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ABSTRACT

KEYWORDS: Cascaded inverter; three-level inverter; field oriented control: induction Motor;
carrier-overlapped PWM; ripple content.

Multilevel inverters have emerged in a long way to become a part of industrial applications. Due
to the inherent advantages achievable by the three-level inverters at lower switching frequencies,
they are replacing the traditional two-level inverters in the low and medium power drives. A
cascaded three-level inverter is a simple retrofit of two two-level inverters and is devoid of neutral
point fluctuations, does not require any capacitor voltage initialisation and does not require more
number of isolated dc sources when compared to its conventional counterparts like neutral point
clamped (NPC), flying capacitor clamped (FCC) and cascaded H-bridge (CHB) types respectively.
Pulse width modulation(PWM) schemes facilitate the generation of variable voltage at variable
frequency at the output of the inverters for precise speed control in the motor drives. Most widely
used PWM schemes in the motor drive applications are sinusoidal PWM, space vector PWM and
selective harmonic PWM. Two carrier based PWM schemes are presented in this thesis to further
improve the harmonic profiles of the above traditional PWM schemes.

The first part of this thesis presents the mathematical model of the induction motor and
development of a closed loop Field-Oriented Control (FOC) for Induction Motor (IM) drive. FOC
method is used for achieving a decoupled control of torque and flux for the IM drive. Rotor field
orientation and indirect estimation of unit vector made the dynamic motor model and control
logic further simple.

The second part of the thesis presents the advantages offered by the cascaded three-level
inverter compared to the two-level inverter and a three-level NPC inverter firstly. Secondly,
two carrier based PWM implementations namely Switching Frequency Optimal PWM (SFO-
PWM) and Carrier Overlapped Switching Frequency Optimal PWM (CO-SFO-PWM) for the
cascaded three-level inverter is presented. The offset introduced in the carrier signals in CO-
SFO-PWM causes an overlap between them resulting in increased chopping of voltage wave at
lower modulation indices and improving the motor current waveforms. However, it has reduced

fundamental voltages at higher modulation indices. On the other hand, the SFO-PWM offers

iii



higher fundamental voltage at these high modulation indices. It is observed from the results that
incorporating CO-SFO-PWM at lower modulation indices and SFO-PWM at higher modulation
indices is advantageous, instead of using a single PWM for entire modulation range. So, a hybrid
PWM with a smooth switch over which combines the advantages of both the CO-SFO-PWM and
SFO-PWM schemes is presented, which reduces overall ripple content in motor phase current for all
the speed ranges. The output voltage and current harmonic profiles at lower and higher modulation
indices are obtained and are closely compared with the conventional SPWM highlighting the merits
and demerits of each PWM. Finally, the closed loop speed control of the induction motor drive
using indirect rotor FOC with the proposed hybird PWM is simulated in MATLAB/SIMULINK
and the performance of the drive highlighting the independent control of torque and flux for

various dynamic speed and load changes are presented.

iv



Contents

ACKNOWLEDGEMENT

ABSTRACT

LIST OF TABLES

LIST OF FIGURES

Introduction
1.1 Background . . . . . . . .. e
1.2 Goals Of Project . . . . . . . . . . e

1.3 Outline of the thesis . . . . . . . . . . . .

FOC Method for IM and Motor Model
2.1 Field Oriented Control of IM . . . . . . . . . . . .. . . . . .
2.1.1 Calculation of rated parameters . . . . . . . . ... ...

2.2 Calculation of gain constants for PI controllers . . . . . . ... ... ... .....

Power Inverters and PWM Techniques

3.1 Inverter Circuits . . . . . . . . . . .
3.1.1 Two-Level Inverter . . . . . . . . . .. ..
3.1.2 Three-Level Neutral Point Clamped Inverter . . . . . ... ... ... ...
3.1.3 Cascaded Three-Level Inverter . . . . . . .. .. ... ... ... ......

3.2 PWM Techniques . . . . . . . . . . e

ii

iii

vi

vi

11

14



3.2.1 Sinusoidal Pulse Width Modulation . . . . . . . . ... .. ... .. .... 20

3.2.2  Switching Frequency Optimal-PWM . . . . . . ... ... ... ... .... 20
3.2.3 Carrier overlapped-SFO-PWM . . . . . ... ... ... 0L 21
4 Results and Discussion 23

4.1 Open loop V/f results of two-level and three-level inverter fed induction motor drive 24
4.2 Simulation of PWMs on cascaded three-level inverter with RL load . . . . . . . .. 27
4.2.1 Hybrid Switchover PWM method . . . . . . . .. .. ... ... ... .... 32

4.3 FOC with hybird PWM for cascaded three-level inverter fed induction motor drive 35

5 Conclusion 41

REFERENCES 43

vi



List of Figures

1.1

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

3.1

3.2

3.3

3.4

3.5

3.6

3.7

4.1

4.2

Structure of project . . . . . . L

Principle of FOC implementation . . . . . . . . .. .. ... ... ...
Phasor diagram for field vector orientation . . . . . . . . . .. ... ... ... ...
Estimation of Flux . . . . . . . . . . .
Estimation of Electrical angle . . . . . . . . . .. ... ... . ... . ...
Decoupled d-axis current loop . . . . . . . .. ..o
Decoupled g-axis current loop . . . . . . . . . ..
Sample PI controller loop . . . . . . . . ...

Block diagram of Rotor-field oriented FOC control technique . . . .. .. ... ..

Two-level inverter circuit . . . . . . . . . . . L L
Three-level NPC inverter circuit . . . . . . . . . . .. ... ..
Three-level cascaded inverter circuit . . . . . . . . .. .. oL L Lo
Example of SPWM implementation . . . . . . . ... ... ... ... ...
PWM, Line voltage, Phase voltage waveforms for SPWM at m,=0.8 . . .. .. ..
PWM, Line voltage, Phase voltage waveforms for SFO-PWM at m,=0.8 . . . . . .

