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ABSTRACT

OUTPUT VOLTAGE CONTROL
OF A FOUR-LEG INVERTER BASED THREE-PHASE UPS
BY MEANS OF STATIONARY FRAME RESONANT FILTER BANKS

Demirkutlu, Eyyup
M.S., Department of Electrical and Electronics Engineering

Supervisor: Asst. Prof. Dr. Ahmet M. Hava

December 2006, 258 pages

A method for high performance output voltage control of a four-leg inverter based
three-phase transformerless UPS is proposed. Voltage control loop is employed and
the method employs stationary frame resonant filter controllers for the fundamental
and harmonic frequency components. A capacitor current feedback loop provides
active damping and enhances the output voltage dynamic performance. The
controller design and implementation details are given. Linear and nonlinear loads
for balanced and unbalanced load operating conditions are considered. The steady-
state and dynamic performance of the UPS are investigated in detail. A scalar PWM
method with implementation simplicity and high performance is proposed and
implemented. The control and PWM methods are proven by means of theory,

simulations, and experiments.

Keywords: Three-phase, four-leg, four-wire, inverter, PWM, space vector, resonant
filter, stationary frame, voltage control, THD, UPS, rectifier, active damping,

switching loss, SVPWM
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DURAGAN KOORDINATLARDA REZONANS SUZGEC BANKASI
KULLANARAK DORT BACAKLI EVIRICI TABANLI UC FAZLI KGK'NIN
CIKIS GERILIM DENETIMI

Demirkutlu, Eyyup
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Yrd. Dog. Dr. Ahmet M. Hava

Aralik 2006, 258 sayfa

Dort bacakli eviricili, iig-fazli, transformatdrsiiz bir kesintisiz giic kaynaginin (KGK)
cikis gerilimini yiiksek basarimla denetleyen bir yontem gelistirilmistir. Yontemde
gerilim ¢evrimi kullanilmakta ve ¢ikis gerilimi, duragan eksen takiminda temel
bilesen ve harmonik rezonans siizgecleri ile denetlenmektedir. Kondansator akimi
geribeslemesi kullanilarak etkin sonim olusturulmakta ve ¢ikis gerilimi dinamik
basarimi iyilestirilmektedir. Dogrusal ve dogrusal olmayan yiikler, dengeli ve
dengesiz yiikleme kosullar1 incelenmistir. KGKnin kararli hal ve dinamik basarimi
ayrintili incelenmistir. Basit ve yiliksek basarimli skaler bir darbe genislik
modiilasyon (DGM) yontemi gelistirilip uygulanmigtir. Denetim ve DGM
yontemlerinin basarimi teori, bilgisayarla benzetim ve deneysel ¢alismalarla

dogrulanmustir.

Anahtar Kelimeler: Ug¢ faz, dort bacak, dort iletken, evirici, darbe genislik
modiilasyonu (PWM), uzay vektorii, rezonans siizgeg, duragan koordinatlar, gerilim

denetimi, THD, KGK, dogrultucu, etkin soniimlendirme, anahtarlama kayiplari,

SVPWM



To My Parents, Bahattin and Sengiil,
To My Niece, Ayse Irem,
To My Nephew, Kerem,
And to all members of my family

for their patience and support

in all aspects of my life

vi



ACKNOWLEDGMENTS

I would like to express my sincerest thanks to Asst. Prof. Dr. Ahmet M. Hava for his
guidance, support, encouragement and valuable contributions during my graduate
studies. His impressive knowledge and technical skills have been a model for me to

follow.

I express my deepest gratitude to my family, my father Bahattin, my mother Sengiil,
my sister Kadriye, my brother Yakup, my sister-in-law Betiil, my niece Ayse Irem,
and my nephew Kerem for their support throughout. Without their endless love and

encouragements, [ would not complete this thesis.

I would like to acknowledge TUBITAK for the scholarship and financial support for
the hardware through the EEEAG research project grant number 104E009. Also
partial funding for the hardware in this project was supplied by METU Graduate
School of Natural and Applied Sciences project number BAP-2004-07-02-00-121.

