so, the processors have

to be really powerful for implementing the predictive control technique. [65-67].

2.3 Control Techniques for Adjustable Speed Drives

The induction machines find ubiquitous application in industrial domain due to their maintenance-
free and rugged nature. Many upcoming control techniques like filed oriented control (FOC) and direct
torque control (DTC) have allowed induction machines to be used in adjustable speed applications,
especially with excellent dynamic response. These control techniques contribute to improvements in
efficiency and accuracy. Various control schemes reported in the literature for the accurate control of

IMDs are discussed in the following sections.

2.3.1 Field Oriented Control (FOC)

Most of the industrial applications such as electric traction, textile mills, paper mills, printing
presses, cement mills, oil drilling, process control, transport sectors, electric vehicles, conveyer belts,
pumps etc., make use of adjustable speed drives (ASDs). Some of them require accurate position control
whereas others may need exact speed tracking. ASDs are also widely used in commercial sectors espe-
cially for heating, ventilating and air-conditioning (HVAC) systems. The crux of FOCis to find the air
gap flux vector position at any instant of time and then decompose the stator current space phasor along
and perpendicular to the airgap flux so that these two components can be controlled independent of each
other. Decomposing the current (with respect to the air gap flux vector position) involves coordinate
transformations; it requires the exact position of the air gap flux vector. But, DTC is not as computation
intensive as FOC; so, DTC is preferred in many of the ASD applications where low speed operation is

not very common.
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2.3.2 Direct Torque Control (DTC)

It is quite challenging to control the torque and speed of an IMD especially because the phase an-
gle between the stator and rotor fluxes is dependent upon the load torque requirement and also because
rotor flux and current are not easily accessible. Scalar control, FOC, DTC, and sensorless DTC are the
most commonly used control schemes for IMDs [68-70]. Many advance control techniques (such as
sliding mode controllers and fuzzy logic controllers) are adopted to achieve an excellent dynamic re-
sponse during load changes and external disturbances [71], [72], [10]. The drive should be insensitive to
parameter variations as well. Direct torque and flux control strategy based on variable-structure control
and discrete space-vector PWM has been reported in [9]. Objectives such as torque error reduction,
high resolution of sector identification and torque & current ripple minimization have been achieved by
a high-performance controller for an IMD [73]. A neuro-fuzzy based adaptive controller for accurate
speed estimation in a sensorless direct torque controlled IMD, working at low speeds is investigated
in [74], wherein model reference adaptive controller is being employed as a rotor flux observer. There
are a large number of papers on the modeling and simulation of IMDs in MATLAB, whereas [21] de-
scribes complex real-time simulation of IMD using RT-Lab software while it is running simultaneously
on several personal computers. Sliding mode control (SMC) is a non-linear control method employed
to provide quick and accurate response, with robustness irrespective of motor parameter variations [75].
Sliding mode design methods and their applications in power electronics and motion control systems
are explained in [69]. Fuzzy sliding mode structure is developed in [76], which is capable of avoid-
ing chattering effect commonly observed in many ASDs. For high-performance applications of the IM
servo drive, a dynamic sliding mode controller (DSMC) with a recurrent radial basis function (RRBF)
network is proposed in [77]. In this paper, an adaptive dynamic SMC system (ADSMCS) for IFOC-IM
drive that guarantees the robustness in the presence of parameter uncertainties and load disturbances has
been discussed. The analysis, design and simulation of the FOC, DTC, and other non-linear methods
have always been attempted by various researchers aiming to achieve good dynamic performance of the

motor drive using different types of inverters such as VSIs, CSIs and MLIs.

2.3.3 Predictive Torque Control (PTC)

Despite the simplicity of implementation of DTC, its major demerit is high torque and current
ripples (in the motor drive) due to the limited choice of forcing function. Various modifications in the

control methodologies have been put-forth by the researchers to overcome these disadvantages [8], [78],
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[79]. Predictive torque control algorithms [24], [26], [17] advocate estimating the performance of the
drive for different forcing functions and ultimately choosing the one with the minimum deviation from
the desired operating point. In MLIs, the number of choices available for the forcing functions are more
and hence it becomes computationally more intensive to implement a PTC algorithm. A comparison
between the classical DTC technique and predictive torque control (PTC) is done in [18]; similarly,
the DTC technique has been compared with forced machine current control (FMCC) in [80]. From
all these reported works on PTC available in the literature, it is amply clear that PTC offers a number
of advantages (over classical control methods such as FOC, DTC, SMC) like lesser torque and current

ripples and accurate and faster tracking of speed and torque.

2.3.4 Direct Power Control (DPC)

Active front end (AFE) rectifiers are being employed in a wide range of applications, such as
Distributed Generating systems (DGS), Battery Energy Storage Systems (BESS) and adjustable speed
drives (ASDs), to improve the power quality at the point of common coupling (PCC).This is because
the consumers as well as the utilities are very concerned about maintaining an acceptable level of PQ
adhering to the international power quality standards. The quality of power has become a major concern
for the consumers as well as utilities due to the proliferation of power converters employed in various
applications causing non-sinusoidal currents to be drawn from the power grid. Various control strate-
gies for these AFE rectifiers, such as, Voltage-Oriented Control (VOC), Direct Power Control (DPC)
and predictive control [81-83] have been proposed in the literature. Direct power control technique for
three-level and multi-level converters have been discussed in [84], [85]. In [85], individual DC link ca-
pacitor voltage of each of the H bridges is controlled by selecting suitable space vectors such that power
sharing among different H bridges happen in proportion to their rating. The advent of many fast and
powerful microprocessors and digital signal processors have enabled the development of many new con-
trol techniques for modern power converters such as model adaptive reference controller (MARC) and
predictive controllers [86—88]. Predicting the future behaviour of a system is the main characteristic of a
MPC algorithm. At lower switching frequencies, if torque and current pulsations have to be reduced in
an IMD, it is essential to use advanced control techniques like FMCC and model predictive direct current
control (MPDCC). A comparison between FMCC and MPDCC is carried out in [89]. A combination of
a PI controller and predictive dead-beat controller is employed in [90], in order to achieve fast torque
and flux responses, when sufficient voltage reserve is available. Predictive optimal switching sequence

direct power control of a two level converter is presented in [91], which is computationally intensive al-
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though the output response is excellent. There have been research on the predictive direct power control
(PDPC) schemes for DC/AC converters [92]- [93], where the well-known predictive control is combined
with DPC for selecting the voltage vectors sequence. In contrast to all direct model predictive controllers
present until today, that precalculates the behaviour of the system for only next sampling time, the new

optimising control technique predicts the behaviour even for a longer duration as discussed in [94]- [95].

2.3.5 Power Quality Improvement

Extensive use of power converters in several applications has adverse effect PQ which results in un-
favorable attention from the utilities, simultaneously affecting the customers economically as well. PQ
problems include harmonics in voltage/current at load and supply sides, unbalance in voltages/currents,
neutral current in a 3-phase 4 wire configuration and deviation of power factor from unity. Power con-
verters connected to the utility are expected to maintain a power factor close to unity [96]. A review
of single-phase and three-phase improved PQ converters presented in the literature [97]- [98] outline
different converter configuration that could be employed to mitigate PQ issues. Several power factor
correction (PFC) methods [99]- [100] are available for PQ improvement at the PCC, in both DC-DC and
AC-DC converters. In general, passive (multiphase transformer based), active (switch based topologies)
and hybrid (combination of passive and active) wave-shaping techniques are employed for PFC at the
front end [101]- [102]. In addition to this, current injection technique is applied to AC-DC converters for
mitigating of harmonics and also to improve PQ indices [103]- [104]. But, it requires accurate current
control. A third harmonic current injection circuit using a zig-zag transformer is applied to front end
AC-DC converter in order to enhance PQ improvement in [105]. To mitigate problems related to voltage

sag and swell, dynamic voltage restorer (DVR) is commonly used as a remedial device [106].

2.4 Objectives of the Research work

Based on the literature review carried out on converters and control techniques for IMDs, it is found
that ample work has been done on the MLI fed IMDs; however, reduced switch MLIs have not been
analyzed sufficiently. This thesis work takes up analyzing reduced switch MLI thoroughly. To reduce
switching losses in the ML, it is essential to follow optimal switching sequence while transitioning
from one switching state to another. The work carried out in this thesis strives to minimize the number
of switchings that takes place during the operation of the DTC based IMD. Predictive torque control for

an IMD has been implemented with reduced switch MLI combining that with optimizing the sequence of
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switching of the devices in the MLI. The entire scheme is implemented on FPGA based control platform.
Employing an active front-end converter (AFEC) for a DTC fed IMD has been explored to improve input
power quality while direct power control (DPC) is adopted for the AFEC and predictive torque control

is used for the inverter feeding the motor drive.

2.5 Conclusions

There has been a lot of research work in the area of ASDs operating at medium and high voltage
levels. Due to the inherent advantages of IMDs, the focus, naturally, has been on the three-phase squirrel
cage induction motors. Most of the high performance drive applications require fast transient response.
This chapter discussed various control strategies available in the literature for torque, flux and speed
control of an IMD which results good steady state behavior and dynamic response under different load
conditions. This chapter also throws some light on power quality issues related to IMDs and different
strategies adopted for mitigating PQ issues. Finally, based on the literature review and identified re-
search gaps, the objectives of this research work have been spelt out. The next chapter will describe the

configuration of the system adopted in this research work.
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Chapter 3

System Configuration

3.1 Introduction

Adjustable speed drives (ASDs) controlled by different power converters are used in various appli-
cations ranging from low power residential, medium power level commercial to high capacity industrial
applications [107]- [108]. The purpose of using a power converter in drives is to improve the time of
response, accuracy and efficiency of the system. On the whole, every application requires suitable topol-
ogy and appropriate control scheme for accurate performance of the ASD system. Fig. 3.1 represents
the general configuration of the ASD system, where active front end (AFE) and machine side converter
(MSC) are of suitable power converter topologies chosen based on the application. Gate signals are
generated from the constituted control scheme and fed to the respective converter devices. Ultimately,
the output voltage of the MSC controls the ASD and AFE converter is fired in such a manner to maintain

the input power quality within acceptable standards.