PWM, Line voltage, Phase voltage waveforms for CO-SFO-PWM at m,=0.8

Simulation results of the Two level inverter fed induction motor drive in open loop
with conventional SPWM . . . . . . . . ...
Simulation results of the Three-level NPC inverter fed induction motor drive in

open loop with conventional SPWM . . . . ... ... .. ... ...........

vii

11

12

16

17

17

18

19

21



4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

Simulation results of the Three-level cascaded inverter fed induction motor drive in
open loop with conventional SPWM . . . . ... .. ... ... ........... 26
Simulation results of the cascaded three-level inverter obtained with SPWM showing
the output voltages ((a), (b) and (c)), phase voltage THD ((d), (e) and (f)) and
Phase current THD ((g), (h) and (i)) for m, = 0.3, 0.8 and 1.2 respectively . ... 28
Simulation results of the cascaded three-level inverter obtained with SFO-PWM
showing the output voltages ((a), (b) and (c)), phase voltage THD ((d), (e) and
(f)) and Phase current THD ((g), (h) and (i)) for m, = 0.3, 0.8 and 1.2 respectively 29
Simulation results of the cascaded three-level inverter obtained with CO-SFO-PWM
showing the output voltages ((a), (b) and (c)), phase voltage THD ((d), (e) and
(f)) and Phase current THD ((g), (h) and (i)) for m, = 0.3, 0.8 and 1.2 respectively 30
Voltage THD plotted against Modulation index for SPWM and SFO-PWM . . . . 31

Fundamental RMS voltage plotted against Modulation index for SPWM and SFO-

Current THD plotted against Modulation index for SFO-PWM and CO-SFO-PWM 32

Fundamental RMS voltage plotted against Modulation index for SFO-PWM and

CO-SFO-PWM . . . . . 32
Different ranges of m, for switching over of PWMs . . . . . .. .. .. ... .. .. 33
Hybrid PWM transition in 0.4 to 0.8 m, range . . . . . . . . . .. .. ... .. .. 33

Variation of overlap region as modulation increases from 0 to 1 from left to right of

Fundamental RMS voltage plotted against Modulation index for SFO-PWM, CO-
SFO-PWM and Hybrid-SO-PWM . . . . ... ... ... ... ... 34
Current THD plotted against Modulation index for SFO-PWM and CO-SFO-PWM
and Hybrid-SO-PWM . . . . . . . . . 35
Simulation model for FOC of Cascaded three-level inverter fed induction motor
drive developed in MATLAB . . . . . . . . . . . 36

T, ¢, ig, ig responses during staring of the drive . . . . . . . . ... ... ... ... 37

viii



4.18 T, speed, i, responses during staring of the drive . . . . . . .. .. ... ... ... 37

4.19 T, ¢, iq, iy responses during speed reversal . . . . . .. ... ... 38
4.20 ¢, T, speed, i, responses during speed reversal . . . . ... .. .. ... ... 38
4.21 T, ¢, i4, iy responses for rated loading conditions . . . . . .. ... ... ... ... 39
4.22 ¢, T, speed, i, responses for rated loading conditions . . . . . . .. . ... ... .. 39

X



List of Tables

2.1

2.2

2.3

3.1

3.2

3.3

4.1

Motor Specifications . . . . . .. ..o 10
Rated value of parameters . . . . . . . . . ... 11
PI controller gain constant values . . . . . . . . . ... ... L L. 12
Switching combinations for two-level inverter . . . . . . .. ... ... ... .. .. 16
Switching combinations for Three-level NPC inverter . . . . . . . .. .. ... ... 17
Switching combinations for cascaded three-level inverter . . . . . . ... ... ... 18
PI controller gain constant values . . . . . .. .. . ... Lo Lo 35



Chapter 1

Introduction

An electrical machine is heart of any drive system which facilitates bidirectional electro-mechanical
energy transfer. This bidirectional conversion happens in a machine only when it is structured elec-
trically, mechanically and thermally in a perfect way. The drive systems have many applications in
various industrial mills, automobile propulsion, home appliances, transportation, computers and
robotics etc., Among them industrial drive applications are generally classified into constant-speed
and variable speed drives [1]. Previously, ac machines with constant frequency sinusoidal power
supply have been used in constant-speed drive applications, whereas dc machines were preferred
for variable speed drives. However, dc machines have the disadvantages of higher cost, higher ro-
tor inertia and maintenance problems with commutator and brush arrangement which limits the
speed and peak currents, causes electro-magnetic interference problems and do not permit it to
operate in dirty and explosive environments whereas ac machines do not have these problems. An
extensive research happened in variable frequency and variable speed ac machine drive technology
over the last two or three decades reported in [1]-[3]. Although the dc drive converters and control
is simple, progressively they are being replaced with ac drives due to their robustness.

The induction machine (IM) occupies a major hand in the present ac drive applications, par-
ticularly the cage type IM is most commonly used in industry due to its low cost and rugged
construction. These machines are very reliable and available in fractional horse power (FHP) to

multi-megawatt capacities. The low power FHP IMs are available in single-phase, but poly-phase



likely three-phase machines are used most often in variable speed drives.

1.1 Background

Usually, the most pronounced controlling methods of IM in literature [1] are Scalar control and
Vector control. The scalar control technique involves the conventional open loop control methods
like Voltage control, flux control, V/f control etc., Whereas in vector control i.e by the concept of
Field Oriented Control (FOC) provides a closed loop control of IM with an independent control
over flux and torque [1],[2]. Transforming the motor parameters into rotor frame of reference,
decouples flux and torque of the machine [3].

Among different types of multilevel inverters available in literature [1],[8], the most widely used
kinds are Neutral Point Clamped inverter (NPC), Flying Capacitor inverter (FCC) and Cascaded
H-Bridge inverter (CHB) for modern medium and high power applications [8]. The NPC type has
an easy control but it has neutral point voltage fluctuations. The FCC type require initialization
and maintenance of voltage levels across capacitors. The CHB uses one separately isolated dc
source for each H-bridge employed. Hence, a Dual two-level inverter i.e Cascaded three-level
inverter offers a simple structure overcoming the above challenges mentioned for two-level and
conventional thre-level inverters, and uses only two isolated dc sources for its operation.

PWM implementation in inverters provide variable output ac voltages at variable frequencies
for a reliable speed control of IM. Revising about PWM techniques in literature [1],[12],[13],
starting from most conventional SPWM to advanced SVPWM methods, each type has its own
merits and demerits. Describing the conventional carrier and modulation wave based PWMs [11],
modification of carrier waves improves output THD performance and modified modulating waves
extends the linearity of output fundamental to overmodulation indices. For an improved overall
performance, we require a hybrid PWM technique that captures the merits of the PWMs like

Modified sine PWM (like SFO-PWM) and carrier ovelapped PWM (like CO-SFO-PWM).
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Fig. 1.1: Structure of project

1.2 Goals Of Project

The main objectives of the work reported in this thesis is,

e To devise a FOC controlled IM drive fed by a cascaded three-level inverter so as to achieve

good torque dynamic performance.

e To devise carrier based PWM methods for the cascaded three-level inverter for reduced

harmonic content in output phase currents.

e To devise a hybrid PWM transition method for wide range of rated speed operations of IM

drive, without compromising the reliability and stability of control system.

