POLITECNICO DI MILANO

Scuola di Ingegneria Industriale e dell'Informazione
Corso di Laurea Magistrale in Ingegneria Elettrica

Sequentially controlled two level inverters of multi-
modular permanent magnet machines for wind energy
systems

Supervisor: Prof. Roberto Perini

Tesi di Laurea Magistrale di:

Khaled ElShawarby, matricola 822525

Academic year 2015-2016



SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT
MAGNET MACHINES FOR WIND ENERGY SYSTEMS

| KHALED ELSHAWARBY | POLITECNICO DI MILANO | ANTONINO DI GERLANDO| ROBERTO PERINI|



SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT
MAGNET MACHINES FOR WIND ENERGY SYSTEMS

Acknowledgment

[ can’t begin to express my sincerest appreciation to my advisor Professor Roberto Perini for his
continuous support for my MSc study and research, for his patience, motivation, enthusiasm and
immense knowledge. His care even extended more than the academic supervision.

Professor Perini, who was always a source of passion and motivation towards the work. He always
pushed to me work better and harder. Whenever I needed any help, I would always find professor
Perini helping me. I can’t even begin to describe how much help and time he has given me.

[ would also like to thank Professor Di Gerlando, who always offered the valuable insight to our
work. His experience and knowledge were something to look up to.

[ can say and without exaggeration that any student should consider himself lucky to work under
the supervision of one of these professors. I count myself more than lucky to work with both
professors, it has been an honor working with both of you. I know that for sure [ had a guardian
angel watching over me.

Thank you Professors.
I would like to thank Professor Marco Mauri for his assistance in the Simulink work.

[ would like to express my gratitude to Politecnico Di Milano for financing my master degree and for
giving me the opportunity to have this experience. [ will never forget these two years.

To my parents, my guardian angels, [ owe them everything. They supported me since [ was a little
boy, always by my side, encouraging me to do better and being two amazing role models to follow.
They always offered guidance, advice and unconditioned love. Words are not enough to say how
much they have done to me throughout the years.

Also, I have to express my gratitude to my brother who was always there for me, a true backbone to
me. [ am also grateful for having a lot friends whom I have known since forever. To me, they are
more than my friends they are my brothers.

| KHALED ELSHAWARBY | POLITECNICO DI MILANO | ANTONINO DI GERLANDO| ROBERTO PERINI|



SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT
MAGNET MACHINES FOR WIND ENERGY SYSTEMS

| KHALED ELSHAWARBY | POLITECNICO DI MILANO | ANTONINO DI GERLANDO| ROBERTO PERINI|



SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT
MAGNET MACHINES FOR WIND ENERGY SYSTEMS

Contents
List of Figures 9
List of tables 12
1 Introduction 14
1.1 AiMS Of the TRESIS ..uciic e e e e e e et e e 14
1.2 How the BoOK iS OrganiZed?......o e sssesse s sssssss s sesssssssssssssssssasees 14
2 Wind Energy Harvesting 16
2.1 = w20 7= 17
2.2 Wind TUIDINE SYSEEIMS ... vcurieuieereeueesreessersessessseesserssesssessssssse s sssssesssesssssssasssssssesssssaees 18
78 S N o U= 0 )T o 18
2.2.2: YaW MECHANISIN. ..ottt sss st sssssesssss s s ssans 18
22 T N U= A\ = Vo<1 U 18
2.2.4: THE TUIDINE...o ettt ettt et ss st b s s st 18
2.2.5: Permanent Magnet Synchronous Machines........ccomeeenmeenseesneesseeneens 19
2.3 Comparison of Direct - Drive and Geared Generator Systems..........cccocuesveeeueene 20
2.4 Electromagnetic Structures for DIirect driVe. ... eeeeesneessessesssesssessssessesens 22
2.4.1: Radial-flTux PM MaChINES....ccceorerrrerrereereineretsssssssesssssssssesssssssssesssssssssssssssssssns 22
2.4.2: Axial-flux PM MaCRiNeS.....cccouveververercsereessese e ssssss st ses s ssssssssssssasses 22
2.4.3: Transverse-flux PM machines..... e seessesessssnens 23
2.5 Axial-flux permanent-magnet Machines.......c s seeseesseenns 25
2.5.1: TOrque ProdUCHION. .o rcssessssssss st ssssssseses 26
3 Pulse Width-Modulated DC/AC Inverters 28
3.1 Parameters Used in PWM Operation........ccuuoveeneirien s irrienies e esees e s e e 28
3.1.1: Modulation RatioS.......ccceiieiiiii i et et 28
3.2 Three-Phase Full-Bridge VSI.......ccoo oo e e 29
3.2.1: SPWM SPECEIA..cciiiiiueiieceiee e e e re e e e s sre e snr e e sre e enn e e enens 29
3.3 MUItIEVEL INVEITEIS...citveies e ettt e e ee s s st ee e sreae s e sraee e sanbeeesrnnesenns 31
3.3.1 Cascaded H-Bridges.....ccouruerrerirnriee e e s e e s e e 31
3.3.2: Diode-Clamped Multilevel INVETrter ........ccociieineiriin e e 28
3.4 Two level inverter versus multilevel iINVErters........cocccvvveeniiier e en e cvree e 28
4 Derivation of the instantaneous DC current ripple 34
4.1 Square wave MOAUIAtiON ..o iceeiiirir ettt e e 34
4.1.1: For the fundamental frequency (h=1) ....ccccooiriiiniriiniiiinece e 36
4.1.2: For the generic harmonic ..o 36
4.1.3: Power balance across the inverter........ccccccceeeviveiescvvieeceiveeescivveeeeeneen. 37
4.1.4: Instantaneous dc current ripple expression development................. 38
4.2 Pulse width modulation.........ccceeiiiii et e e er e e e 42

| KHALED ELSHAWARBY | POLITECNICO DI MILANO | ANTONINO DI GERLANDO| ROBERTO PERINI|



SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT
MAGNET MACHINES FOR WIND ENERGY SYSTEMS

4.2.1: Trigonometric function sin([m + n] g) ............................................. 43
4.2.2: Harmonic order given by cos(Mmct + Nwg 1) veevvrererevenneierinesesn s 43
4.2.3: BeSSEl fUNCHON....cuviiiee ettt e e e s 43

4.2.4: Pulse width modulated harmonic voltage and current amplitudes... 44
4.2.5: Generic expression for the currents and voltages on the ac side of the

L0 N2 =) o O PPR PR 46
4.2.6: Instantaneous dc current ripple expression development................ 48
4.3 Expression validation using Matlab/Simulink for PWM.......c..coceioiiivinncnnens 53
4.3.1: PWM MoOdel......oooiiii e et et seenienee. D3
4.3.2: Single Inverter model..........cueooi e e e 54
4.3.3: Two Inverter model whose triangular waveform is displaced by 180
o LYoy =TT SRR PSSP 56
4.3.4: Three Inverter model whose triangular waveform displaced by 120 & -
T20 OIS .. et itie ettt et ettt e st rh e seeee e eb e seeeseeae s sae e s e e eaeeen e eeeeneeeane s 58
5 Permanent magnet Synchronous machine model 60
5.1 Synchronous machine model..........ccccooviiiiiiiinin i e 60
5.1.1: Vector control of PMSM.......coooiiviiin ittt 60
5.1.2: Machine model in Simulink.........ccoocvininiiinine e 61
5.2 CONLIOllErs deSIZN ... cocciiruii ettt e et e e e e e e e sae e en e snnnaens 63
5.2.1: Current regulators deSi8N.......cooverierirceerrieriee e e e 65
5.2.1.1: Calculation of the PI constants in Matlab.........c..cc..c.cceeueenee.. 66
5.2.2: Speed regulator deSigN.......cocoveeeerereerriee e e e e 68
5.3 SIMUINK MOAEL....eiieii e e e e e e e 69
5.3.1: Single module machine... . . 69
5.3.1.1: High frequency 51mu1at10ns mg = 678 (f = 10 KHZ f =
1473 HZ) ettt e e et s e e e e e 70
5.3.1.2: Low frequency simulations mg = 15: (f. = 221 Hz ,f; =
T4 73 HZ) ettt ettt ettt e e e e e e e 73

5.3.1.3: Effect of current controller bandwidth on the harmonics... 76

5.3.2: Two module machine........ccccoiiiiiiiir e 78

5.3.3: Three module machine...........ccourieiinin e 81

5.3.4: Torque THD versus Current THD..........ccvioiinin e 84

5.3.5: Comparison between Simulink results and our theoretical model..... 85

5.4 Effect of parameter change on the ripple components..........ccccccs v iverecerseenenen. 88

5.4.1: Effect of changing controllers’ parameters..........cccoueeveiieireiesieeceerenen. 88
5.4.1.1: Effect of changing controllers’ bandwidth.......c..c.cccovrrveeene. 88
5.4.1.2: Effect of changing the current controller phase margin...... 88

5.4.2: Effect of changing PWM switching frequency..........ccccevieiiineccnieene. 89
Conclusion 91

References 92

| KHALED ELSHAWARBY | POLITECNICO DI MILANO | ANTONINO DI GERLANDO| ROBERTO PERINI|



SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT
MAGNET MACHINES FOR WIND ENERGY SYSTEMS

A-1 Mathematical derivation for the expression of dc side current ripple 93
A-1.1: Square wave Modulation..........ccccircr e e e e 93
A-1.2: Pulse width modulation........cccoviiiiiiir i e 9D
A-2 Data of 1 module of an axial flux modular PM machine 104
A-3 Design of two PI controllers: current and speed loops 105
A-4  Machine Parameters 107
A-5 Validating equation 4-4 developed to the current ripple of the dc side current 109
A-6  Single Module PMSG Simulink model 112
A-7  Two Modules PMSG Simulink model 113

| KHALED ELSHAWARBY | POLITECNICO DI MILANO | ANTONINO DI GERLANDO| ROBERTO PERINI|



SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT
MAGNET MACHINES FOR WIND ENERGY SYSTEMS

| KHALED ELSHAWARBY | POLITECNICO DI MILANO | ANTONINO DI GERLANDO| ROBERTO PERINI|



SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT
MAGNET MACHINES FOR WIND ENERGY SYSTEMS

List of Figures
2-1 Kinetic Energy of the wind 16
2-2 Specific wind power due to wind speed variation 16
2-3 Wind speed before and after the turbine 17
2-4 Maximum theoretical extracted power from wind 17
2-5 Basic Wind Turbine system 19
2-6 RFPM machine with flux and current directions 22
2-7 Rotor Configurations: (a) Surface mounted PM; (b) Inset PM; (c) tangentially-magnetized
buried PM; (d) Radially magnetized buried PM 22
2-8 AFPM machine with flux and current directions 22
2-9 Basic Single Phase transverse flux topology with PM excitation 23
2-30 Different Axial Flux Permanent magnet machines: (a) single rotor single stator AFPM

2-11

2-12
2-13

3-1
3-2
3-3
3-4
3-5

3-6
3-7
3-8

3-9
3-10

4-1
4-2

4-4

structure, (b) AF TORUS type non-slotted surface mounted PM motor configuration, (c) AF
internal rotor type non-slotted surface mounted PM motor configuration, (d) slotless Multi
stage PM machine with N=3 (where N is the number of stages or stators) 24
Axial Flux machine configurations: (a) single rotor single stator structure (b) Two rotors
single stator structure (c) Single rotor two stators structure called “Axial Flux Interior rotor
Permanent Magnet machine” (AFIPM) (d) Multistage structure including two stator and

three rotor blocks 25
[llustration of torque production in axial flux machines 26
Electromagnetic torque of an ideal axial-flux machine as a function of the machine diameter
ratio. 27
Single Leg switch mode converter 28
Voltage control by varying m, 29
SPWM harmonic Spectra for n=15, m=0.8 29
Three Phase full bridge VSI 30
Three Phase full bridge VSI (m,=0.8,m;=9): (a) carrier & modulating signals (b) switch s1
state (c)switch s3 state (d) AC output voltage (e) AC output current 30
Function of modulation for three phase inverter 30
Single phase structure of multilevel cascaded H Bridges inverter 31
Output phase voltage waveform of an 11 level cascade inverter with 5 separate dc sources
31
Three phase six level structure of diode clamped inverter 32
Line voltage waveform for a six level diode clamped inverter 32
Equivalent circuit of our system 34
a) voltages applied to the 3 phases, (b) line to line voltages 34
a) the voltage waveform between the star point of the machine “n” and the neutral “N”, (b)
the waveforms of the phase voltages 35
Equivalent circuit for the fundamental frequency 36

| KHALED ELSHAWARBY | POLITECNICO DI MILANO | ANTONINO DI GERLANDO| ROBERTO PERINI|



4-6
4-7
4-8
4-9
4-10
4-11

4-12
4-13
4-14
4-15
4-16
4-17

4-18
4-19
4-20
4-21

4-22
4-23
4-24

5-1
5-2
5-3

5-5
5-6
5-7
5-8
5-9

5-10

5-11

5-12
5-13

Phasor diagram for fundamental frequency 36
Equivalent circuit for generic harmonic h 36
Phasor diagram for generic harmonic h 37
Power balance across an ideal inverter 37
Two sinusoidal waveforms shifted by 180 degrees 40
Topology of three phase voltage source inverter 42

Comparison between the exact and approximated Bessel functions as a function of
amplitude modulation ratio M a) shows the variation for harmonic order mf b) shows the

variation for harmonic order 2mf-1 44
PWM generation of 3 phase inverter 53
A three phase signal with a triangular of mg=15 and m,=1 53
Model for 3 phase inverter 54
Complement gating signals for leg A (A1U&A1D) generated by the PWM model 54
Model for a single inverter 55
FFT analysis of the dc side current of the single module inverter controlled using PWM

modulation with mf=15 55
The PWM pulse generator for the second module shifted by T./2 56
Triangular waveforms shifted by 180 degrees 56
Model for 2 inverters connection 57
FFT analysis of the dc side current of the two module inverters displaced by T./2 with

SPWM and mf=15 57
Triangular waveforms shifted by 120 and -120 degrees 58
Model for 3 inverters connection 58
FFT analysis of the dc side current of the three module inverters displaced by T/3 and

2T/3 59
Schematic Diagram of the Permanent magnet motor 60
Steady state vector diagram of PMSM 61
Mathematical machine model for 1 module of the PMSM on Simulink 62
Grouped model of PMSM 62
Full control scheme (Voltage controlled power converter) 64
Current control scheme for the q axis current 65
Current control scheme for the d axis current 65
Current controller in Simulink 66

Transfer function showing the effect of switching frequency on the system under control
current controller bandwidth a) switching frequency is set to mf=678 b) switching

frequency is set to mf=15 66
Phase margin for both Kpl and Kil for our machine parameters a) mf=678 and cutoff
frequency 300 rad/s b) mf=15 and cutoff frequency 210 rad/s 67
Variation of the PI constants of the current controller with phase margin at mf=15 and cut
off frequency 100 rad/sec 67
Scheme for the design of the speed regulator 68

Variation of the PI constants of the speed controller with phase margin a) mf=678 and



5-14

5-15

5-16

5-17

5-18

5-19
5-20
5-21
5-22
5-23
5-24

5-25

5-26
5-27
5-28
5-29
5-30
5-31
5-32
5-33
5-34
5-35
5-36
5-37

5-38
5-39
5-40

cutoff frequency 300 rad/s b) mf=15 and cut off frequency 100 rad/sec 69
Overall schematic of the connection between the “N” two level inverters and the “N”

modules of AF PMSG 70
The equivalent connection between the inverter and the machine done on matlab Simulink
71

Torque and speed of one module machine at mf=678: Actual torque in blue and reference
torque (load Torque) is delayed by 1.2 seconds and the machine speed reaches steady state

of the rated speed 1.778 rad/s after 2 seconds 72
FFT Analysis for the steady state DC side current of one module machine at mf=678 where
the amplitude of dc current is 640.5 A 72
FFT analysis for the steady state Torque of one module machine at mf=678 where the

amplitude of the steady state torque is 5.641*105 N.m. 73
Torque and speed of one module machine at mf=15 73
The steady state torque ripple of 1 module machine at mf=15 74
The steady state DC side current ripple of 1 module at mf=15 74
FFT Analysis for the steady state DC side current of one module machine at mf=15 75
FFT Analysis for the steady state torque of one module machine at mf=15 75

FFT Analysis for the steady state DC side current of one module machine at mf=15 and
phase margin of phase controller is 60 degrees a) wc =300 rad/s b) ) wc =20 rad/s 76
FFT Analysis for the steady state torque of one module machine at mf=15 showing the
effect of lowering the bandwidth of the current controller on the torque harmonics a) we

=300rad/s b) wc=20rad/s 77
Actual torque vs the actual speed for two modules machine at mf=15 78
The steady state torque ripple of two module machine at mf=15 79
The steady state DC side current ripple of two module at mf=15 79
FFT Analysis for the steady state DC side current for two module machine at mf=15 80
FFT analysis for the steady state Torque of the two module machine at mf=15 80
Actual torque vs the actual speed for three modules machine at mf=15 81
The steady state torque ripple of three module machine at mf=15 82
The steady state DC side current ripple of three module at mf=15 82
FFT Analysis for the steady state DC side current for three module machine at mf=15 83
FFT analysis for the steady state Torque of the three module machine at mf=15 83
Instantaneous DC power of one module machine at mf=15 84
Instantaneous power stored in the machine inductance of one module machine at mf=15
85
Machine phasor diagram for the condition id=0 85

The FFT analysis of the dc side current using the developed equation 4-14 for mf=15 87
The FFT analysis of the dc side current using Matlab Simulink for mf=15 87



SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT
MAGNET MACHINES FOR WIND ENERGY SYSTEMS

List of Tables

5-4

5-5

5-6

5-7

5-8

Diode-clamped six-level inverter voltage levels and corresponding switch states 32
Magnitudes for fundamental frequency h=1 36
Amplitudes for generic harmonic h 37
The results of the function sin([m + n] %) form=1, 2 and n=0,+1,+2,+3 43
Harmonic voltage amplitudes calculated for m=1, 2 and n=0,+1, +2, +3 44
Harmonic current amplitudes and the angle between the current and voltages for m=1, 2

and n=0,+1,+2,43 45
Summary of the equation [4-9] which is the generic expression for the ripples in the dc side
current 51
Harmonic components of the dc side current as well as the torque for mf=15 55
Data of one module of an axial flux modular PM machine 61
Current controllers constant at mf=678 (f. = 10 KHz) and mf=15 68
Speed controller constant at mf=678 and mf=15 for one module, two modules and three

modules systems 69
Harmonic components of the dc side current as well as the torque for mf=678 71
Harmonic components of the dc side current as well as the torque for mf=15 76

Effect of changing the bandwidth on the ripple components of the dc current and torque at
mf=15: phase margins are 60° and 70° for the current and torque controllers respectively
88
Effect of changing the phase margin of the dc current controller at mf=15: Phase margins
are 45° and 70 for the current and torque controllers respectively 89
Effect of changing the frequency modulation ratio mf on the current and torque steady state
ripple. The cutoff frequency of the current controller is 100 rad/s with phase margin 60 and
the cutoff frequency of the speed controller is 10 rad/s with phase margin of 70 90

| KHALED ELSHAWARBY | POLITECNICO DI MILANO | ANTONINO DI GERLANDO| ROBERTO PERINI|



SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT
MAGNET MACHINES FOR WIND ENERGY SYSTEMS

Abstract

Lower harmonic content is sometimes the attractive feature of some control systems. High power
Axial flux Permanent Magnet Synchronous Generators for wind applications are often multi
modular. Such system are often driven by a multilevel inverter due to its lower harmonic distortion
compared to two level inverter. However a two level inverter has the advantage of a much simpler
control system and lower cost. This thesis presents a particular system, each module of the machine
is connected to a two level inverter; the inverters are paralleled on the dc side. The carrier signal of
each inverter is shifted from its neighbouring inverter with an angle. The angles necessary are
selected such to cancel out the least harmonic components in the dc side current. There are two
types of modulation considered: square wave and pulse width modulation. We analysed the dc side
current mathematically for both types of modulation; finding the full expression of the dc current
ripple and finding the necessary angles to reduce the current ripple.

We have proven the effectiveness of the sequential control of the two level inverters in decreasing
the dc current ripple through checking the mathematical calculations with some simulations.
Decreasing the current ripple subsequently decrease the torque ripple of the shaft.

In chapter two gives a brief about wind energy systems and the illustration of the axial flux
permanent magnet machine. In chapter three focuses on the most common topologies for
multilevel inverters and a comparison between the multilevel inverter and the two level inverter. In
chapter four presents the mathematical model for the dc current ripple and the verification of the
equation on Matlab/Simulink. Finally chapter five includes the implementation of the control on the
machine model on Simulink and a comparison between Simulink results and the mathematical
results. Also includes the effect of changing some control parameters on the ripple components of
both current and torque.
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Chapter 1: Introduction

Wind systems comprise generally a wind turbine, which is installed on top of a tall tower, collects kinetic
energy from the wind and converts it to electricity. The most important advantages of the wind systems

are:
* They use clean and free energy

* They require no connection to an existing power source or fuel supply

* They could be combined with other power sources to increase system reliability
¢ They consume no fossil fuels

¢ They could be installed and upgraded as a wind form, more wind turbine could be added as power
demand increases

The power price has considerably decreased since the last decade. This leads to a large-scale application
of wind systems in several promising areas. Compared with conventional fossil energy sources, small
wind energy systems are the best option for many isolated or rural areas applications around the world.

1.1 Aims of the Thesis

Many papers and researches have illustrated the attractive feature of multilevel inverters over the two

level inverters. Basically they have better harmonic spectrum and lower THD than the conventional two
level inverters despite the fact that they are more expensive and their control is complicated and need

more switches than the 2 level inverters.

The main objective of the thesis is to introduce the so called “sequential control of the inverters”: we
shift the carrier signals of different modules inverters in order to achieve a better harmonic spectrum as
some harmonic components would cancel each other. And by achieving a better harmonic profile, the
cost of the overall control system would eventually decrease by using 2 level inverters instead multilevel
ones.

1.2 How the Book is organized?
The book is organized through five chapters as follows:

¢ Chapter 2 gives a brief about wind energy systems and components of such systems. Moreover it
provides a comparison between geared and direct drive systems with detailed common structures of
the direct drive machines, specifically the illustration of the axial flux permanent magnet machine
because the case study used for thesis topic is an axial flux one

* Chapter 3 focuses on power electronics modeling and specifically the DC/AC inverters. Some brief
explanation for the pulse width modulation PWM techniques applied to a three phase full bridge voltage
source inverter is given. Moreover it exploits the most common topologies of the multilevel inverters
with their advantages and disadvantages and at the end of the chapter a short comparison between the
multilevel inverters and the conventional two level inverters.
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e Chapter 4 presents the approach to find the function of the dc current ripple on the capacitor side of
the 2 level inverter as a function of time in order to understand the nature of the harmonics in the dc
side and to select the correct angles to exploit the sequential control of the inverters. Also includes the
verification of the mathematical equation derived on Matlab/Simulink including the design of a PWM
model.