Special appreciation goes to Siileyman Cetinkaya, Hasan Ozkaya, and Mutlu Uslu
for sharing their knowledge and valuable times with me during experimental studies.
I also would like to thank my officemates Omer Goksu, Mehmet Can Kaya, Ersin
Kiiciikparmak, Osman Selcuk Sentiirk, Emre Un, Biilent Ustiintepe, Hazem Zubi and
all my friends for their help and support.

I am grateful to my dear friends Mehmet Deniz and Tolga Keskin for their

encouragements and support.
I wish to thank to Middle East Technical University Department of Electrical and

Electronics Engineering faculty and staff for their help throughout my graduate

studies.

vil



TABLE OF CONTENTS

PLAGIARISM ..ottt ettt et se e nneenees il
ABSTRACT ...ttt ettt ettt st b e e saesseenseesaesaeeseensenseenseenns v
OZ ettt v
DEDICATION ...ttt sttt sttt st sttt et e vi
ACKNOWLEDGMENTS ...ttt vii
TABLE OF CONTENTS ...ttt viii
LIST OF FIGURES. ...ttt Xii
LIST OF TABLES ...ttt XXVii
CHAPTER

1. INTRODUCTION ....oootioiiiiiieiieieeteie ettt eseenneas 1
1.1. Electric POwer QUality .........cccceeeiuierieiiiieieeiiecie et 1
1.2. General Introduction to Uninterruptible Power Supplies ...........c.coccu...... 2
1.3. UPS Output Performance Criteria..........ccccveevvieeiieeeiieeeiieesieeesreeesvee s 3
L4, UPS TYPES ettt 9
1.5. State of The Art On-Line UPS Systems........ccccccceevuiirieeiienieeieenieeieene 13
1.5.1. Power Converter TOPOlOZIes........ccceeeurerieeriienieeiienieeieenieeenens 13
1.5.2. PWM MeEthOdS ....cceeeiuieiiiieiieieceeee e 17
1.5.3. Control Methods .........cceeouieiiiiiiiiiieiiieeee e 20
1.5.3.1. Output Voltage RMS Value Controller.............cccoeruennee. 22
1.5.3.2. Output Voltage Instantaneous Value Controller............. 23
1.5.3.2.1. Voltage Loop Controller...........ccceeeuveernnnnnns 23
1.5.3.2.2. Multi-loop Controller..........cccceevuervenvenennnene 23
1.5.3.2.3. Cascade Controller...........cccevervuerienennennene 24
1.5.3.2.4. Deadbeat controller..........cccceeeeveerieneeneennnnne 24
1.5.3.2.5. Repetitive controller...........cccueeveveereveennnnns 25

1.5.3.2.6. Synchronous Reference Frame Based
Controller ......cocevierienenieiieeeeeseeeeee 25

viil



1.5.3.2.7. Resonant Filter Bank Controller................... 27

1.6. Scope and Organization of The Thesis .......cccccocvererviiniininienicneeiene 28

2. PULSE WIDTH MODULATION TECHNIQUES FOR FOUR-LEG

INVERTER BASED THREE-PHASE UPS SYSTEMS.......cccoiiiiiieeee. 31
2.1, INtOAUCTION ...ttt sttt e 31
2.2. Scalar and Vector PWM Methods..........cocooeiiiiiiiniiiiiiieeeieeeee 34
2.2.1. Space Vector PWM.......coooiiiiiiiiiiiieiieeeeeee e 34
2.2.1.1. Space Vector PWM in Three-Leg Inverter..................... 35
2.2.1.2. Space Vector PWM in Four-Leg Inverter....................... 39
2.2.2. Scalar PWM ..o 49
2.2.2.1. Sinusoidal PWM (v =0) .......oorvverrrerreereerrrereeeeeesrnnenn. 55
2.2.2.2. Offset Signal Injection Methods ..........cccceevieriiiniennnnn. 56
2.2.2.2.1. SVPWM ..ot 61
2.2.2.2.2. DPWM ...oooiiiiieeeeeeee et 64
2.2.2.2.2.1. Classical DPWM (DPWM1)..... 66