3.2 Control methodology and implementation

There are different types of control schemes that can be used for controlling the speed and torque
of an IMD, namely, scalar control, field-oriented control, direct torque control and predictive torque
control. Salient features of some of these control schemes are presented in the following sections along

with modeling equations.
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Figure 3.1 General configuration of an Adjustable Speed Drive System

3.2.1 Direct Torque Control (DTC)

DTC technique was introduced by Takahashi and Noguchi [6]. In field-oriented control (FOC), the
stator current of an induction motor is resolved into flux and torque producing components of current 7,
and ¢4, where the d-axis is chosen along the magnetizing flux linkage vector position. So, FOC requires
exact position of the flux vector and also computation of currents along d and g-axes. On the other hand,
DTC requires the sector position of the flux vector and it deals with the voltages applied from the VSI
directly, as the applied voltage instigates the rate of change of flux linkages.

DTC is simpler as it deals with flux linkages and torque directly rather than dealing with currents
as is the case with FOC. DTC does not require coordinate transformation and it is not necessary to
determine the exact position of the flux linkage space vector. Because of these advantages, DTC is
becoming popular with three-phase IMDs [107]. But, one of the major drawbacks of any DTC drive
is the pulsations in its torque [108]. The pulsations are caused by the overshoot and undershoot in the
magnitude and position of the flux linkage space phasor. There are only six non-zero voltage vectors
available in a two-level voltage source inverter (VSI) out of which two voltage vectors have to be chosen
to nullify the flux and torque errors obtained from the DTC algorithm. Due to the constraints imposed
by the power converter devices and processor used, the minimum sampling time is restricted to a certain
value. So, any voltage vector applied to the stator in a DTC drive, is sustained for a duration of that
sampling interval. This causes overshoots and undershoots in the torque and flux values. If there had
been more choices of voltage vectors, this situation could have been avoided [109], [12]. One has more
choices in voltage vectors by using a multilevel inverter. Such an inverter, say, a 3-level inverter will
have various switching combinations of the devices involved. In a 3 level inverter, 360° space is divided
into 12 sectors and one can utilize twelve non-zero vectors out of 27 possible voltage vectors to control

the position and magnitude of the flux.
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Figure 3.2 DTC Scheme for an induction motor drive(IMD)

Fig. 3.2 shows the DTC scheme for an IMD. The main building blocks are speed PI controller,
torque, flux and field angle calculator, torque and flux hysteresis comparators, optimum voltage vector
selection table and the inverter feeding the motor. The idea of DTC is to control stator flux and torque by
regulating switching states of inverter. Optimum switching state is selected based on the present sector
position of the flux and on output of the flux and torque hysteresis controllers, so as to keep them within
the specified limits. Flux and torque are estimated from stator voltages and currents by flux & torque
estimators. Rotor speed is compared with reference speed to yield the speed error, which is used to
calculate the torque reference using a PI controller. Flux reference is calculated from field weakening
controller for above rated speeds. Estimated and reference values are compared and error values are
given to hysteresis controllers. Optimum voltage vector is selected from switching table based on output
signals from the flux and torque hysteresis controllers and sector position of flux. Various blocks in
Fig. 3.2 are explained as follows:

A. PI speed controller and Field weakening controller
The PI speed controller processes the speed error with proportional and integral constants and gives

electromagnetic torque reference as output.

T, = (kp +/k2) x Speed error 3.1
Voh

U,.r = L, x I, = 2~ 3.2

f X o f (3.2)
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where 9, s is reference flux linkage,
Vpn 18 phase voltage,
L,, is the per-phase magnetizing inductance,
I, s the per-phase magnetizing current.

For speeds below rated speed,

Y = Prey (3.3)

But for speeds above rated speed, field weakening happens and

ratedspeed

%U = 'QZ)TBf X (34)

newspeed
B. Torque and flux estimator
d-q transformation for stationary reference frame is applied to ABC (three-phase) voltages and currents.

Direct and quadrature axes components of currents and voltages are:

2
Vgs = 3 (va — 0.5v, — 0.50,) (3.5)
1
V. s = ——= /UC — 36
d 73 ( b) (3.6)
2
igs = 3 (i — 0.50, — 0.5.) (3.7)
. . .
ids = 7 (ic —1p) (3.8)

where v,, vy, V. are stator phase voltages and 7,, 3, %, are stator phase currents. Stator flux, torque
and angle of flux are estimated using these d and q values. Direct and quadrature axes components of

flux are:

wds = /(Uds — 1gs X R) dt 3.9)
Ygs = / (vgs — s X R) dt (3.10)
wactual — 1/st + jwds (311)

where R is the stator winding (per-phase) resistance. Estimated flux magnitude and position are

given by:

| = \/ V5, + V2 (3.12)
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and flux position o = tan~! (%)

Electromagnetic torque developed by induction motor is obtained as:

_ %

2 (wdsiqs - quids)

Te

where, p is the number of poles

C. PI speed controller

(3.13)

This block processes the error between the reference speed and actual speed and arrives at the reference

torque so that appropriate rate of change of speed is arrived at. This torque will nullify the speed error

eventually. £, and k; values have been chosen by trial and error.

D. Hysteresis Controller

Actual flux and torque values computed by the flux & torque estimators are compared with their reference

values set by the filed weakening controller and PI speed controller output respectively. These errors are

fed to the respective hysteresis controllers. Flux controller is of two level type and torque controller is

of three-levels. Flux and torque errors are given by:

wer‘r = wref - westimated

Terr = Tref — Testimated

The output of the flux hysteresis controller is,

For ... > fHQBW; Hy=1
For .., < —ngw; Hy,=-1

(3.14)

(3.15)

(3.16)

(3.17)

where, fypw is flux hysteresis band width and H,, is the flux hysteresis controller output. The

output of the torque hysteresis controller is,

THB
For 7., > QW; H =1
T
For 7., < — HQBW; H =-1
THBW THBW
For — 5 < Topp < 5 . H. =0

where 7w and H; are torque hysteresis band width and the controller output respectively.
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E. Voltage Vector Selection
From the outputs of the flux and torque hysteresis controllers and the sector position of the flux vector,
a specific voltage vector is chosen such that both flux and torque errors will be nullified. The voltage
vector selection table is a look-up table for the selection of an appropriate voltage vector depending upon
the torque & flux hysteresis controller outputs and the sector position of the flux linkage vector. If zero

voltage is to be applied (as the errors are zero), V and V7 may be used as the switching vectors.

3.2.2 Predictive Torque Control (PTC)

The same procedure adopted for DTC is followed in PTC [110] except that the prediction of the
future behaviour of the system is considered, which means future (predicted) values of stator flux and
torque are calculated. Predictions are made for every exciting function possible (due to different switch-
ing combinations in the inverter) and the reference tracking is improved by selecting the switching vector

for which the error is minimum. Block diagram of PTC is shown in Fig. 3.3.
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Figure 3.3 Block diagram of PTC scheme

The stator currents (,,%,%.) of an IMD defined in three-phase coordinates are as follows:

iq = I.sin (wpt) (3.21)
9

iy = I.sin (wgt i g) (3.22)
4

i, = I.sin (wgt + %) (3.23)

where wy is the angular frequency, “I” is the peak of the input current of the IMD. The transforma-

tion of the stator currents from three phase to two phase are described as:
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1 =

[SVIN )

(ia + aiy + a%i.) (3.24)

j2m 9 jam

W o _ _ 1 /3 — — 1 ;
where “7,” is stator current Space phasor, a=es = —3 —1—37 ,a"=e s = —35—)

S

The estimation block calculates the present values of space phasor variables that cannot be mea-
sured such as rotor flux (¢,.), stator flux (1) and stator current (i), using the sensed values of a- and

b-phase stator currents (i, ). The estimation of stator flux depends on the stator voltage (v,) equation.

dvp,

s:RsAs
v 1s + o7

(3.25)
After discretization of eq. 3.25 using Euler’s formula, estimated value of stator flux at k" instant

for a sampling time of 7 is obtained as:

bs(k) = sk — 1) + TVi(k) — R Tuis(k) (3.26)

Similarly, the rotor flux estimation can be derived from the rotor flux linkage equations as:

Up = ts Ly + 1Ly (3.27)
From eq. 3.27,
. 1/}1“ - ZsLm
= 3.28
i I (3.28)
The stator flux linkage equation is:
Vs =isLs + iy Ly, (3.29)

Substituting eq. 3.28 in eq. 3.29, the rotor flux can be re-written as:

~ L.~ L, L,
Yy = Ews + i (Lm I ) (3.30)

Thus, by discretizing eq. 3.30, the rotor flux can be estimated based on the present value of the

stator flux (¢,(k)) as:
L

(k) = L’“ by (k) + is (k) (Lm — LL’"LS> (3.31)

The estimation stage is completed by estimating stator and rotor flux at k" instant using eq. 3.26

and eq. 3.31. In PTC, during second stage, the predictions for the controlled variables i.e. electromag-
netic torque (7) and stator flux (1),) are computed for the next sampling i.e., (k + 1) instant. Prediction

for stator flux (¢?(k + 1)) and Torque (77(k + 1)) are obtained as:

23



WP (k4 1) = {y(k) + T Vi(k) — RyTyis(k) (3.32)
3
TP(k+1) = é)zm {Eﬁ(kz 1)k + 1)} (3.33)
The torque prediction totally depends on the predicted stator current and flux. According to [111]

and [112], the equations of the rotor and stator dynamics of an IMD (squirrel-cage type) are:

dig , _ k. (1 . 78
' — = — — | = - — .34
1s + To 7 JWETels + R, ( jw) U, + (3.34)

where k, = LL—T: R, = R, + R.K:, 7, = (1 — L—%)L—Z and 7, = é—: (whose values are mentioned
in the A.2)).
After discretization of eq. 3.34 based on Euler’s approximation, the obtained value of predicted

stator current (i (k + 1)) is:

2+ 0 = (14 2 )i + | (B = i) B+ vw)|

To To + Ts T

(3.35)

Prediction of stator flux (eq. 3.32) and stator current (eq. 3.35) are used to calculate the torque
prediction (eq. 3.33). Both the stator flux and torque prediction are written in terms of inverter voltage
(Vi(k)-

The error minimization is the third and last stage. The error (¢5,) is the difference between the pre-
dicted and reference values of controlled variables. Basically, the predictions of the controlled variables
(stator flux, torque and stator current) are obtained for every possible value of (V,(k)) at (k + 1) in-
stant. Also, the error function is evaluated for every prediction and finally, that switching state is selected
for which the error is minimum. Based on this process, the firing pulses are generated and applied to

inverter.
e = |T" = TP(k + Dl + Mgt — v (k + 1)) (3.36)

where h € [0, 1, ..., 6] in case of two level and [0, 1, ..., 18] in case of three level. Weighting factor (\)

is chosen as the ratio of nominal torque to nominal stator flux.