¢ Chapter 5 includes the mathematical model for the permanent magnet machine and also presents our
model of the machine on Matlab/Simulink and how to add modules to the machine in order to model a
multimodular permanent magnet machine on Matlab. It also includes the Pl controllers’ design of both
the current and speed loops with the methodology of the choice of the proportional and integral
constants of the controller. Moreover, the simulation results of the actual drive system for the PMSG
simulated on Matlab/Simulink which presents the single module machine, the two modules machine
and the three modules machine with a comparison between their Total harmonic distortions. Also
presents a comparison between the mathematical approach results and the Simulink results. Finally we
show the effect of some control parameters change on the current and torque ripple components.
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Chapter 2: Wind Energy Harvesting

Wind is a sustainable energy source since it is renewable, widely distributed, and plentiful. In addition,
it contributes to reducing the greenhouse gas emissions since it can be used as an alternative to fossil-
fuel-based power generation .Wind turbines capture the kinetic energy of winds and convert it into a
usable form of energy.

Even though wind turbines currently provide only 1% of the worldwide power supply, wind energy is
one of the fastest growing renewable energy technologies all over the world. In countries such as
Denmark, Spain, Portugal, and Germany, wind power accounts for approximately 19%, 9%, 9%, and 6%
of the required electric power, respectively. From 2000 to 2007, the global wind power generation
increased to approximately five times of its previously recorded capacity.[1]

The kinetic energy of the wind can be expressed as [1]

1, 1 1 1
Ep = 5?”?‘ = Eplr’zlz = EpAd2'2 = EpRzndt?‘?, \.

Where Eiis the wind kinetic energy, m is the wind mass, v
is the wind speed, p is the air density, A is the rotor area,
R is the blade length, and d is the thickness of the “air
disc” shown in Figure 2-1.[1]

Figure 2-1: Kinetic Energy of the wind
Hence, the overall power of wind (P) is [1]

P=f(v)

P= % = %pR:‘EEEJZ = lpﬂlmlj; /
. /]
P = EpREmJS. [2—1] : / 1

From [2-1], the power content of the wind varies with | i
the cube (the third power) of the average wind speed |
(Figure 2-2) [1]. . L

0 Wind speed (m/s)

-

Wind speed is one of the most important parameters Figure 2-2: Specific wind power due to wind speed variation
in determining the available wind power. Therefore, it is

important to accurately monitor and measure it.
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2.1 Betz Law

Betz’'s law demonstrates the theoretical maximum power

that can be extracted from the wind. The wind turbine \
extracts energy from the kinetic energy of the wind. Higher

wind speeds result in higher extracted energy. It should be

c

noted that the wind speed after passing through the turbine
is much lower than before reaching the turbine (before
energy is extracted). This means that there are two wind
speeds: one before the wind approaches (in front of) the
turbine and the other after (behind) the turbine. Figure 2-3
shows both speeds of the wind; after the turbine, the wind

has a decreased speed.
Figure 2-3 Wind speed before and after the turbine

The decreased wind speed, after the turbine, provides information on the amount of possible extracted
energy from the wind. The extracted power from the wind can be calculated using equation [2-2]. [1]

E 1 d 5 1 L 9
Potract = Tk = ;PRE-—[T{E’E - 2'3} = EIDREIaTb“ﬁ — Tal [2 - 2]

Where Pexiract is the maximum extracted power from the wind, v, and v, are wind speeds after and before
passing through the turbine, p is the air density, and R is the radius of the blades.

According to [1] Pextract reaches its maximum value 0.7
for (Va/Vb) = 1/3 06 (Paxtract! Piotatmax
&L P iy _
T R
- 1 0.592
pm&tract ar 05" - i
P == 59.3%.
- [ 1 -
total %=w 3 0al )
=
£ 03
This equation shows that the maximum G \.\
extracted power from the wind is 59.3% of the o2l \\ i
total available power. In other words, it is not ‘\\
. . 0.1f .

possible to extract all 100% of wind energy
since the wind speed after the turbine cannot a . ' . ' ! L L .

} 0 01 02 03 04 05 06 07 08 09 I
be 0. The effect of v./vy ratio on the 1,0y, ratio
Pextract/ Protal is shown in Figure 2-5. The
maximum extracted power is approximately Figure 2-4: Maximum theoretical extracted power from wind

2/3 of total wind power.

Betz’s law indicates that the maximum theoretical extracted wind power is 59%.However, in practice,
the real efficiency of the wind turbine is slightly different.
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2.2 Wind Turbine Systems

Basically, a wind turbine consists of three main parts: a turbine, a nacelle, and a tower. The wind
turbine presented in [1] demonstrates some other parts inside the tower and nacelle.

2.2.1: The Tower

The main purpose of the tower is to support the nacelle and resist vibration due to the wind speed
variations. The cables that connect the generator (on top of the tower, inside the nacelle) and
transmission line (down, in the basement of the tower) are inside the tower. The tower is the main
component that carries most of the other components such as the turbine, nacelle, blades, generator,
and so on.

2.2.2: Yaw Mechanism

The yaw mechanism is composed of the yaw motor and the yaw drive. The “yaw” mechanism turns
the whole nacelle toward the wind direction in order to face the wind directly. Regardless of the
direction of the wind, the yaw mechanism can help the turbine face the wind by changing the direction
of the nacelle and the blades.
2.2.3: The Nacelle
The gearbox, generator, and the control electronics are all located inside of the nacelle. The nacelle is
connected to the tower through the yaw mechanism. Inside the nacelle, two shafts connect the rotor of
the turbine to the rotor of the electrical generator through the gearbox. The gearbox is the mechanical
energy converter that connects the low-speed shaft of the turbine to the high-speed shaft of the
electrical machine.

The electrical generator is the main part of the nacelle. It is the heaviest part and produces electrical
energy, which is transferred through the cables to the grid. There are different types of generators that
are used for wind turbines, and depending on the type of generator, wind turbines can operate with
either fixed or variable speeds. Fixed speed (FS) turbines use synchronous machines, and operate at an
FS that depends on the grid’s frequency. These machines are not the best solution for the wind turbines,
because the wind always changes its speed. Variable speed turbines use DC machines, brushless DC
(BLDC) machines, and induction machines. DC machines are not commonly used due to the
maintenance problems with the brushes. Induction and BLDC machines are more suitable for wind
applications
2.2.4: The Turbine

The turbine, also called “low-speed rotor,” usually has two to six blades. The most common number of
blades is three since they can be positioned symmetrically, maintain the system’s lightness, and ensure
the stability of the wind power system (WPS). The radius of the blades is directly proportional to the
amount of captured energy from the wind; hence an increased blade radius would result in a higher
amount of captured energy. The blades can rotate around their longitudinal axis to control the amount
of captured wind energy. This is called “pitch control.” If the wind speed increases, the pitch control can
be used to change the effective blade surface, hence keeping the turbine power constant. The pitch
angle control is usually used for wind speeds above the nominal speed.
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2.2.5: Permanent Magnet Synchronous Machines
Figure 2-5 shows a PMSG where the PWM rectifier is placed between the generator and the DC link,

and the PWM inverter is

connected to the utility. In m——————— Fm——————=

this case, the back-to back

converter can be used as the

can be operated at its

interface between the grid . L‘-I—'_, I 1 ! ; Grid
and the stator windings of wi 3 : C | :
n . | M
the PMSG [1]. The turbine furbine W sync. ki Kt &} :‘Kj )ﬁ] 'K_'i
|
|
I

I
. I
machine :
|

I

|

|

maximum efficiency and the : : !
Rectifier Inverter

variable speed operation of

the PMSG can be controlled

by using a power converter that is able to handle the maximum power flow.

Figure 2-5: Basic Wind Turbine system

The main advantages of PM excitation in comparison with electrical excitation are lower losses (no
excitation losses) and lower weight (roughly a factor of 2 in active generator material), which results in
lower cost. The disadvantage is that the excitation is not controllable. Usually, PM machines are
designed as radial flux machines. Therefore, magnets are magnetized in a radial axis, but there are some
examples of PM machines of different designs such as axial flux and transverse flux generators [1].

Axial flux generators (where flux is positioned along the axial axis) are smaller, but heavier and more
expensive than radial flux machines [1]. This is mainly due to the fact that in axial flux machines, the
force intensity is not optimal for all radii, and the radius where the force works is not maximum
everywhere.
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2.3 Comparison of Direct — Drive and Geared Generator
Systems

Different direct-drive and geared generator systems of the wind turbines have been discussed by a
number of authors.

According to the comparison of different direct-drive and geared generator systems discussed in
literature [2] [3], the features of the systems can be summarized as the following.

Considering the energy yield and reliability, the direct drive generator systems seem to be more
powerful. The comparisons of different generator systems for wind turbines can be summarized as the
following. The direct-drive generator system, especially direct-drive permanent magnet generator
system, is superior in terms of the energy yield, reliability, and maintenance problem. The geared
generator system has the advantages in terms of the cost, size, and weight. The geared drive system
has been mostly used on the market of wind turbines, even though the direct-drive system is superior
in performance. According to the review of different generator systems in literature and on the market,
it can be expected that the direct-drive PM generator system with both light construction and low cost
could be the most suitable system. Consequently that generator system could be defined as the most
suitable generator concept with the maximum energy yield and the minimum cost.

Compared to geared drive systems: [2]

« The permanent magnet synchronous generator with one stage gearbox has the highest ratio of
the annual energy yield to cost.

» The direct-drive permanent magnet synchronous generator system (PMSG DD) is superior
compared to other systems in terms of losses and energy yield.

» The doubly-fed induction generator system with three stage gearbox (DFIG 3G) seems
lightweight and low cost solution.

- Different generator systems can be arranged in the order of high cost as direct-drive electrically
generator system can be the most suitable generator concept, because the energy yield of this
system is the maximum. Therefore reducing the cost of direct-drive generator systems will be
the most important issue in both the electromagnetic design and the mechanical design.

The necessity of new wind power system comes from recent studies which have shown that gearboxes
are responsible for the greatest percentage of outage time

Wind turbine manufacturers are turning away from the industry-standard gearboxes and generators in
a bid to boost the reliability and reduce the cost of wind power.

In conventional wind turbines, the gearbox increases the speed of the wind-driven rotor several
hundred fold, which radically reduces the size of the generator required. In the direct-drive generator
for wind turbine, the rotor is directly connected to the rotor hub. Direct-drive generators operate at
the same speed as the turbine's blades and must therefore be much bigger.

Even for a large direct-drive generator, with a diameter of several meters, the air-gap should not
exceed a few millimeters, to avoid excessive magnetization requirements. This means that the



mechanical construction has to be very rigid, in order to maintain the air-gap against the powerful
force of attraction between the rotor and the stator. This stiffness requirement applies to the load path
through the rotor, the shaft, the bearings and the stator. Thus the stiffness places a practical and
economical limit on the diameter of a conventionally built generator.

Because of that, the direct-drive concept is operated in low speed. When scaling up the wind turbine,
the rotational speed is decreased more and more considering the tip speed limitation. In order to scale
up the power of the direct-drive generator, the torque T, must be thus increased in inverse proportion
to the decrease of the mechanical angular speed wn, by [2]

P=T-mm

The generator power P can be also defined as a function of the tangential force density, Fq, the air gap
diameter, Dy, the axial length | and the mechanical angular speed wm as shown in [2]

T )
P:EFd D, -l -o,

Direct-drive generator has a larger diameter to produce higher torque because the torque is
proportional to the air gap diameter squared. Thus higher torque demands large air gap diameter of the
generator and high tangential force. This results in the increase of materials to maintain the air gap in
proper deflection against the normal stress between the rotor and stator. Therefore the concept of
direct-drive generator is operated in low speed and has the disadvantages such as high large diameter,
heavy mass, torque rating and high cost compared to the concept of geared generator. That is why the
concept of direct-drive generator is designed with a large diameter and small pole pitch to increase the
efficiency, to reduce the active material and to keep the end winding losses small.

Direct-drive permanent magnet machines have several advantages compared to the electrically excited
machines. They can be listed as:

« Higher power to weight ratio

* Improvement in the efficiency

» High energy yield and light weight

- No additional power supply for the field excitation,

» Higher reliability without slip rings
Because of those advantages, permanent magnet machines are considered as the promising
electromagnetic structure for direct-drive generator.
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2.4 Electromagnetic Structures for Direct drive

The PM machines can be classified by both the direction of flux path and the structure as the following.

The longitudinal and the transverse flux machine (TFPM)
The radial (RFPM) and the axial flux machine (AFPM)

The slotted and the slotless machine

e The surface mounted and the flux concentrating machine

2.4.1: Radial-flux PM machines

RFPM synchronous machines are the most conventional PM machines. Figure 2-6 shows two views of a
RFPM machine with the direction of the flux and current. The flux flows radially through the air gap of
the machine while the current circulates in the axial direction.

RFPM machines are the easiest and cheapest to manufacture among the PM ma- chines. However, they
are much larger than the axial-flux and transverse-flux machines in terms of active weight and axial
length [2]. Different rotor configurations of RFPM machines are shown in Figure 2-7.

=] A A A
Y
\ (i ‘
—» flux direction ] Rotor [ Shaft a) b) o) a
® current direction . eM
¢ romtion Figure 2-7: Rotor Configurations: (a) Surface mounted PM; (b) Inset
PM; (c) tangentially-magnetized buried PM; (d) Radially magnetized
buried PM

Figure 2-6: RFPM machine with flux and current directions

2.4.2: Axial-flux PM machines
[ m — Windings

Hl Stator iron
1 Rotoriron
[ M
Bl sheft

AFPM machines feature a large diameter and a
relatively short axial length compared to RFPM
machines. As suggested by its name and Figure 2-8,
the flux flows axially through the air gap while the
current flows in the radial direction. It will be
explained in depth in 2.5.

O® Direction of magnetisation of the PM

—— Current direction

C‘ rotation

Figure 2-8: AFPM machine with flux and current directions
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2.4.3: Transverse-flux PM machines

The basic arrangement of a
TFPM machine is shown in
Figure 2-9. This type of
machine suits well for low-
speed direct-drive applications
because of a small pole pitch.
Nevertheless, it is not very
common yet.

The advantage of the TFPM
machine is the high specific
torque that allows the
compactness of the machine.
The major drawbacks are the
poor power factor at high
specific torque and the

complexity of the structure
which leads to high Figure 2-9: Basic Single Phase transverse flux topology with PM excitation

Stator core

Stator coil

Flux path
Current

Permanent
magnet

Rotor core

Movement

manufacturing cost.

Most of the RFPM machines have a conventional inner rotor design. The design of RF machines is simple
and widely used. The structural stability of RF machines is easy to make sufficient. Most of the low
speed megawatts wind generators are RF machines and these RF machines seem to be the most
interesting machine type for the large scale direct drive wind turbines. When using permanent magnets
(PM) for the direct-drive generators, the generators can operate with good and reliable performance
over a wide range of speeds. In manufacture, the simple way of constructing the machine with high
number of poles is gluing PMs on the rotor surface. In RFPM machines, the length of the stator and the
air gap diameter can be chosen independently. If necessary, the radial flux machine can be made with a
small diameter by using a long stator.

RFPM machines (PMSG) have the advantages such as a better torque density than the RF electrically
excited synchronous machine (EESG), so that these machines have been discussed in a number of
literature. However, the presence of PMs makes the assembly more difficult and the structure stronger,
especially in large machines. RFPM machines with general topology have been almost optimized in the
electromagnetic design, so that it seems hard to reduce the active material and the cost of the machines
significantly.

The AFPM machine is a machine producing magnetic flux in the axial direction with permanent
magnets. Fig. 2-10 depicts different AFPM machines such as slotless, toroidal-stator, slotted, coreless
machines.
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stator with
; indings

stator

winding magnets

rofor

(a) (b

ronless roter

Non-slotted stators

Non-slotted
stator with
gramme
winding

fc) (d)

Figure 2-10: Different Axial Flux Permanent magnet machines: (a) single rotor single stator AFPM structure, (b) AF TORUS type
non-slotted surface mounted PM motor configuration, (c) AF internal rotor type non-slotted surface mounted PM motor
configuration, (d) slotless Multi stage PM machine with N=3 (where N is the number of stages or stators)

According to [3], AFPM machine has the advantages compared to RFPM machines as the following:

« simple winding

» low cogging torque and noise (in slotless machine)
» short axial length of the machine

+ higher torque/volume ratio

However, the disadvantages of AFPM machines have been also discussed compared to RFPM

machines as the following.

+ Lower torque/mass ratio

» Larger outer diameter, large amount of PM, and structural instability (in slotless machine)
- Difficulty to maintain air gap in large diameter (in slotted machine)

- Difficult production of stator core (in slotted machine)

Permanent Magnet Direct-Drive turbines are the future of wind energy generation. It’s a smart technology
that can sense variable load demands and automatically adjust power output. By eliminating gearbox
maintenance and most importantly, failure, all of our nearly 100 permanent magnet solutions provide
increased up-time with 75% less upkeep and repair.
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2.5 Axial-flux permanent-magnet machines

Regardless of the success of radial-flux permanent-magnet machines, axial-flux permanent magnet
machines have also been under research interest particularly due to special-application limited
geometrical considerations.

Several axial-flux machine configurations can be found regarding the stator(s) position with respect to
the rotor(s) positions and the winding arrangements giving freedoms to select the most suitable
machine structure into the considered application. Possible configurations are: Figure 2-11 [4]

(a)

(b) (d)

Figure 2-11: Axial Flux machine configurations: (a) single rotor single stator structure (b) Two rotors single stator structure (c)
Single rotor two stators structure called “Axial Flux Interior rotor Permanent Magnet machine” (AFIPM) (d) Multistage structure
including two stator and three rotor blocks

The single-rotor — single-stator structure, shown in Fig. 2-11 (a),

It is the simplest axial-flux permanent-magnet machine configuration (Campbell, 1974; Kurronen, 2003).
This structure suffers, however, from an unbalanced axial force between the rotor and the stator; as a
consequence more complex bearing arrangements and a thicker rotor disk are needed, compared to
structures in which the axial forces are balanced.

The one stator — two rotors structure, illustrated in Fig. 2.11 (b), is a “TORUS” type axial-flux machine
that has its phase coils wound around the slotted stator or non-slotted stator. The first “TORUS” type
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permanent-magnet machine, with non-slotted stator, was introduced in the late 1980’s (Spooner and
Chalmers, 1988). The toroidally wound phase winding has short end-windings, which improves the
machine efficiency and power density. As a drawback, the fixing of the stator to the frame is more
complex; compared to the opposite structure, in which the rotor is located between the stators the
AFIPM Fig 2-11 (c), less space is left for the winding. More complex arrangements can be found by
assembling several machines lined up on the same shaft and by forming a multistage axial-flux machine
according to Fig. 2-11 (d). Such machines may be considered for ship propulsion drive, pump and high-
speed permanent-magnet generator applications.

2.5.1: Torque production

Considering an idealized axial-flux machine
structure with double air-gaps, according to
Fig. 2-11, the expression for the
electromagnetic torque produced by the
machine may be derived [4]. In the analysis, it
is assumed that the permanent magnets
produce a square wave flux density
distribution into the air-gap with maximum
value Bmax. It is also assumed that all the
winding conductors carry constant current
with RMS value /, and the current is
appropriately timed and perpendicularly
oriented with the flux density distribution in
the air gaps. The conductors are located as
closely together as possible on the inner
radius of the stator core ri,. Therefore, the

linear current density A on radius r can be Figure 2-12: lllustration of torque production in axial flux machines
written as [4]:

A=l

Where, Ai, is the linear current density on the inner radius, rin, of the machine and is defined as

m.NPhI

Tl'rm

Where, m is the number of phases, Ny is the number of coil turns in series per stator phase winding

With the given assumptions, the machine torque can be calculated from the elementary forces dF acting
on the surface of the stator core. The elementary torque component dT.m on radius r takes the form
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dT,, =2m, 4, B rdr.

Where, Bmax is the maximum value of the air-gap flux density produced by the permanent magnet.

Integrating dTem equation over the machine radius gives the electromagnetic torque for the ideal double
sided axial-flux machine

Fonat
Tum = 27y Ain 2 [ g 78 =278 oy A o (1 kD) .

Where, ko is the diameter ratio and is defined as

The electromagnetic torque produced by a real machine is somewhat reduced due to the actual
distribution of the flux density in the air-gaps and in the current waveform. This is investigated in detail

T T T T T T

in [4]. According to [4] the optimal diameter ratio for I S

the idealized axial-flux machine, which is

T
I
I
I
I
I
|

1
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em,max

T
=
'~

em
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Note that, as axial-flux machines are concerned, the N el
diameter ratio is an important design parameter. The Y _ __________
torque production capability of the machine, as a 01} e Lhn LT

function of ko, is described in Fig. 2-12. The curve is 0f— 0:2 0;3 0;4 uflj oflﬁ P R

scaled for the maximum torque to be equal to value 1.

Figure 2-13: Electromagnetic torque of an ideal axial-flux
machine as a function of the machine diameter ratio.
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Chapter 3: Pulse Width-Modulated DC/AC Inverters

DC/AC inverters are quickly developed with knowledge of the power switching circuits applied in
industrial applications in comparison with other power switching circuits. In the past century, plenty of
topologies of DC/AC inverters have been created. DC/AC inverters are mainly used in AC motor
adjustable speed drives (ASDs). Power DC/AC inverters have been widely used in other industrial
applications since the late 1980s. Semiconductor manufacture development allowed high-power devices
such as IGBTs and MOSFETSs to operate at higher switching frequencies (e.g., from tens of kHz up to a
few MHz). [5]

Square waveform DC/AC inverters were used well before the 1980s and the thyristor, GTO, and triac
could be used in low-frequency switching operations.Nowadays, most DC/AC inverters are still PWM
DC/AC inverters in different prototypes.

DC/AC inverters are used for converting a DC power source into AC power applications. They are
generally used in the following applications:

1. Variable voltage/variable frequency AC supplies in adjustable speed drive (ASD), devices such as
induction motor drives, synchronous machine drives, and so on

. Constant regulated voltage AC power supplies, such as uninterruptible power supplies (UPSs)

. Static variability (reactive power) compensations

. Passive/active series and parallel filters

. Flexible AC transmission systems (FACTSs)

6. Voltage compensations

3.1 Parameters Used in PWM Operation

[ I NV I )

Some parameters specially used in PWM operation are introduced in this section.