2.2.2.2.2.2. Minimum Loss DPWM
(MLDPWM)....oovieiieiinieiiennne 68

3. OUTPUT VOLTAGE CONTROL OF THE THREE-PHASE FOUR-LEG

UPS BY MEANS OF RESONANT FILTER BANKS ......ccocoveieieiieiee 76
3.1 INtrOAUCTION ..ttt 76
3.2. Resonant Filter Bank Control Method ............ccccoiiiiiiiniiiiiiiiee 77
3.2.1. Ideal Resonant Filter.........ccccooirviriinieiinieniiienecceeseeeeen 77
3.2.2. Phase Delay Compensation of The Resonant Filter.................... 80
3.2.3. Damping and Selectivity of The Resonant Filter........................ 82
3.2.4. Phase Delay Compensated and Damped Resonant Filter Banks 88
3.2.5. Discrete Time Implementation of Resonant Filter Banks........... 91
3.3. P+Resonant Controller...........coviiiiiiiiiieniiiienieieeecee e 93

3.4. The Effect of The Capacitor Current Feedback on The Controller

PEIOIINANCE ...t e e e e e e e eaaeee s 97

X



3.5. The Full Control Structure of The Four-Leg Inverter Based UPS

SYSTEM ..ttt e 101
3.6. Stability Analysis of The Overall Control Structure...........cccccveeuveennee. 102
3.7. A Controller Design EXample.........cccccceeviieiiiniienieniecieeeieeveeeieeeen 111
3.8. Anti-Windup Limiter Design For Resonant Filter Controllers............. 118

4. PERFORMANCE ANALYSIS OF THE FOUR-LEG INVERTER BASED
THREE PHASE UPS SYSTEM BY MEANS OF COMPUTER

SIMULATIONS ...ttt 120
4.1, INtrOdUCTION ...ttt 120
4.2. Modeling of The Four-Leg Inverter Based Three-Phase UPS System. 120
4.3. Simulation ReSUlts .........ccccceiiiiniiiniiiiiireccceee e 125

4.3.1. Trial and Error Based Controller Parameter Tuning Procedure.. 125
4.3.2. Steady-State Performance Evaluation of The Resonant Filter
Controller at Various Operating Conditions ..........ccccceeveevenneene 139
4.3.3. Dynamic Performance Investigation of The Four-Leg Inverter
Based Three-Phase UPS System By Means of Computer
SIMUIATIONS.....ieiiiiieiiic e 159
4.3.4. Investigation of Switching Ripple and Switching Loss
Characteristics of Various PWM Methods ..........ccccoveevieniennnene. 164

5. EXPERIMENTAL PERFORMANCE INVESTIGATION OF THE
FOUR-LEG INVERTER BASED THREE-PHASE UPS SYSTEM............ 189
5.1 INErOAUCHION ...t 189
5.2. Hardware Implementation of The Three-Phase Four-Leg UPS System 189
5.3. Experimental INVestigations.........c.ceevveeeeieeeiieeeieieeeieeeieeeeneeeevee e 203
5.3.1. Controller Implementation............ccocueveevierieneenenieeneeneeecneenne 204
5.3.2. Experimental Steady-State Performance Evaluation of The
Resonant Filter Controller at Various Operating Conditions...... 216
5.3.3. Dynamic Performance Investigation of The Four-Leg Inverter

Based Three-Phase UPS System.........ccccoocevvieniininiiniicnenncnens 231



5.3.4. Experimental Investigation of Switching Ripple and Switching

Loss Characteristics of Various PWM Methods........cccovuvuunnnn....