1.3 Outline of the thesis

Sensationalizing and structuring the project work as shown in Fig. 1.1, each segment involves
in various actions undergoing within the control system and has its own role to perform. The role
and tasks of each of the above segments in Fig. 1.1 can be individually explained as follows,

Machine Model- This replicates the IM which is modelled with several blocks of transfer func-
tions fed by input voltages and provides desired speed and torque outputs. Dynamic modeling of
IM is the first step in designing this project.

Controlling Technique- By FOC method the control logic is developed, accordingly this block



includes the estimators of flux and electrical angle by following Indirect method of Rotor field
orientation.

Control System Design- It covers the PI controllers adopted to produce stable and steady
response of system quickly. This system in communication with estimators generate the values of
voltages required in next step of change.

Inverter Circuit and its PWM- A dc powered cascaded three level inverter switched by Hybrid
PWM technique comes under this segment. It generates the required output voltages from the
reference modulating signals passed by the control system.

Provided all the above segments are being designed in a correct way and communicating well,
the entire system will exhibit a reliable performance.

Depending on these functionalities of segments, the outline of thesis has been divided into the
following chapters,

In Chapter 2 explanation of FOC method and designing the dynamic model of motor. The
overall closed loop control under FOC method is developed as a simulate ready structure.

In Chapter 3 lists the most used inverter topologies in present power drive applications and
explanation of their design. The study of conventional PWM techniques and their implementation
is presented.

In Chapter 4 implementation of simulation model in MATLAB Simulink, discussion on the
choice of inverter and PWM method that better fits for this application from the simulation
results obtained. Incorporating this choice to the closed loop control model of IM and recording
the observations describing motor performance.

In Chapter 5 a conclusion of entire work is noted.



Chapter 2

FOC Method for IM and Motor

Model

The dynamic modelling of the system is the first essential thing to design a precise speed control
mechanism. In an adjustable-speed drive, the machine normally constitutes an element within a
feedback loop, and therefore its transient behaviour has to be taken into consideration. The
dynamic performance of an IM is complex because three-phase rotor windings move w.r.t three-
phase stator windings, which looks like a transformer with moving secondary where coefficient of
coupling continuously varies with angular position. For such model, the dynamic derivations has
differential equations with time varying mutual inductances which are complex to analyse. All
these complexities are removed with the development of dynamic d-q model of motor as cited
in [1],[3]. As a process, initially three-phase machine is represented by an equivalent two-phase
machine in d-q axis and later this time varying d-q parameters are referred to an arbitrary reference
frame where all time varying inductances are eliminated [1]. Hence, the final derived d-q model is
simple for implementation. Besides, high-performance drive control like FOC require d-q model
of the machine.

Induction motor control is classified as Scalar and vector control methods as reported in [1],[2].

In this, scalar control is simple to implement and have good steady state response but it has poor



dynamic response. But as modern day applications demand high dynamic response, FOC type has
an increase of its prominence over past few decades. In FOC technique, the motor parameters are
transformed to arbitrary rotating reference frame and it is aligned along the flux space vector of
the machine (either rotor, stator or air-gap flux) and rotates at the speed of the flux vector. This
transformation provides decoupling of the stator current components producing torque and flux,
and hence allows an independent control over torque and flux of the IM. In fact, this advantage
has made FOC method as a superior control technique for AC motor drives, similar to the control

of separately excited DC machine where flux and torque current components are decoupled.

2.1 Field Oriented Control of IM

The fundamentals of vector control or Field-oriented control can be explained with the Fig.
2.1, where machine model is represented in synchronously rotating reference frame. In the Fig.
2.1, note that inverter is assumed with unity current gain and it is not represented here but say
it generates i,, iy, i. phase currents from the corresponding reference currents i,*, i,*, i.* from
the control system. Internally in the machine model shown in right of Fig. 2.1, a-b-c currents
are converted into d-q currents in stationary reference frame and later converted to synchronously
rotating frame with the help of electrical angle 6, before getting applied to d-q model of machine.
Following this, the controller is designed to have inverse transformation of these two stages and
then the output references are given to the inverter. Within the process, unit vector of 0, assures
the correct alignment of igs current with flux vector and iys perpendicular to it as shown in Fig.
2.2. Collectively all the above computations happen instantaneously for producing responses to
igs and igs.

Based on the generation of the unit vector, FOC can be either a direct method where 6, is
generated with phase vector flux signals from sensors or it can be indirect method where the 6. is
estimated from slip angle and slip frequency. Among them, Indirect method is easy to implement
without adding any feedback loops and sensors to the control system.

In FOC method, the orientation of izs can be done along with either the rotor flux, the

stator flux or the air-gap flux. But with rotor flux orientation as shown in Fig. 2.2, gives us
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natural decoupling control, where as other orientation options gives a coupling effect which has

to be compensated by a decoupling compensation current, making unnecessary complication of

the control logic. Hence, the Rotor field oriented indirect method of vector control provides us a

simple and precise implementation, which is shown step by step in the following sections.

The dynamic model equations of Induction motor when referred to an arbitrary reference frame

can be given as

Rs+ Lsp
—wsLg
Ly.p

_(Ws - wr)Lm

wslg Lonp
Ry + Lyp —ws L
(ws —wr) Ly, R.+L,p
Lonp —(ws —wr)Ly

wsLpy,
Linp

(ws - WT)LT

R, + L.p

idr

(2.1)

in equation (2.1), V45 and V4, are direct and quadrature axis components of stator voltage, V, and

Vg are direct and quadrature axis components of rotor voltage, iqs, idgs, igr, iar are corresponding

current components,@qs, @ds; Pqr, Par are corresponding flux components, R, is Stator winding

resistance per phase, Ly is Stator winding Inductance per phase, R,., L, are corresponding rotor



parameters, L,,, is Mutual inductance between stator and rotor windings, ws is Synchronous speed
of motor in electrical radians, w, is Rotor speed in electrical radians respectively.
Considering the torque equation of motor from the dynamic model can be given as

PL

T = 5f(iqs¢dr — ldsPqr) 22

As the rotor windings are being shorted, then

¢qr - Lmiqs
r 2.3
q LT ( )
iar = " ds (2.4)
‘/qr:Oanr:O (2 5)
Then the equation set of (2.1) gets modified as follows
Vis Rs+ Lsop wsLgso LL’:p Ws LL’: 1gs
Vs —wgLlso  Rs+ Lgop —Wy LL"‘ LL’" p 1ds
= " "’ (2.6)
0 _%:Lm 0 ]2: + 4 (ws - Wr) ¢qr
0 0 _%:Lm _(ws _wr) %: +p ¢dr
Modifying the equation set (2.6), we have
Ly,
Vs = (Rs 4+ 0Lsp)igs + [wso Lsias + wsL—qde] (2.7)
. , Ly,
Vds = (Rs + ULsP)st + [_WsoLqus + 7p¢dr] (28)
T
1 R, .
bir = G I, i 29
R, . R
0= _fL7rdes + Lirqsd'r + pPar (210)
and the Torque equation (2.2) gets modified as,
PL, .
T = gflzqs(b(h“ (2.11)
Let us say, E; = [wsoLsiqs + wsLL—m ¢ar] and Eq = [-wsoLgigs + LL—mpqﬁdr] as two emf terms
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in equations (2.7) and (2.8) which helps in obtaining a first order relation between voltage and
current along d and q axis independently.