3.1.1: Modulation Ratios
The modulation ratio is usually obtained from a

uniform amplitude triangle (carrier) signal with e )
I
amplitude V.. The maximum amplitude of the N s /| &b
input signal is assumed to be Vin. We define the V2 —=— N "'
amplitude modulation ratio M for a single-phase o i,
inverter as follows: ) a e——— +
% Va Vo
M = n N -
Ve - ——
[
V2 =— ! =
We also define the frequency modulation ratio ol S_w D
—
ms as follows:
fe
mf = -
fm Figure 3-1 Single Leg switch mode converter

A single-leg switch-mode inverter is shown in Figure 3.1 [5]. The DC-link voltage is V4. Two large
capacitors are used to establish the neutral point N. The AC output voltage from point a to N is Vao, and
its fundamental component is (Vao) 1.
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Notes on the amplitude modulation ratio M: Fig. 3-2
o (Vuo)1 = % for M < 1,isvalid in the
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Notes on the amplitude modulation ratio me: I
7 |

|

|

® m can be an integer (called synchronous

[
PWM) or a non-integer (called asynchronous 0 1.0 324
PWM). However, asynchronous PWM is (for my=15)
undesirable because it produces sub
harmonics (of the fundamental frequency)

3.2 Three-Phase Full-Bridge VSI

3.2.1: SPWM Spectra:
Although the SPWM waveform has harmonics of several orders in the phase voltage waveform, the

= M

Figure 3-2 Voltage control by varying mg

dominant ones other than the fundamental are of order ms and mg£2. This is evident for the spectrum
for m=15 and m,=0.8

shown in Fig.3-3 [6]. Note 100 a) phase voltage
that if the other two phases
are identically generated but

120° apart in phase, the
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q
T
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have any 3k harmonics.
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Hence it is advisable to

choose my = 3k,(k € N), as
then the dominant harmonic e
will be eliminated. It is b) line voltage
evident from Fig 3-3b, that

the dominant 15th harmonic oo

Maghitude

in Fig. 3-3a is effectively

eliminated in the line L I N || o

4 6 8 o 12 1s 16 1z 30 22 34 26 33 30 32 34 36 32 4o
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Figure 3-3 SPWM harmonic Spectra for n=15, m=0.8

[

voltage. Choosing a multiple 0
of 3 is also convenient as
then the same triangular
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waveform can be used as the carrier in all three phases, leading to some simplification in hardware.

A three-phase full-bridge VSl is

shown in Figure 3.4[5]. The carrier- _r} j—\ ﬁ
i i + 5 D, § XD, 5 D,

based pulse width modulation 5le== 1 oA . "L

(PWM) technique is applied in this . AR j"_’ v,

single-phase full-bridge VSI. Two Vi 'CD v b . = :ﬁ‘
& [

large capacitors may be used to 2 — L

provide a neutral point N, but one T 5 D, 5/ % D; 5,/ %D,

maybe enough. Six switches S; — Se

in three legs are applied and Figure 3-4 Three Phase full bridge VS|
switched by the PWM signal.

Figure 3-5[5] shows the ideal

waveforms associated with the ]j(/‘\_fo\_ _\% }f\
full'bridge VSI. '~v; ]

* il
180 Jb0

We can find out the phase delay
between the output current and fa
voltage. .

The modulation indication of a

three-phase VSl is different from
that of single-phase half-bridge |

i

3_

VSl as noted in [5]. It is shown in 0 180 270 360
Figure 3-6. ib)
53 — 0T
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. . . : wat
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]1 3.12,4 = (=}
{for mig = 15)
Figure 3-6 Function of modulation for three Figure 3-5: Three Phase full bridge VSI (m,=0.8,m=9): (a) carrier &
phase inverter modulating signals (b) switch s1 state (c)switch s3 state (d) AC output

voltage (e) AC output current
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3.3 Multilevel inverters

Some types of multilevel inverters are shown in the
following [7]:

3.3.1 Cascaded H-Bridges

A single-phase structure of an m-level cascaded
inverter is illustrated in Figure 3-7[7], Each separate dc
source (SDCS) is connected to a single-phase full-bridge,
or H-bridge, inverter. Each inverter level can generate
three different voltage outputs, +Vy, 0, and =V, by
connecting the dc source to the ac output by different
combinations of the four switches, S;, S5, S3, and S;. To
obtain +Vy, switches S; and S4 are turned on, whereas —
Vi4ccan be obtained by turning on switches S; and S;. By
turning on S; and S; or S; and S,4, the output voltage is 0.
The ac outputs of each of the different full-bridge
inverter levels are connected in series such that the
synthesized voltage waveform is the sum of the
inverter outputs. The number of output phase voltage
levels m in a cascade inverter is defined by m = 2s+1,
where s is the number of separate dc sources. An
example phase voltage waveform for an 11-level

v

a

S, 42} .5'34%} |
V —__— S D (-,S
v + dc =
af(m-1)/2
LUy kE s @
S *e} S:"ﬁ} »
Vm==SDCS
va[ (m-1)/2- fﬁ de = DC
53 @ S @
54 H} Sy %} |
vt Vo ==SDCS
S, K‘} SA 4}
SE-I H} Sg'l "
Yurt Vi="SDCS
S 3-| H} S 4‘| ﬂ

Figure 3-7: Single phase structure of multilevel cascaded
H Bridges inverter

cascaded H-bridge inverter with 5 SDCSs and 5 full bridges is shown in Figure 3-8.

The phase voltage Vo = Va1 + Va2 + Va3 + Vag + Vas.

The main advantages and disadvantages of multilevel
cascaded H-bridge converters are as follows [7].

Advantages:

. The number of possible output voltage levels
is more than twice the number of dc sources (m = 2s
+1).

° The series of H-bridges makes for
modularized layout and packaging. This will enable
the manufacturing process to be done more quickly
and cheaply.

Disadvantages:

° Separate dc sources are required for each of
the H-bridges. This will limit its application to
products that already have multiple SDCSs readily
available.

SVt

19, ' 7-0,] P1 )

Figure 3-8 Output phase voltage waveform of an 11 level
cascade inverter with 5 separate dc sources.
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3.3.2: Diode-Clamped Multilevel Inverter

A three-phase six-level diode-clamped inverter is shown in Figure 3-9. Each of the three phases of the
inverter shares a common dc bus, which has been subdivided by five capacitors into six levels. The
voltage across each capacitor is V4, and the voltage stress across each switching device is limited to Vg

through the clamping diodes. ' Switch State
i Voltage Voo =g T 5T 8w | Sz | Sar | Ses | Saw | Sz | Saz | S
Table 3.1 lists the output voltage Sas | Sat | Sa3 | Sa2 | Sar | Sas | Saw | Sa3 | Saz | Sau
. Vs = 3Vde 1 [ 1 [ 0 JoJololo
levels possible for one phase of V, = 4Vde 0 , 1 | T o 1 o o o
the inverter with the negative dc Vi = 3Vde 0 0 ! 1 ! I 1 0 0 0
i voltage V. . Vo= 2Vde 0o [ oo 1 [ [ I | 0 | o0
rail voltage Vo as a reference. V= Ve o T o T o 1o | | | | | 5
State condition 1 means the Vo=10 0 Joflo]olo I 1 I I 1

switch is on, and 0 means the Table 3-1 Diode-clamped six-level inverter voltage levels and corresponding switch
switch is off. Each phase has five states

complementary switch pairs such

that turning on one of the switches of the pair requires that the other complementary switch be turned
off. The complementary switch pairs for phase leg a are (Sa1, So’1), (Sa2, Sa2), (Sa3, Sa3), (Sa4, Sa’4), and
(Sas5, Sa’s). Table 3.1 also shows that in a diode-clamped inverter, the switches that are on for a
particular phase leg are always adjacent and in series. For a six-level inverter, a set of five switches is on

at any given time.

Vs Ses Sbs Sas
Ve 5Cs Di % Sca D1 % Sha Di % Sas
1 _ 1
Va Dz x Sca Dz % Sba Dz % Sas
Figure 3-9 Vauiles Dsgx {P—Scz Dag {P’Sw Da% E}}Saz
Three phase “T |Dag E‘}sc1 Ds% 'E(I'SM Da¥ *:("Sa‘
six level Va
structure of JVe Vb
. Vde 3= Ca
diode : Ve
clamped Va
inverter .
Ve 7=C2
V1
Ve 7= C1
Vo

Figure 3-10 shows one of the three line- v
line voltage waveforms for a six-level VT

Fundamental
component of

inverter. The line voltage Vg consists of a vt

phase-leg a voltage and a phase-leg b

T

voltage. The resulting line voltage is an 11- -t e

level staircase waveform. This means that
an m-level diode-clamped inverter has an Vit

m-level output phase voltage and a (2m- Figure 3-10 Line voltage waveform for a six level diode clamped inverter

1)-level output line voltage.

Although each active switching device is required to block only a voltage level of Vy, the clamping
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diodes require different ratings for reverse voltage blocking. Using phase a of Figure 3.9 as an
example, when all the lower switches Sy1 through Sg5 are turned on, D4 must block four voltage
levels, or 4Vgc. Similarly, D3 must block 3Vy., D2 must block 2V, and D; must block Vgc. If the
inverter is designed such that each blocking diode has the same voltage rating as the active switches,
Dy will require n diodes in series; consequently, the number of diodes required for each phase would
be (m-1) x (Mm-2). Thus, the number of blocking diodes is quadratically related to the number of
levels in a diode-clamped converter

Advantages:

® All of the phases share a common dc bus, which minimizes the capacitance requirements of the
converter. For this reason, a back-to-back topology is not only possible but also practical for uses such
as a high-voltage back-to-back inter-connection or an adjustable speed drive.

®* The capacitors can be pre-charged as a group.
® Efficiency is high for fundamental frequency switching.

Disadvantages:
* Real power flow is difficult for a single inverter because the intermediate dc levels will tend to
overcharge or discharge without precise monitoring and control.

®* The number of clamping diodes required is quadratically related to the number of levels, which can
be cumbersome for units with a high number of levels.

3.4 Two level inverter versus multilevel inverters

The attractive features of a multilevel converter can be briefly summarized as follows. [7]

° Staircase waveform quality: Multilevel converters not only can generate the output voltages
with very low distortion, but also can reduce the dv/dt stresses; therefore electromagnetic compatibility
(EMC) problems can be reduced.

. Common-mode (CM) voltage: Multilevel converters produce smaller CM voltage; therefore, the
stress in the bearings of a motor connected to a multilevel motor drive can be reduced.

° Input current: Multilevel converters can draw input current with low distortion.

Unfortunately, multilevel converters do have some disadvantages. One particular disadvantage is the
greater number of power semiconductor switches needed. Although lower voltage rated switches can
be utilized in a multilevel converter, each switch requires a related gate drive circuit. This may cause the
overall system to be more expensive and complex.

The cost of inverters is mainly dependent on the IGBT and DC-link capacitor. In addition, the cost of
three-level inverter includes the clamped diode. A cost comparison is done in [8] and shows how 2 level
inverters are cheaper than 3 level inverters

The two-level configuration is 27% cheaper than the three-level configuration. The difference is mostly
due to the cost of diodes, which are not needed in two-level configuration.
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Chapter 4: Derivation of the instantaneous DC current ripple

In this chapter, we are set to find an expression to the current ripple on the dc side, so that we are able

to visualize the current harmonics on the dc side. Eventually, after finding the expression of the current

ripple, we will be able to choose the correct angles of displacement between the carrier waveforms; so

that we can obtain the elimination of some of the harmonic contents.

4.1: Square wave modulation

The equivalent circuit of our system can be modelled as in figure 4-1; the generator is modelled as R-L in

series with the internal emf of the PMSM “e,, eg, ec”

‘ L
$1 t 53 L $5 K
AT OINT INT e
. | [ R T o :
T — A - - Lz
K'f i) B LI'r B y I
d C | = o - [
| . e |
- I_-_'__}-P'_ —
—~ -~ ____..-f"
sS4 |t 56 |t 52 'i
_ - I
*
N
Figure 4-1 Equivalent circuit of our system
v - |
The voltage of the dc bus V4 is applied to each phase I Wi
for a period of 7 and shifted by 120° (Figure 4-2a) o
BH I | wi
We can deduce the Line to line voltages which are v
shown in figure 4-2b : on I wt
VAR = Van — VBN 0 n 27
Vec = VN ~ Ven . _ ) _ .
Vs = Voy — U v
cA cN — Van Yy L i ; ot
Applying KVL: Ve ! - ' :
. dlA IMI
VAN=VnN—VAnAndVAn=RS lA+L5E+eA= : ; —
Vea ! 5
Rgly + Ls pis + ey [ s

VBN = VnN - VBn And an = RSiB + LS p iB + eB
VCN = VTLN - Vcn And an = RSiC + LS 1% iC + ec

Summing up Y4p, Vgn, Ven We get

Figure 4-2 a) voltages applied to the 3 phases, (b) line to line
voltages

| KHALED ELSHAWARBY | POLITECNICO DI MILANO | ANTONINO DI GERLANDO| ROBERTO PERINI|



SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT
MAGNET MACHINES FOR WIND ENERGY SYSTEMS

Vgn + VgntVen = Rs(ig +ig +ic) + Lgp(ig +ig+ic) + (eg +eg+ec)

Because we assumed that our machine is a star connected machine which means that iy + iz +i =0
and moreover because it's a symmetric balanced three phase machine (displaced by 120 degrees) thus

egtegtec=0 v | 1 ! 1 5
w : Em!
We can deduce that i
vﬁl.l wt
VAn + an+an - 0 o
vg, Vg/3 .74 .
Thus Vyn + Ven+Ven = 3V,n Which translates v
. Van+VEN+V :
into V,y = w and the waveform of Vin 7, "
w
can be seen in Figure 4-3a. it can be seen that the
vd 2vd 0 - 27

amplitudes are oscillating between — and —.
3 3 Figure 4-3 a) the voltage waveform between the star point of
We can now easily find the voltages across the the machine “n” and the neutral “N”, (b) the waveforms of the
phase voltages
machine of each phase Van, Van, Vcn, Figure (4-3b)
vd ﬂ -vd -2vd

wheretheamplitudesare?, 3 ,Tand -

If we consider the waveform of Vy,, (t) to apply the Fourier series expansion, we can deduce that it is an
odd function (V4,(—6) = —V,4,(6)) and also the function has quarter wave symmetry (V,,(r — 6) =
Vin(6)). These two properties mean that only odd harmonics exist.

Therefore,
/2 /3 /2
4 ) 4 vd 2Vd
Vin(h) = EJ— Vyn (0)sinh6 db = - (f —sin h6 do + f —3sin h8do) =
0 0 /3
4vd (1 hr P hn) 4 Vd (1 4 hn) 41
= — — —_— — | =—%x—x% — —
37 cos 3 cos 3 T cos 3 ( )
And applying the trigonometric function 1 + cos x = 2cos? (g) on (4-1) we get,
8 Vd ) hm
Vyn(h) = —* 3 % C0S (?) 4-2)
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This equation is valid for h = 1,5,7,11, ... etc not for the third harmonics and its multiples because their

waveforms are 120 degrees apart and the machine is
star connected so their sum is zero.

4.1.1: For the fundamental frequency (h=1):
An equivalent circuit is presented in Figure 4-4,

We can draw the phasor diagram Figure 4-5 and apply
the Euler formula to obtain the magnitudes of the
current, voltage and impedence for h=1 which can be
found in table 4-1.

Table 4-1 Magnitudes for fundamental frequency h=1

VI
i(t) = ?sin(wt - ¢)

V' =/ (V 4, — E cos 8)2 + (E sin §)2

. _1<w1L) ¢ _1( Esiné )
¢ = tan R an Vi, — Ecosé8

7' = \/R? + (w4L)?

—O— 00—}y
jXS Rs

Figure 4-4 Equivalent circuit for the fundamental
frequency

Figure 4-5 Phasor diagram for fundamental frequency

where ¢ is the angle between the fundamental voltage and the current.

4.1.2: For the generic harmonic h:

The equivalent circuit will not have the emf of the machine as it

is shown in figure 4-6

From equation (4-2) we can find that the fundamental voltage

amplitude is

. 2*Vd
Van(1) = —

And the amplitude for any generic harmonic “h” is

Z*Vd_VAn(l)
hxmt  h

‘7An (h) =

Ih
iXEh R,

Vs, @,)

—0

Figure 4-6 Equivalent circuit for generic
harmonic h
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As for the reactance it will vary with the frequency such that X,y = h * X;4 . Thus the generic formulas
for the amplitudes will be in table 4-2

Table 4-2 Amplitudes for generic harmonic h Enh

Van(h)
in(t) = ———=sin(h * w.t — 6})

- 2xVd 1

VAn(h) = e "}1

Ir”!
eh = tan~! (h * wlL) Figure 4-7 Phasor diagram for generic harmonic h
R

Z, =+/R? + (h* w{L)?

Therefore, Equations can be written in the following manner for the phases a, b and c:

2Vy . .
Vyn(t) = —.sin(w,t) + Vy, sinx (h(wt — ¥))
A - 1 ; h 1

ig(t) = I.sin(wt — @) + Z I, sin(h * (w1t — ) — 6p,)

h#1

2V,
Vg (t) = Tdsin(a)lt —120°) + Z V,, sin(h * (w,t — 3 — 120))
h#1

ig (t) = I,.sin(w,t — ¢ — 120°) + z I, sin(h * (w it — 3 — 120) — 6;,)
h#1

2V,
Ven(£) = Tdsin(wlt — 240°) + z V,, sin(h * (0.t — 3 — 120))
h#1

ic(t) = I .sin(w t — ¢ — 240°) + Z I, sin(h * (wt — 3 — 240) — 6;) (4-3)
h#1

Where ¢ is the shift between the voltages of different inverter.

4.1.3: Power balance across the inverter

. o . - i,
We will start the procedure of finding the expression of Igc
the instantaneous current ripple by performing a power .

. . . Ip
balance across the inverter. H inverter .
Assuming a constant dc voltage Vg4 and an ideal inverter fc
Figure 4-8 we can perform a power balance across the —_— —

inverter as the following:
Figure 4-8 Power balance across an ideal inverter

Va-igc(®) = ig(0). vn(t) + ip(t). vpn () +ic(t). ven(t)
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The multiplication between the components of the voltages and currents will be in three forms; either in
the form i,. v, or i,,. vy or iy. v, (Where x and y are generic harmonic orders). The result of i,.. v, will be
the direct component because when we multiply the current and voltage of the same harmonic order
that results of constant value (three phase system) in the form of 3. [,,.. V,.. cos(3,). While the interaction
between two different harmonic orders in the form of i,,. v, or iy. v, won’t produce a constant value
anymore, but will produce a sinusoidal component (ripple component). Such ripples are in fact the dc
current ripple, because we have assumed earlier a constant dc voltage V.

4.1.4: Instantaneous dc current ripple expression development
In our derivation we will consider the 5" and 7™ harmonics only by expanding equations (4-3), such that;

Vn(t) = VAn(1) sin(w,t —Y) + VAn(S) sin(5w,t — 5Y) + VAn(7) sin(7w,t — 7¢)
Vpn(t) = Vancry sin(wgt — 9 — 120°) + Vy(s) sin(Swyt — 59 + 120°) + Vy7) sin(7w,t — 79 — 120°)
Ven(t) = Vgneay sin(wyt — 3 — 240°) + Vpps) sin(Swy t — 59 — 120°) + Vyp 7y sin(Zw, t — 73 — 240°)

. 5 2vd o 2vd o 2vd
Where the amplitudes are Vyny ==, Vansy = —— Vann) =~ —

is(t) = I sin(wt — ¢ — ¢) + I sin(5w,t — 59 — 05) + I sin(7w.t — 7 — 6,)
ig(t) = I sin(wyt — P — ¢ — 120°) + I5 sin(5w,t — 51 — O5 + 120°) + I, sin(7w,t — 7y — 6, — 120°)
io(t) = I sin(wst — Y — ¢ — 240°) + I sin(5w t — 5¢ — 5 — 120°) + I, sin(7w,t — 73 — 6, — 240°)

T/Anl i T/Ans T /VAn7

Where the amplitudes are [; = T = TG0 7 I; = (007

Therefore if we perform the power balance we will get:

Vd- idc(t) = iA(t)- vAn(t) + iB(t)- an(t) + ic(t)-vcn(t) =

lg,-Vany t1,VBny tic Ven, + The direct component contribution

, , , from the multiplication of voltages
lasVang T 1ggVBng t lcsVens t

and currents of the same harmonic

la7Van; t g, VBn, tlc,Ven, +
, , , , . , The dc current ripple
LayVans t lasVang T g1 VBng + lBsVBny + lc1Vens + lesVeny oroduction due to the
lazVang 1 lagVan, T 1g,VBng t lpsVBn; T lc,Veng T legVeny multiplication between

i Vany + ia;Vany + i5,Ven, + ip,Ven, + ic,Ven, + icoVen, voltages and currents of

different harmonic orders

(4-4)

Thus we can now write the expression for both the dc component and the ripple component of i, (t)

Dc component /;.:
31,V4(2) 315(2Vy) 31;(2Vy)
Vglje = ————cos¢ + ————cos s + ————cos b
e T 1 (2) (2)5m > (Q7n 4 (4 —5)
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3. 3. 3.
Ige = ;Il.cosd) +§IS cos O5 +%I7 cos 6,

Ripple component i,.(t):

Vg ip(t) = ia1Vang + iagVang tie1Vens T ipsVsng + icqVens T+ icsVeng t iasVans + iayVang

+ig,Vgns + g, Veng + lcoVens + icoVeng + lagVany + tagVan, Hig Ven, + igsVsn, + iciVen, +

icsVeny, (4-6)
Let’s consider the interaction between the first and fifth harmonic:

Y 1 . 2V

S = [l sin(@nt =) = @)« [ sin S « (w1t = )]

We should notice that when we introduce a shift between the phases (120 degrees shift) or when we
introduce a generic shift angle 1 (that we are going to use to shift between various modules), the shift
angle is associated with w; t. In other words, the shift angle will be multiplied by the harmonic order h in
the higher order harmonic components.

From the trigonometric function sina sinb = %(cos(a — b) — cos(a + b)) we can expand the
expression as follows:

lA1vAn5 _

Vd 51_;: (COS(4w1t - 4(!) + ¢) — COS(6(1)1L' _ 6ll1 _ ¢))

And similarly,

eV I,
AsVATll = ;5 (cos(4wyt — 4 — B5) — cos (6wt — 61 — 65))
d
ig v I
B1YBns _ L (cos(4w,t — 4 + ¢ + 240) — cos(6w,t — 61 — B))
Va 57
iV I,
BSVBTll = ;S(COS(‘l-(x)lt -4y — 05 + 2400) _ COS(60)1t — 6 — 95))
a
ic v I
c1Vens _ L (cos(4wit — 4P + ¢ + 120°) — cos(6w,t — 61 — ¢))
Va 57
iccV I
csVCn1 = ;s(cos(4w1t — 4 — 65 + 120) — cos(bw,t — 6 — 65)) “-7
a

Looking closely to the equations of (4-7) we can find that two harmonic components co-exist; the fourth

and the sixth harmonics.
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Fourth harmonic:

() = 51—17T [cos(4w,t — 4y + ¢p) + cos(4w,t — 4y + ¢ + 240°) + cos(4w t — 4y + ¢ + 120°)]

~

I
+ ;5 [cos(4w. t — 4y — 65)
+ cos(4w,t — 4 — 05 + 240°) + cos(4w,t — 4 — 05 + 120°)] (4-8)
As it can be fairly noticed from (4-8) the components of the three phases are displaced by 120 degrees.
Due to our earlier assumption it’s a balanced three phase, the summation of the contributions of the
three phases is equal to zero; i,.,(t) = 0

Sixth harmonic:

ire() = "2 cos (601t — 6 — ) — 2 cos(6ws ¢ — 61 — 05) (4—9)

51
The summation of the three phases isn’t equal to zero because the sixth harmonic components from all
phases has no shift between them, hence it’s a contribution to the dc current ripple.