6. CONCLUSIONS ..ottt

REFERENCES

x1i



LIST OF FIGURES

FIGURES
1.1 Dynamic response of a UPS to impact loading.............coceveeveriiniinennicnecnene 8
1.2 System block diagram of an off-line UPS.............cccooiiiiiiiiiiiieees 10
1.3 System block diagram of a line-interactive UPS. ..........cccooviiiiiiniiiiniieiieees 11
1.4 System block diagram of a line-interactive delta-conversion UPS................... 11
1.5 System block diagram of an on-line UPS. .........ccccooiiiiiiniiiccece 12
1.6 Single-phase UPS system inverter topologies: .........ccceevveeriienieerieenreeieenneene 14
1.7 Circuit diagram of the three-phase UPS with three-phase inverter with A/Y
TTANSTOTIMET. ...ttt ettt e 15
1.8 Circuit diagram of the three-phase UPS with three-leg four-wire inverter....... 16
1.9  Circuit diagram of the three-phase UPS with three-phase four-leg inverter.... 17
1.10 3-D Space vector diagram of the four-leg inverter. ............cccooeveeevierveeireennnnne. 20
1.11 General single-phase block diagram of............cccccveeiiiieiiiiiciieeeeece e, 21
2.1 The general block diagram of the four-leg inverter based UPS system............ 34
2.2 The relation between the a-b-c and a-f coordinates. ...........ccceceerieeieenieennnnnne. 36
2.3 The two-dimensional space vector heXagon. .........c.eccveeeieriieniieeiieenieeieeeeans 38
2.4 The switch pulse pattern of SVPWM in the first region of the hexagon. ......... 39
2.5 Three-phase four-leg UPS system basic circuit configuration.........c...cccceueeee. 41
2.6 The 16 possible switch states of the four-leg inverter...........c.cccoceeverieneenenee. 43
2.7 The voltage vectors of the four-leg inverter in the 3-D vector space................ 45
2.8 Triangular prisms of the four-leg inverter in the 3-D vector space................... 46
2.9 Tetrahedrons in the first triangular prism...........ccoecceeviiiiieniiienienieeieeeeeeee 47
2.10 The switch pulse patterns in the first tetrahedron of the first triangular prism. 48
2.11 The switching signal generation method in scalar PWM..........cccccoeviininnnnnen. 50
2.12 Modulation and carrier signals of the four-leg inverter with vfo* set to zero

illustrating the two extreme modulation signals as v*max and v*min. ................. 54

Xii



2.13 Modulation and carrier signals and switching diagram of the four-leg inverter
with Vfo* set to a positive value illustrating the influence on the width of the
EWO ZETO STALES. ...eieiiiutiieiiieiie ettt ettt st ettt et neees 54

2.14 Block diagram of the scalar modulation in the four-leg inverter. ..................... 55

2.15 Ilustrating the modulation wave of one phase of

the four-leg inverter for SPWM at Mi=0.64..........ccooviiiiiiiiiiiiieeeeeeeeee, 56
2.16 The original balanced modulation signals Vaf*, be*, ch* for M;=0.785............... 58
2.17 V max and v in signals for M=0.785 and balanced v/, Vi » Vef + voovvverrerrennenn. 58
2.18 The boundaries of the injection signal for Mj=0.785. ..........ccccevvirviierierreennnns 59

2.19 The injection signal waveforms within the v*fo_mp and V*fo_bottom boundaries as a
function of § for M;=0.785 (& is incremented from 0 to 1 by 0.1). .................. 59
2.20 The injection signal waveforms within the V*foitop and V*foibottom boundaries as a
function of & for M;=0.907 (& is incremented from 0 to 1 by 0.1). .................. 60
2.21 The injection signal waveforms within the v*fo_mp and V*fo_bottom boundaries as a
function of § for v*mm >0 (& is incremented from 0 to 1 by 0.1). ...ccceeenneenneee. 60
2.22 The injection signal waveforms within the V*foitop and V*foibottom boundaries as a
function of & for v’ me<0 (£ is incremented from 0 to 1 by 0.1). ......covveerenee. 61

2.23 Ilustrating the modulation wave of one phase of

the four-leg inverter for SVPWM at Mi=0.907........cccocoeiiiiniinniiiieeeeeeee, 63
2.24 Mlustrating the modulation wave of one phase of

the four-leg inverter for SVPWM at Mi=0.64..........c.ccoveviiivieniieieeieeieeeee, 63
2.25 The characteristic waveforms of the switch in a switching period. .................. 65

2.26 Illustrating the modulation wave of one phase of
the four-leg inverter for DPWM at Mi=0.64. .........cccooviiiiiiiieiieeeeeeeeee, 67
2.27 The flowchart of the MLDPWM method...........ccoocveviiiiniiniiiiiiececeee 69
2.28 The MLDPWM waveforms of the four-leg inverter under balanced unity power
factor load operating condition. (a) three-phase reference voltages, (b) inverter
output currents, (c) v_,«;,*, (A) Vao 3 (€) Voo s () Veo verrereeresesresrseeeeeeeeerseneenens 71
2.29 The waveforms of the four-leg inverter based three-phase UPS with DPWM 1
method under line-neutral unbalanced resistive load condition, (a) three-phase

reference voltages, (b) inverter output currents, (c) Vfo*, () Vao 5 (€) Voo ()