3.2.3 Power quality improvement and DPC

A block diagram of the proposed technique is represented in Fig. 3.4. First the three-phase balanced
voltages and line currents are converted into two-phase form by making use of Clarke’s transformation

[113].
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(3.38)

where V,, V;,, V. are three phase power source voltages and i,, i,, i. are three phase line currents.

The instantaneous real power and reactive power can be calculated from these transformed voltages and

currents as [114]:

D = Uala + Vgl

and

q = Valg — Vglq

(3.39)

(3.40)

The real power and reactive power thus calculated could be compared with the reference values of

real power and reactive power obtained from the error in the DC link capacitor voltage and the set value
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of Q respectively, in a hysteresis comparator [115] whose rules are given below:

(

1 Ap € (hy, +0)
S, = (3.41)

0 Ape (—oo,—hy,)

\

1 Agq e (hy,+o0
S, = oy $00) (3.42)

0 Aq € (—OO, _hq)

\

The virtual flux vector position of the source voltages is calculated as follows: Neglecting resistances of

all the components involved, flux vector along alpha axis and beta axis are given by:

Vo = /vadt (3.43)
Yp = /vgdt (3.44)
Angular position and magnitude of the flux space vector is given by:
6 = tan~'(12) (3.45)
Va
b = \J92 + 2 (3.46)

3.2.4 FPGA based implementation

This section discusses the implementation of this IMD in hardware. Field programmable gate array
(FPGA) has been used as an interfacing device between the software/drive controllers and the hardware.
A three-level diode clamped inverter fed Shp IMD has been setup as a laboratory prototype. A novel PTC
algorithm with optimal voltage vector selection is realized on a single FPGA chip (from Xilinx Inc.) to
generate controlling gate pulses for the multilevel inverter devices. The details of the experimental set-up

are explained in Chapter 6.

3.3 Conclusions

In this chapter, the configuration of the system taken up for analysis in this dissertation has been
presented in detail. Initially, each of the components in the drive system is explained. After that, the
concept of classical DTC for an IMD has been elucidated with the corresponding mathematical equations

and the issues related to DTC have been described. This naturally leads to another emancipated control
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methodology known as PTC. The concept of PTC has been explained for both 2-level and three-level
inverter cases. Subsequently, direct power control for improving the input power quality of the inverter
fed IMD has been taken up. Finally, FPGA based implementation has been touched upon which would
be described in detail in Chapter 6. The next chapter will be presenting the modeling and simulation

aspects of the inverter fed IMDs.
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Chapter 4

Modelling and Simulation

4.1 Introduction

The modelling and simulation is an important stage, where the performance of a system is evaluated
without actually building the system. In this Chapter, simulation aspects of the proposed drive system are
presented. Multilevel inverter fed IMD is modelled and simulated in MATLAB/SIMULINK environment
using various control strategies. The proposed DTC, PTC and DPC algorithms are implemented for three
level diode clamped converter fed IMD. These novel control algorithms have been analyzed for different

load conditions, transient and steady state operations.

4.2 Modelling of Classical DTC with Two-level Inverter

A two-level inverter is shown in Fig. 4.1 where three switches conduct at a time. No two switches
on the same leg are closed concurrently. When a device connected to the positive terminal of the DC
supply is closed, that phase is designated to have a ‘1’ state, when the device connected to the negative
terminal of the DC source is closed, it has a ‘0’ state. For example, consider switching state ‘110” where
QI, Q3 and Q6 conduct resulting in a resultant voltage space vector V5. The next switching state of
Q2, Q3 and Q6 being ON, results in a voltage vector shifted by 60°, i.e., V3. Every switch combination
results in a distinct voltage space phasor as shown in Fig. 4.2 as specified in voltage vector selection
table (Table 4.1). The 360° space is divided into 6 sectors, each subtending a 60° angle as depicted in
Fig. 4.2.
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Figure 4.2 Voltage vectors for two level inverter
4.3 Modelling of Classical DTC with Three level Inverter

A. Inverter Operation

A three-level diode clamped inverter circuit is shown in Fig. 4.3 which consists of 12 switches (four per
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Table 4.1 Switching table for Two level inverter

s | Thos Sector | Sector | Sector | Sector | Sector | Sector
I I I 10Y \Y% VI
. Va Vs Vi Vs Vs Vi
. (110) | (010) | (O011) | (001) | (101) | (100)
0 Vi Vo Vz Vo Vi Vo
(111) | (000) | (111) | (000) | (111) | (0O0O)
O L I O O I B R I
(101) | (100) | (110) | (010) | (O11) | (OO1)
| Vs Vi Vs Vs Vi Va
1 (010) | (011) | (00O1) | (101) | (100) | (110)
: Vo Vz Vo Vz Vo Vz
(000) | (111) | (000) | (111) | (000) | (111)
I O I O B (O B O I R B
(001) | (101) | (100) | (110) | (010) | (O11)

leg). In a two level inverter, the voltage space phasor that can be applied to the stator of the induction
motor can only be V[ to V7. This is because any particular line voltage can have values of +V or —V.
In case of three-level inverters, phase voltages can be +V, 0 or -V. So 12 non-zero vectors are present
for the operation of DTC. For the same case of torque and flux errors, with a three-level inverter, more
options (to be precise-two options) are available whereas with the two-level inverter has a very limited
choice. To decide between the two options in the three-level inverter, number of specified ranges in
torque hysteresis controller is increased to 5, namely, 7. > Typw , Tupw > T, > P, HHEW > T,
> —HEw.  —HBW > 7, > —T1ypw and T, < —Typw; but, the number of bands in the flux hysteresis
controller is kept the same.
B. Hysteresis controller
The working of the hysteresis controller is same as that of the two level DTC case. Flux hysteresis

controller remains the same, but the number of levels of torque hysteresis controller has changed due to

increased number of vectors. Output of torque hysteresis controller is:

For 7. > THEW; H, = 4.1)

For HBW . THEW. g _ 4.2)
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For — [HBW _ . THS‘W; H, =0 4.3)
For — tupw < 7o < _TgBW; H, = -1 (4.4)
For 7, < _TgBW; H, =2 (4.5)

C. Switching Table
The operation of the switching table in the three-level case is similar to that of the two level DTC except
that there are a total of 12 vectors. The 360° space into 12 sectors each of 30° span. Six longer voltage
vectors are the diagonals of the hexagon; the bisector of these angles between two adjacent diagonals are
the other smaller voltage vectors as shown in Fig. 4.4. The optimum vector is selected depending on the
output of the 2-level flux hysteresis controller and the 5-level torque hysteresis controller. Suppose the
flux is in 7" sector currently, then voltage vectors Vi + 1), Viia, Viya, Viys are capable of increasing the
torque; but former two voltage vectors increase the flux, while latter two decrease the flux. V; 1, V; o,
Vi — 4, V;_5 decrease torque; among these, the first two increase the flux, while latter two decrease the
flux. Table for voltage vector selection, when the flux lying in any ‘i’ **

is tabulated in Table 4.2.

sector (‘1’ varying from 1 to 12)
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Figure 4.4 Voltage vectors for three level inverter
4.4 DTC with reduced switch Three-level inverter

A. Inverter operation
A three-phase three-level nine switch VSI [10] as shown in Fig. 4.5 is modelled for simulation. This
topology consists of three bidirectional switches inserted between the source and the full-bridge power
switches of the classical three-phase VSI. The 12 phasors which are the outputs of the three-level VSI
are implemented by various switch combinations. They are as shown in Table 4.3. For example, one can
obtain V} by having a switching combination of S1, Q3 and Q6 in ON state. The circuit configuration
pertaining to V is shown in Fig. 4.6. The effect of applying V;, when the flux linkage is in sector 1, is

represented in Fig. 4.7.
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Table 4.2 Switching table for Three level Diode Clamped Inverter

S
Ynys (Flux Hysteresis)

E

C 1 -1

T

T4, (Torque Hysteresis)

O

R | 2 1 10| -1]-2]2 1 |0 | -1 | -2
L Vs Vo [ Vo | Vig [ Vin | V5 | Ve | Vol Vs | Vi

Vil Vs [ Vo Vi | Vie |\ V6 | V7 [ Vo| Vo | Vio
Vs [ Vi [ Vo Vo |\ Vi (Vo | Vs | Vo|Vio| Vi
Vo [ Vs [ Vo Vs | Vo | Vs [ Vo | Vo | Vin| Vio
Vi [ Vs [ Vo [ Vig | Vo | Viz| WA
Ve [ Ve [ Vo Vs | Vi | Vio | Viu | Vo | Vi | V2
Vo [ Ve [ Vo Ve | Vs | Vin | Viz| Vo | V2 | V3
Vio | Vo |[Vo Ve | Ve [Vie | Vi | Vo| V5 |V}
Vie | Vio [ Vo [ Vs | V2 [ Vi | Vo | Vo |V | V5

O [0 [ || | B~ W (N
<
=
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10 Vig | Vin [ Vo [ Vo | V& [ Vo | Vs | Vo | Vs | VG
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Figure 4.5 Implementation of Three level reduced switch diode clamped inverter circuit
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Table 4.3 Gate Signals for different Voltage Vectors for the Three level Reduced Switch Diode Clamped
Inverter

Switches

States

Q1 |Q2|Q3|Q4/Q5|/Q6|S1|S2]|83
Vo 10|10 1]0[0]0]O
Vi 1,00 101,000
Vs 1,00, 0]0] 1010
V3 1,0} 1,001,000
Vy o,o0}1,0]0] 11,00
Vs 0 |1 1, 001|000
Ve 0 |1 11 0]0[O0]0]0]1
Vi 0 |1 1, 0|1 ]0]0,0]O0
Vs o100 1]0,01]|0
Vo O 11]0 |1 L, 0]0]0]O
Vio 0O 01] 0|1 1, 0] 1]0]O0
Vi 10|01 1, 0]0]0]O
Via Ifojo0| 1T 0]O0|O0]O0]|1

't
1l
!Ji

DCC:) s

5 ¥

R

Figure 4.6 Circuit diagram for voltage vector V4
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Figure 4.7 Operation of vector V} for flux in sector 1

45 PTC

The main feature of PTC is to predict the future values of torque and stator flux and compare them
with the existing conditions, thus controlling the future behavior of the system [110]. Predictions are
calculated for every possible switching combination of the inverter. The reference tracking is improved
by the voltage vector selected using error minimization function. The block diagram of PTC is shown
in Fig. 3.3 which involves three main stages: estimation of variables, prediction of future values of the
controlled variables and optimization of present output depending on future error.