The interaction between the first — seventh harmonic and the fifth — seventh harmonic are mentioned in
the Appendix Al.

Some harmonics (like the second and the eighth harmonics) appear but cancel out in the same manner

of the fourth harmonic.

After the summation we end up with the instantaneous dc side current ripple: (see App. A-1)

_ 31, 31 30
i.(t) = —§c05(12w1t -6, —12¢y) — %cos(12w1t — 05 — 12¢) — gcos(&ult —¢ —6y)

31, 31, 31,
— ?cos(6w1t —0; —6Y) + %cos(&ult +¢—6y)+ ?cos(6w1t — 60, —6y)

We see the presence of two kinds of harmonics, the sixth and the twelfth harmonics, in the
instantaneous equation of the dc current ripple.
Adding two sinusoidal waveforms shifted in time by half of its A

cycle will result in the elimination of such harmonic content

L &Y

Figure 4-9. Also adding three sinusoidal waveforms shifted

—

from each other by 120 degrees will have a null summation.

From these two facts we build the shifting strategy which in

general is to eliminate the most significant harmonic. Figure 4-9 two sinusoidal waveforms shifted by

Hence we can find the following results: 180 degrees
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Using two inverter modules (or its multiples)

We choose to eliminate the sixth harmonic because it’s the lower order harmonic. So we will use a
displacement angle for the first inverter that’s 61p = 0 that i = 0 and displacement angle for the
second inverter 61 = 180° that 1 = 30° .Thus, we will only have the twelfth harmonic in our dc
current because the shift angle will be 121) = 12 * 30° = 360° = 0 so the harmonics of the first

inverter and the second inverter will add up.

~ ~

) 61, 6/
iy (©) two—modutes = _gcos(lzwlt —0;7) — %COS(lz(vlt —0s)

Using three inverter modules (or its multiples)

We will follow the same procedure to have 120 degrees shift in between the sixth harmonic
components between the three inverters. So we will use a displacement angle for the first inverter
that’s 61 = 0 that ¥ = 0 and displacement angle for the second inverter 61 = 120° that ¥ = 20°
displacement angle for the third inverter 61 = 240° that ¥ = 40°. An interesting result will appear

that the twelfth harmonic is eliminated as well

ir (t) three—modules

_ 3k (12w4t — 6,) 3l (12w4t — 6, — 240) 3k (12wt — 6, — 120)
= —gcos(12e, 7) — g cos(12w, - = cos(12w, 7

~ ~ ~

31, 31, 31,
- %cos(lzwlt —0g) — %cos(12w1t — 05 — 240) — %cos(lzwlt — 0 —120)

=0

Which means all harmonics are eliminated by using three modules sequentially displaced among them.
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4.2: Pulse width modulation

We are going to follow the same

. ' +
Iy
<O | T T BT
= - — vnbl_
width modulation. Thus, we perform a = a

i & e
power balance across an ideal inverter e J J J;]
VE(‘D 1
5 T
N 4 1

and assuming the dc voltage to be u

constant V4. However, the output - Phase Phase Phase
Lega Leg b Lege

methodology we have done in the

square wave modulation with pulse

voltage is pulse width modulated due to

Figure 4-10 Topology of three phase voltage source inverter

the PWM gating technique for the
inverter.
We can find the analytical harmonic solution for the double-edge naturally sampled PWM of the three

phase inverter in [9], which is presented in Figure 4-10, as follows:

v, W, e w1 T T
Vaz = 7M cos(wot) + — z z E]n(mEM) sin([m + n] E) cos(mwct + nw, t)

m=1n=-o0

v, 2. 2V, o 1 T i 21
Uy, = 7M cos(wy t— ?) + — Z Z E]”(mEM) sin([m + n] E) cos(mw.t + n[w, t — ?])

m=1n=-oco
Vd 21
Vey = 7M cos(wgy t+ ?)

F Dy gy Msin(im + nl D) cos(mot +nfo ¢+ 2D (4= 10)

m=1n=—o

TT

Where v,, is the voltage between phase A and the midpoint between the capacitor of the dc side, M is
the modulation index, J,,(x) is the Bessel function of order n and argument x, w, is the fundamental
angular frequency w, is the carrier angular frequency which is equal to w, = m; * w,, mis the carrier
index and n is the base band index which can be defined in the following;

Harmonic component can be identified h = m * m; + n which is the expression for the harmonic
component if ms is a multiple of 3 [9].

Breaking down the equations in (4-10) we can find that it consists of a double summation of three
separate parts: Bessel function ]n(mgM), a trigonometric function sin([m + n] g) and the actual

harmonic waveform cos(mw.t + nw, t).

| KHALED ELSHAWARBY | POLITECNICO DI MILANO | ANTONINO DI GERLANDO| ROBERTO PERINI|



SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT
MAGNET MACHINES FOR WIND ENERGY SYSTEMS

4.2.1 Trigonometric function sin([m + n] g)

This term eliminates the even combinations of m + n of the side band harmonics using that
trigonometric function: the results are shown in table 4-3. We will limit our analysis to values of m =
1,2and n=0,+1,+2,+3.

Table 4-3 the results of the function sin([m + n| g) form=1, 2 and n=0,+1,+2,+3

sin([m + n] g)

m=1 n=0 1
n=1 =-1 0
n=2 -1 =-2 -1
n=3 0 n=-3 0
m=2 n=0 0
n=1 -1 n=-1 1
n=2 0 n=-2
n=3 1 n=-3 -1

4.2.2 Harmonic order given by cos(mw.t + nw, t).
Due to the fact the carrier angular frequency is equal to w, = my * w,, It can also be written in that
way cos((m * ms + n)w, t). Thus, the harmonic order is given by m and n.

It should be noted that when we need to shift the control voltages of different phases or different
inverters, we should return to the original formulation such that cos(mw.t + n[w, t £ 6 + &]) where 6
is the shift between the phases 8 = 0,120, —120 and ¢ is the shift angle between the various modules.
The same applies for the carrier signal: when shifting it by an angle Y. , it will take the following

form cos(m[w.t + Y] + nw, t); where, 1. is the phase shift between carrier signals of different
inverters.

This leads to the generic formulation of our model for any harmonic

cos(m[wct + Y. ] + nfw, t+ 0+ &]) 4-11)
4.2.3 Bessel function
The general expression of Bessel function is given by

oo n+2k

B (—D¥(*/5) OGPk (=D F/H™*? (/)
Jn(x) = kZO Hm+l - @) T e+ 2+ Dn+2)

It can be simplified to the first three terms, taking the argument x = m%M:

moy @t it ()t
]"(mi )= ol | T 2D BmtDm+2)
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It should be noted that simplified Bessel function is accurate for M < 1 Figure 4-11. If the amplitude

index is more than 1 we should use the exact expression.

1 14
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Figure 4-11 Comparison between the exact and approximated Bessel functions as a function of amplitude modulation ratio M
a) shows the variation for harmonic order mf b) shows the variation for harmonic order 2mf-1

4.2.4 Pulse width modulated harmonic voltage and current amplitudes

The amplitude of a harmonic voltage component is given by multiplying the J,, (m%M) with the

. 12V . . . . . .
coefficients e Td and with trigonometric function sin ([m + n] g).The steps of calculating and

combining all of these coefficients can be found in the Appendix Al. The results of the voltage

amplitudes are presented in Table 4-4.

Table 4-4 Harmonic voltage amplitudes calculated for m=1, 2 and n=0,+1,+2, +3

5 _ VaxM

7 = V.. = 2Vd (512—32n2M2+n4M4)
! 2 mf = "o 512
v _-2Vy4 ((n'M)Z 3072—64n2M2+n4M4) v _ —2Vq4 ((nM)2 3072—64n2M2+n4M4) m=1
mf+2 = T 32 ° 3072 mf-2 = " 32 3072
9 -Va (nM 96—12n2M2+n4M4) 9 _ Vg (nM 96—12n2M2+n4M4) )
2mf+1 T 2 " 96 2mf-1 . 2 926
L m=2
9 _ Vg ((n'M)3 320—20n2M2+n4M4) 9 _ Vg ((nM)3 320—20n2M2+n4M4)
2mf+3 7 g 320 amf-3 = g 320

The current amplitudes can be easily calculated by dividing the voltage amplitude by its impedance and
as for the waveforms the currents will be shifted from the voltage by the impedance angle. These are
shown in Table 4-5.
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Current Amplitudes:

Table 4-5 Harmonic current amplitudes and the angle between the current and voltages for m=1, 2 and n=0,+1,+2, +3

(see table 4.1)

i = /(VAn—E cos 8)2+(E sin §)2
1 JRZ+ (o )2
T _ me
mf JRZ+(mf wyL)?2
S _ Vmf-2
Imf—2 - 2
JR2+((mf—2) woL)
S _ Vmf+2
Imf+2 - >
JR2+((mf—2) woL)

S _ V2mf+1

I2mf+1 - 2
JR2+((2mf+1) woL)

S _ V2mf-1

Ime—l - 2
JR2+((2mf—1) woL)

s _ V2mf+3

I2mf+3 - 2
JR2+((2mf+3) woL)

S _ V2mf-3

Ime—B -

JR2+((2mf—3) wolL)”

¢ =tan?! (

woL)_ _1( Esind )
R tan vAn—E cos §

O = tan™?! (mf wT"L)

Omr_2 = tan

emf+2 = tan

O2mf+1 = tan”

0,mf_1 = tan™

O2me+3 = tan™

e2mf—3 = tan”

()

1 (s woty

R

1 (2mf+1) woL

1

1 ( (2mf- S)moL

(=)
(55
1 (@3 ool
(=)
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4.2.5 Generic expression for the currents and voltages on the ac side of the inverter:

After calculating the amplitudes of both currents and voltages we can write the general expression of
both of them as function of time and the generic shift angles we want to introduce according to
equation [4-7]. These are represented in the following:

Vg, (1) = Vl cos (wet +¢)

n=-2
+ Vg cos(wet + P — 2 wot — 2€) o .
= m=
+Vpng cos(wet + ;) W= 12
+Vnpiz cos(wct + Yo + 2 w,t + 28) -3 |
+Vomp—3 c0sQRuet + 2P — 3 wot — 38) e 1
A — | m=2
+Vomf-1€0SQuct + 2. — wot — &) n=+1
+Vompr1€0sQRuet + 2P, + wot + &) = 13

+Vompr3 c0sQRuet + 2. + 3wyt + 38)

v, (t) =V, cos (wot +&— %n) + me—z cos (wct + Y, — 2wt — 2+ 4?”) + me cos(wct + ) +

75 41

Vimgs2 cOS (wct + Y.+ 20w, t + 28 — ?) + I72mf_3 cosQRwt + 2y, — 3w, t —3&) +

Vymp—1 cOS (cht + 2. —w, t — &+ 2?”) + Vampa COS (cht +2Y,+w, t +&— 2?”) +
Vamp+3 cosQwct + 21, + 3w, t + 38)

v, (t) = Vicos (wo t+&+ %n) + me—z cos (wct + Y. —2w,t—2&— 4?”) + I7mf cos(w.t +.) +

Vings2 COS (a)ct + Y.+ 2wt + 28+ %ﬂ) + I72mf_3 cosQRwt + 2y, — 3w, t —3&) +
I’/\'me—l cos (cht + 2y —wot =& — 2?11) + ‘72mf+1 cos (cht +2¢Y, +w,t +&+ 2?11) +
Vomp+s cos Ruet + 2y + 3w, t + 38)

In order to understand the current flowing in the load, we have to calculate voltages to the neutral point
of the load.

_ Ubz Vez _ Vaz * Vpz + V¢
van(t) - §vaz - 3 - ? = Vaz — 3

_ 2 Vaz Vcz _ Vaz * Vpz + Ve
17bn(t) - §vbz - ?_ ? = Vpz _f

_ 2 Vaz VUbz _ Vaz * Vpz + V¢
vcn(t) - §vcz _?_? = Vez — f

Where “n” is the neutral point of the load shown in figure 4-10.
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_ 2 Vpz Vcz _ Vaz * Vpz + Ve
van(t) - §vaz - —5 T Vaz —

3 3 3
= Vi cos(wot + &) + Vipp_p cos(wct + P — 2wot — 28) + Vi cos(wct + 1)
+ Vingz cos(wet + e + 2w, t + 28) + Vomp_3 cosRwct + 2P, — 3w, t — 38)
+ Vomp-1 €05 Qauct + 29 — wo t — &) + Vompyq c0sQauct + 29 + wy t + )
+ Vompas c0sQuct + 23, + 3w, t + 3)

- [% (cos(wot + &) + cos (a)ot + & — Z?H) + cos (a)ot +&+ 2?71))

4r
(cos(wct + P, — 2w,t — 2&) + cos (wct + Y. — 2w,t — 28 + ?)

me—z

+

4m
+ cos (a)ct + Y. — 2w,t — 2 — ?))

+ % (cos(wst +Y,) + cos(w .t +P.) + cos(w .t +P,))

me+2

4
(cos(a)ct + P+ 20, t + 2&) + cos (a)ct + Y. + 20w, t + 2§ — ?)

4
+ cos (wct + Y.+ 2w, t +2&+ ?)>

+ (cosRw.t + 2y, — 3w, t — 3&) + cosQuw,t + 2y, — 3w, t — 3§)
+ cosQwt + 2¢, — 3w, t — 3£))

V2mf—3

Vomr— 2n
+ zm—fl(cos(cht + 21, — w, t — &) + cos (cht 2, —wy t— &+ ?)
21
+ cos (cht +2¢Y, —w, t — & — ?))
Voms+1 27
+ ——|cosQuw.t + 2.+ w, t + &) + cos cht+21l)c+wot+f—?

21
+ cos (Za)ct +2¢Y. +w, t+ &+ —))

3
Vme+3
+ T(cos(cht + 2Y. + 3w, t + 38) + cosQwt + 2y, + 3w, t + 3§)

+ cosRw.t + 2y, + 3w, t + 35))]

(4—12)
Voltages vy, (t) and v, (t) will have similar expressions derived in the same manner as
(4-12).
It can be noticed from (4-12) that voltages Vi, Vo —3, Vamg+3 Will cancel out due to the neutral point
“n”. That means the corresponding currents for these harmonics I, Iy f—3, Imr+3 Will not flow and
will not be present in the harmonic equation of the current.
The current harmonic equation will have the same formulation of the voltages but with an angle delay
due to the impedance.

ig(t) = I cos (wot +& — @) + Lz cos(wet + e — 2 wot — 28 — Opyr_5)
+ imf+2 cos(wct + Y.+ 2wt + 28 — Hmf+2)
+ isz—1 cos(2wct + 2¢. — wot —& — Opp_1)
+ Lmpi1 cos(2Qw.t + 2¢. + wyt + & — Bme+1)
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For the other phases will have the same formulation but with a shift of 120 and — 120 respectively.

It should be pointed out that the phase shift between phases, +120, is multiplied by n as mentioned
before in (4-7) that’s why we can see that the shift changes from +120 to + 240

ip(t) = I cos (wot +&— ¢ — 2?”) + g cos (wct + P — 2 wot — 28 — Opp_y + 4;)
+ Iing cOS (wct + Yo+ 2 Wot + 28 = Oppyp — %ﬂ)
+ Lompo1c0sQuct + 2 — wot — & = Oppp_q + 2?11)
+ mef+1 cos(2wct + 21 + wot + & — Opppyq — 2?”)
ic(t) = I, cos (wot+&— ¢+ 2?”)
+ imf—z cos ((Ucf + Yo —2wot — 2§ — Opp_p — 4?”)
+ Ip 42 COS (a)ct + Yo+ 2wot + 28 —Oppin + 4?”)
+ Dympo1 c0sQRwct + 2, — wot — & — Oymp_q — 2?”) (4—13)

+ Lympi1 cOSQRuct + 21, + wot + & — Oppppg + 2?7'[)
4.2.6 Instantaneous dc current ripple expression development:
The same methodology presented earlier in square wave modulation in section 4.1.4 will be followed; If
two components of voltages and currents of the same harmonic order are multiplied, they will add to
the constant dc component of i;.(t), while the interaction between different harmonic orders will
result in the ripple component of the dc current.

Va-iac(t) = Vgl Ige+i ()] = ig(8). v40 () + ig(t). vpn(t) + ic(£). ven (2)

Dc component of the expression of the dc side current /;. :

30,1 3Vpeolmr 3V, rial,
Iy = Vl Lcos ¢ +%C05(9mf—2) +w005(9m1‘+2)
d d d
3Vomp—1lamp-1 3Vomp+1lomp+a
+ mV—dmCOS(Hme_l) + mV—dmCOS(Hme_,_l)

Ripple component of the expression of the dc side current i,.(t) :

As it is mentioned earlier, it’s due to the interaction between voltages and currents of different
harmonic orders.

As an example let’s see the interaction between the fundamental voltage and the current of harmonic
order mf — 2
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Vy iA _ 1. . 7
% = [V_d] [y cos (wot +&)] * [fns—z cos(wet + P — 2 wot — 28 — Opp—3)]

And from the trigonometric function cosa cos b = %(cos(a + b) + cos(a — b)) we can expand the
expression as follows

vAnliAmf—z _ Vlimf—z
V4 2V,

(COS (wct+ P —wot—=§ — emf—z)

+ cos(coct + Y. —3wot— 38— Gmf_z))

Similarly we can find the expressions for the rest of the phases

Vbn By Wil
v, 2V,

2m
(cos (Wt + P, —wot =& —Oppp_p + ?) + cos(wct + Y. -3w,t -3 - 9mf_z))

Venglepmps Wil
v, 2V,

2
(cos (Wt + P, —wot =& =0 5 — ?) + cos(wct + Y, - 3w,t—-38— Hmf_z))

Looking closely at the equations by the addition of the components of the three phases, we will find one
of the harmonics will disappear due to the shift of 120 while the other will add up to three times the
component of one phase

Vlimf—z

21
2Vd [(COS (wct + l»bc —Wwo t— E - emf—z) + (COS (wct + wc —Wot— f - gmf—z + ?)

21
+ (cos (wct + lpc_wot_f_emf—z_?))]zo

Vil
12nll/f “[ cos(wet + Yo =3 wo t =3¢ — Oy p) + cos(wet + e = 3wy t =3¢ —Opp_s)
a
+ cos(wct + Y. —3w,t—3¢ - Hmf—Z)
3Vy I
= =72 cos(@ct + Yo = 3w t =3 — Oy )
a

The interaction between the rest of the voltages and currents can be found in appendix Al.

By summing up all the harmonic components of all interactions of all phases we end up by the generic
expression of the ripple content of the dc current.
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ir(t) =

3V\limf—z

2V,

+ Bvlimf+2

+

+ 3me+2i2mf+1

+ 3172mf+1i2mf—1

cos ((mf —3)w, t+ . —3& — Omf_z)

20, cos ((mf +3)w, t+ . + 38 — Hmf+2)
3V1f2mf—1
2V,
3v1i2mf+1
2V,
vaf—zil
2V,
3I7mf—2imf+2
2V,
3I7mf—2i2mf—1
2V,
3me—ZIme+1

2V,
3Vmss2ly
2V,
3I’/\'mf+2imf—2
2V,
3me+2i2mf—1
2V,

cos ((2my)wo t+ 2c = O2my—1)

cos ((2my)oo t + 29 = Oy )

cos ((my = 3)wo t+ 1, — 3¢ + )

cos ((2my)oo t + 20 = Omp.z)

cos ((3my — 3)wo t+ 39 — 3¢ — Byms—s )
cos ((my + 3)wo t+ e + 38 = Oy )
cos ((my +3)wo t+ 9. +3¢ = ¢)

cos ((2my)wo t+ 24 — bny—2)

cos ((my = 3)wo t + e — 3§ = Oymp_1)

2, cos ((Bmf +3)w, t+ 3, + 38 — 92mf+1)

3172mf—1i1
2V,
3172mf—1imf—2
2V,
3172mf—1imf+2
2V,
3172mf—1i2mf+1
2V,
3172mf+1i1
2V,
3172mf+1fmf—2
2V,
3172mf+1imf+2
2V,

cos ((2my)w, t+ 2t — )

cos ((3my — 3)wo t + 3¢, — 3¢ - emf_z)
cos ((my — 3)wo t+ e — 3§ + Oz
cos ((4my)wo t + 4P — Ozmpsn )

cos ((2my)w, t+ 2t + ¢)

cos ((mf +3)w, t+ P, + 38+ emf_z)
cos ((3my + 3)wo t+ 3¢ + 38 — Opyz)

2, cos ((4mf)coo t+ 4y, — 92mf_1) (4-14)
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Equation (4-14) can be summarized in the Table 4-6:

Table 4-6 Summary of the equation [4-14] which is the generic expression for the ripples in the dc side current

Shift in the carrier signal | Shift in the control signal

h Amplitude*(3/(2V4))
of angular frequency w, of angular frequency w,
Vllmf—z
me — 3 me—211 _3
f c

me+212mf—1
Vme—llmf+2

Vllmf+2
mf + 3 me+211 l/) 36
me—212mf+1 ¢
Vme+1Imf—2

% I
3m _ 3 mf-212mf-1 _
f Vme—llmf—Z 31/)0 3€

Vilomp—1

Vomg-1h1
Vil

2m 1lamf+1 2 _

f Vamgerly Ye

me—ZImf+2

me+21mf—2
V, I

3mf + 3 mf+2i2mf+1 3lpc 3&’

Vme+1Imf+2

Vs —112mf+1
4m ™ 4 -
f V2mf+112mf—1 l/}C

From the table 4-6 we can deduce that certain harmonics can be eliminated by shifting the triangular
signals of different pwm signals to different inverters using the same methodology mentioned in section
4.1.4, Adding two sinusoidal waveforms shifted in time by half of its cycle will result in the elimination of
such harmonic content (Figure 4-9). Also adding three sinusoidal waveforms shifted from each other by
120 degrees will have a null summation.