By this Indirect vector control, from equation (2.10) the rotor flux is estimated as shown in Fig.
2.3 and from equation (2.9) electrical angle is estimated as shown in Fig. 2.4.

Reconsidering the emf terms, Eq and E; are set as feed-forward terms and are added to Vg
and Vg, as shown in Fig. 2.5 and Fig. 2.6. As a result the d-axis and g-axis control loops got
decoupled and formed into two isolated loops, it is the step where we are enabled with independent

controlling of Flux and Torque.

2.1.1 Calculation of rated parameters

Consider the Table 2.1 showing the specifications of motor model that is used in this project.

From general torque and power relation, rated torque can be expressed as



Table 2.1: Motor Specifications

SPECIFICATION VALUE
Power (P) 4000 W
Voltage (v) 400 V

Frequency (f) 50 Hz

Number of poles (P) 4

Rated speed (N) 1430 rpm
Stator Resistance (R;) 1.405 Q
Rotor Resistance (R,) 1.395 Q
Stator Inductance (Ls) 0.178 H
Rotor Inductance (L) 0.178 H
Mutual Inductance (L,,) 0.1722 H

Friction coefficient (B)

0.002985 Nm-sec

Inertia constant (J) 0.0131 Kg-m?
PTG €
Trated = ted
Wrorated

Rearranging equation (2.9), we have

(ws _wr) *¢r *Lr

—
qs
Lm * 1E7

Substituting above equation (2.13) in (2.11), we can derive

T xR,
(b'r‘:
(ws —wy) *x0.5% P

Forming steady state equations of (2.10), (2.8) and (2.7) respectively, we have

(2.12)

(2.13)

(2.14)

(2.15)



Table 2.2: Rated value of parameters

PARAMETER RATED VALUE
Load Torque (T) 26.7113 Nm
Voltage (v) 400 V

Rotor field flux (¢,) 1.1273 Wb
Stator g-axis current (iys) 12.2491 A
Stator d-axis current (igs) 6.5465 A
Stator g-axis Voltage (Vs) 383.3721 V
Stator d-axis Voltage (Vgs) -35.0044 V
a G 4

5 @+ 57) (A +Stq)

Fig. 2.7: Sample PI controller loop

Vds = Rsids - Lsdwsiqs (216)
. . Ly,
Vgs = Rsigs — Lsowsigs + TWS¢T (2.17)

Substituting the motor specification values in above derivations, we can calculate the rated

parameter values as in Table 2.2.

2.2 Calculation of gain constants for PI controllers

Consider a sample first order transfer function system with a PI controller as shown in Fig.
2.7. Let K, and K; are proportional and integral constants of PI controller, 7,; and 74 are time
constants of PI controller and first order system, G be the gain of first order system respectively.

Then, 7,;, = fg’ By implementing pole-zero cancellation, we get

Tpi = Td (2.18)

11



Table 2.3: PI controller gain constant values

PI CONTROLLER LOOP POSITION | K, VALUE | K; VALUE
Current Loops 1.405 171.856
Rotor Flux Loop 5.8072 45.5015
Rotor Speed Loop 0.003 0.00068

and for unity loop gain,

K,xG=1

“@THDY- o

Lm/Lr

[ s — [
= o —J
s Pr iqS

o &0
Calculato

Or—]
6 +—

loop in Fig.s 2.5 and 2.6 we can derive for gain constants.

) dq

I Inverter

PWM Generator

circuit

maotor

Fig. 2.8: Block diagram of Rotor-field oriented FOC control technique

Kpi = Rs
R2
K =—*
oL,

1
qub:r
R,

Kip =

Ky, =B

12

Ly Ly

K;; are proportional and integral gain constants for current loops, then

similarly for Flux loop, if K, and K;4 are respective gain constants, then

and for Speed loop, if K, and Kj, are respective gain constants, then

Induction

(2.19)

using the above two conditions shown in equation (2.18) and (2.19), for each individual closed

As both the current loops are identical, gain constants are same for both the loops. If K,; and

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)



K, = — (2.25)
after substitution of values, the calculated K, and K; are tabulated in Table 2.3. These values
will be further tuned while simulating in MATLAB.

Taking all the points in this chapter into consideration, the final block diagram for our Rotor-

flux oriented FOC method is shown in Fig. 2.8. In this, the inverter circuit and PWM blocks

shall be discussed in upcoming chapters.
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Chapter 3

Power Inverters and PWM

Techniques

An inverter circuit of any motor drive works like a controllable nozzle between DC power source
and terminal motor. It consists of power semiconductor switches which are triggered cyclically
in a sequence and converts the power from the DC sources into a controllable AC output power
with variable voltage and frequency. Depending on the harmonic performance and number of
levels of output voltage generated by the inverters, a wide variety of multi level inverter topologies
are reported in the literature [8],[9]. Among them the most popular topologies are Neutral point
clamped type (NPC), Flying capacitor type(FCC), Cascaded H-Bridge type (CHB) and Cascaded
Three-Level Inverter. More the number of voltage levels provides better AC output with reduced
distortions, but as voltage levels increase both complexity and cost also increases. Each topology
of the multi level invetrer has its own advantages and disadvanatges. A simple two-level inverter
is more suitable in a low cost and low power application, while for medium power levels, NPC,
FCC and Cascaded thee-level are more suitable [9]. However, the NPC converter suffers from the
neutral point fluctuation problems while in the FCC topology, owing to the use of large number
of capacitors, the charge balancing and the voltage initialization are very difficult. On the other

hand, a CHB inverter demands more number of isolated dc sources. The three level Cascaded
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inverter does not require any clamping diodes as in other three level NPC or FCC topology and it
requires only two isolated dc sources when compared to three in a three-level CHB. The capacitors
in the cascaded inverter only carry the dc ripple current and hence it is free form neutral point
fluctuations which are predominant in the NPC topology. Owing to these advantages, in the
present work, the cascaded-three level inverter is chosen. The improvement in the performance
characteristics obtained with the cascaed inverter compared to a conventional two-level inverter
and three level NPC converter are presented in chapter 4.