2.30 The waveforms of the four-leg inverter based three-phase UPS with MLDPWM
method under single-phase resistive load operating condition, (a) three-phase

reference voltages, (b) inverter output currents, (c) Vfo*, (d) Vao 5 (&) Voo

(£) Voo +evereeeeeeeeeeeeeeeeeeeeeeseseee e seee e e e s e ees e e e e ee e s e e s e enene 73
3.1 Bode plot waveforms of the ideal resonant filter controller for m=1, K;;=10,

O=2T50 TAA/SEC. e et e e e e e e e eea e e e e e e e e e eaaeaaaeaaeas 79
3.2 The resonant filter bank based output voltage control block diagram of the three-

phase four-1eg UPS. .. ....oooiiiiee e 79
3.3 Illustration of the controller delay elements over a PWM cycle............cccuvneee. 82
3.4 The gain characteristic of a damped resonant filter. ...........ccceeevvvieriveeniiennieen, 84

3.5 The gain and phase characteristics of the damped resonant filter for m=1,
Ki1=10, 0=2150 rad/s, {; =3.18X107. ..o 86
3.6 The gain and phase characteristics of the damped resonant filter bank
for m={1,3,5,7,9, 11, 13}, Kin=10, ©.=2150 rad/s, {, =3.18x107,
STTOO0TT. ettt ettt bbbttt 87
3.7 The gain and phase characteristics of the damped resonant filter bank for m={1,
3,5,7,9, 11, 13}, Kin=10, 0~2150 rad/sec, {,, = m-3.18x10, S=m-100x. ... 87
3.8 The gain and phase characteristics of the phase compensated and damped
resonant filter bank for m={1, 3, 5,7, 9, 11, 13}, Kin=10, ©.=2750 rad/sec,
G =3.18%107, S=1007, =2 T MWe..veorveereereereeereereereeeeeseeseeeseeeeeesseeseeseeone 90
3.9 The gain and phase characteristics of the phase compensated and damped

resonant filter bank for m={1, 3, 5,7, 9, 11, 13}, K;n=10, ©.=2750 rad/sec,

G = m3.18X107, S=m1" 1007, Gr=2Ts e +.verveeeeeereeeeeeeeeeeeseeeeeeeeeeeeseeenes 90
3.10 The z-domain signal flow chart of the resonant filter controller. ..................... 93
3.11 The per-phase control block diagram of the P+Resonant controller. ............... 94

3.12 The gain and phase characteristics of the ideal P+resonant filter controller for
Kp=0.5, m=1, Ki1=10, ©c=2750 rad/SEC. ......coceriririiriieiiineneeeeeeeereeen 95
3.13 The gain and phase characteristics of the damped P+Resonant filter controller
for K,=0.5, m=1, K;;=10, 0,250 rad/s, {; = 3.18x107, S=100. ................. 95
3.14 The gain and phase characteristics of the phase compensated and damped
P+resonant filter bank for m={1, 3, 5,7, 9, 11, 13}, K,=0.5, K;,=10,
©.=2750 rad/s, {, =3.18x107, S= 1007, $y=2T MW .ervvorverrerrrrrerrrrrrerrernen. 96

Xiv



3.15 The gain and phase characteristics of the phase compensated and damped

P+resonant filter bank for m={1, 3, 5,7, 9, 11, 13}, K,=0.5, K;,=10,

®e=2n50 rad/s, {, = m-3.18x10'3, S=m-1007, @,=2TsMDe. .eveeveveeriaeiraenee. 96
3.16 The four-leg inverter based three-phase UPS system block diagram with the

capacitor current feedback for active damping. ..........c.coecevevieieiienieniieenienen. 98
3.17 Per-phase UPS system model with the capacitor current feedback based active

damping loop, (a) the basic block diagram, (b) equivalent block diagram...... 99
3.18 The gain and phase characteristics of the G,(s) with (dashed: K,,~15) and

without (solid) active damping for L=1.5mH, C=30uF, r;=10mQ. .............. 101
3.19 The control system block diagram of the four-leg inverter based three-phase