Using two inverter modules (or its multiples)

If we choose to eliminate the harmonic component (m; — 3) because it’s the lowest order harmonic,
we will use a displacement angle Y. = 0 for the first inverter and 1. = 180 for the second inverter.
Using these displacement angles between the two modules triangular waveforms will also eliminate the
harmonic components of ms + 3 and 3my + 3. Thus the expression of the dc current ripple have only

2mys and 4my components shown in (4-15).



SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT
MAGNET MACHINES FOR WIND ENERGY SYSTEMS

6171i2mf—1

ir(t)two—mod = TCOS ((me)(*)o t+ leC - 92mf—1)

6V, 1

+ %ﬂlcos ((me)(oo t+ 2y, — 92mf+1)
6me—zimf+2
L cos ((2mg)wo t+ 29 = 38 = Binpsz)
6V prolms—

+ %cos ((me)coo t+ 2y, — Hmf_z)
6Vomp1l
%cos ((me)coo t+ 2y, — d))
6Vomr_1l:
%cos ((4mf)u)0 t+ 4y, — Hme+1)
6V. I
%cos ((me)u)o t+ 2y, + ¢)

6V. P
— 22 =L cos ( (4 )avo t+ 4P = Oy ) (4 — 15)
2V,

Using three inverter modules (or its multiples)

We will follow the same procedure to have +120 degrees shift between the harmonic components of
order (m; — 3) because it’s the lowest order harmonic component, We will use displacement angles for
the inverters such that Y. = 0 for the first inverter, 1. = 120 for the second inverter and 1, = 240 for
the third inverter. Using these displacement angles between the three modules triangular waveforms
will also eliminate the harmonic components of ms + 3, 2my , 4ms. Thus the expression of the dc

current ripple have only 3m; + 3 and is shown in (4-16).

OV, ol
. f—2lomf-1
lr(t)three—mod = %COS ((3mf - 3)(*)0 t+ 3y, — 3¢ — gsz—l)
°)/4 I.
r-212 f+1
= zvdm (3my + 3)wo t+ e + 3§ — Oampss )

W2 lomp—1
mfZVd 1 cos (Bmf - 3)(00 t+y, — 38— Bme_l)

os
(
9me+212mf+1 (
(
(

———————cos (Bmf + 3)(00 t+ 3P, + 3¢ — Hme+1)

9Vme 1Imf 2
2V,

9V2mf+1lmf+2
2V,

O

0s (Bmf - 3)(00 t+ 3y, — 3¢ — Hmf_z)

———————"~co0S (3mf + B)wo t+ 3P, + 3¢ — me+2) (4-16)
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4.3: Expression validation using Matlab/Simulink for PWM:

4.3.1: PWM model

It is done by the comparison of a triangular waveform with the sinusoidal waveform of 3 phase shifted
by 120 degrees (Figure 4.11, 4.12) in order to generate the gating pulses for the 6 IGBT switches of the 3
legs of the 3 phase inverters. (Figure 4.13)

For each leg, the pulses of the “upper switch” is complement to the “lower switch” in order not to short
circuit the branch. (Figure 4.14)

e W u{2ysinfu{ 1)) + - Vaz

Phase A »—
Switch NOT b
Gain
Amplitude Triangular

B u(Z)sinu(1)}-2°pis3) [
Phase B

u{2ysin{ul1+2°pir3)

Fhase T

Gain1

Gain2

Figure 4-12 PWM generation of 3 phase inverter

| |

|| DA RIS

| N

1 ‘VN 41‘"

Figure 4-13 a three phase signal with a triangular of m=15 and m=1
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Figure 4-14 model for 3 phase inverter
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Figure 4-15 Complement gating signals for leg A (A1U&A1D) generated by the PWM model

4.3.2: Single Inverter model

The model is supplied in the practical life from a capacitor that stabilizes the voltage of the dc bus,
Assuming its voltage is kept constant, it can be modelled as a DC source. A first test is carried out by
supplying a 3 phase resistive load: we can see the current harmonics produced on the dc side due to the
switching of the IGBTs in the inverter (Figure 4.15). All the harmonic components will be repeated in per
unit values referred to the dc component.
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Figure 4-16 Model for a single inverter

According to the equation derived in section 4.2.6 we can deduce the harmonic content of the dc side
ripple which is presented in table 4-6. As the mschosen for this preliminary analysis is 15, thus the
harmonics will be of the order h = 12,18, 30,42, 48, 60 as shown in Table 4-7.

Table 4-7 harmonic components of the dc side current as well as the torque for mf=15

mf -3 12
mf +3 18
2mf 30
3mf —3 42
3mf +3 48
4mf 60
From the FFT analysis we can obtain the harmonics of the dc side current. (Figure 4.16)
I I I I I I
35 - 8
- J
— e —
8
gzu - 1
g L -
L 15
10 .
5 - —4
T 12 18 30 48 60
Harmonic order

Figure 4-17 FFT analysis of the dc side current of the single module inverter controlled using PWM modulation with mf=15

As it can be noticed there are further harmonic components appearing in the fft analysis and that’s
because in the expression of the Bessel function (Appendix A1) we only consideredn = 0,+1,+2,+3
and if the same derivation is done for more values of n we will obtain all the harmonic components in
the harmonic Spectrum.
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4.3.3: Two Inverter model whose triangular waveform is displaced by 180°

Shifting the triangular signal from one module to the other with a Transport delay block (Figure 4-17) in
Simulink by an angle equal to 180 degrees or half the period of the triangular waveform (T./2) will result
to different gating signals of the inverter 1.

Vdo/2|

G w wi2ysinfui1) + —"I—;O\_ ’“{ [A2U]|
Phase A1 _ _;_'_.,
-] i ]
- ) (e
Triangu lar Transport
1 Delay Y Vbz
. . * I {=0 ™ { r*
u{2ysin{ul1)}-2"pi/3) » | _;- !
Phase B1 p
—
——{erinrze — e
{2y sinfu{1}+2*pi/3) v
—

Fhase C1

.

= (=]

Figure 4-18 the PWM pulse generator for the second module shifted by T./2

Figure 4-19 Triangular waveforms shifted by 180 degrees
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Figure 4-20 model for 2 inverters connection

According to our equation and results in table 4-6, we will eliminate all harmonic contents except the
2mysand 4mg harmonics (30™, 60™), which can be shown from the FFT tool of the model for the dc side
current. (Figure 4-20)

T T I I I I
m — —
m - -
70 .
oot :
<]
2 % ]
@ 40 1
=
m — —
m - -
10 e
0 | | ‘ ‘ L | | ‘
0 12 18 30 42 48 60
Harmonic order

Figure 4-21 FFT analysis of the dc side current of the two module inverters displaced by T./2 with SPWM and mf=15

It can be clearly noticed from figure 4-20 that all the harmonics of the order my —3 =12, my +3 = 18
,3mg — 3 =42 and 3my + 3 = 48 are dramatically reduced due to the shift by half of a cycle of the
second carrier signal for the second inverter.
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4.3.4: Three Inverter model whose triangular waveform displaced by 120° & -120°

Using the same transport delay block explained in the previous section we will generate 3 sets of gating
pulses for three different inverters whose triangular waveforms are displaced by T./3 and 2T./3
respectively. (Figure 4-21, Figure 4-22)

Figure 4-22 Triangular waveforms shifted by 120 and -120 degrees

Disorete,
ToslelEs.
¢

DC current

|
4

-
1

z

Inverter 3

Figure 4-23 model for 3 inverters connection

According to our equation and results in table 4-6, we will eliminate all harmonic contents except the
3my¢-3and 3my +3 harmonics with m=15 which means the (42" and 48™), which can be shown from the
FFT tool of the model for the dc side current. (Figure 4.23)
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Figure 4-24 FFT analysis of the dc side current of the three module inverters displaced by T./3 and 2T./3

It can be clearly noticed from Figure 4-23 that all the other harmonics except for the 42" and 48"
harmonics are clearly reduced and we have a much better harmonic profile than single inverter system.

If we would like to add more inverters we should follow the formula:

360
k
)= (4-17)

Where, n is the number of modules and wé") is the value of the shift angles. For example if we will
implement six modules we will need to shift the modules from each other by 60° meaning the angles will
be 0, 60, 120, 180, 240, 300 degrees. Using 6 modules enhances the THD from 65.3% to 35.32%.
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Chapter 5: Permanent magnet Synchronous machine model

A synchronous motor with permanent magnets: the excitation magnetic field, in such machines, is
provided by permanent magnets. The limitations imposed by the magnetic materials currently available
to the construction of machines: the size and cost of the magnets are very high. However, this is an
important field of application and in significant growth, including numerically controlled machine tools,
industrial automation, robotics, light traction, heavy traction, and wind generation. Furthermore, due to
the virtual absence of rotor losses these machines do not require forced ventilation and are therefore
suitable for applications like aerospace or contaminated environments.

5.1 Synchronous machine model

In the following, the mathematical
model of the synchronous machine
is briefly recalled. This model has
implied some simplifications
regarding the constructive nature

of the machine, but it appears to be
sufficiently adequate to its control.
Consider the machine shown in
figure 5-1.

It consists of a cylindrical stator Figure 5-1 Schematic Diagram of the Permanent magnet motor
with a symmetrical three-phase

winding so as to generate a distribution of sinusoidal magnetomotive force in the air-gap, and a rotor
flux created by permanent magnets (for the windings apply the conventions of Figure 5-1) and without
damper cages. The stator and the rotor are made of laminated material with infinite permeability.
Saturation, hysteresis of iron and anisotropy of the machine due to the slots are neglected.[10]

5.1.1: Vector control of PMSM

According to [10], The vector control of synchronous machine is based on a suitable choice of reference
axes d and g, used by the controller of the power converter so that a component of the space phasor of
the stator current acts only on the flux while the other on the electromagnetic torque (in the air-gap). In
this way, the synchronous motor is controlled like a DC machine where the regulator acts separately on
the excitation current (flux) and the armature current (torque).

vy=Ri,+L,pi; -6 Li_
v,=Ri,+Lpi +6w, +0, Li,

W:ﬂ’ = Ldi-.sd "‘me
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Vi = Lqi:@
6 =lr (T.-T,)
p m J e r

T, =n, I W,) =n,(Ly — L,)igisg + ¥ pmi.,)

However we will consider only the isotropic case of synchronous machine, so it results Lg=Lg =
Ls and the torque expression becomes:

1—; = ”_p (mei:q }

Since the last expression, it is evident therefore that, for the torque birth, only the quadrature
component of stator current is effective, while
direct component has no effect on the torque.
So in order to minimize the magnitude of the
current space phasor (and consequently the
losses), vector control should operate on the
power converter in such a way that is, at any
time:

isg = 0, Therefore the equations of the
voltages become,

v,=Ri +Lpi +6w,_

Figure 5-2 Steady state vector diagram of PMSM

F.sd = _Bm ‘I': ?sg

Thus the machine in our model is working in steady state with the vector diagram shown in figure 5-2.
The rated data of the machine is listed in Table 5-1

Table 5-1 data of one module of an axial flux modular PM machine

Rated Power 1000 KW

Rated speed 17 rpm

Number of poles 104

Rated frequency 14.73 Hz

Rated current 925 Arms
Line-to-neutral EMF, at rated speed 495 Vns
Synchronous inductance 3.276 mH

Phase resistance 14.3 mQ

Rotor Inertia (1 module) J=3.7-10* kg-m?

5.1.2: Machine model in Simulink:

Because we are working with a multi-modular PMSM and in order to model such modules in simulink
and to fully control the machine we had to model the machine in form of equations and hence it would
be easy to insert another module of the equations. See Figures 5-3
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(a) Converting the voltages of the inverter from phase
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Figure 5-3 Mathematical machine model for 1 module of the PMSM on Simulink

It's apparent now that in order to add another module it’s quite easy because

we know that the modules of the machine are mounted on the same shaft; _plload T is_123
hence the same mechanical speed wm, and the mechanical equation will be the

same but in the case of the multi-modular machine the coefficients of the inertia
and damping (J, B) they will be multiplied with the number of modules (n) and
the equation of the electromagnetic equation the current isdg and the flux psidg

will be the summation of the currents of the modules and the summation of the
flux of the modules which is quite reasonable because as we increase the
number of modules we will increase the torque produced as well and it will be n

Figure 5-4 Grouped model
of PMSM

times the electromagnetic torque of one module.
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5.2: Controllers design

The controller has to drive the power converter so that it always results isg = isq ref (Which we will assume
to be zero because we are working in the steady state region using the full flux from the permanent
magnets), while the component isq must be such that the produced torque is able to maintain the
required speed of the machine.

The overall scheme of the drive with speed control loop is the following:

In the Figure 5-5[10], the block T (8.)? performs the transformation from space phasor variables to
phase quantities through park transformation [10].

Taking into account the stator dynamics, the control scheme changes, as shown in Figure 5-5. In this
case the power converter has to establish a voltage reference, while the current regulation is now
performed by the controller

The structure of the current controller is based on the differential equations of the machine:
":::1’ = R:fm‘ + L:pi:d - mm"{'.si.sq
v,=Ri +Lpi +@w, +o,Li,

You notice immediately that, in terms of voltages on the two axes, there are different terms: Rsisg+Ls pisq
(indicated as usq) and Rsisq+Ls pisq (indicated as us,) are the voltages that actually act on their own current;
the terms -wmlsiss and wmlLsisa sShow the existence of a coupling between the two loops; the term wmpm
represents an electromotive force, proportional to the mechanical speed.
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Figure 5-5 Full control scheme (Voltage controlled power converter)
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5.2.1: Current regulators design
W (Wppg + Lg # 12q)

Krf I":'?-..J- ] Viq _ ] ‘{th
K,+ — % =
Pt s 1+1..s RAL,S
Current PI Inverter PMSM
Figure 5-6 Current control scheme for the q axis current
W Ls f.w:!
L ref + K, r Viar I Via . 1 f“i
K + — * e
s 1+1..s RALS
Current PI Inverter PMSM

Figure 5-7 Current control scheme for the d axis current

We have to note that if you do not compensate the coupling terms, the loop controller should "work"
even when the reference of the other loop varies. The motional term, however, would require full
compensation through the integral action of the regulator itself; in the case of a machine starting from a
speed different from zero, it would lead to some undesirable effects, such as, for example, a sudden
stop of the machine in the first instant of the operation.[10]

The inverter is represented as a delay block, where Ti, is the inverse of the switching frequency f. that
we are using to drive the machine.

We assumed that the machine is isotropic: thus Ly=Lq=Ls. Therefore, the current regulators of both d and
g axes will be the same.
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5.2.1.1: Calculation of the Pl constants in Matlab

The controller in Simulink is represented

in figure 5-8 in which Ccurr.Kp and —p-

Ccurr.Ki are the constants of Kp and Ki s

for the regulator. 1 r—
In1 Ot

Positive phase margin is the requirement

for the stable system. Moreover, . p
increasing the phase margin results in :

. Eaink Integrator
the system more accurate regulation and

better dynamic response with less Figure 5-8 Current controller in Simulink

overshot and ringing
The open-loop transfer function Gl(s) of the system under control in the current control loop is:

1
(1 + STinv)(Rs + SLS)

GI(s); =

Using the matlab code in Appendix (A3) we can identify the correct values of the constants of the
controller to achieve a stable system, and we can find that as we increase the switching frequency we
will have a more stable system for any phase margin value from 0 to 90 degrees because the constants
will have a positive value in such range using high switching frequencies.

Transfer Function of the GI(s) system regarding the current loop Transfer Function of the Gl(s) system regarding the current loop
10 " : : 50 T w w w
-~ T
& o0l S)ﬁ'stem. Gl oo Syslem: Gl ] & "“xj__ik
o Mr::ﬁ;:;:: };E;)‘Sgﬁ 3 Frequency (rad/s): 4.64 2 ot Tm
& i . Magnitude (dB): 33.6 1] | _d.; System: GI = |
_.E 0 ~ = Frequency (rad/s): 213 ey
o \ @ 50b Magnitude (dB): 0.259 RS
@ @ -
= 201 . = |
'\\‘
40 | | | | 100
0 F— T T T T 0 ———
T T
- ~
‘= 45 " o 45@ .
& -~ @ H
g ~__ s ~
g 90 — @ 90 ~—
& - o :
= ha s £ -~
Q135 O 35 e
-180 = = ' = ' -180 = S
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Figure 5-9 transfer function showing the effect of switching frequency on the system under control current
controller bandwidth a) switching frequency is set to mf=678 b) switching frequency is set to mf=15

Fig 5-9 shows that the chosen switching frequency affects the determination of the cut off frequency of
the current controller. If we choose the frequency modulation ratio ms to be 678 the cutoff frequency is
around 301 rad/s. While choosing ms equal to 15 the cutoff frequency is around 210 rad/sec.

We choose msto be 678 (the carrier frequency is around 10 KHz) in order to see that the model is working
well at high frequencies.
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Figure 5-10 Phase margin for both Kpl and Kil for our machine parameters a) mf=678 and cutoff frequency 300 rad/s
b) mf=15 and cutoff frequency 210 rad/s

Fig 5-10 shows the relation of the values of the constants of the Pl controller (Kp and K;i) with the phase
margin “¢,”. Fig 5-10a shows ms equal 678 we will find that this switching frequency the machine will
always be stable as it is positive till 90 degrees and we can choose an appropriate value of the phase
margin to be 70°. While looking at Fig 5-10b which shows ms equal to 15 shows negative values for the
phase margin more than 45°. Having a negative values means instability so we are left with two options:

. . °
Elther to Choose phase margin |ESS than 45 » Of D4kpl [p.u.] and kil [1/s] variation with the phase margin phi [deg]

further decrease the cutoff frequency to a value less ' J AU IS
than 210 rad/s. _oaf
0.2 b
Fig 5-11 shows the values of Pl constants at lower
cutoff frequency 100 rad/sec. Lowering the cutoff “Yo 2 x4 s e 70 & %
frequency results in the increase of the phase margin il
40 T T
region with positive Kj. Hence we can choose higher —
. o 20 k‘“*-hk___x
value of phase margin for example 60°. = —
or H-H-"“-\-\.,_ 7
We obtain the values of Kp;=0.9291 [p.u.] and i
-20 ' ' . ' ' ' '
Kii=96.5939 [s] for m=678 and cutoff frequency W& h‘IS[E:j : G W W
phil [ceg

“w¢;” 300 rad/s. the values of Kpi=0.3563 [p.u.] and
Figure 5-11 Variation of the Pl constants of the current

- -1 —
Ki=5.1016 [s7] for m=15 and cut off frequency 100 controller with phase margin at mf=15 and cut off frequency
rad/s. Table 5-2. 100 rad/sec

As previously discussed for multimodular machine, what changes is the mechanical equation
parameters, thus in order to implement the control for multimodular machine, each module will be
controlled with a separate controller in which all the controllers of the current will be identical.
The whole Transfer function for the Current Regulator

Kp; %
(1 + STinU)(Rs + SLS)

L(s); =
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The closed loop transfer function will be

L(s);
F(s)j=——7—
( )l 1+ L(S)i
Table 5-2 Current controllers constant at mf=678 (f.= 10 KHz) and mf=15
my = 678, cut off frequency 300 rad/s, phase m; = 15 cut off frequency 100 rad/s, phase
margin 70 margin 60

K, =0.9291[p.u] K;=965939[s"!] K, = 03563 [p.u.] K, =5.1016 [s71]

The effect of selecting a proper phase margin will be explained in details in 5.2.1.3.

5.2.2: Speed regulator design:

0 i S
; o Y H |
P | H D i
Wo e |- Te et 1 ¥ i T, - W,
- RO s —— Sl E ) H] 0 v T—-i 5 F(s)
P P Wpm ¥ o !
E Control unit ! i Current | :- Motor : il-’[eclmnical load !
: it amplifier | ¥ |

Figure 5-12 Scheme for the design of the speed regulator

In order to design the speed regulator it is necessary to know the transfer function of the overall system,
described before. The output of the speed controller is the desired value of the electromagnetic torque
which is proportional to the quadrature component of the stator current. The scheme is shown in Figure
5-12.

Fi(s) is the closed loop transfer function of the current controller, while the mechanical load transfer
function is:

O =05+

Where J is the mechanical inertia of the machine while B is the damping factor of the machine

The system under control has the following transfer function:

Fi(s)

T(s)w = U5+ B
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Figure 5-13 Variation of the Pl constants of the speed controller with phase margin a) mf=678 and cutoff frequency 300 rad/s
b) mf=15 and cut off frequency 100 rad/sec

Using the code of appendix (A3) we can find the values of the constants of the speed controller with the
same manner of the current regulator. Using phase margin “¢y,” of 70° and a critical frequency “w.y”
much less than the current controller for example 10 rad/s (Figure 5-13), we can find the values of the
Kpw to be 3.464*10° [p.u.] and Kiy to be 1.27*10° [s] at mf equals 678. At ms equals 15, Kpy, is
3.1836*10° [p.u.] and Kiy to be 1.6486*10°[s}].

Note that for designing the speed controller for multimodular machine the constants will change
because the transfer function of the mechanical load becomes

FO = Gs B

Where ny, is the number of the modules, so for each system we have to calculate the Kpy, and Kiy
according to the number of modules of our machine shown in table 5-3.

Table 5-3 Speed controller constant at mf=678 and mf=15 for one module, two modules and three modules systems

my = 678 (f; ~ 10 KHz) my =15
rad o rad 0
Wer = 3OOT (pI = 70 Wer = 1OOT (pI = 60
rad o rad 0

nn=1 K, =31911%10° Ky = 1.8491x10° K, =3.1836+10° Ky = 1.6486 x 10°
=2 K, =63821%10° Ky =3.6982%10° K,y =6.3673%10° Ky, = 3.2971 * 10°

n,=3 K

ow = 9.5732%10° Ky, = 5.5474 % 10° Ky, = 9.5509 * 10° Ky = 4.9457 * 10°
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5.3: Simulink model

5.3.1: Single module machine:

As the control scheme and the inverter model can be shown in Fig 5-14 (shown in Simulink schematic in
appendix (A5)), we can point out some notes. First the output of the inverter is not directly fed to the
machine block Fig 5-15 because the machine model accepts only signals so that’s why we feed the
machine from the signal coming from the voltmeter connected to a highly value resistor 1E5 ohms.

Second, in order to exploit the inverter coherence with the machine model, we supply the inverter with
the current source whose value is the current of the machine. This current source is connected in
parallel to the high value resistor, and because of its high value the current doesn’t flow through the
resistor but flows through the inverter itself.

Third, the control sinusoidal waveforms of the PWM modulator are the same phase voltages which are
. - vdc . . .
the output of the controllers. Notice these values are to be divided by TC in order to deal with per unit

values to compare it with the triangular waveform of unity amplitude.

Fourth, as for the machine we use the “associated reference directions” which means that the machine
is considered operating as a motor. In order to make it work as a generator the load torque is negative.