Pulse Width Modulation (PWM) technique enables the power inverter to generate the re-
quired voltage for the speed control of motor drives. The type of PWM technique determines
the output power quality and control of a power inverter. For any PWM technique, commonly
desired outcomes are a low harmonic distortion of outputs, linear voltage control w.r.t changing
speed and less ripple content. The PWM methods reported in the literature [1],[12],[15] can be
broadly classified as SVPWM based and carrier based depending on the type of implementation.
The SVPWM method is based on the volt second balance of the required voltage vector with the
nearest three voltage vectors generated by the inverter, while the carrier based methods involve
comparison of a sinusoidal modulating waveform at required frequency with a high frequency
carrier waveform. Some of the carrier based methods that are reported in the literature [10],[11]
are, Sinusoidal-PWM (SPWM), Switching Frequency Optimal PWM (SFO-PWM), Carrier Over-
lapped sine PWM (CO-SPWM), CO-SFO-PWM and many other hybrid PWMs. Each of these
PWNMs can be implemented for any multilevel inverter simply with (n-1) carriers where each car-
rier wave is adhered to one pair of switching rows. The (n-1) carrier waves can be generated in
different ways like Alternative Phase Opposition (APO), Phase Opposition (PO), Phase Dispo-
sition (PD) and PO-PD are discussed in [21]. Among them, the PD scheme results in a better

harmonic performance reported in [21] and hence this is used for the present work.
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Fig. 3.1: Two-level inverter circuit

Table 3.1: Switching combinations for two-level inverter

S1 | ST’ V 40

1 0 +Vae/2

0] 1 | -Vg/2

3.1 Inverter Circuits

3.1.1 Two-Level Inverter

A basic two level inverter circuit has six power switches (two switches at each phase leg) con-
nected and each switch is realised with an IGBT with an anti parallel body diode as shown in
Fig. 3.1. This inverter is capable of generating a two-level pole voltage at its output. The level
of the output pole voltage V 4, along with the status of the switches in a-phase leg of the inverter
is shown in Table 3.1. The bottom switches S1°, S2’, S3’ always exhibit complimentary switching

for S1, S2, S3 respectively.

3.1.2 Three-Level Neutral Point Clamped Inverter

A three-level NPC inverter circuit has Twelve power switches (Four switches per each phase
leg) connected and six power diodes for facilitating Neutral point clamping, as shown in Fig. 3.2.
This inverter can provide three voltage levels at each pole i.e +V4./2, 0 and -V 4./2 corresponding
to the switching Table 3.2. Within the four rows of switches, the first two rows i.e (S1,52,S3) and
(S1°,52°,S3’) are complementary pair and the next two rows i.e (S4,55,56) and (S4’,S5’,56’) are

complementary pairs respectively.
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Fig. 3.2: Three-level NPC inverter circuit
Table 3.2: Switching combinations for Three-level NPC inverter

S1|S1"|S4 | S4 V 40

Lo | 1|0 |4Vg/2

0 1 1 0 0

1 0| o0 1 | -Vae/2

3.1.3 Cascaded Three-Level Inverter

S0’ sz’ s7

Vael 2L ——oc

Fig. 3.3: Three-level cascaded inverter circuit
The Cascaded Three-Level inverter circuit can be realized as simple cascaded connection of two

Two-Level inverters which make the circuit free from neutral point fluctuations. Like other three
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Table 3.3: Switching combinations for cascaded three-level inverter

S1 | S17 | S4 | S4 V40

0] 1 ][0 1 |-Vg/2

0 1 1 0 0

1] 0 |10 |4+Ve/2

level inverter, this circuit also has twelve power switches (Four switches at each phase leg), as
shown in Fig. 3.3. This inverter can provide three voltage levels at each pole i.e 0, V4./2 and V4,
corresponding to the switching Table 3.3. The switching complimentary are same like NPC type.

A detailed comparison of the outputs of the above discussed topologies for a sinusoidal PWM

control are presented in chapter 4.

3.2 PWDM Techniques

In this section, various carrier based pwm methods like sinusoidal PWM, SFO-PWM and CO-
SFO-PWM for the cascaded three level inverter are discussed. For the three-phase three-level
inverter PWMs, three modulation waves each being 120 degrees phase displaced and two carrier
signals are used for pulse generation. The carrier reference for top switches has its mean axis in
positive half plane while that of bottom switches carrier occupy negative half plane as shown in
Fig. 3.4. At any instant, the PWM switching decides the pole voltage V 4, of cascaded three-level

inverter as

| | \ | e | | \ \ ]

0 0002 0004 0.006 0008 001 0012 0014 0016 0018 002

Fig. 3.4: Example of SPWM implementation
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Fig. 3.5: PWM, Line voltage, Phase voltage waveforms for SPWM at m,=0.8
Vao =+Vae/2 ; for(m > cl)and(m > c2)
Vao=0 ; for(m < cl)and(m > ¢2) (3.1)

Vo =—Vie/2 ;for(m < cl)and(m < ¢2)

while, V4. is the DC source voltage, m is instantaneous value of A-phase reference modulation
wave, cl, c2 are instantaneous values of carrier reference for Top and bottom switches respectively.
The polarity of output voltage at an instant is decided by equations in (3.1). But, the magni-

tude of output voltage is decided by the following logic.

Am
meg = m (32)
my = ff—; (33)

while, m, is amplitude modulation Index, m¢ is frequency modulation Index, A, and A, are Peak
to Peak amplitudes of modulation and carrier waves, f,,, and f. are frequencies of modulation and

carrier waves, n being number of levels of Inverter respectively.
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3.2.1 Sinusoidal Pulse Width Modulation

A sinusoidal PWM method is most basic technique where modulating sine wave is compared
with level shifted triangular carrier signals as shown in Fig. 3.5.

For a SPWM implemented three-level inverter, Vg4./2 is the maximum peak that can be seen

for a phase voltage output of inverter. Hence, for a V,,_rms fundamental rms output phase

voltage

Vdc/2 = \/5 * Vph—rms (34)

then, Vi _1_,ms rms line to line fundamental rms voltage can be given as

VLforms = 3/2

Ve
* ; (3.5)
So, to get 400v Line-Line rms value of fundamental at unity m,, we require 650v of V4. as per
equation (3.5). With a 650v input DC and m,=0.8, my=21, SPWM is implemented and the
output voltage responses are shown in Fig. 3.5, the line voltage has five levels and the phase

voltage has nine voltage levels in their output. The phase voltage seems to be more near to

sinusoidal.