Eight switching states and seven voltage vectors are possible for a two level inverter (Fig. 4.1) as shown
in Table 4.4, in which two vectors Vj and V7 give the same zero voltage output. The predicted values of

flux, current and torque are calculated for every possible inverter voltage (V).

Table 4.4 Switching States and Voltage Vectors for Two level Inverter

Switching States | Voltage Vectors
000 Vo
100 Vi
110 V5
010 V3
011 Vi
001 Vs
101 Vs
111 Vs
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Seven predictions for flux, current and torque are obtained i.e. (i? (k + 1), ¥? (k + 1), 7% (k + 1))p,
h € (0,1, ..., 6]. The error minimization function (eq. 3.36) is evaluated for every prediction and the one
that produces the minimum error is selected as the switching state. It must be highlighted that there are
two ways of applying a zero vector (either 111 or 000). Therefore, if the zero vector combination nearest
to the previous switching combination is applied, the number of switchings can be reduced. This logic is
shown in Table 4.5 where it can be observed that the vector Vj is selected if the previous vector is close
toit (i.e., Vg, V4, V3, and V5) and V7 is selected otherwise. On the other hand, vector V7 is selected if the
previous vector is close to vectors V5, Vy, Vg, and V7) and V) is selected otherwise. Hence, whenever a
zero vector has to be applied, the algorithm selects either V[, or V; whichever is attainable with minimum
change of states of the switches, thus minimizing the switching losses. Finally, the selected switching

states are given out to the inverter devices for successful operation.

Table 4.5 Proposed Zero Vector Selection logic table for Two level Inverter

Present Zero Vector to be applied | Previous Voltage Vector
Vo Vo,Vi,Vs, Vs
V7 Vo,V Ve,V

In a three-level inverter case, there are three ways of applying zero vector (switch combinations:
000,111 and 222) in the proposed PTC algorithm. Redundant states are observed for some other non-
zero voltage vectors as well (example V74 and Vs, Vi3 and V5, etc.) as observed in space vector diagram
of a three level inverter (Fig. 4.8) and switching states in Table 4.6. The three zero vector options namely
are Vp, Vig and V5. Table 4.7 presents the logic where it can be observed that, at (k + 1)th instant zero
vector Vj is selected if the previous vector is one of (Vj, Vi, Vs, Vo, Vis, Vis, Vir) as this will require
the transition of only one of the three-phases. Similarly in the case of non-zero voltage vector with
redundant states, (i.e. Vi3 -Vay, Vig - Voo, Vis - Vas, Vig - Vou, Vir - Vas, Vig - Vag), the voltage vector
with least number of switching transition is selected. For example, voltage vector V5; is selected while
considering the redundant vector pair of V5 & V51, if the previous vector is one of (V5, Vi, Vig, Vig, Vo1,
Vaa, Vi), as this will require the transition of only one phase switches. The number of switchings during
any transition will be reduced, if the voltage vector (especially where there is redundancy) nearest to the
previous vector is chosen as per the switching states shown in Table 4.7.

The flowcharts for selecting the efficient voltage vector with minimum switching transitions when
zero vector is to be chosen and non-zero vector with redundancy is to be chosen are shown in Figs. 4.9,

4.10 and 4.11, respectively.
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V4(0,2,2) A% V1(2,0,0)

\"—11(2,0,1}

V3(0,0,2)

V10(1,0,2) Vi(2,0,2)

Figure 4.8 Space vector diagram of a Three level inverter

Table 4.6 Switching States and Voltage Vectors for Three level Inverter

Voltage Vector = Switching State
Vo =000 | Vip =102 | Voo =222
Vi=200 | Vi3 =202 | Vo =211
Vo=210 | Vi3 =201 | Vo3 =221
V3=220 | Vi3=100 | Vou =121
Vi=120 | V4 =110 | Vo5 =122
V5 =020 | V15 =010 | Ve =112
V=021 | Vig =011 | Vo7 =212
V=022 | V17 =001
Vs =012 | Vig =101
Vo=002 | Vig=111
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Table 4.7 Proposed (k + 1) Optimal Voltage Vector selection logic for Three level Diode Clamped
Inverter

(k + 1)™ vector to be applied Previous Voltage Vector
Vo Vo.Vi, Vs, Vo, Vig, Vis, Viz
Vao Vi, Va, Vi, Voo
Vig Vig, Vie, Vis, Vig
Vis Vo, Vi, Vi, Vi, Vis, Vig, Vig
Va1 Va, Viz, Vie, Vig, Var, Vaz, Vag
Via Va, Vi, Vig, Vi, Vis, Vig, Vas
Vas V3, Ve, Via, Vao, Var, Vag, Vg
Vis Vo, Vo, Vs, Vs, Vi, Vis, Vig
Vas Vi, Ve, Vis, Vig, Voo, Vg, Vau
Vie Ve, Vs, Vis, Vie, Viz, Vig, Var
Vau Vi, Va, Vio, Vao, Vas, Vo, Vas
Viz Vo, Ve, Vo, Via, Vie, Viz, Vis
Vas Vs, Vio, Vi, Vig, Vaa, V25,Va6
Vis Vio, Viz, Vis, Viz, Vis, Vig, Vas
Vae Va, Vs, Vir, Vao, Var, Vas, Vae
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Read present
vector

If present ™ Vez?osrlis
uoltag:r:e::or is \Yes Present Vector is V0, V1, V5, V9,

Zero vector (VO)

redundant V13, V15, V17

vector

Print existing
present vector

Past Vector
is
V3, V7, V11, V20

Yes -
Print V20

Past Vector

No . Yes -
s
V14, V16, V18,
V19

Figure 4.9 Flowchart for selecting the efficient voltage vector with minimum switching when zero vector
occurs
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Read present vector

Present

If present A Vector is Past vector is
voltage vector is Redundant Vo, V1, Va4, V1o, V13, Print V13
Zero or (V13,V14, V15, V14, V18, Present
redundant vector is V13

V16,V17,V18)

vector

Print existing
present vector

Past vector is
Vz, V12, V16, V19, V21,
2z, Vz6, Present
vector is

Vi3

Past vector is
Vo, V2, Vs, V8, V14,
V1s, V1, Present
vector is

- Yes -
Print V15 Print V21

Past vector is
V2, Va4, V13, V14, V15,
V19, V25, Present

vector is V14

Past vector is
V4, Ve, Vis, V19, V22,
V23, V24, Present
vector is V15

Yes

Print V23 Print V14

Past vector
is V3, Ve, V12, V20,
V21, V22, V23, Present
vector is V14

Past vector
is V3, Vs, V15, V1s,
V17, V19, V21, Present
vector is V16

Yes

Print V16

Figure 4.10 Flowchart for selecting the efficient voltage vector with minimum switching when redundant
vector occurs-I

40



Past vector is
V4, V7, V10, V20, V23,
V24, V25, Present
vector is

Vie

Print V24
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present vector

No

Past vector is
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Figure 4.11 Flowchart for selecting the efficient voltage vector with minimum switching when redundant

vector occurs-II
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4.6 DPC

The proposed DPC technique is applied to a back-to-back connected three level diode clamped
converter fed IMD as shown in Fig. 3.4. The converter acts as a rectifier at the front end and as an
inverter at the load side. The proposed DPC technique is implemented on the AFE rectifier and PTC is
employed for the three level diode clamped inverter feeding the IMD. The estimation of real power (P),
reactive power (Q), and sector angle (¢) has been carried out using equations eq. 3.39, 3.40 and 3.45.
It is assumed that the values of resistances of the grid i.e. R4, Ry, R4 are negligibly small and have
no voltage drops. The reference active power command (P*) is provided from the DC bus voltage (Vj.)
error, while the reactive power command (Q)*) is chosen as per the power factor requirement. In this
controller, active power flow governs the DC bus voltage and unity power factor (UPF) is ensured by
setting (Q*) to be zero. The process of error minimization between the reference and actual commands
of active and reactive powers is performed in power demand block. For different values of errors in P
and Q, and the virtual flux vector position of the source voltages, the switching table for the AFE- VSC
is depicted in Table 4.8 (sector positions are specified in Fig. 4.12). If # calculated from eq. 3.45 is lying
within a particular range then, it is supposed to be specified as Sectorl, Sector 2 and so on as given by

eq. 4.6.

Table 4.8 Switching table for Direct Instantaneous Power Control

Sp Sq 6 0, 05 04 05 b6 O Os Oy 019 011 b2

o 0 Vi Va Vi Vi Vi Vs Vo Vg Vo Vig Vi Vio

(n—2)%§0n<(n—1)% (4.6)

wheren=1,2, .., 12. Table 4.8 yields the switching positions of various devices in the AFE rectifier
which would make sure that P* and QQ* values are adhered to within an error margin tolerated by the
hysteresis controller. S, Sy, S. are the switching states generated by switching table and further fed to

the VSC (as per Table 4.6).
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A B
V4 (1,2,0)
i . V5(2,2,0)
) 6,
V15(0,1,0) | V14(1,1,0)
Vo3(1,2,1) [V9o(2,2,1
Vg (0,2,1 23(1,2,1) Vo 82 V5 (2,1,0)
0,
V15(1,0,0) V1(2,0,0)
Vv7(0,2,2) » »
V71(2,1,1) a
01,
Vg(0,1,2) Vig(1,0,1 5 V1,(2,0,1)
Voild 1.2 1
e10
Vg(0,0,2) V11(2,0,2)

V10(1,0,2)

Figure 4.12 Twelve sectors on Stationary reference frame to specify the flux vector position
4.7 Simulation Models

The simulink model representation of DTC two level inverter fed IMD is shown in Fig. 4.13. The
two level inverter in the SIMULINK/MATLAB model is designed as per the circuit diagram shown in
Fig. 4.1.The error between actual and reference speeds are carriedout in the speed controller block which
in further produces the reference torque and flux. The control method of direct torque is implemented in
DTC block, furtherly the required gates are fed to the two level inverter. In case of three level reduced
switch inverter, a nine switched inverter is designed and fed to the IM as shown in Fig. 4.14. The switches
block in the sim model represents the design of reduced switches as shown in Fig. 4.15.