Fifth, our analysis about the effect of the sequential controlled two level inverters will be carried out at
low frequency (my = 15). For the single module machine, we will carry out the simulation also for
(my = 678).

Sequentially controlled two Level imverter

Wind Turbine
.Il
- Modulyr axial flux PASG connected on the same shaft II
1 A, |
, 117
p— r
FIr |
2 ~, 777 IM
]
|
1
]
]
|
| Frri
N % mr

Figure 5-14 overall schematic of the connection between the “N” two level inverters and the “N” modules of AF PMSG
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Figure 5-15 the equivalent connection between the inverter and the machine done on matlab Simulink

5.3.1.1: High frequency simulations my = 678 (f_, = 10 KHz,f_ = 14.73 Hz):

Both speed and driving torque are increasing gradually using a ramp (Figure 5-14a), the electromagnetic
torque is less than the driving torque and that’s due to the acceleration of the machine. When the
machine reaches a constant speed the driving torque and electromagnetic torque produced by the
machine are equal (Figure 5-14b).

Hence we performed Fast Fourier Transform (FFT) on both current and torque at steady state and these
are the harmonics obtained. (Figure 15-17, 15-18). As derived before in the mathematical model in
chapter 4 (4-14) and table 4-6, the harmonics existing are Table 5-4 (and the same can be noted for
torque)

Table 5-4 harmonic components of the dc side current as well as the torque for mf=678

mf — 3 675
mf + 3 681
2mf 1356
3mf — 3 2031
3mf + 3 2037
amf 2712
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2'.r"xlo’,ﬁ\r.m,'

5.641*10°N.m

1.778 rad's

o 0z o4 08 08 1 12 14 16 18 f{s}

Figure 5-16 Torque and speed of one module machine at mf=678: Actual torque in blue and reference torque (load Torque) is
delayed by 1.2 seconds and the machine speed reaches steady state of the rated speed 1.778 rad/s after 2 seconds

DC = 640.5, THD= 79.11%
T

ol i
35 - -
~ %0 -
8
s 3 T
=
St -
Z .l 2712
2037
10 675 681 1356 2031 .
1 / V. \ '
I s 0 00 2000 e
Harmonic arder

Figure 5-17 FFT Analysis for the steady state DC side current of one module machine at mf=678 where the amplitude of dc
current is 640.5 A
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DC = 5.641e+05 , THD= 0.27%
I I

DC)
o

T

I

T

[=]
g 0.06

2712 -

2037
LT 675 681 1356 2031

0 500 1000 1500
Harmaonic order

Figure 5-18 FFT analysis for the steady state Torque of one module machine at mf=678 where the amplitude of the steady state
torque is 5.641*10° N.m

5.3.1.2: Low frequency simulations m; = 15: (f, = 221 Hz, f; = 14.73 Hz)
Low frequency is chosen in order to decrease the switching losses.

Fxl 0 A mf
|

| | 1 1
a ¥ & &
o a3 15 F] 1Y 3 1 5 os]

Figure 5-19 Torque and speed of one module machine at mf=15
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Figure 5-21 the steady state DC side current ripple of 1 module at mf=15
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DC = 609.8 , THD= 85.40%

I L I T ]
50 .
40 m
kR .
£
=]
m
=20 .
10 I
o 5 | [ I | | | | ‘
] 12 18 30 42 48 60
Harmonic order
Figure 5-22 FFT Analysis for the steady state DC side current of one module machine at mf=15
DC = 5.597e+05 , THD= 8.79%
L] I I I I T
G -
5 -
8 4 ]
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&
o3[ T
2]
=
2 —
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1 L 1 I i 1 | | 1 I |

o 12 18 30 42 48 60
Harmonic arder

Figure 5-23 FFT Analysis for the steady state torque of one module machine at mf=15

Comparing the total harmonic distortions for current and torque at m; = 678 and my = 15 Figures (5-
17 5-18 5-22 5-23) we can see the THD decrease with increasing the switching frequency. Because we
shift the harmonic components to a higher order harmonics so they have lower effect on the main
components of the current and torque.

THD in the dc current side is high 85.4% (Fig. 5-22), which, if reduced, will help to reduce the size of the
capacitor that is present in the actual circuit in order to keep the voltage constant, hence we may
reduce size and cost of the system.
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THD of the torque (Fig 5-23) is relatively small compared to the THD of the current and that would be
explained in details in section 5.2.4

The harmonics existing in both the torque and current, Fig 5-23 and 5-24 as derived above in the
mathematical model in chapter 4 (4-14) and table 4-6 are presented in Table 5-5

Table 5-5 harmonic components of the dc side current as well as the torque for mf=15

mf —3 12
mf +3 18
2mf 30
3mf — 3 42
3mf + 3 48
4mf 60
5.3.1.3: Effect of current controller bandwidth on the harmonics:
rad

. . d . .
Decreasing the current loop bandwidth from w. = 300—to w, = 20% will cause its pole to

s
interfere with the speed loop phase margin which will result in underdamped response which can be
seen in the figure 5-24 and 5-25. That’s why the total harmonic distortions of both torque and current

increase when the current controller bandwidth decrease.

DC = 609.8, THD= 85.40%

T T T T
50 - b
40 [ b
Q
a
B30 T
=
=
[u]
=20 T
101 ‘ | B
0 L L I I il | L
0 10 20 30 40 50 60
Harmonic order
DC =609.8, THD= 86.72%
sofF T T T T T
45 b
40 b
3B B
Q
B3t B
Q
R a5 bl
g
g0
15 .
10 B
5 | | | | | | ]
1 L 1 L

0 10 20 30 40 50 60
Harmonic order
Figure 5-24 FFT Analysis for the steady state DC side current of one module machine at

mf=15 and phase margin of phase controller is 60 degrees a) wc =300 rad/s b) ) wc =20 rad/s
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DC = 5.597e+05 , THD= 8.79%
T

| I I X 1| I1I |

0 10 20 30 40 50 60
Harmonic order

DC = 5.596e+05, THD= 11.55%
T T T T T

Mag (% of DC)
S o
T T
1 |

w
T
|

0 10 20 30 40 50 60
Harmonic order

Figure 5-25 FFT Analysis for the steady state torque of one module machine at mf=15 showing the effect of
lowering the bandwidth of the current controller on the torque harmonics a) w. =300 rad/s b) ) w. =20 rad/s

That’s why it is recommended to use the bandwidth of the inner loop (current loop) to be around 10
times the bandwidth of the outer loop (Speed Loop).
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5.3.2: Two module machine:

The topology of the drive circuit is found in the Appendix (A5). In order to add another module all we
have to do is to use the model of the machine of two modules explained above in section 5.1 and use
separate current control loops to feed the machine. But we have only one speed controller because as it
was previously mentioned in section 5.2.2 the two modules of the machine are mounted on the same
shaft. The inverters triangular waveforms are shifted by 180 degrees from each other.

The new constants for the Pl controller will be K,y = 6.3673 * 10° [p.u.] and K;y, = 3.2971 *

106 [s~!]for the same machine data and my = 15.

Notice from (Figure 5-27) that using two modules of the machine will double the torque of the original
machine because each module is rated as one megawatt of nominal power. Same can be said for the dc

current in Figure 5-28.

Tx10 N myf

" | . ’ .
) fradisf #5]

! T T T T T T T

o 1 s T [T ¥ 16 i ik ofs]

Figure 5-26 Actual torque vs the actual speed for two modules machine at mf=15
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Figure 5-28 the steady state DC side current ripple of two module at mf=15
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Hence we performed Fast Fourier Transform (FFT) on both current and torque at steady state and these
are the harmonics obtained. From figure 5-29, 5-30) and the equation derived in chapter 4 [4 — 15] is
verified the disappearance of all harmonics except for 2mf, 4mf (30, 60)

Moreover, we can clearly notice the effect of the sequential control of the inverters using a

displacement of 180 degrees between the two modules. It results in the reduction of THD% from 85.40%

to 63.88% which is a reduction of% =25.2% in the dc current ripples and also the harmonic
distortion of the torque is reduced as well by % =52.1%.

DC =1219, THD= 63.88%
I

B
=
T
]

Mag (% of DC)
=
T
1

(=]
T

o L L I | - —
0 12 18 30 42 48 60
Harmonic order
Figure 5-29 FFT Analysis for the steady state DC side current for two module machine at mf=15

DC = 1.119e+06 , THD= 4.21%
I

I T I T I
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Figure 5-30 FFT analysis for the steady state Torque of the two module machine at mf=15
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5.3.3: Three module machine:
As previously mentioned the methodology of adding an additional module is the same, and in this case
the triangular waveform is shifted by 120,240 degrees respectively from the first inverter PWM.

The new constants for the PI controller will be K, = 9.5509 * 105 [p.u.]and K;y, = 4.9457 *

10° [s~] for the same machine data and m; = 15.

We can even notice the enhancement of the waveform of the dc side current and torque (Figure 5-32
and 5-33) from the effect of using three modules.

Tl fvmf

=
-

a4 - =

L1 i is 3 s 3 11 4 as lj:?j

Figure 5-31 Actual torque vs the actual speed for three modules machine at mf=15
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Figure 5-33 the steady state DC side current ripple of three module at mf=15

| KHALED ELSHAWARBY | POLITECNICO DI MILANO | ANTONINO DI GERLANDO| ROBERTO PERINI|



SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT
MAGNET MACHINES FOR WIND ENERGY SYSTEMS

Hence we performed Fast Fourier Transform (FFT) on both current and torque at steady state and these
are the harmonics obtained. (Figure 15-34, 15-35) and referring to equation [4 — 11], all harmonics are
eliminated except for 3mf-3 and 3mf+3 (42, 48)

The effectiveness can be noticed by the of THD% from 85.40% to 31.02% which is % =63.7%
reduction in the dc current ripples and also the harmonic distortion of the torque is reduced as well by

8.79-1.05

= 88.1%.
8.79
DC = 1829, THD= 31.02%
15 T T T T T T

g 10 - .
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Figure 5-34 FFT Analysis for the steady state DC side current for three module machine at mf=15
DC = 1.679a+06 , THD= 1.05%
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Figure 5-35 FFT analysis for the steady state Torque of the three module machine at mf=15
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5.3.4: Torque THD versus Current THD
The input DC power, Pj, is divided into switching losses in the inverter, P, joule losses in the machine
itself, Poy1e, power stored in the inductance of the machine, Py, 4y, and the mechanical power, Py

Ppe = Py, + P]oule + Pinauc + Pmech
. 2 o d 1 o, 1 "
VDC*lDC=ng+(ld+Lq)RS+E(E*Ld*ld+§*Lq*lq)+T*Q

By simulating the power flow of our model (Figure 5-36 & 5-37), we can see that most of the ripple of
the DC power is stored in the machine inductance, which is consistent with the theory, because we are
using SPWM technique which shifts the harmonic to a higher order. The machine inductance was
enough to filter out the harmonics from the current and not transferring it to the torque.

«10% Selected signal: 44.19 cycles. FFT window (in red): 5 cycles
T T T

Signal mag.

0 0.5 1 15 2 25 3
Time (s)
Ilysis
DC =9.763e+05, THD= 86.48%
T T T T T
50~ 1
40 [~ N
%)
O
B 30 .
&=
[=]
©
= 201 -1
10~ ‘ N
1 1 | I I | ‘ 1

0 10 20 30 40 80 60
Harmonic arder

Figure 5-36 Instantaneous DC power of one module machine at mf=15
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Figure 5-37 instantaneous power stored in the machine inductance of one module machine at mf=15

5.3.5: Comparison between Simulink results and our theoretical model
Let's use the associated reference directions for the voltage and the current
The phasor equation of the machine is
Ve =E+RI+ jwLl
Because we are using a condition in which i; = 0 and that
results that stator current is equal only to the quadrature
component of the current i = ji,. The stator current is < DNG
directed along the g-axis like the electromotive force E
such E and | are 180 degrees out of phase. In this way the
permanent magnet flux and the stator magneto-motive
force are in quadrature and the torque is produced with

the minimum stator current. vV
In a steady state condition, the driving torque is equal to
the electromagnetic torque which is equal Figure 5-38 machine phasor diagram for the
condition id=0
T, il il 1 561.850 [kN
— — — — . . m
™ Wp_rateq Pm-rated , o (21 *1%)2}}.73)2 [ ]
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p ,
Tezz*wPM*lq

Where P, is the rated power in table 5-1 which is one mega-watt, p is the number of poles , Y p,, is the
permanent magnet flux.

The permanent magnet flux ¥ p,, can be calculated from the electromotive force of each phase which is
given in the rated data of the machine (Table 5-1).

V3 phase V3 % 495
Wratea 1473 % 2xm

Ypy = = 9.264 [Wh]

since, T, = T, , therefore

Te

isq = = 1166.36 A
2% Ypu
since the current component in the d-axis is zero, we can calculate directly the rms value of the phase
s

current: [; = TZ From the phasor diagram Figure 5-38 we can calculate the load angle 6 and V;

X *1

6= tan‘l <—
Ephase —R* 11

) = 22.81°

Ephase —Rx*I

1 ~
V= = 526.5656 [V Vi=vVv2=xV; =744.66
1 COS((S) [ ] ) 1 \/_* 1

It should be noted that the peak value of the fundamental doesn’t agree with the value noted in table 4-
4. In table 4-4, it was reported V; = @ which in this case should be equal to 800 V (if M=1). But
because we are now in a current controlled mode not a voltage controlled mode the amplitude
modulation ratio M is no longer equal to 1.

2+V; _ 2%744.66
Va 1600

Amplitude modulation ratio is calculated from the same relation M = = 0.9308. We use

these values to calculate the amplitudes of currents and voltages.
At this point we can use equation 4 — 14 that calculates the ripple current of the dc side (Appendix A-5).

It can be verified (Figures 5-38 and 5-39) that values obtained using the equation 4 — 14 is in huge
agreement with the Simulink model.

Also it should be noted that there is a disagreement for some of the harmonics: The harmonics of order
42 (Bmf - 3), 48 (Smf + 3) and 60 (4mf). That’s because during our development to the equation
4 — 14, we considered values of m = 1,2 and n = 0,+1, +2, +£3. Thus such difference between the
two methods is due to the interaction of currents and voltages we didn’t calculate. For example, the
component 3my + 4 (at m = 3,n = 14) will interact with the fundamental voltages and currents that

will add to the amplitude of (3mf -3 ) and (3mf + 3).

Uy ¥y Uaq ¥l . Uy *¥lgg  Usg ¥l
+ and Aiygg = +

Aiygo =
2Ty, Va Va Va

| KHALED ELSHAWARBY | POLITECNICO DI MILANO | ANTONINO DI GERLANDO| ROBERTO PERINI|



SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT
MAGNET MACHINES FOR WIND ENERGY SYSTEMS

50 T T [] T T T
45— | —
a0l e
a8 -
s ]
T | -
&*F -
% - .
-
g or :
3
15 = =
W= -
L
5 " 4 ~
.
0 12 18 30 42 48 60 0
Harmonic order
Figure 5-39 The FFT analysis of the dc side current using the developed equation 4-14 for mf=15
DC = 609.8 , THD= 85.40%
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Figure 5-40 The FFT analysis of the dc side current using Matlab Simulink for mf=15
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5.4: Effect of parameter change on the ripple components

5.4.1: Effect of changing controllers’ parameters:
We are going to review the effect of changing the controllers bandwidth and phase margin on the total

harmonic distortion.

5.4.1.1: Effect of changing controllers’ bandwidth:
As we increase the bandwidth of both controllers (maintaining the current controller bandwidth is

significantly higher than the speed controller bandwidth) the ripple contents of both current and torque

increase Table 5-5.

Table 5-6 Effect of changing the bandwidth on the ripple components of the dc current and torque at mf=15: phase margins are

Bandwidth of the
controllers
rad
Wy = SOT
rad
Wew = T
rad
Wer = SOT
rad
Wy = T
rad
W, = IOOT
rad

Wew = 1OT

rad
Wer = 130 T

rad

Wew = 137

Controllers constants

K, = 0.0863
K, = 1.5282
Ky = 1.3733 * 10°
Kiy = 1.7833 % 105
K, = 0.1560
K, = 3.1901
Ky = 2.7004 * 10°
Kuy = 6.6595 * 10°
K, = 0.3563
K, =5.1016

Ky = 3.4215 * 10°
Kiy = 1.0707 * 10°
K, = 0.4942
K, = 1.6285
Ky = 4.6686 * 10°
Kuy = 1.6391 * 10°

60° and 70° for the current and torque controllers respectively

Dc current ripple

THD, = 84.10%

THD; = 85.07%

THD, = 86.24%

THD; = 86.37%

Steady State torque

ripple
THD; = 8.57%

THD; = 8.64%

THD; = 8.84%

THD; = 9%

Increasing the bandwidth beyond 130 rad/s causes system instability (controllers constants are

negative).

5.4.1.2: Effect of changing the current controller phase margin:
Decreasing the bandwidth of the current controller allow us to achieve higher cut off frequencies

without showing instability. Table 5-5 and table 5-6 shows the results for current controller phase

margin change from 60° to 45° respectively. Working with phase margin 45°, we are able to reach the

cut off frequencies up to 220 rad/s.

It should be noted that working with a low phase margin (at a fixed cut off frequencies) will produce

. . d d .
more ripples in the output. We can compare results at w.; = 30%,wcw = 4%for phase margins 60°

and 45° (Table 5-5 and Table 5-6) the THD% of the dc current and steady state torque increases.
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Table 5-7 Effect of changing the phase margin of the dc current controller at mf=15: Phase margins are 45° and 70° for the
current and torque controllers respectively

Bandwidth of the Controllers constants Dc current ripple Steady State torque
controllers ripple
o — 3orad K, = 0.0702 THD; = 84.22% THD; = 8.6%
cO s K;; = 2.1463
- rad Kpw = 1.3722 % 10°
S Ky = 1.8673 % 10°
rad K, =0.3310 THD, = 85.89% THD; = 8.81%
w, =100— -
S K;; = 14.1494
rad = 5
Wy = 10 Kpw = 34195+ 10
s Ky = 1.2032 * 10°
rad K, = 0.8817 THD; = 86.78% THD; = 10.94%
w, =200— ~
s K; = 12.6386
rad = 5
ey = 20 Kpw = 6.8824 * 10
s Ky = 4.1765 % 10°
rad K, =1.0170 THD; = 86.47% THD; = 11.5%
W, =220—
s K;; = 4.9216
_ . rad
Wew = 22—— Ky = 7.7768 * 105

Kiy = 49145 * 10°

5.4.2: Effect of changing PWM switching frequency:
As we increase the frequency modulation ratio (my), hence the switching frequency, the total harmonic

distortion of the torque decreases as shown in Table 5-7. That’s because the higher m; the higher the
order of the harmonic content which can be filtered out by the machine inductance.

It should be noted that the increase of my slightly affect the total harmonic distortion of the dc side
current. That’s because the electric line was modeled on Simulink with no inductance.

In Table 5-7, we can see the effect of the sequential control of two level inverters clearly. For example
instead of using one module with m; = 675 which has THD7; = 0.23% , we can use three modules at
ms = 69 and has the same THD. Also we can use two modules at m; = 15 which has THDy, =
4.12% instead of using one module at my = 27 which has THDr, = 4.72%.
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Table 5-8 Effect of changing the frequency modulation ratio mf on the current and torque steady state ripple. The cutoff

frequency of the current controller is 100 rad/s with phase margin 60 and the cutoff frequency of the speed controller is 10 rad/s
with phase margin of 70

my
my =15
my =21
my =27
my = 33
my = 39
my =45
my =51
my = 57
my = 63
my = 69
my =175
my = 81
my = 87
my =93
my =99
ms = 675
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THD decrease with increasing number of modules

n, =1
THDTl = 8.79%
THDTl = 6.13%

n, =2

THDTZ = 4.12%

THDT]_ = 4‘.72%

THD;, = 3.84%
THDy, = 3.24%
THD;, = 2.81%
THDy, = 2.47%
THDy, = 2.21%
THDy, = 2.00%
THD;, = 1.83%
THD;, = 1.68%
THD;, = 1.56%
THDy, = 1.45%
THD;, = 1.36%
THD;, = 1.28%

THD, = 3.00%
THD, = 2.32%
THD;, = 1.89%
THD, = 1.60%
THD, = 1.39%
THD;, = 1.23%
THDy, = 1.09%
THD, = 0.99%
THD;, = 0.91%
THD;, = 0.83%
THDy, = 0.77%
THDy, = 0.72%
THDy, = 0.67%
THD, = 0.64%
THDy, = 0.12%

v

n, =3
THDy3 = 1.05%
THD73 = 0.74%
THD73 = 0.58%
THDy3 = 0.47%
THD73 = 0.40%
THDy3 = 0.35%
THDy3 = 0.31%
THDy3 = 0.28%
THDy3 = 0.25%

THD73 = 0.21%
THDy5 = 0.20%
THDy5 = 0.19%
THDy5 = 0.17%
THDy5 = 0.17%
THDy5 = 0.13%

THD
decrease
with
increasing
the
switching
frequency
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Conclusion

We have developed an expression for the current ripple of the dc side and we have proven the
validity of the expression using simulation on Matlab/Simulink. Also, we have proven both
analytically and using simulation the effectiveness of sequential control of two level inverters
connected in parallel on the dc side either driven by square wave modulation or pulse width
modulation. Moreover, we showed that the decrease of the harmonic components increases by the
increase of number of two level inverters connected in parallel.

We applied our method on the machine model of our case study; Axial flux Multi-modular
permanent magnet synchronous generator. In which we designed the control system explaining the
methodology behind designing both the current and speed controllers. Using simulation, we have
shown that the torque ripples are much less than the dc current ripple and the role of the machine
internal inductance in decreasing those harmonics.

Moreover, we have shown the consistency between the results from our mathematical model and
the simulation results.