3.2.2 Switching Frequency Optimal-PWM

In SFO-PWM, the modified sinusoidal wave is used as modulating wave but the carriers are
held same like SPWM. The modified sine wave is generated by addition of offset voltage signal as

shown in Fig. 3.6, which can be derived as shown below,

max(Vg, Vp, Ve) + min(vg, vp, Ue)
vo = —( 5 ) (3.6)

Vam = Va + Vo
Vpm = Up + Vo (3.7)

Vem = Ve + Vo

While, v,, vy, V. are the modulating sine waves for a three phases, Vam, Vom, Ve are modified

modulating waves for three phases, v, being the offset voltage respectively.
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Fig. 3.6: PWM, Line voltage, Phase voltage waveforms for SFO-PWM at m,=0.8

Except the generation of modulating wave, rest other parameters are followed same as SPWM
and the results are shown in Fig. 3.6. Like SPWM, the SFO-PWM also has the phase voltage

more near to sinusoidal with same nine levels in output.

3.2.3 Carrier overlapped-SFO-PWM

In Carrier overlapped-PWM, modified carrier waves are generated by addition of an injected
voltage vi,; [11]. Mostly, in CO-PWM an additional magnitude of 0.5 is extended at upper and
lower limits for a unity magnitude triangular carrier as shown in figure 3.6. For CO-SFO-PWM,
this carrier overlapping is implemented for SFO-PWM provided with the same parameters followed
previously except that the carriers are being modified. From the recorded responses shown in Fig.
3.7, the voltage levels are same as SFO-PWM. The Carrier overlapped method generates a 50
percent overlap area between two carrier waves facilitating to double the my at lower modulation
indices. As a result, this doubled my greatly impacts on reducing the THD values at this lower
mg.

The CO-SFO-PWM is highly beneficiary in reducing THDs for lower modulation index oper-
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Fig. 3.7: PWM, Line voltage, Phase voltage waveforms for CO-SFO-PWM at m,=0.8

ation of motor drive but it has to be switched over to noncarrier overlap PWM like SFO-PWM
at higher modulation indices for reaping maximum benefits in overall modulation range, which is
presented in the reference [10]. Instead of sudden switchover from CO-SFO-PWM to SFO-PWM
mentioned in [10], a hybrid PWM technique which provides a soft transition between these PWMs

is simulated and explained in following subsection 4.2.1.
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Chapter 4

Results and Discussion

The proposed FOC with hybrid PWM for the induction motor drive is simulated in MATLAB
and the results are presented in detail. Firstly, open loop v/f results with conventional SPWM on
the three-level cascaded inverter circuit are compared to that of a conventional three-level NPC
and a two-level inverter highlighting the merits of the cascaded inverter. Secondly, the three PWM
methods discussed in chapter 3 namely SPWM, SFO PWM and CO-SFO PWM and the proposed
hybrid PWM are simulated on the three-level cascaded inverter with a RL load of (10kW, 1kVAr,
400V ) for the full range of modulation index form 0 to 1 are presented to showcase the advantages
of the hybird PWM. Finally FOC with the proposed hybrid PWM on the cascaded three-level
inverter fed induction motor drive is simulated and the dynamic and steady state results obtained
are presented in detail in this chapter. The dc link voltage is taken as 650V for all the simulations
and the value of the frequency modulation index mf is maintained at 21 for all the simulations for
a fair comparison. A discreet time fixed step solver is used in MATLAB for all the simulations.
The motor parameters and the induction motor parameters are given in detail in chapter 2 of this
report. The data for five fundamental cycles and the harmonic content till 63"¢ harmonic is taken

in all the FFT analysis plots for the calculation of the voltage and current THD.
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Fig. 4.1: Simulation results of the Two level inverter fed induction motor drive in open loop with

conventional SPWM

4.1 Open loop V/f results of two-level and three-level in-

verter fed induction motor drive

The steady state results obtained at the rated speed with open loop v/f control showing the speed

and torque along with the pole, line and phase)yoltages for the induction motor drive fed from
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Fig. 4.2: Simulation results of the Three-level NPC inverter fed induction motor drive in open

loop with conventional SPWM

two-level inverter, three level NPC inverter and the three-level cascaded inverter are shown in

Figs. 4.1 - 4.3 respectively.

It can be observed from the voltage waveforms presented in Figs. 4.1 - 4.3 that the output
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Fig. 4.3: Simulation results of the Three-level cascaded inverter fed induction motor drive in open

loop with conventional SPWM

phase voltage with the three level inverters is more closer to a pure sine wave having nine levels

when compared to the five levels in the two level inverter. From the Figs. 4.1(b), 4.2(b) and 4.3(b),

the torque ripple obtained with the three level inverters is 32% and the torque ripple obtained
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with the two-level inverters is 45%. It can be clearly seen that the torque ripple is considerably
reduced with the use of three level inverter. The torque and current response with the cascaded
inverter is almost the same with that of the three-level NPC however, the cascaded inverter does

not suffer form neutral point fluctuations and hence is chosen in the present work.

4.2 Simulation of PWNMs on cascaded three-level inverter

with RL load

The PWM methods discussed in the previous chapter, SPWM, SFO PWM and CO-SFO-PWM
are implemented on the cascaded inverter connected to a three phase RL load (10KW,1KVAR,400V)
and the performance of them in terms of the voltage THD and current THD for the modulation
index of 0.3, 0.8, 1.2 are shown in Figs. 4.4 -4.6. For all the simulation results, PD method of
carrier wave generation is followed and V/f ratio of modulation wave is maintained. The funda-
mental frequency at unity m, being equal to 50Hz. The frequency modulation factor my is set
equal to 21, allowing the carrier wave frequency to vary along with fundamental frequency as m,

varies.

Firstly, comparing THD responses of three PWMs; it can be observed from the results shown in
Figs. 4.4(d), 4.5(d) and 4.6(d), the CO-SFO-PWM has good reduction in harmonic magnitudes
especially the lower orders. Also the THD in the phase current at lower modulations is considerably
less with the CO-SFO-PWM, which can be inferred from Figs. 4.4(g), 4.5(g) and 4.6(g). However,
at higher modulation and overmodulation ranges, the THDs are almost approaching same values
for all the methods. Because of doubling of my happened due to carrier overlapping method, in
carrier overlap region the modulation wave encounters more number of carrier crossings than usual
carrier method, and hence produces more number of voltage pulses ultimately increasing harmonic
order and reduction of THD. The increased number of pulses and less distorted current output
for CO-SFO-PWM at m,=0.3 can be clearly observed among Figs. 4.4(a), 4.5(a) and 4.6(a) and
thus in the lower modulation index range, CO-SFO-PWM is beneficial over the other two PWMs.