The simulink model representation of PTC for inverter fed IMD is shown in Fig. 4.16. The algorithm
for zero vector selection/optimal voltage vector selection using PTC in both cases i.e two level and
three level inverters are implemented in predictive controller block. Similarily, DPC simulink model
representation for AFE rectifier and PTC employed for three level diode clamped inverter fed IMD is

shown in Fig. 4.17.
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Figure 4.15 Simulink model representation of switch block of three level reduced switch inverter fed IM
using DTC technique
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4.8 Conclusions

This chapter presented a modified direct torque control strategy incorporating a predictive control
algorithm for a three level reduced switch (nine switches) VSI fed IMD. This inverter topology will
be less costly as compared to a regular three level NPC inverter due to the use of only one additional
device per leg while being compared with a normal two-level VSI. The future behaviour of the system in
terms of flux, current, and torque are predicted using mathematical model equations. The voltage vector
that will reduce future error is deduced and applied to the IMD. The complete system will be studied
for different speed and load conditions using Matlab/Simulink. Simultaneously, the torque and current
ripples, settling times and overshoot, THD etc. will also be analysed and compared with classical DTC
method. Further, novel PTC which reduces number of switchings by optimal voltage vector selection
has been explained for the same diode clamped inverter fed IMD. Moreover, DPC of three phase AFE
rectifier is proposed with optimal voltage vector selection based on the estimation of grid virtual flux.
This enables the control strategy to calculate instantaneous active and reactive powers. The simulation

results are presented and discussed in detail, in Chapter 5.
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Chapter 5

Simulation Results and Discussions

5.1 Introduction

IMDs are well known for their rugged and maintenance-free nature apart from being versatile. They
are employed in various industrial set-up with state-of-the-art control schemes to enhance their dynamic
behaviour. As discussed in the previous chapters, to improve the dynamic response of the IMD system
and to reduce the torque and current ripples, a modified DTC algorithm and also a PTC algorithm have
been employed. Also, a DPC algorithm based AFE converter has been tried out for implementing reac-
tive power control at the grid side (at the point of common coupling). Since simulations can predict the
performance of the drive quite accurately without actually implementing the drive in actual hardware,
the proposed control algorithms are tested in Simulink/MATLAB platform by first modelling the com-
plete drive system in the software tool. The analysis of the proposed control algorithms are carried out in
MATLAB/Simulink environment for various dynamic operating conditions in all four quadrants of the

drive operation.

5.2 Two-level inverter fed IMD

Simulation of DTC for a 3-phase 5 hp induction motor fed by a two-level VSI is carried out in
MATLAB/ SIMULINK after modeling the entire drive system. The parameters of IMD used in simula-
tion are listed in Appendix A.1. Switching frequency is limited to 20 kHz by making use of a zero order

hold with a suitable sampling time.
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5.2.1 Steady State response

Fig. 5.1 shows the responses of the motor operating in steady state at no-load initially and subse-
quently with a load perturbation, when fed by a two-level VSI. Initially the motor is running at 1400rpm
and at 1s a load torque of 25 N-m is applied. Although there is a dip in the speed momentarily, it gets
back to the original value within a matter of 0.1s duration. The stator current rises to 8.5 A (rms) from
the original no-load current of 0.7 A (rms), with a ripple content of 2.2A whereas the speed ripple is
about 3 rpm. The torque ripple is of the order of about 8 N-m (33%). The speed drops to 1315 rpm
during the load change and torque overshoots to 31 N-m. During starting, it can be observed that the

speed overshoots to 1410 rpm before settling to the steady state speed of 1400 rpm in about 0.75 s.

Time (sec)

Figure 5.1 Steady state response of the IMD fed by a two level VSI- supply voltage and current, stator
voltage, current (¢, : 8.5 A rms) and flux (0.8 Wb), reference and actual speeds (1400 rpm) , reference
and actual torque values (0 to 25 N-m), sector position of the flux
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5.2.2 Response to load perturbation

Fig. 5.2 shows the transient response of the DTC drive for load disturbance. Initially the motor
is running on no-load with the load torque being increased to 10 N-m and 25 N-m at Is and 1.4 s
respectively. For 10 N-m load, stator current rises to 4.24 A rms with a current ripple of 3A. Speed
reduces to 1368 rpm and settles back to the reference value at 1.2s with a ripple of 2.2 rpm. Torque
overshoots to 14.4 N-m and finally settles with ripple of 7.7 N-m. For 25 N-m load, current rises to 12
A (8.5 A rms) with a ripple of 2.3 A. Speed dips to 1352 rpm and settles back at 1.6 s with a ripple of

2.6 rpm. Torque overshoots to 30 N-m and settles with a torque ripple of 8 N-m.

sactor

1.2

Time (sec)

Figure 5.2 Load perturbation in a DTC drive with two level VSI- supply voltage and current, stator
voltage, current (7, : 4.24 A to 8.5 A rms) and flux (0.8 Wb), reference and actual speeds (1400 rpm),
reference and actual torque values (10 N-m to 25 N-m), sector position of the flux

The response of the DTC drive fed by a two-level inverter when the reference speed setting changed,
is shown in Fig. 5.3. Initially the motor is running at 1400 rpm and the speed setting is changed to 500

rpm at 1.5s. At this speed setting, with 25 N-m load torque, current magnitude remains at 12 A and has
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ripple of 2.6 A. Speed overshoot is about 9 rpm after which the speed settles to 500 rpm at 2.1s with a

speed ripple of 2 rpm and a torque ripple of 6 N-m.

Eggnﬁﬁéénﬂﬁgoﬁ

14 16 i8 2 2.2

'I'|mé (sec)

=
e
%]

Figure 5.3 Response to reference speed change in two level VSI fed DTC drive- supply voltage and
current, stator voltage, current (¢, : 8.5 A rms) and flux (0.8 Wb), reference and actual speeds (1400 rpm
to 500 rpm), reference and actual torque values (25 N-m), sector position of the flux

The response of the two-level VSI fed DTC drive during speed reversal is observed in Fig. 5.4. At
1.5s, speed reversal command is given so that the drive changes its speed to -1400 rpm. Current rises
to 12.02A rms to generate a braking torque and there is a reversal of rotation. The flux linkage sector
position shown in the last plot of Fig. 5.4 depicts reversal clearly. Due to reversed speed command at
1.5s, speed overshoots to 1547 rpm which is greater than rated speed value, so flux weakening occurs.
Flux gets back to the rated value after speed reaches below rated speed after which speed overshoots to
-1410 rpm and finally settles to -1400 rpm at 3.1s with speed and torque ripples of 2.5 rpm and 8 N-m,

respectively.
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Figure 5.4 Response of the DTC drive for speed reversal-two level VSI case- supply voltage and current,
stator voltage, current (7, : 8.5 A rms) and flux (0.8 Wb), reference and actual speeds (1400 rpm to -1400
rpm), reference and actual torque values (25 N-m to -25 N-m), sector position of the flux

5.3 Multilevel inverter fed IMD with classical DTC

The three level reduced switch VSI fed 5 hp IMD is simulated in MATLAB/SIMULINK envi-
ronment. The fundamental difference in the voltage waveforms in 3-level and 2-level cases is that in
three-level case, voltage stays put at zero level for a finite duration of time. But, in two-level case the
line voltage excursion is between +Vdc and —Vdc. The response of the motor drive under different

dynamic operating conditions is discussed in the following sections.
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5.3.1 Steady State response

The steady state operation for 3-level VSI fed IMD is shown Fig. 5.5. In the 3-level case, current
and torque ripples are 1.5 A and 5 N-m (20%) respectively, which are considerably reduced as compared
to the 2-level case. The speed dip and torque overshoot during the load change are also considerably

reduced in the three level case which are at 1322 rpm and 29.5 N-m respectively.

(W)

Wac

lac
(A

sactor

Time (sec)

Figure 5.5 Steady state operation with three level inverter- supply voltage and current, stator voltage,
current (7, : 8.5 A rms) and flux (0.8 Wb), reference and actual speeds (1400 rpm), reference and actual

torque values (0 to 25 N-m), sector position of the flux

5.3.2 Response during load disturbance

In the three level inverter case shown in Fig. 5.6, when the load torque is increased from no-load
condition to 10 N-m, stator current rises to 6A with a ripple of 2.3A; speed reduces to 1370 rpm and
finally settles to the reference speed at 1.2s with speed ripple of 1.5 rpm. The overshoot in torque is only

12.7 N-m when it settles down and its ripple is 4.7 N-m. For a load torque of 25 N-m, stator current rises
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to 8.5A with ripple of 2A; speed reduces to 1352 rpm and finally settles to the reference speed within 5
cycles with speed ripple of 2 rpm. The overshoot in torque is 28.5 N-m; after reaching the steady state

value of 25 N-m, the ripple in torque is 5.1 N-m.

""""" i“"""'i""""‘;""jﬂ'r‘fn'l'i1r§1|'n'n'ﬂ';1'|'n'n'éi'"H“‘fl‘l'ﬂiH' '
e L LLLL faRR s LU LR IR T N R

sector

12 13 1.4 15 1.6 17
Time (sec)

Figure 5.6 Load perturbation in a DTC drive fed by a three level VSI - supply voltage and current, stator
voltage, current (7, : 4.24 A to 8.5 A rms) and flux (0.8 Wb), reference and actual speeds (1400 rpm),
reference and actual torque values (10 N-m to 25 N-m), sector position of the flux

In the case of reference speed change (as shown in Fig. 5.7), current remains at 12 A for 25 N-m
load torque with a ripple of 2 A. Speed undershoot is almost the same as the two-level VSI case; speed

ripple is about 1 rpm and the torque ripple is 5.4 N-m.
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Figure 5.7 Response to reference speed change in three level VSI fed DTC drive- supply voltage and
current, stator voltage, current (¢, : 8.5 A rms) and flux (0.8 Wb), reference and actual speeds (1400 rpm
to 500 rpm), reference and actual torque values (25 N-m), sector position of the flux

Speed reversal condition of the three level inverter case is observed in Fig. 5.8. Current increases
to 16.5 A (11.6A rms) initially, during the beginning of speed reversal. Speed shoots up to 1544 rpm and

eventually it settles to -1400 rpm at 1.6s with a speed ripple of 2 rpm and a torque ripple of 5 N-m.