Finally, we have illustrated the effect of changing of some of the control parameters on the results
using the simulation. And we have obtained the following results: by increasing the controllers’
bandwidth, the ripple contents of both current and torque increases. Also, as we increase the
frequency modulation ratio mz, the total harmonic distortion of the torque decrease. We have
shown the comparison of various switching frequencies using one, two and three modules. From
such comparison we were able to emphasize the effect of using sequential control of the two level
inverters. Instead of using a two level inverter with very high switching frequency to decrease the
THD of the torque, we can use two or three inverters sequentially controlled at much lower
switching frequency achieving the same torque THD.
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Appendix A-1

A-1.1: Square wave modulation:

Van(t) = VAn(l) sin(wt —Y) + ‘7An(5) sin(5w.t — 5¢) + ?An(7) sin(7w.t — 7Y)
Vgn(t) = Vanary sin(wit — 9 — 120°) + V(s sin(Swst — 59 + 120°) + Vpy 7y sin(7w,t — 71 — 120°)
Ven () = Vancry Sin(wyt — 3 — 240°) + Vyp sy sin(Swqt — 5 — 120°) + Vyr) sin(7w, t — 73 — 240°)

2vd IS 2vd IS 2vd

Where the amplitudes are V,, = — Ve =7 Ve =5

i) = I sin(wit — P — @) + I sin(Sw,t — 59 — 05) + I sin(7w,t — 7y — 67)
ig(t) = I; sin(wt — 1 — ¢ — 120°) + [ sin(5wit — 59 — Os + 120°) + I sin(7w,t — 71 — 6, — 120°)
i.(t) = I sin(wit — 1 — ¢ — 240°) + I5 sin(Sw it — 59 — 5 — 120°) + [, sin(7w,t — 79 — 6, — 240°)

Van1 7 Vans 7 Vanz

Where the amplitudes arel, = Nk Is = TrGo e 17 = N

And from the power balance:

Vd- idc(t) = iA(t)- vAn(t) + iB (t) an(t) + ic(t)- Ucn(t) =

lAl‘UATL +lB1an +I’C Vcen +
1 1 1 1

iggVans T igsVng T icsVens +

The direct component contribution
from the multiplication of voltages

and currents of the same harmonic

lA7vATl7 + lB7an7 + lC7an7 +

iAlvAns + i4gVan, + iBlans + ipsVpn, + icvans + icstnl .
The dc current ripple

ig-Vane t iacVan, + i Vpne + ig<Vpn, + ic Vene + ice?¥ —
7YAns sVAny B7YBnsg BsYBny C7YCnsg CsYCny .
production

lA]_vAn7 + lA7UAn1 + lBlan7 + LB7an1 + lCva‘ﬂ7 + lC7UCn1

Thus the dc current ripple

Vg i;(6) = g Vang + iagVang Hip Vens T ipsVeng t iciVeng + icsVeny + iasVans t iayVang tipyVeng + ig,Vpny +
ic,Veng tlc,Veny t 14y Van, T tagVan, T8 VBn, T iBsVBn, + ic Veny + lcsVeny

Interaction between the first and Fifth harmonics

frVans _ [i] [il sin((wit — ) — P)] * [&sin 5% (wyt — 1,(})] =n (cos(4wit — 4y + @) — cos(bw,t — 6y — ¢))

Va Va 51 51

ig. v, I, I,

% = é 2.sin(wyt — 1 — ¢ — 120°) sin(5w, t — 59 + 120°) = ﬁ(cos@wlt — 4+ +240) — cos(6wt — 61 — B))
d

ic Veng il . . fl

T 2.sin(w.t — Y — ¢ — 240°) sin(Sw,t — 5¢ — 120°) = T (cos(4w t — 4P + P +120°) — cos(bw t — 6Y — ¢p))
a

iasVan, 2.1sVy , I5
———— = ——sin(5(w.t —P) — ) sin(w,t —P) =—=.(cos(4w it — 4y — 05) —cos(6w,t — 61 — 65))

Vd AVdT[ TE
gV 21 1
BSV—:'” = fsin(S(mlt — 1 —120) — 05) sin(w,t —p —120) = ;5(605(4(1)115 — 4 — O + 240°) — cos(6w,t — 69 — 65))
iV 21
L5 _ 25 sin(5(wyt — P — 240) — 85) sin(w,t — P — 240)

Vd s

I
= i(cos(%}lt — 4 — 05+ 120) — cos(bw,t — 6y — 65))
ira(t) =0
Z = , -3 31,
i6(t) = o cos(bw it — 6 — ) — 7605(6(011& — 6y —6s)
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Interaction between the first and seventh harmonics

farVany _ ﬁsin(wlt - —@)sin(7w,t —7¢) = i—‘(cos(6w1t —6Y+¢) —cos(8wit —8Y — ¢))
Va Vg 7

i"i’% = 71—:[ 2.sin(wit — ¢ — ¢ — 120°) sin(7w,t — 7y — 120°) = 71—; (cos(bw t — 6y + ) — cos(Bw,t —8Y — ¢ — 240°))

feVens 71—; 2.sin(w,t — P — ¢ — 240°) sin(7w, t — 73 — 240°) = ;—;(cos(6w1t —6Y+¢) —cos(Bw it —8Y —¢—120°)

Va

Va T

faglams _ B2V iy (769, — Th — 6,) sin(wyt — ) = 2 (cos(6wyt — 61 — 67)  —cos(Bant — 8y — )
i’”;& = ’;’ 2.sin(7w,t — 73 — 6, — 120°) sin(w,t — P — 120°) = %(cos(6(u1t — 6y —6;) —cos(8w; t— 8y — B, — 240°))
d

LeVens I;’ 2.sin(7w,t — 7y — 8, — 240°) sin(w,t — ¥ — 240°) = %(cos(6w1t — 6y —6,) —cos(8w t—8yY — 06, —120°)

Va

Z _ irg(t) =0
, 31 31
i6(t) = ﬁcos(&ult -6y +¢)+ 7605(6(011& — 6y —6,)

Interaction between the fifth and seventh harmonics

faglans _ 12Va i (79, t — Th — 6,) sin(Sw,t — 51) = L (coswqt — 29 — 6,) — cos(12w,t — 129 — 6,))

Va Vab5m Sm
L n I; . oY i 0y — I o
% = %sm(%olt — 7 — 6, — 120°) sin(5w,t — 5y + 120°) = é(cos(Zwlt — 21 — 6, — 240°) — cos((12w,t — 129 — 6;)))
‘;’—d"ﬁ = 2 sin(Twyt = 7 — 0, — 240°) sin(Swyt — 5 — 120°) = 2 (cos(2wyt — 2 — 6, = 120°)  — cos((12w,t — 124 = 6,)))
lasVan Is2vy . . I,
% = ;ﬂ—V:sm(Swlt — 51 — 65) sin(Tw,t — 7)) = %(cos(Zwlt -2y +65) — cos((12w,t — 129 — 65)))

KELLL %sin(Swlt — 5y — 05 + 120°) sin(7w,t — 73 — 120°) = %(cos(Zwlt — 21 + 05 — 240°) — cos((12w,t — 12y — 65)))

Va

fesons = 2 sin(Swyt — 5 — 05 — 120°) sin(7wyt — 73 — 240°) = ;—Sn(cos(Zwlt — 2 + 05 — 120°) — cos((12w,t — 12 — 65)))

Va

z _ irp(t) =0
31 31

irp(t) = 5—;cos(12w1t —12¢— 6,) — 7—;cos(12w1t — 12 — 65)

Thus the overall equation

31 31 3l 31
i.(t) = —5—;cos(12w1t -0, —12¢) — 7—;cos(12w1t — 05— 12¢) — 5—;cos(6w1t —¢p—6yY) — ?Scos(6w1t — 05 — 6))

31, 31,
+ %cos(&ult +d—69)+ 7cos(6w1t -6, —6y)
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A-1.2: Pulse width modulation:

Bessel Function:

e EDREL)TT T CDE™E (E M
]”(x)‘k; Ktk D@ Me+Dd 2mibdmen T

n+2k

It can be simplified to the first three terms, taking the argument x = m%M:

2 4
oy e [ (m3)me o (mg) M
_M = . - + .-
Jn (mz ) 2nnl 2m+1) 2+ D +2)
Results of B | Function:
m=1
) = 512 — 32 n*M? + n*M*
Jolx) = 512
nM (1536-48 T2M2+m*M* nM (1536-48 T2M%+m*M*

J1(0) = T( 1536 ) J-1 () = _T( 1536 )

_ (mM)? (3072-64 n*M*+m*M* _ (mM)?* (3072-64 n*M*+m*M*
J2(0) = 32 ( 3072 ) J2 () = 32 ( 3072 )

_ (nM)? (5120-80 w*M2+m*M* _ _(nM)3 5120—80 w2 M2+t M*
Ja(x) = 384 ( 5120 ) J-s(x) = 384 ( 5120 )

m=2
oGe) = 32 — 8m?M? + *M*
oV = 32
nM (96—12 m?2M?+m*M* -nM (9612 m?M?+m*M*

J1(0) _T( 9% ) J-1(0) _T( 9% )

_ (mm)? (192-16 w* M2+t M* _ (@M)? (192-16 n°M*+n*M*
J2(0) = 8 ( 192 ) J2(x) = 8 ( 192 )

]3(x) _ (71:\/;)3 (320—20 1;221\(;12+n4M4) ]_3(x) _ —(1:;\/1)3 (320—20 7;221\(:12+7T4M4)
sin ((m +n) "/2)

n=0 1
n=1 0 n=-1 0

m=1 n=2 -1 n=-2 -1
n=3 0 n=-3 0
n=0 0
n=1 -1 n=-1

m=2 n=2 n=-2
n=3 1 n=-3 -1
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Calculating the harmonic voltage and current amplitudes:

For(h=1)

I = ‘Z'—icos(wt )

_ -1 (@il -1 Esiné§
¢ = tan ( R ) tan (VAn—E cos&)
= \/(VAnl — E cos 6)? + (E sin §)?

z; =+/R? + (w,L)?

Voltage Amplitudes

(mM)3 320-20% M2+n41v14)

7 ( Vg ((nM)3 320—20n2M2+n4M4)
2mf+3 = 50 \Tag 320 2m

Vomi+s = P P

0. = Va*M ~ 2Vy (512—32n2M2+n4M4)
1 — I e— —————
2 mf = 512 )
m =
0 2V ((nM)Z 3072—64n2M2+n4M4) 0 2V ((nM)2 3072—64n2M2+n4M4)
mf-2 = o 32 " 3072 mf+2 = 32 3072
N Vg (nM 96—12m*M%+mtm* N —Vy (M 96—127°M%+m*m*
\ =4 \% =4
2mf+l = on N2 96 2mf=1 7 o N2 96
m=2

Current Amplitudes:

N J(VAn E cos 8)2+(E sin 8)2 _ _1 (u)oL) _ 1 ( Esing )
I, L (see table 4.1) ¢ = tan R tan™ " (s
Y Vmf 1 woL

= 0, = tan~ (mf —)
I JRE+(mf wgL)? mf R

- Vmf-2 (mf-2) a)oL)

Ty = e Bz = tan! (2
R2+((mf-2) w‘,L)

v _ mf+2) w,L
_ Vmf+2 - )

mf+2 — 2
R2+((mf-2) w‘,L)

V2mf+1

Tomfe1 = m ( )
V2mf-1 By = tan ( (2mf—1) W, )
(=)
(=5)

—

1 (2mf+1) Wo

B2mfs1 = tan”

Tme—l = —2
R2+((2mf—1) woL)

V2mf+3

R 7
R2+((2mf+3) w,L)

2 _ V2mf-3
I2mf—3 - 2
R2+((2mf-3) w,L)

General expression for voltages:

Vo (t) = Vy cos (wot +&) + me_z cos(wet + P — 2 wot — 28) + me cos(w.t + P ) + me+2 cos(wet + P + 2 wot + 28)
+ I72mf_3 cos(Qw,t + 2P, — 3wt —3&) + Vme_l cosQwct + 2P, — w,t — &)
+ Vampr1 c0SQRuct + 2P + wot + &) + Voypyz cosQRuct + 2 9. + 3w,t + 38)

1 (2mf+3) Wo

e2mf+3 = tan”

92 s =tan" 1 (2mf—3) W
m

~ 2 ~ 4 ~
vy, (t) =V, cos (wot +&— ?> + Vg2 cOS (wct + P, — 2w,t — 28 + ?) + Vi cos(wet + )
~ 41 ~
+ Vinpia COS (wct + .+ 2w, t + 28 — ?> + Vompoz cosQact + 21 — 3w, t — 3§)

- 2m\ 2w
+ Vomp_1 cOS (cht +2Y, —w, t =&+ ?) + Vaymgs1 COS (cht +2Y.+w,t +&— ?)

+ Vamprs cosQRugt + 29, + 3w, £ + 38)
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. 2 ~ 41 ~
V., (t) = Vicos (wo t+&+ ?) + Vipp_z cOs (wct + Y. — 2w, t — 28— ?) + Vi cos(wct + )
~ 41 ~
+ Vinpiz COS (a)ct + Y.+ 2wt + 28+ ?> + Vompoz cosQact + 2. — 3w, t — 3§)

- 2m\ 2
+ Vomp_1 cOS (cht +2¢Y, —w, t =& — ?) + Vamge1 COS (cht +2Y.+tw,t+&+ ?)

+ Vampes cos (Ruct + 2, + 3w, t + 38)
Due to the neutral point of the load some of the currents are not present in the current ripple expression

_ 2 Vpz  Vcz _ Vaz t Vpz + Uz

Van() = 3Var =5~ 5 = Ve =~ 5

2 Vaz Vez Vaz + Vpz T Vez

V() = gVp — 5"~ =V T

_ 2 Vaz  Vbz _ Vaz t Vpz + Vcz
vcn(t)_gvcz_T_?_vcz_ 3

The voltages Vi, Vomg—3, Vamp+3 Will cancel out due to the neutral point “n”. That means the corresponding currents for these
harmonics Iz, Ioms—3, [oms+3Will not flow and will not be present in the harmonic equation of the current.
The current harmonic equation

iq(t) = I1cos (wot +&— @) + Iy cos(wt + P — 2 wot — 28 — Opp_3)
+ 7mf+2 Cos(wct + II)C + 2 (l)ot + Zf - 0mf+2) + szf—l COS(cht + le)c - wot - f - Bsz—l)
+ g1 €0SQwct + 2. + wot + 8 — Oapp41)

~ 2w 41
ip(t) = I,cos (wot+&—¢p— ?) + Iing2 cOS (wct + P20t —2§—Op5 5 + —)

3
o 4
+ Liygyz COS (wct + P+ 2wt +2§—0py,5 — ?)
- 2
+ Ime—l COS(Zth + ZIIJL- — w,t — E - Bsz_l + ?)

- 2w
+ Isz+1 COS(Zth + 2¢C + w,t + f - osz+1 - ?)

- 2m . 4m
i.(t) = Licos (Wt +&— ¢+ ?) + Iyp5 cOS (a)ct + Yo — 2 wot — 2§ — Opp_p — ?)

. 4w . 2m
+ Infyp cOS (a)ct + Yo+ 2 w5t + 28 — Oppyn + ?) + Lmpo1€0sQwct + 2P, — wot =& — Opmp_q — ?)
R 2r
+ D1 COSQuct + 2 + wot + & — Oppppiq + ?)

From the power balance

Va-lac(t) = Val lac+ir ()] = i4(8). van () + ip (1) vp () + ic(£). ven (£)

Interaction between the fundamental voltage and currents of the rest of the harmonics for phases a, b, c respectively

Vils s

Vilms
127’;2 (cos (wct+ P — 0o t—& = Opps) + cos(wct+ P =3 wo t— 38 — Opp3))

a:

b: %’;_2 (cos (Wt + Yo —wot =& = Opp_p + 2?") + cos(wet + Yo — 3w, t —3E — 9mf—z))

Vilms— 2
c: IZTEZ (COS (Wt + Yo —wo t =& = Opp_p — ?n) + cos(w.t + Yo — 3w, t —3E — 9mf—z))

z _ ir(mf—l)(t) =0
3Vlimf—z

ir(mf—3)(t) = TCOS((mf - 3)w0t + lpc - 35 - me—z)
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Vlimf+2

Vilm
a: lsz” (cos (wet+ P + 3w, t +3& — Ompsi2) + cos(wet + Yo+ w, t+ & — HMf+2))

Vil 27
b: lzTZH (cos (@t + Yo + 3w, t + 38 — Onryg) + COS (wct + Yot Wot+E—Oppyn— ?))

Vilm
¢ L (cos (et + Pe + 3w, t + 3§ = Oppyp) + COS (wct + Pt Wt +E—Oppint+ %”))
d

Z _ lrmp+1) () =0
. 3Vilmss2
lr(mf+3)(t) = 2—]7;;COS ((mf + 3)wot + Ipc + 35 - 9mf+2)

V172mf—1

a: VIIZZT"Z* (cos (Qu.t + 2, — O2mp-1) + cos(wt + 2, — 2 w,t — 28 — Bme_l))
b: V’2+; (cos Qact + 2t = Bzmp—1) + cos (2wt + 29, — 2 Wt — 28 = Oy — )

Vilymp— 4
(cos wet + 2 = Bymp—1) + cos (20t + 2the — 2wy t = 28 = Oy + ) )

Z _ lremf-2)(t) =0
. 3n I, -1
lriamf) = #COS((me)wot + 2Y, - 02mf—1)
Vilampia
a: %”;f” (cos(2wct + 2, + 2w t + 28 — Oyprsr) + cos(2wgt + 2 — Bpmpi1))

Vi Iom 4
b: A (cos (2wt + 2 + 2w, t + 28 = Opmpss — =) + coS(20,t + 2P — Opmpa1))

c: %"Z“ (cos (cht + 2y + 2w, t + 2§ — Ogppiq + 4?”) + cos(Zth + 2y, — 92mf+1))

Z _ lremp+2)(t) =0
X 3V1i2 f-1
Lr(me)(t) = #COS((me)wot + 2Y, - 02mf+1)

Interaction between the voltage of harmonic order mf-2 and currents of the rest of the harmonics for phases a, b, c respectively

Ving—211

a: szf—l;:ll (cos (wet + Y. —wo t — & — @) + cos(wet + P — 3w, t — 38 + ¢))

Vangoz Iy 2
b:ZfT;(cos(wct+1,bc—wot—f—¢+?n)+cos(wct+lpc—3wot—3§+q§))

Vingoz 1 2
c:ZfT;l(cos(wct+lpc—wot—§—¢—?n)+cos(wct+lpc—3wot—3f+¢))

Z _ ir(mf—l)(t) =0
3Vmf—2l
irtmy—)(8) = 5= cos((mf = 3ot + e =3¢ + )
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Ving—2lmf+2

a: %I;"m (cos(Zth + 2y, — me+2) + cos(4—wct +4¢ — Hmf+2))

b: % (cos(2wct + 29, = Oumpz) + cos (4ot + 48 = Oprpyy =2 )

c: V’"’?T:"m (cos(cht + 2y, — Gmf+2) + cos (4wo t+48 — Oppyp + 2?“))

Z _ ramf)(®) =0
3me—zlmf+2

lramp) () = Tcos((me)wot + 2 = Onpi2)
Ving—2l2mf-1

Vong—zlomy—
a: % (cos(Bwct + 3P — 3wy t — 3E = Oypnp—y) + cos(wet + 4P + wo t + & — Ozmp1))

Ving-2lomp-1 2
b: def (cos(Bth + 3, — 3w, t — 38 — Oypp_q) + cOS (wct F Yo+ wot +&—Opmpq — ?”))

¢; Lmiozlamio (cos(3wct + 3¢ — 3wy t — 3 — Oy ) + COS ((uct Pt wot+&—Opmpq + 2?”))

2Vyq
Z _ lr(mf+a)(£) =0
k1% I
, r-2lomp-1
ir(ams 3 () = = cos((3mf = Bwot + 3y = 3¢~ bamy—1)
Ving—2l2mf+1
q: Lnizlami (cos(Bwet + 3P — Wy t — & = Oyppi) + cos(wet + e + 3wy t + 38 — Ozmpy1))

2V

Vinf-zlzm
b: e (cos (cht +3Y,—wo t — & — Ogmpyr + 2?”) + cos(wet + P, + 3w, t + 3¢ — esz+1))
d

Vnfzlom
c: % (cos (3wct + 3P —wo t — & — Oppsr — 2?“) + cos(wct + P, + 3w, t + 38 — 02mf+1))

Z _ ramf-1() =0
3me—212mf+1

ir(mf+3)(t) = TCOS((mf + wet + P + 3¢ — 02mf+1)
Interaction between the voltage of harmonic order mf+2 and currents of the rest of the harmonics for phases a, b, ¢
respectively

Ving+211

a: V"ZTJ';A (cos(wet + P + 3w, t + 38 — @) + cos(wet + P + wy t + &+ P))

b: L2 (cos(wet + . + 3w, t + 3§ = §) + cos (et + e + wo t +E +§ — =)
2V4 3

Vinfez |
c: % (cos(wct+1,bc+3wot+3§—¢)+cos(wct+lpc+wot+f+¢+2?n))
da

Z _ r(mf+1)(£) =0
3V, I
ir(mp )(8) = 5 cOS(OmS + 3ot + e + 3§ = )
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me+21mf—2
a: me;zTI:f_z (cos(Zth + 2y, — 9mf—2) + cos (40)0 t+4¢+ 9mf—z))

b: VWZZTIZH (COS(cht +2¢. — emf-Z) + cos (4&)0 E+ a8+ Omya = 2?"))
c VT"EZTI:H (Cos(cht + 2 = Op_3) + cos (4w0 A Oyt Z?H))
Z _ () =0
Irmp)(t) = WW;—Ii:nHCOS((me)“’Ot + 2y = Omy—2)
Vingr2loamf-1
q: Lmprzlemi-a (cos(Bwct + 3e + wo t + & = Oapnp_1) + cos(wet e = 30 £ = 3¢ = Omys))

2Vg

b: Vmﬂzz—;sz_l (cos (3wct + 3Pt wot + &= Opmpg — 2?”) + cos(wct + P, — 3w, t — 38 — 92mf+1))

V. 1 _
c: % (cos (cht +3Ptwo t+E&—Ogmpq + 2?”) + cos(wct + P, — 3w, t — 3¢ — asz+1))
d

Z _ lrmpen) () =0
, 3Vinp+2lomp-1
ir(my-3)(6) = === cos((mf = 3ot + Yo = 3¢ = Ooms—1)
me+212mf+1
a: %’:’lm (cos(Bwet + 34 + 3wy t + 38 — Oympin) + cos(wet + e — wp t — & — Oamrys1))
b: Vmﬂzz—;zmm (cos(3(uct + 3y, + 3w, t + 38 — Oapmpyq) + COS (wct P —wot =& = Opmpiq + %n))
c: V'"f+'2d’"f“ (cos(3wct + 3P, + 3w, t + 38 = Oynpyq) + COS (wct =Wt =& — Opmpys — 2?”))
Z _ br(mf-1)(£) =0
. 3V‘mf+212mf+1
lr(3mf+3)(t) = TCOS((Bmf + 3)(‘)ot +3 Ipc + 35 - 92mf+1)

Interaction between the voltage of harmonic order 2mf-1 and currents of the rest of the harmonics for phases a, b, c

respectively

Vomg-1l1
a: % (cosQRuct + 2. — ) + cosQuct + 2P, — 2w, t — 2 + ¢p))
d

p: Lzmiih (cos(Zth + 2y — ¢) + cos (cht 2~ 2wt — 28+ ¢ - 2?”))