Further, it can be seen from the Figs. 4.4(d), 4.5(d) and 4.6(d), all the three PWM methods
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Fig. 4.4: Simulation results of the cascaded three-level inverter obtained with SPWM showing the

output voltages ((a), (b) and (c)), phase voltage THD ((d), (e) and (f)) and Phase current THD

((g), (h) and (i)) for m, = 0.3, 0.8 and 1.2 respectively

generate the similar fundamental voltage at lower modulation indices but at higher modulation
index, CO-SFO-PWM has a considerable drop in fundamental voltage magnitude as seen from
Figs. 4.4(e), 4.5(e) and 4.6(e) while SFO-PWM and SPWM generates a similar value of the
fundamental voltage. Stepping further into overmodulation region as shown in Figs. 4.4(f), 4.5(f)
and 4.6(f), SFO-PWM becomes superior over the other two PWMs as the peak of the modified
modulating waveform reduces due to the addition of a third harmonic component. So, even upto
some extent in over modulation the modified modulated sine wave peak stays below the carrier

peak and continues its linearity. The output fundamental saturates only when the modulation

wave peak crosses the carrier peak.
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Fig. 4.5: Simulation results of the cascaded three-level inverter obtained with SFO-PWM showing

the output voltages ((a), (b) and (c)), phase voltage THD ((d), (e) and (f)) and Phase current

THD ((g), (h) and (i)) for m, = 0.3, 0.8 and 1.2 respectively

From the above discussion it is clear that at lower m, values CO-SFO-PWM stands out among
the three PWMs with reduced THD in phase voltage and current and at higher m, values, SFO-
PWM has better fundamental voltage magnitudes. Therefore, plotting of THDs and fundamental
voltage magnitudes against more number of m, values, will give a better understanding. So, best
two PWMs among the three, relative to each of lower and higher modulation ranges are compared
below.

SPWM and SFO-PWM are best among the three at higher modulation indices as discussed
above. It can be seen from the voltage THDs plot in Fig. 4.7, both the SPWM and SFO-PWM

have almost similar characteristics, except that SFO-PWM has slight improved THD in overmod-
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Fig. 4.6: Simulation results of the cascaded three-level inverter obtained with CO-SFO-PWM
showing the output voltages ((a), (b) and (c)), phase voltage THD ((d), (e) and (f)) and Phase

current THD ((g), (h) and (i)) for mg = 0.3, 0.8 and 1.2 respectively

ulation region. It can be seen from Fig. 4.8 i.e fundamental output voltage magnitude variation
w.r.t my, the SFO-PWM has higher fundamental magnitude in overmodulation region as men-
tioned earlier. Such a behaviour is good for certain applications, where faster acceleration and

quick speed response of motor is required, motor can be driven with overmodulation for a short

span of time instead of going for a higher DC bus value.

For lower modulation ranges, SFO-PWM and CO-SFO-PWM provides lower THDs than
SPWM and the output current THD obtained with the is plotted against m, values and is shown

in Fig. 4.9. It can be seen from Fig. 4.9 that the CO-SFO-PWM method has this reduced phase

30



300 T T T T T T

w ——3PWM
QL - i 4
> 250 2-5F0-PWM
12
S 200F .
>
Q - 4
2 150
—
‘5 100} 1
0
= 50F 1
5 %

CI | 1 1 | 1 1

0 0.2 0.4 1 12 14

hﬂbﬁdulatimpu'l?'ndex

Fig. 4.7: Voltage THD plotted against Modulation index for SPWM and SFO-PWM

< 500 . . ; . . g ——
w SR "
o .
24001 = .
- ——SPWM
L300 -o-SFO-PWMH
©
5
22001 1
o
-
S 100F ]
T 100
w
E 0 | 1 1 L 1 1

0 02 1 12 14

06 08
Modulation Index
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current THDs continued upto m,=0.8 and then merged with SFO-PWM. Comparing the funda-
mental voltage magnitude variation w.r.t m, as shown in Fig. 4.10, the plot of CO-SFO-PWM
deviates towards reduced voltages early at m,=0.6 and this limits the benefits of CO-SFO-PWM
only upto lower m, values, whereas SFO-PWM is good for higher m, values. Hence, there is a
need for a hybrid PWM method that ensures the benefits of both CO-SFO-PWM and SFO-PWM

in entire modulation range.
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Fig. 4.10: Fundamental RMS voltage plotted against Modulation index for SFO-PWM and CO-

SFO-PWM
4.2.1 Hybrid Switchover PWM method

Operating with CO-SFO-PWM under lower modulation indices and a direct switching over
to SFO-PWM at an m, of 0.56 is reported in [10]. But with such a sudden switch over, the
reduced THD benefits of CO-SFO-PWM extended till m,=0.8, will be lost. Instead of such
sudden switching, if a soft transition of PWMs with a gradual change of carrier overlap region
can reap more benefits. This gradual change of overlap region can be made in different ways,

under different ranges of m, as shown in Fig. 4.11. An m, range of 0.4 to 0.8 is chosen to PWM
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Fig. 4.12: Hybrid PWM transition in 0.4 to 0.8 m, range

transition, for covering the maximum best points from both the PWMs from the plots shown in
Figs. 4.9, 4.10.

The magnitude of the carrier overlap with the modulation index in the proposed hybrid PWM
is shown in Fig. 4.12 and the corresponding carrier waveforms with the proposed hybrid PWM are
shown in Fig. 4.13. In Fig. 4.13, we can clearly observe that the overlap region starts gradually
decreasing from m,=0.4 and reaches zero at m,=0.8. To highlight the benefits of this gradual
change in the overlap with this choice of m, values, the fundamental voltage magnitude and phase
current THD with all the three PWMs are plotted w.r.t m, values and are presented in Figs. 4.14
and 4.15 respectively. It can be seen from Fig. 4.14, the proposed hybrid PWM gives most of
the higher voltage values from both the CO-SFO-PWM and SFO-PWM. It can be seen from Fig.

4.15, the proposed hybrid PWM method has completely captured the reduced THD benefits of
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CO-SFO-PWM for full range of m,. Hence, the of the proposed hybrid PWM for a motor
drive provides reduced THD over wide range of speed without a requirement for

the DC bus voltage.
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4.3 FOC with hybird PWM for cascaded three-level in-

verter fed induction motor drive

The FOC with the proposed hybrid PWM is implemented on the three-level cascaded inverter
fed induction motor drive and the dynamic and steady state results obtained are presented in
detail in this section. Using the block diagram of overall control system as shown in Fig. 2.8, a
simulation model is developed in MATLAB as shown in Fig.4.16 which shows the power circuit of
the cascaded inverter fed induction motor in Fig. 4.16(a) and the control system implementation

part shown in Fig. 4.16(b). The parameters of the induction motor are given in Table 2.1.