5.4 Predictive Torque Control (PTC)

The proposed PTC algorithm is applied to both two level VSI and three level diode clamped inverter
fed IMD and the results are discussed in this section. The performance of the algorithm is analyzed in
terms of current and torque ripples in steady-state, over shoot and settling time during transients (for a

sudden change in speed or load torque) and also THD of the output currents.
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Figure 5.8 Response of the DTC drive for speed reversal-three level VSI case- supply voltage and current,
stator voltage, current (¢, : 8.5 A rms) and flux (0.8 Wb), reference and actual speeds (1400 to -1400
rpm), reference and actual torque values (25 N-m to -25 N-m), sector position of the flux

5.4.1 Steady state response of two level inverter fed IMD

Fig. 5.9 shows the steady-state performance of the drive at various operating conditions of speed
and load torque. The plots shown are of speed (both reference and actual values), torque and flux of 0.8
Wb. The magnified view of torque is shown in Fig. 5.9d from which it can be seen that the torque ripple

is hardly 0.1 N-m while the load torque delivered is 25 Nm. The steady-state torque ripple is found to

be 0.6%.
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5.4.2 Transient response of two level inverter fed IMD

To understand the transient behavior of the IMD working with this algorithm, a sudden change in
load torque from 10 N-m to 25 N-m is applied at 4s as shown in Fig. 5.10a. This portion is expanded
and shown in Fig. 5.10b where the torque overshoot is about 0.31 N-m and settling time is 0.02 s. The
rotor speed during this load change is shown in Fig. 5.10c where the speed dips from 1000 to 997.27
rpm. The a-phase stator current in this case is illustrated in Fig. 5.10d.

Similarly, the algorithm is also tested for a sudden change in the reference speed from 1000 to 680
rpm at 6s as shown in Fig. 5.11. As seen in Fig. 5.11a, the speed overshoot is 8 rpm and settling time
is 0.014 s. During this speed change, the torque and stator current can be observed in Figs. 5.11b and
5.11c respectively. The THD of the stator current is observed to be 0.91% in Fig. 5.11d.

Motor speed reversal can be observed from Fig. 5.9a itself where the machine took around 0.11
s for reversal with an overshoot of 0.49 rpm as depicted in Fig. 5.9e. Efficient zero vector selection
for two level inverter fed IMD is illustrated in Fig. 5.12 where, 0-7 represent the voltage vectors V-V7
respectively. As shown, if a zero vector has to be applied, the nearest zero vector obtained from Table 4.5

is selected so that number of switch transitions required is reduced.

5.4.3 Steady state response of three level inverter fed IMD

At steady-state, various operating conditions of the drive in terms of speed and load torque are
shown in Fig. 5.13 for a three-level inverter case with PTC algorithm with optimal vector placement.
The applied speed reference (Nref) and the actual (Nact) speed coincide with each other as depicted in
Fig. 5.13a. The electromagnetic torque generated from the IM and the load torque reference obtained
from speed loop error are shown in Fig. 5.13b. In Fig. 5.13c, reference and actual values of stator flux
are of 0.8 Wb magnitude which are maintained throughout. The torque ripple calculated at 25 N-m load

in Fig. 5.13d is found to be 0.4% of the reference value.

5.4.4 Dynamic response of three level inverter fed IMD

Fig. 5.14 illustrates a load change from 10 to 25 Nm when rotor speed is maintained constant
at 1000 rpm. The actual torque generated by the machine tracks the load torque as shown in Fig. 5.14a
where the overshoot and settling time are 0.29 N-m and 0.9 ms respectively. At the instant of load change
the rotor speed dip of around 3 rpm is observed in Fig. 5.14b. After that, speed controller restores the

rotor speed to the reference value. During load change, the variation of a-phase stator current is shown
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in Fig. 5.14c.

A sudden speed change from 1000 to 680 rpm in Fig. 5.15 is demonstrated by keeping load torque
constant at 25 N-m. The reference speed command tracks the machine speed with an overshoot of
approximately 7 rpm and settling time of 8 ms as shown in Fig. 5.15a. The torque dips to -27 N-m as

could be observed in Fig. 5.15b, in order to facilitate fast response during speed change. The a-phase
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stator current is shown in Fig. 5.15¢, whose THD in predictive torque control strategy for three level

inverter fed IMD is observed to be 0.34% (Fig. 5.15d).

The optimal voltage vector/efficient zero vector selection for three level inverter fed IMD for few

vectors is illustrated in Fig. 5.16. As shown, if a optimal voltage vector has to be applied, the nearest

62

2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency (Hz)



Vector

. O N B Oy ™

524 7.1525 7.1526

7
Time (s)
(@)
8
S HEETEEETOERET T A
> 2+
Op g A e e [ e A AR AR ]
41788 4.1788 4.1788 4.1789 41789 41789 4.1789 4.1789 4179 4179  4.179
Time (s)
(b)

Vector

Time (s)

Figure 5.12 Response of efficient zero vector select(lco)n for two level VSI fed IMD (a) Vj and V3 changing
to zero vector V; (b) V5 and Vi changing over to V7 and V; changing to Vj (c) Vj and V7 switched to zero
vector V7 and V5 switched to V4.

zero/redundant vector obtained from Table 4.7 is selected so that number of switch transitions required
is reduced. Table 5.1 illustrates the reduction in the total number of switching transitions caused by this

proposed optimal voltage vector selection algorithm.

5.5 DPC with active front end converter

The proposed algorithm is applied to both three level diode clamped rectifier (on the grid side)
and multi-level inverter feeding the IMD. The performance of the drive with the proposed algorithm is

analyzed for all the four quadrants of motor operation.
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5.5.1 Power Quality Performance at PCC during steady state

The settling time, overshoot and undershoot are observed during different steady state conditions

both at grid side and load side as shown in Fig. 5.17. Both actual and reference values of real power,
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fed by a Three-Level VSI.

Table 5.1 No. of Switchings for a duration of 14 secs, with a switching frequency of 20 kHz with and

Time (s)

without efficient choice of voltage vector in (k + 1) instant.

Level of the Inverter

No. of Switching Transitions
without Efficient

choice of voltage vector

No. of Switching Transitions
with Efficient choice of

voltage vector

Level Inverter

Two 0.3664 million
0.3684 million
Level Inverter (0.54% less switching)
Three 0.3559 million
0.3749 million

(5.07% less switching)

reactive power (maintained at -500 VAR), DC voltage of 600 V and supply side current (/,) are plotted

in Fig. 5.17a, 5.17b, 5.17c and 5.17d respectively.
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Fig. 5.18 shows the performance at load side i.e., three level diode clamped inverter fed IMD using
PTC. Speed (Fig. 5.18a) and Flux of 1.53 Wb magnitude (Fig. 5.18b) at different load conditions is
shown. The load torque (Fig. 5.18c) and a- phase stator current (Fig. 5.18d) ripples at 2 s are observed

to be 3% and 4.7%, respectively.
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5.5.2 Power Quality Performance during transient operating conditions

The performance of the system for a step change in the load i.e, from 10 N-m to 25 N-m is illustrated
in Fig. 5.19. In this case, the active power at grid side overshoots (Fig. 5.19a) to 2226 W and it settles
within 0.06s, from the time the torque disturbance is created. The peak overshoot in load torque is
20.79% and settling time is about 0.06 s as shown in Fig. 5.19b while the speed is maintained constant
at 1000 rpm. However, speed dips to 969 rpm for a short-while during increase in load which bounces

back to the original value within 3 cycles.
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Figure 5.19 Response of (a) Power (500 W to 1700 W) (b) Torque (10 N-m to 25 N-m) (c) Speed (1000
rpm) when Torque changes with speed remaining constant.

The transient behavior for a sudden change in the reference speed i.e., from 1000 rpm to 680 rpm
at 6s while maintaining constant load torque (25 N-m) and repercussion on the grid side are illustrated

in Fig. 5.20. Active power at grid side in Fig. 5.20a dips to 280 W and settles within 0.22 s. At the
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same time, to achieve a fast response, the torque dips to -36.7 N-m in Fig. 5.20b. Fig. 5.20c shows an
undershoot in speed which corresponds to 626.7 rpm. However, the speed settles to the reference value

within three cycles.
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Figure 5.20 Response of (a) Power (1700 W) (b) Torque (25 N-m) (c) Speed (1000 rpm to 680 rpm)
when speed changes with load torque remaining constant.

Fig. 5.21 shows power and speed responses of the drive when speed reversal takes place. The drive
takes about 0.06 s for reversal. During this time, the grid side power dips to -1347 W and settles within
0.25 s. The proposed optimal voltage vector selection algorithm is implemented both on three level
diode clamped rectifier (grid side) and inverter (load side). During the application of voltage vectors
which have redundancies, efficient voltage vector logic is applied to these converters. The THD analysis
in Fig. 5.21c is carried out for the stator current of the IMD, which is found to be 2.59%. Table 5.2 shows

the number of switchings with and without optimal choice of voltage vectors at (k + 1) instant of time.
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Table 5.2 Number of switchings during optimal voltage vector logic algorithm applied to both three level
neutral point clamped rectifier (grid side) and inverter (load side) at (k + 1) instant.

No. of switchings No. of switchings

Type of converter | without optimal voltage vector logic | with optimal voltage vector logic

at (k + 1)** instant (in million) at (k + 1)*" instant (in million)
Three level
0.3647
rectifier 3.666
(90.05% less switching)
(for DPC)
Three level
0.5282
inverter 0.5528
(4.45% less switching)
(for PTC)

The magnitude and THD value of supply current with and without AFEC are shown in Fig. 5.22.
Fig. 5.22a shows the current waveform (which is highly non-sinusoidal) with DBR in the front end where
the THD is 50.25% (Fig. 5.22c), whereas with direct power control algorithm applied to the three-level
diode clamped converter acting as the AFEC, the phase current is fairly sinusoidal (Fig. 5.22b) and the
corresponding THD value is reduced drastically to 3.67% (Fig. 5.22d). This clearly shows that DPC
algorithm works very well improving the power quality at the PCC significantly.