2V
o 20 ((cos(2aet + 2. — ) + cos (2wt + 2, — 20, t — 26+ + )
2Vg 3
Z _ lr@amf-2)(£) = 0
3Voms-11h

ir(me)(t) = TCOS((me)wot + Y. —¢)
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Vomg—1lms—2

a: ‘/2’”2_7‘;:”’” (COS(?)(.OCL' + 3y, — 3w, t — 3¢ — 9mf—2) + cos(wct +Y.tw,t+&+ me_z))

Vomf-1Imr-2 2
b: szdf (cos(Bth + 3P, — 3w, t — 3§ — Opp_y) + cOS (wct Pt Wyt +E+ Oy + ?”))

Vamglmg— 2
c: % (cos(3wct + 3¢ — 3wy t — 38 — Oyp_) + cOS (wct Pt wot+&—0Oppp— ?n))

Z _ r(mf+1)(£) =0

) 3Voms—1lmr-2
ir(ams -3 () = =5 cos((3mf — Bwot + 3 Y = 3¢ ~ bms—2)

Vomg—1lmf+2

Vamfilm
a: %{1“2 (cos(Bwet +3Pc + Wy t + & — Ornryz) + cos(wet + P — 3w, t —3E + Onr42))

Vomf-1Imr+2 2
b: % (cos (cht +3Y + W t+ &= Oppiy — ?”) + cos(wct + P, — 3w, t — 38 + emf+2))

Vomf-—1lm 21
c: % (cos (3wct +3Pc Wt + & —Oppin + ?) + cos(wct + P, — 3w, t — 3¢ + Gmf+2))

Z _ lramf+1)(£) =0
3Vme—llmf+2

ir(mf—3) (t) = TCOS((mf - 3)“’0’: + wc - 36 + 9mf+2)
Vomg-1l2mf+1

a: Vsz;fldmm (cos(4wct + 4y, — 02mf+1) + cos(Zwo t+ 28— 92mf+1))

b: % (cos(4wet + 4. = Oamp) + c0s (2wt + 28 = Oy — ) )

c: VZ"”C;TI:"‘M (cos(4wct + 4, — 02mf+1) + cos (Zwo t+ 28— Oyppeq + 4?”))

Z _ ry() =0
. 3Voms—1l2mr+1
lr(4mf)(t) = mzivdmcos(e}mf)wot + 4y, — 92mf+1)

Interaction between the voltage of harmonic order 2mf+1 and currents of the rest of the harmonics for phases a, b, c
respectively

Voms+1l1

a: Vz%jll (cosQwt + 2y, + 2w, t + & — ) + cosQuwct + 2. + ¢))

b: %(005 (cht + 20, 4 2w, t + & — —4?”) + cosQu,t + 2, + ¢>))
d

¢: Lemihs (cos (cht + 2P, + 2w, t+E— P + 4—”) + cosRuet + 21, + ¢))
2Vg 3

Z _ ramf)() =0
3V I
irtamp) (6) = =5 cos(@mf)awt + 2 + §)
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Vme+11mf—2

Vampsalmp—

a: % (cos(Buwet + 3P — wy t — & = Orpr_y) + cos(wet + e + 3wp t+ 38+ Opyp—3))
d

b: Vomf+1lms-2

- (cos (3th +3Pe— Wt — & = O+ 2?”) + cos(wet + e + 3w, t + 38 + emf_z))

. Vomseilms—2

o (cos (3th + 3P —wo t — & = Oy — 2?") + cos(wet + P + 3w, t + 36 + Gmf_z))

Z — ir(3mf—1)(t) =0

. 3Vam 1l —2
lr(mf+3)(t) = mz—VdmCOS ((mf + 3)wot +.+35+ emf—z)
Vme+11mf+2
a: Vsz2+:"m (cos(Bwet + 31 + 3w, t + 38 = Oinriz) + coS(wct + P — wo £ — & + Opryz))
Vomf+1lm 21
b: %df” (cos(3wct + 3 + 3w, t + 38 — Oppyz) + COS (wct + P —wot =&+ Oppin + ?))
. Vomseilms+z

o (cos(3wct + 3 + 3w, t + 38 — Oppyy) + COS (wct F = Wyt — &+ Oy — 2?"))

Z — ir(mf—l)(t) =0

. 3Vamy+ilmss2
ir(ams 3 () = 5= cos((B3mf + Bwot + 3y + 3§~ Omys2)
Vme+112mf—1

a: Vz"‘f;lTI;'"H (cos(4wct + 4, — Bme_l) + cos(Zwo t+ 28+ Gme_l))

b: Vsz‘;TI:mH (cos(4wct + 4. — Bme_l) + cos (Zwo t+ 28+ Oyppq1 — 4?”))

. Vamsrilomsg—1

o (cos(4wct + 4P, — Oyms_y) + coS (Zwo t+ 28+ Opppq + 4?"))

Z — ir(z)(t) =0

, 3V; f+112 f-1
Lr(amf) ® = mZ—VdmCOS((Lme)wot + 4. — 02mf—1)
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Thus the expression for the instantaneous current ripple on the dc side is

1mf2

3Vilmsss
Tc s((mf — 3w, t+ P, — 3 — emf_z) ymr2

i(t) = 2V,

0s ((mf + 3w, t+ Y, + 38 — Bmf+2)

3V112mf—1 3V112mf+1
L cos (@mfIwo t+ 29 = Oampr) + Tcos (@mPoo t+ 29 = Ompsr)
3Ving—2l1 3Vms- 21mf+2
—————cos((mf — 3w, t + P, — 3§ + ¢p) + ——————cos ((me)m0 t+ 2, — 3¢ — 9mf+z)
2V, 2V,
3V p—2lpmp—
I cos ((3mf = 3)wo t+ 39 = 3E = Oamp_1 )
2V,
3V sl
f—2lamf+1
2 amil v 2L cos ((3mf + 3)wo t+ e + 3 — Oampan )
3me+2 A mf+21mf 2
——"=cos((mf + 3w, t + P, + 3§ — p) + —————cos ((me)oo0 t+ 2y, — 9mf—z)
2V, 2V,

3Vms+2loms-1

i cos (Bmf — 3 t+ Y = 3¢~ a1

3Voms-1l1
2V,

3me+2 2mf+1

2V, os((me)mo t+ 2y, — qb)

—LZENEL cos ((3mf + 3)wo t+ 3t + 38 = Oampen ) +

2V, ———cos | (B3mf — 3w, t + 3P, — 3§ — Gmf—z)

3V2mf 11mf+2

(
3V2mf 11mf 2 (
2V, (

——————cos|{(mf —=3)w t+ P, —3&+ Bmf+2)

3Vme—IIme+1 3V2mf+1 1

cos ((4mf)u)0 t+ 4y, — 92mf+1) + cos((2mfw, t+ 2, + ¢)

20, 2V,
3V2mf+11mf—2

7 0s ((mf +3)wot+ Y. + 38+ Bmf_z)
3Vompeilmr+a

’"Z—Vd’”cos (Gmf +3)wo t+ 3P + 3§ = Oy

3Vme+112mf—1

2 0s ((4mf)u)o t+ 4, — 92mf—1)
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Appendix A-2

Data of 1 module of an axial flux modular PM machine:

Rating of one module:

Rated power: 1000 kW

rated speed: 17 rpm

N° of poles: 104 (=» rated frequency: f,, = 14.73 Hz)

rated current: |, =925 A,

Parameters of one module:

Line-to-neutral EMF, at rated speed: Eg = 495 V,, (sinusoidal waveform)

Synchronous inductance: L = 3.276 mH

Phase resistance: R = 14.3 mOhm

Almost no cogging

Magnetic saturation negligible (due to the very wide equivalent air-gap: 10 mm in air + 30 mm PM
height)

N.B.:

1) the field winding is absent: so, the transient inductance is the same of the synchronous inductance;
moreover, no damping cage exists nor significant damping equivalent effect, thus, also the sub-transient
inductance coincides with the synchronous inductance;

2) the machine is completely isotropic: so d and q axis parameters have the same values.

Main sizes and other quantities concerning one module:
rotor inertia (1 module): J = 3.7-10% kg-m?

axial length (1 module): L,, =300 mm

external diameter: Dgy = 5000 mm

copper mass: M., = 2650 kg

stator core lamination mass: M. = 4415 kg

PM mass: Mpp, = 3360 kg

One Module losses in rated conditions:
Three-phase Copper losses at rated current: P, = 36.7 kW

Stator core losses: Pse, = 9.3 kW
PM eddy current losses (at rated speed, with stator rated current): Ppy; = 3.6 kW

Mechanical losses (mainly friction, in the bearings): Ps = 20 kW
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Appendix A-3

% Design of two Pl controllers: current and speed loops
% The outputs are: kpl kil kpW KiW

clear all

close all

Rs = 14_3E-3; Ls = 3.276E-3; % circuit parameters [ohms % henry ]
=14.73; %rated frequency [Hz]

wrated=2*pi*f;

E_ph= 495; %phase emf [V]

psiPM= sqrt(3)*E_ph/wrated;

I_rated= 925; %rated current

Prated=1.E6; %rated power in [W]

p=104; %number of poles

Wmrated=4*pi*f/p; %rated mechanical speed [mec.rad/sec]
J=3*37.E3; %moment of inertia [kg*m"2]

B=3*1250; %[kg*m"2/s]

mf=678;

fe=F*mT;

%Tsw=1/fc;

Tsw=1/fc;

s = tF("s"); % define s as the complex frequency

% 1) CURRENT LOOP

% Transfer functions

% inverse of the machine impedance + Inverter: as for the current loop, it is
the system under control

Gl = 1/((1+s*Tsw)*(s*Ls+ Rs));

figure(1);

w = logspace(-1,4,100); % w ranges between 1E-1 and 1E4 rad/s with 100 points
bode(GI, "r",w); grid; % frequency response

title("Transfer Function of the GI(s) system regarding the current loop®);

% Determination of kpl and kil with the variation of phase margin, assigned
% critical pulse wcl

wcl = 300; % Critical pulse [rad/s]

[magl,csl] = bode(Gl,wcl); %amplitude and phase in correspondence to wc
phil = 10:1:90; % phase margin [ded]

theta = -180 + phil - csl;

kpl = cos(theta*pi/180)/magl; kil = -wcl*sin(theta*pi/180)/magl;
figure(2);

subplot(2,1,1); plot(phil,kpl); grid; xlabel("phil [deg]"); ylabel("kpl®);
title("kpl [p-u.] and kil [1/s] with variation of phase phi [deg]");
subplot(2,1,2); plot(phil,kil); grid; xlabel("phil [deg]"); ylabel("kil");

% Design of kpl and kil as a function of the phase margine phil, once the

% cross-over frequency wcl has been set up ( from the figure 300 rad/sec

% should be the maximum frequency

%wcl = ; % The cross-over frequency wcl is set uUp <<<<K<K<K<K<——————mmmmmm -
phiml = 70; % The phase margin is set up << e

[magl,csl] = bode(Gl,wcl); % magnitude and phase of GI at wcl
magdb=20*1og10(magl); theta = -180 + phiml - csl;
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kpl = cos(theta*pi/180)/magl; kil = -wcl*sin(pi*thetas180)/magl ;
PID_1 = kpl + Kkil/s; % current Pl controller

L1 PID_1*GI; % open loop transfer function

Kl LIZ/(1 + L1); % closed loop transfer function

% Frequency response of the open loop and closed loop transfer functions
Ffigure(3);

bode(LI,"b" ,KI,"r",w); grid;

title("Open loop LI(s) and closed loop KI(s) transfer functions®);
legend("LI(s) ", "KI(s)");

% nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

% 2) Speed Loop

% Transfer functions

Fc =1 / (3*s+B); % transfer function of the machine ( mechanical POV )
GW = Fc*Kl; % process to be controlled (KI: current loop)

figure(d);

w = logspace(-1,3,100); % w ranges between 1E-1 and 1E3 rad/s, with 100
points

bode(GW, "b" ,w); grid;

title("Transfer function of the process GW(s) regarding the mechanical
loop™);

% Determination of kpl and kil with the variation of phase margin, assigned
% critical pulse wcl

wcW = 10; % critical angular frequency [rad/s]

[magW,csw] = bode(GW,wcW); %amplitude and phase corresponding to wc

phiW = 10:1:90; % phase margin [deg]

theta = -180 + phiW - csw;

kpW = cos(theta*pi/180)/magW; kiW = -wcW*sin(theta*pi/180)/magW;
figure(b);

subplot(2,1,1); plot(phiW,kpW); grid; xlabel("phiW [deg]"); ylabel("kpW");
title("kpW [p-u.] and kiW [1/s] varying with the phase margin phi [deg]");
subplot(2,1,2); plot(phiW,kiW); grid; xlabel("phiW [deg]"); ylabel("kiW");

% Design of kpV and kiV as a function of the phase margine phiV, once the
% cross-over frequency wcV is given
%wcV = 2*pi*10; % The cross-over frequency wcV Is set up <LLLLLLLC e =

phimW = 70; % phase margin << ——— ===~
[magW,csw] = bode(GW,wcW); % magnitude and phase at wcV

magdb=20*1og10(magW) ; theta = -180 + phimW - csw;

kpW = cos(theta*pi/180)/magW; kiW = -wcW*sin(pi*thetas/180)/magW;

PID_W = kpW + kiW/s; % voltage Pl controller

LW = PID_W*GW; % open loop transfer function

Kw LW/(1 + LW); % closed loop transfer function

% Frequency response of the open loop and closed loop transfer functions
figure(d); bode(LW, "b" ,KW, "r*,w); grid;

title("Open loop LW(s) and closed loop KW(s) transfer functions®");
legend("LW(s) ", "KW(s)");

Kpi_reg = [kpW kiW kpW kiWw];
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Appendix A-4

% Machine Parameters
m=1;%number of modules

Pn = m*1E6; %[W] rated power
Rs = 14.3e-3; %[ohm]

Ls = 3.276e-3; % [H]

Ld =Ls; Lg = Ls;
frated = 14.73; %[Hz] rated frequency
wrated = 2*pi*frated;

% psiPM = 0.07147*1.5;

E_phase = 495; % phase voltage at rated speed

psiPM = sqrt(3)*E_phase / wrated; %PM flux in a dqgq frame
Vrated=E_phase;

%Vrated = wrated*psiPM;

p = 104; % number of poles

Wmrated = wrated*2/p; % mechanical rated speed;

i_rated = 925; % [A] rated current

% Remember : Simpower System blockset use a differt Park Transform
J = 37000*m; % moment of inertia [kg*m2]

B = 1250*m;

Trated = Pn/Wmrated; %rated torque

Tload = 0.4*Trated;

psi_rated = psiPM;

% PWM Parameters
Vdc=1600;
%VvVdc=808;
=14.73;
mf=15;
fe=mf*f;
we=2*pi*fc;
tc=1/fc;
Vm=1;
tcl=tc/4;
tc2=tc/2;
tc3=3*tc/4;

%P1

%Constants for mf=15
Ccurr .Kp=0.3563;
Ccurr.Ki=5.1016;
%1Module
Cmecc.Kp=3.1836E+5;
Cmecc.Ki=1.6486E+6;
%2Modulles

%Cmecc -Kp=6.3673E+5;
%Cmecc.Ki=3.2971E+6;
%3Modules
%Cmecc . Kp=9.5509E+5;
%Cmecc.Ki=4.9457E+6
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%Constants for mf=678
%Ccurr .Kp=0.9291;
%Ccurr.Ki=96.5939;

%1Module

%Cmecc .Kp=3.1911E+5;
%Cmecc.Ki=1.8491E+6;

%2Modulles

%Cmecc .Kp=6.3821E+5;
%Cmecc.Ki=3.6982E+6;

%3Modules

%Cmecc .Kp=9.5732E+5;
%Cmecc.Ki=5.5474E+6

%low cutoff frequency 20 rad/s and mf=15
%Ccurr .Kp=0.0537;
%Ccurr.Ki=0.8131;

%1Module

%Cmecc .Kp=9.2116E+6;
%Cmecc.Ki=1.5239E+6;
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Appendix A-5

%Validating equation 4-4 developed to the current ripple of the dc side
%current

clc

R = 14.3E-3;

L = 3.276E-3;

=14.73; %rated frequency [Hz]
w=2*pi*f;

mf=15;

Vd=1600;

E=495;

psiPM=(sqrt(3)*E)/w;

Pn=1e+6;

p=104;

Trated=(Pn*p)/(w*2);
lg=Trated*2)/(psiPVM*p);

11 _peak=sqrt(2)*(1g9/sqrt(3));
11=1q9/sqrt(3);

X=2*pi*f*L;
delta=atan((X*11/(E-R*11)));
Delta_deg=delta*180/pi;
V1=(E-R*11)/(cos(delta));

V1 peak=V1*sqrt(2);

M=2*V1 peak/Vd;

%Voltage Amplitudes
V_mf=Vd*bessel j (0,M*(pi/2))*(2/pi1);
V_mf2=Vd*bessel j (2, M*(pi/2))*(-2/pi);
V_mF_2=Vd*bessel j (-2 ,M*(pi/2))*(-2/pi);
V_2mfl=Vd*besselj(1,2*M*(pi/2))*(-1/pi);
V_2mf_1=Vd*besselj(-1,2*M*(pi/2))*(1/pi);
V_2mf3=Vd*besselj(3,2*M*(pi/2))*(1/pi);
V_2mf_3=Vd*besselj(-3,2*M*(pi/2))*(-1/pi);

%Impedences

Z 1=sgrt((R™2)+((w*L)"2));

Z mF=sqrt((R*"2)+((mF)*w*L)"2);

Z mP2=sqrt((R"2)+((mF+2)*w*L)"2);
Z_mf_2=sqrt((R"2)+((mF-2)*w*L)"2);

Z 2mfl=sqrt((R"2)+((2*mF+1)*w*L)"2);
Z 2mf_1=sqrt((R"2)+((2*mF-1)*w*L)"2);
Z 2mF3=sqrt((R*2)+((2*mF+3)*w*L)"2);
Z_2mF_3=sqrt((R"2)+((2*mF-3)*w*L)"2) ;

%Currents
I_mf=V_mf/Z_mfF;
1_mf2=V_mf2/Z mf2;
I_mf_2=V_mf _2/Z mf_2;

1 _2mfl=V_2mF1/Z 2mF1;

I 2mf 1=V 2mf 1/Z 2mf 1;
1_2mf3=V_2m¥3/Z_2mf3;
1_2mf _3=V_2mf _3/Z 2mf_3;
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Theta _mf=atan(((mF)*w*L)/R);

Theta mf2=atan(((mF+2)*w*L)/R);
Theta_mf_2=atan(((mF-2)*w*L)/R);
Theta 2mfl=atan(((2*mf+1)*w*L)/R);
Theta_2mf_l=atan(((2*mF-1)*w*L)/R);
Theta 2mf3=atan(((2*mf+3)*w*L)/R);
Theta 2mf_3=atan(((2*mf-3)*w*L)/R);

phi=(180-Delta_deg)*pi/180;

%DC component of the dc side current
Idc=(3/Vd)*((V1*11*cos(phi))+(V_mFf _2*1_mF 2*cos(Theta_mf 2))+(V_mF2*1_mF2*cos
(Theta_mf2))+(V_2mf_1*1_2mf _1*cos(Theta 2mf _1))+(V_2mf _1*1_ 2mF _1*cos(Theta 2m
f_1))):

%Ripple component

t = (0:1999)/2000;

psi=0;

fl=(mf-3)*f;

Ir_mf _3=(3/72)*(A/Vd)*((V1*sgrt(2)*1_mf 2*cos((2*pi*fl*t)+psi-

Theta mf _2))+(V_mF 2*11*sqrt(2)*cos((2*pi*fl*t)+psi+phi))+(V_2mFf_1*1_mF2*cos(
@*pi*fFl*t)+psi-
Theta_2mf_1))+(V_mF2*1_2mF_1*cos((2*pi*fl*t)+psi+Theta_mf2)))*(1/1dc);
2=(mf+3)*f;

Ir_mf3=(372)*(1/VA)*((V1*sqrt(2)*1_mF2*cos((2*pi*f2*t) +psi-

Theta mf2))+(V_mFf_2*1_ 2mFl*cos((2*pi*F2*t)+psi-

Theta 2mf1))+(V_mF2*11*sqrt(2)*cos((2*pi*f2*t)+psi-
phi))+(V_2mF1*I_mf_2*cos((2*pi*f2*t)+psi+Theta_mf_2)))*(1/1dc);
3=(3*mF-3)*F;

Ir_3mf_3=(372)*(1/VA))*((V_mF_2*1_2mF _1*cos((2*pi*f3*t)+3*psi-

Theta 2mf_1))+(V_2mFf_1*1_mf 2*cos((2*pi*f3*t)+3*psi-Theta mf 2)))*(1/1dc);
f4=(3*mF+3)*T;

Ir_3mf3=(372)*(/Vvd)*((V_mF2*1_2mFl*cos((2*pi*f4*t)+3*psi-

Theta 2mf1))+(V_2mfl*l_mF2*cos((2*pi*F4*t)+3*psi-Theta mf2)))*(1/1dc);
5=2*mF)*T;

Ir 2mf=(3/72)*(1/VA)*((V1*sqgrt(2)*1_2mf _1*cos((2*pi*f5*t)+2*psi-

Theta 2mf_1))+(V_2mF_1*sqgrt(2)*11*cos((2*pi*f5*t)+2*psi-
phi))+(V1*sgrt(2)*1_2mfl*cos((2*pi*f5*t)+2*psi-

Theta 2mfl))+(V_2mfl*sqrt(2)*11*cos((2*pi*f5*t)+2*psi+phi))+(V_mF _2*1_mF2*cos
(2*pi*f5*t)+2*psi-Theta mFf2))+(V_mF2*1_mF 2*cos((2*pi*f5*t)+2*psi-

Theta mf _2)))*(1/1dc);

f6=(4*mF)*T;

Ir_4mf=(372)*(1/vd)*((vV_2mf_1*1_2mFl*cos((2*pi*f6*t)+4*psi-

Theta 2mf1))+(V_2mfl*l_2mF 1*cos((2*pi*f6*t)+4*psi-Theta 2mFf _1)))*(1/1dc);

Ir=1r_mf_3+1r_mf3+1r_3mf_3+1r_3mF3+Ir_2mF+1r_4mfF;

y = Fft(lr) ;

m = abs(y) ;

fs = 0:999;% Half the sampling time

m = m(1:1000);% must be the same length of fs

stem(fs/f,m/10, " filled")% Normalizing fs over the switching frequency and
magnitude over percent.

ylabel “Ripple magnitude % of ldc”

xlabel “"Harmonic order”

grid on
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SEQUENTIALLY CONTROLLED TWO LEVEL INVERTERS OF MULTI-MODULAR PERMANENT

ENERGY SYSTEMS

Single Module PMSG:

MAGNET MACHINES FOR WIND
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Overall Control Scheme of 1 module PMSG
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MAGNET MACHINES FOR WIND
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Two Modules PMSG:

MAGNET MACHINES FOR WIND
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Overall Control Scheme of 2 modules PMSG
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