Table 4.1: PI controller gain constant values

PI CONTROLLER LOOP POSITION | K, VALUE | K; VALUE
d-axis Current Loop 70.25 3437.12
q-axis Current Loop 168.6 12029.92
Rotor Flux Loop 580.72 45.5015
Rotor Speed Loop 36 0.068

The gain constants obtained in section 2.2 of chapter 2 are taken as the starting values to
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Fig. 4.16: Simulation model for FOC of Cascaded three-level inverter fed induction motor drive

developed in MATLAB

implement the simulation and require further tuning to produce fast and smooth responses. The
further tuning of these parameters is done by thoughtfully changing the values in multiples of the
starting values in a trial and error manner to get the final set of controller gains and the final
values of the controller gains are given in Table 4.3. The saturation limits at each PI controller
is set to the calculated rated parameters as per Table 2.2 with an exception in the torque limits.
The torque limits are set at a value equal to 1.25 times the rated motor torque which facilitates
the motor to accelerate and decelerate faster and thus providing a good dynamic response of the
system. The simulation model is subjected to variations in the speed command and the load

torque and the corresponding responses obtained for the dynamic changes are presented in detail.
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Figure 4.18: T, speed, i, responses during staring of the drive

Firstly, starting response of the motor drive is presented. For this, the reference speed command
is increased from from zero to its rated value at t = 0.2 s and the response of the drive showing
the Torque, flux and the d-q components of the stator currents is shown in Fig. 4.17. The
corresponding speed and the phase current of the motor during starting are given in Fig. 4.18.
It can be observed from Figs. 4.17 and 4.18 that the machine torque quickly raised to the limit
set in the control (1.25 times rated torque) so as to allow the acceleration of the motor and the
motor speed smoothly increases and reaches the reference value in about 0.07 secs. Once the speed

reaches the rated value the torque reduces to zero. The value of I; is held almost constant during
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the staring process indicating that the rotor flux is constant, while the I, waveform follows the
torque as both I, and Torque are proportional under rotor field orientation and this clearly shows
the independent control of torque and flux offered by FOC. For considerable changes in torque
magnitude, dip in ig is observed in Fig. 4.21, but it readily averages to the steady state value due

to PI controlling action.

Next, the drive is tested for speed reversal from rated speed. For this, the reference speed of

38



T. (Nm)

@, (wb)

Iq (A4)

Ig (A)

e
._:__‘_-?
L3

Fig. 4.21: T, ¢, i4, iq responses for rated loading conditions

T4 T I T T =
-] [ T —T
= gg ; ﬂ«»ww P
520~ i 10| a T 7 —
=] o e s
" 099 1 101 1.02
s ° ]
= | 1 I I I |
0.9 1 1.1 1.2 1.3 1.4
E 1500 == [ 1 T T T T =
E—t —J 1450
B °%r 125 n——————| 1
1400
c? 500 — 1 1 1.005 1.01 I I | B
E=}
& o I i 1 1 1 1 .
123
3
3
o
2
o _
=
o
0.9 1 1.1 1.2 1.3 1.4
Time (sec)

Fig. 4.22: ¢, T, speed, i, responses for rated loading conditions

the motor is changed from +1430rpm to -1430rpm and the results obtained showing the torque,
speed, flux and the stator current are shown in Figs. 4.19 and 4.20. It can be observed from the
Fig. 4.19, a small drop in flux for the negative change of torque when speed reversal command
is initiated and the same is noticed with iz response also, but immediately pulled up to the rated
value. The motor torque quickly reaches the limiting value of -1.25T.4tcq to allow the deceleration

of the motor and remains at that value until the motor speed smoothly reaches to the reference
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value of -1430 rpm. It can be seen from Fig. 4.20, the stator current phase reversal during the
speed reversal is proper and no overshoots in the stator current are observed.

Lastly, the drive is subjected to a load test. To perform this test, initially the motor is made
to run at the rated speed and suddenly a step change in the load torque equal to the rated torque
of 26 Nm is given at t = 1 s and the results showing the motor torque, flux, speed and the stator
current are shown in Figs. 4.21 and 4.22. It can be seen from Fig. 4.21 that there is the motor
torque increases to meet the load torque and as the value of 7, increases momentarily keeping iq
constant, a small overshoot in the flux is observed and this is immediately corrected by the iq4
control loop. It can also be seen from Figs. 4.21 and 4.22, that due to the sudden loading, a small
dip in the motor speed can be observed which is immediately corrected with a small overshoot in
the torque. This is clearly shown in the zoomed in portion of the Fig. 4.22.

From the results, we can infer that the closed loop rotor field orientation FOC method is
facilitating the system to withstand stably for any kind of loading disturbances. CO-SFO-PWM
gives less ripple content in currents and torques at no load conditions which extends for light load
conditions. While the SFO-PWM gives a better dynamic response when machine is operating
around the rated conditions. Incorporating both PWMs, the Hybrid PWM transition method
proposed in this thesis significantly reduces ripple content in output phase currents, offering re-
duced losses and better efficiency of operation, without compromising the available rated speed

range for operation.
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Chapter 5

Conclusion

This thesis presents a FOC scheme based closed loop control of IM drive. The indirect rotor
FOC for the induction motor drive greatly simplifies the dynamic d-q model of the motor reduces
the control complexity to facilitate the independent control over torque and flux.

The cascaded three-level inverter requires lesser number of power semiconductor devices and
isolated DC power supplies, compared with other traditional three-level inverter topologies. It
is shown from the results that the cascaded three-level inverter fed induction motor drive gives
superior performance in terms of reduced torque ripple when compared to that of two-level inverter
and gives almost the same performance compared to a three-level NPC inverter. However, unlike
the three-level NPC inverter, this inverter model is free from neutral point voltage fluctuations.

The carrier based PWMs are simple in implementation when compared with the conventional
space vector based PWM and selective harmonic PWM methods. From the carrier based PWMs
implementations for cascaded three-level inverter, the CO-SFO-PWM and SFO-PWM presented
in this work has given superior performance at lower and higher modulation indices respectively
when compared to conventional sinusoidal PWM. A hybrid PWM using CO-SFO-PWM and SFO-
PWM with a smooth transition is implemented to reduce the overall harmonic content in the
motor current and enables to efficiently utilize the entire speed range of the motor. From the
PWM simulation results obtained for the cascaded three-level inverter connected to an RL-load,

we observed that the hybrid transition of PWMs is producing reduced THDs within the entire
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modulation range when compared with any one PWM being operated alone.

Simulating for the operation of entire closed loop, results are obtained for speed reversal and
torque change commands and found to be satisfactory. The FOC method along with cascaded
three-level inverter has produced a better torque dynamic response for all kinds of disturbances
created, within the ratings. The hybrid PWM method inhabiting CO-SFO-PWM at lower speeds
and SFO-PWM at higher speeds, has shown its suitability, reliability and stability for entire speed

range with reduced current harmonics.
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