Thus, the simulation of two-level and three-level VSI fed IMD with AFE rectifier with classical
DTC and PTC both have been carried out along with DPC at the front end.
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5.6 Conclusion

It is very clear that the three level VSI has less torque and current pulsations as compared to a
two level VSI fed DTC IMD. The proposed PTC algorithm with optimal voltage vector selection, thus,
not only reduces the switching losses but also improves the performance in terms of torque and current
pulsations and THD of stator current. Novel control strategy for an IMD with AFE rectifier controlled
by DPC at the front end and multilevel inverter controlled by PTC at the load end also shows a better
performance for the motor drive in terms of less torque and current pulsations. Simultaneously, AFE
rectifier shows better performance in terms of active and reactive power consumption during different
load conditions. The THD of the supply current at the PCC with AFEC working on the proposed DPC
algorithm is found to be 3.67%, whereas when the front end converter is a DBR, the THD at the PCC

was 50.25%. This shows the effectiveness of using an AFEC with a suitable control configuration.
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Chapter 6

Hardware Setup for the PTC based adjustable
speed Induction Motor Drive implementation

using FPGA

6.1 Introduction

The proposed novel predictive torque control (PTC) approach for multilevel inverter (MLI) fed
IMD is presented in the previous chapters and subsequently modeled and simulated in MATLAB/SIMULINK
environment. The results were presented in the previous chapter. Further, this algorithm is implemented
using field programmable gate arrays (FPGA), as an interfacing device between the software and the
inverter fed induction motor (hardware), the details of which are presented in this chapter. The hardware
implementation could be carried out very well even with involved computations of the PTC algorithm
because of the fast processing speed of FPGA. Here, the FPGA implementation is carried out on Xilinx

Zyng"™ — 7000 All Programmable SoC (AP SoC).

6.2 System description

The Zed (Zynq™™ Evaluation and Development) Board [116] is an advanced and decision-making
board, the heart of which is Xilinx ZyanM — 7000, an “All Programmable SoC” (AP SoC). A laboratory
prototype for the VSI fed IMD is developed using this Xilinx®) XC7Z020-1CLG484C Zyng-7000 AP
SoC based controller board incorporating Hardware-in-loop method in order to validate the simulation

results. The block diagram of the complete hardware setup is shown in Fig. 6.1 and its photograph is
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depicted in Fig. 6.2.

-
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Figure 6.1 Block diagram of the hardware setup for the three-level neutral point clamped (NPC) inverter
fed induction motor

The induction motor [117] (whose parameters are mentioned in the A.1)) is coupled with a sep-
arately excited DC machine to enable it to be loaded. During the loading conditions of the induction
motor at different speeds and regenerative modes, the DC machine armature is controlled appropriately

to realize four quadrant operation of the IMD.

A 3-¢ 415V50 Hz AC supply is fed to the 3-¢ Semikron Diode Bridge Rectifier [118] (SKD 2516
Module) through a three phase variac. A 2500uF DC link capacitor is used to filter out the voltage ripples
before being fed to the three-level inverter whose output energizes the induction machine. The speed of
the motor is sensed through an encoder (EN-901) [119]. The proposed algorithm requires motor currents
and speed as inputs to generate the gate pulses for the inverter devices from the FPGA which are isolated

and amplified before being connected to the gates of the power devices.

77



3- ¢ Diode

.L-. S —

~h g
Current P

Induction
Motor

Supplies

Buffer FPGA

Circuit ZedBoard Amplityine
circuit

Figure 6.2 PTC-based IMD laboratory prototype controlled by FPGA
6.3 Control configuration

The FPGA board consists of IO ports, ADC and DAC pins. Two inputs, namely, speed and motor
currents are provided to the board. Speed of the motor is obtained from the encoder in the form of pulses.
The encoder generates 400 PPR (Pulses Per Revolution). Further, theses pulses are fed to the JA4 (Signal
Name)-AA9 (Zynq pin) through a voltage divider circuit (as shown in Fig. 6.3) that reduces the voltage
level of the pulses generated at 4.4V (from the encoder) to 3.3V. The resistance values taken are: Ry =

5082, Ry = 15012.

Current Sensors LA 55-P [120] are used to sense the motor currents as shown in Fig. 6.2. Besides,
the “Analog header port” (AHP) provides analog connectivity for analog reference signals. Since the
required maximum voltage is 1V peak-to-peak, a buffer circuit with Op-amps LM 741 is used in be-
tween the current sensors and AHP. Auxiliary analog input channels 0 & 8 (VAUX0P: XADC-ADOP-R:
F16 /VAUXON: XADC-ADON-R: E16 & VAUXS8P: XADC-ADS8P-R: D16 /VAUX8N: XADC-ADS8N-
R: D17) are the dedicated channels needed for simultaneous sampling applications. Analog header port

is shown in Fig. 6.4.
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Pulses from Encoder Voltage divider circuit

Figure 6.3 Pulses shifting from encoder to FPGA

Figure 6.4 Analog Header Port

6.4 Signal processing and amplification

The 12 PWM pulses generated from FPGA board are fed to the three-level NPC [121] inverter
through an amplifying circuit that shifts the voltage level of 3.3V from the board to 15V. These pulses
are assigned to specific pins as shown in Table 6.1. Further, the outputs from these pins are fed to gate
drivers of the inverter through an amplifying circuit as represented in Fig. 6.5. The amplifying circuit
consists of LM 339 Quad Op-amps, observed in Fig. 6.6. The switching and sampling frequencies along

with gains of the PI controller are mentioned in the Appendix A.2.
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Table 6.1 Signal and Zynq pins from which respective PWM pulses are fed to the gate drivers of the
inverter.

FWM Signal Name | Zynq pin

Pulse
1 JB1 W12
2 JB2 W11
3 JB3 V10
4 JB4 W38
5 JB7 V12
6 JB8 W10
7 JB9 Vo9
8 JB10 V8
9 JCIN AB6
10 JC1 P AB7
11 JC2 N AA4
12 IC2 P Y4

s

N S
= g e
= B e

e
—

Figure 6.5 Amplifying circuits through which PWM pulses from FPGA board are fed to the gates of the
devices in the inverter.
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Amplifying PWM Pulses fed
circuits to the Inverter

Figure 6.6 Amplifying circuits and PWM output pins of the FPGA board.
6.5 Conclusion

This chapter presented the details of the hardware implementation of the three-level VSI fed IMD
using FPGA controller. Various parts of this controller have been explained clearly with block diagrams
and photographs. The control algorithm implementation using the FPGA works really fast because of
parallel processing. The next chapter shows the software developed and the results obtained using PTC

implementation in FPGA platform.
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Chapter 7

Experimental Results

7.1 Introduction

The hardware implementation of proposed novel predictive torque control algorithm has been car-
ried out for three level diode clamped inverter fed IMD. A laboratory prototype has been developed (as
discussed in Chapter 6) for multilevel inverter fed IM using PTC. The novelty involved is in selecting
the optimal voltage vectors for impressing a reference voltage space vector to the stator of a three-phase
induction motor deduced by making use of PTC. The parameters of the induction motor are mentioned
in Appendix A.1. The steady state and dynamic responses obtained from the experimental set up are

detailed in the following sections.

7.2 Steady State responses

Block diagram of the experimental setup for the implementation of PTC algorithm for a three phase
three level diode clamped inverter feeding an induction motor, is shown in Fig. 7.1.

A 3-¢, 50 Hz, 415V supply is connected to a three phase diode bridge rectifier whose output is
fed to the diode clamped 3-level inverter which is energizing the induction motor at the required voltage
magnitude and frequency. FPGA board generates the firing pulses for the inverter devices as per the PTC

algorithm.

The PTC algorithm requires two inputs i.e., stator current (z5) and speed (w). The current is sensed
by current sensor(s) and fed to the FPGA board through an ADC. The speed obtained from the encoder
(in the form of a digital signal) is passed through a DAC before being displayed in a digital storage
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Figure 7.1 Block diagram of hardware implementation of PTC algorithm of three phase three level diode

clamped inverter fed 3-¢ Squirrel Cage Induction Motor (SCIM)

oscilloscope (DSO). The steady state response of the motor drive, in terms of stator currents (i, & %)
and speed at no-load condition, while the motor is running at 1425 rpm are shown in Figs 7.2 and 7.3,

respectively. The X-Y axis scale observed in CRO for Fig 7.2 is: X scale: 20 msec/div; Y scale: 5 A/div.

Moise Filter Off

Stator currents (iz, 15)

Time (s)
Figure 7.2 Steady state response of stator currents (4., ¢;) of 2 Amps; Scale X: 20 msec/div, Y: 5A/div
The generated gate pulses for all 12 switches are depicted in Fig. 7.4 (for g1, g2), Fig. 7.5 (for g3,
g4), Fig. 7.6 (for g5, g6), Fig. 7.7 (for g7, g8), Fig. 7.8 (for g9, g10) and in Fig. 7.9 (for gl1, g12). The
X-Y axis scale observed in CRO for all the gate pulses is: X scale: 20 msec/div; Y scale: 2 V/div. The

optimal voltage vector selection was already presented in Table 4.7 which has been made use to generate

these gate pulses.
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Figure 7.3 Steady state response of speed at 1425 rpm; Scale X: 20 msec/div, Y: 250 rpm/div

Noise Filter Off

Voltage (V)

Time (s)

Figure 7.4 Generated pulses for Gates g1, g2; Scale X: 20 msec/div, Y: 2V/div

Moise Filter Off

Voltage (V)

Time (s)

Figure 7.5 Generated pulses for Gates g3, g4; Scale X: 20 msec/div, Y: 2V/div
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Voltage (V)

Time (s)
Figure 7.6 Generated pulses for Gates g5, gb; Scale X: 20 msec/div, Y: 2V/div

Muise Filter Off

Voltage (V)

Time (s)

Maise Filter Off

Time (s)
Figure 7.8 Generated pulses for Gates g9, g10; Scale X: 20 msec/div, Y: 2V/div

Moise Filter Off

Woltage (V)

Figure 7.9 Generated pulses for Gates gl1, g12; Scale X: 20 msec/div, Y: 2V/div
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With a DC output of 160V from the rectifier, the AC voltage generated was about 110V (line-to-line
rms). The sampling frequency used was 1 kHz. Under this condition, the line voltage (V) at the output

of the inverter depicted in Fig. 7.10 and the X-Y axis scale observed in CRO is X scale: 20 msec/div; Y

scale: 50 V/div.

Moise Filter Off

Line Voltage (Vas)

Time (s)

Figure 7.10 Response of line voltage (V,;, : 110 V) at the Output of the inverter; Scale X: 20 msec/div,
Y: 50V/div

7.3 Dynamic Responses

During dynamic conditions, the capability of the IMD to take on load was observed. Also, its
ability to track the variations in reference speed was also observed. These responses were tested at a
reduced voltage of about 30V (line to line rms) with the motor loaded upto 2 Amp even at this reduced
voltage. The line voltage being 29 V in all the three lines is depicted in Fig. 7.11. The line currents (in 2

of the 3 lines) are shown in Fig. 7.12 and its X-Y axis scale observed in CRO is X scale: 20 msec/div; Y

scale: 5 A/div.
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Figure 7.11 Response of the rms line voltage of 28.9 V observed at the input of the motor
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Stator currents (ia | i)

Time (s)

Figure 7.12 Response of the stator currents 7, and 7. (2 A) of the motor; Scale X: 20 msec/div, Y: SA/div

Two cases were studied to know the response while tracking the w,.y. In first case, w,.s is set
to 1015 rpm and the w, is changed from 1050 rpm to 1015 rpm. The motor was found to track the
speed effectively in a matter of a few cycles. In the second case, w,.s in the algorithm is set to three
different speeds i.e. 750 rpm, 825 rpm and 900 rpm and the load applied at the respective speeds is
shown in Table 7.1. The stator current of the motor at different w,.; speeds are shown in Figs 7.13 (4 A
pk-pk), 7.14 (4.3 A pk-pk) and 7.15 (4.7 A pk-pk) respectively. It is clear that the frequencies of the
stator currents are changing correspondingly. Respective X-Y axis scale observed in CRO is X scale: 20
msec/div; Y scale: 5 A/div, 100& 250 rpm/div.

During load conditions, the response of the load torque has been observed in the following Ta-
ble 7.1. Neglecting the efficiency of the DC machine, load voltage and current were taken into account

as the DC generator output, in the estimation of load torque.

Table 7.1 Response of Load torque during dynamic condition of hardware implementation.

N(rpm) Vi, (Volts) I;, (Amps) T;, (N-m)
Speed | Load Voltage | Load Current | Load Torque
900 215 5 114
862 211 4 9.3
825 200 3 6.9
787 195 5 11.8
750 190 6 4.5
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Figure 7.13 Response of (a) w,e at 750 rpm, (b) stator phase currents (¢, & ;) of 4 A pk-pk; Scale X:
20 msec/div, Y: SA/div, 100 rpm/div
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Figure 7.14 Response of (a) w,: at 825 rpm, (b) stator phase currents (7, & ;) of 4.3 A pk-pk; Scale X:
20 msec/div, Y: 5A/div, 250 rpm/div
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Figure 7.15 Response of (a) wg at 900 rpm, (b) stator phase currents (¢, & ;) of 4.7 A pk-pk; Scale X
20 msec/div, Y: SA/div, 250 rpm/div
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7.4 Conclusion

This Chapter presented the results of hardware implementation of the 3-level inverter fed three-
phase cage IMD using FPGA. PTC algorithm has been implemented in FPGA board and corresponding
phase currents and speed responses of the drive has been shown for different operating conditions. The
stator currents are also depicted along with gate pulses to the inverter devices. The waveforms show the

proper working of the three-level inverter and the control algorithm.
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Chapter 8

Conclusion and Future Work

8.1 Introduction

The objectives of this research work are to design, analyze, model, simulate and implement in
hardware a novel predictive torque control scheme for a 3-phase IMD fed by an SVM based three-level
inverter. The modified space vector modulation technique put forth in this work reduces the number
switchings per cycle by selecting an optimal sequence of voltage vectors during every sampling interval.
Later, the front end diode rectifier has been replaced by a converter with self-commutating devices to
achieve direct power control. The conclusions drawn from this thesis work and the scope for future work

are elaborated in this chapter.

8.2 Main Conclusions

This work presents the performance of a three-phase induction motor controlled by DTC technique.
Initially, a two-level inverter fed SVM based DTC IMD has been analyzed. Then, reduced switch three-
level inverter and an NPC three-level inverter both have been explored for implementing classical DTC
as well as PTC. An objective comparison between a three-level VSI and a two-level VSI fed DTC drives
has been brought out under steady state operation and also during load perturbations and speed distur-
bances.

The two-level and three-level VSI fed IMDs have been modelled in MATLAB/SIMULINK environment
and are simulated under various operating conditions such as steady state operation, load perturbation,
reference speed change and speed reversal. It is found that the three-level VSI fed DTC drive always

out-performs the two-level VSI DTC drive in terms of response time, speed and torque overshoots and
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undershoots, torque and current ripples. If a high response application demands lower values of speed
and torque ripples then, from the obtained results, it can be concluded that the three-level VSI fed DTC
drive is the obvious choice. However, complexity of the circuit and computations in the switching logic
are more in the 3-level case; so, judicious choice needs to be made on the basis of performance expecta-

tions and the cost and complexity involved.

A model predictive control algorithm with efficient zero vector placement is proposed and imple-
mented for the VSI fed DTC drive wherein the inverter devices are fired by the novel SVM technique.
The algorithm is not only simple to implement but also it could reduce torque and current ripples. DTC
and PTC have been investigated on a reduced switch three level inverter fed IM drive. It is observed that
the predictive torque control algorithm has superior performance in terms of output current THD (0.34%
in PTC and 15.77% in DTC), torque ripple (0.4% in PTC and 21.2% in DTC), settling time (0.9 ms in
PTC and 8 ms in DTC) etc. as compared to the classical DTC. The proposed algorithm improves the
dynamic response and reduces the losses incurred as the number of switchings decrease. The algorithm
is modeled and simulated with the help of Matlab/Simulink software tool for analyzing its transient and
steady-state operations. The obtained current and torque ripples, overshoots, settling times, THD values
are reported. The results show a tangible improvement in the performance of a PTC based drive as com-

pared to a classical DTC drive.

The PTC algorithm has been applied to both two level and three level inverter fed IM drive. It is
observed that the PTC algorithm for a three level inverter yields a better performance in terms of output
current THD, torque ripple and current ripple, as compared to a two level inverter fed IMD. The pro-
posed PTC algorithm is simple to implement and also improves the efficiency due to the reduction in the
number of switchings. While 0.54% is the reduction in the number of switching transitions during the
switching process in the proposed PTC algorithm for two level inverter fed IMD, the reduction in the
three-level case is 5.07%. Thus, the proposed PTC algorithm is recommended for torque/speed control

applications that require faster and ripple-free performance.
Finally, the experimental investigations have been carried out to corroborate the simulation results.

The results obtained from a PTC based three-level inverter fed three-phase IMD controlled by an FPGA

show that the drive performs extremely well under various dynamic and steady state operating conditions.
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The direct power control strategy on the front end converter and predictive torque control on the
motor side converter are implemented for a multi-level inverter fed IMD by modelling these converters
in Simulink environment. Three level NPC converters are used at the front end as well as at the load
end. The simulated results shows the performance of the active and reactive power control of the AFEC
working effectively. Similarly, torque, speed and stator current variations under different load conditions
have been observed for the multi-level inverter fed IMD which is controlled by PTC on the motor side.
During the switching condition, the choice of selection of optimal voltage vector is done in such a
manner (wherever redundancy exists) that the number of switching transitions are reduced. Because of
this, a considerable reduction in switchings of the AFE rectifier and multi- level inverter at the motor end,
could be attained. The THD of the output current at the motor side is observed to be 2.59% which is less
when compared with the classical DTC method presented in the literature. Also, the THD of the supply
current at the PCC with proposed DPC algorithm applied to the three-level diode clamped converter
which functions as the AFEC, has been improved to 3.67% as compared to the DBR case (where the
THD at the PCC was 50.27%). The complete behavior of the system in all the four quadrants not only
yields better performance of the drive, but also brings down the losses, since the number of switchings
are reduced due to optimal voltage vector selection logic.

In all, this work has presented two-level and three-level VSI feeding a DTC and PTC based three-
phase IMDs wherein simulations have been carried out for various steady state and dynamic operating
conditions to find that improved performance and reduced losses have been achieved. Further, experi-

mental prototype has been implemented in the laboratory using FPGA.

8.3 Scope for Future work
e The novel PTC algorithm with efficient vector placement can be tested on Five-level and seven-

level inverters.
e Active front end converter can be implemented in hardware for the inverter fed IMD.
e Reduced-switch three-level inverter can be implemented in hardware for PTC based IMD.

e The scheme with AFEC on the grid side and VSI on the motor side can easily be used for induc-
tion machine based wind energy conversion system to achieve maximum power for a given wind

velocity and also to improve the power quality at the point of common coupling.
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Appendix A

A.1 Induction Machine Rating and Parameters

Parameter Symbol Nominal Value
Rated Shaft Power - 3.7kW (5 hp)
Line to Line Voltage - 415V

Rated Speed - 1425 rpm

Pole pair p 2

Stator Self-Inductance L 1.56 H/ph
Rotor Self-Inductance L, 1.56 H/ph
Magnetizing Inductance Ly, 1.54 H/ph
Stator Resistance R 4.92 Q/ph
Rotor Resistance R, 6.54 Q2/ph
Machine Inertia J 0.01061 kg-m?
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A.2

The equivalent circuit parameters of the stator and rotor of

the squirrel cage induction machine:

T, =F
T =g
o _1—[
ke =4m

Ly,
Lal,

R, =R,+ Rk’

=0.317 H/Q

=0.239 H/Q

=0.024

=0.98786

=(.98786

=11.302

=3.28m

The inverter switching frequency : 20 kHz and Sampling frequency : 1 kHz

A.3 Name plate details of the three-phase squirrel cage induction

motor (Load)

Parameter Symbol Nominal Value
Rated Shaft Power - 3.7kW (5 hp)
Line to Line Voltage - 415V

Rated Speed - 1440 rpm

Pole pair p 2
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