L0 N I ) 1<) 1 4 RS 102
3.20 General per-phase control block diagram of the closed loop output voltage

controlled UPS SYStIM. ....cc.ooviiiiiieiiiiiieie e 103
3.21 Detailed per-phase control block diagram of the closed loop output voltage

controlled UPS SYSTEIM. .....ccccuiiiiiiiieciieeeiie ettt e e 104
3.22 The reduced order per-phase continuous time model based block diagram

of the closed loop output voltage controlled UPS system. ........c.cccceeueneene. 106
3.23 Equivalent per-phase block diagram of the closed loop output voltage

controlled UPS SYSTEIM. ......cccuiiiiiiieiiieeeiie ettt 106
3.24 The simplified per-phase control model of the UPS system in MATLAB-
SIMUINK. oottt 112

3.25 The gain and phase characteristics of the input-to-output transfer function

(command tracking) of the closed loop output voltage controlled UPS

system for several cases, (red: Case 1, green: Case 2, blue: Case 3).............. 115
3.26 The detailed illustration of 3.25, (red: Case 1, green: Case 2, blue:
LG TS 3 TSR UR R 115

3.27 The gain and phase characteristics of the disturbance-to-output transfer
function (output impedance) of the closed loop output voltage controlled UPS
system for several cases, (red: Case 1, green: Case 2, blue: Case 3).............. 117

3.28 The detailed illustration of 3.27, (red: Case 1, green: Case 2, blue: Case 3). 117

3.29 P+Resonant controller with anti-windup Hmiter..........c.cocveeevievieeiiienieenenne. 119

XV



4.1 Power stage of the four-leg inverter based three-phase UPS system drawn with

the Simplorer schematic program. .........c..cccceevverienenieniineeeneeneeeeeeeeee 122
4.2 Load types utilized in the computer simulations..............cccceeeeveerieeriieneeeneenne. 124
4.3 Three-phase output voltages and one phase load current.............cccecvveruveennnnee. 130

4.4 The harmonic spectrum of the output phase voltage for open-loop operation at
balanced nonlinear full-load (Stage I of Table 4.5). ....ccooveviiriiiiiiiiee 130
4.5 Three-phase output voltages and one phase load current..........cccceecveeneennennee. 131
4.6 The harmonic spectrum of the three-phase output voltages during closed-loop
operation at balanced nonlinear full-load (Stage II of Table 4.5)................... 131
4.7 Three-phase output voltages and one phase load current...........ccceeeeveeenveennnee. 132
4.8 The harmonic spectrum of the three-phase output voltages during closed-loop
operation at balanced nonlinear full-load (Stage III of Table 4.5)................. 132
4.9 Three-phase output voltages and one phase load current............ccccecvverueeennnnee. 133
4.10 The harmonic spectrum of the three-phase output voltages during closed-loop
operation at balanced nonlinear full-load (Stage IV of Table 4.5). ............... 133
4.11 Three-phase output voltages and one phase load current.............cccccecvenenen. 134
4.12 The harmonic spectrum of the three-phase output voltages during closed-loop
operation at balanced nonlinear full-load (Stage V of Table 4.5).................. 134
4.13 Three-phase output voltages and one phase load current..............cccceeueennenne 135
4.14 The harmonic spectrum of the three-phase output voltages during closed-loop
operation at balanced nonlinear full-load (Stage VI of Table 4.5). ............... 135
4.15 Three-phase output voltages and one phase load current..............cccceeeuvenneen. 136
4.16 The harmonic spectrum of the three-phase output voltages during closed-loop
operation at balanced nonlinear full-load (Stage VII of Table 4.5). .............. 136
4.17 Three-phase output voltages and one phase load current..............cccoeevrennenne. 137
4.18 The harmonic spectrum of the three-phase output voltages during closed-loop
operation at balanced nonlinear full-load (Stage VIII of Table 4.5).............. 137
4.19 Three-phase output voltages and one phase load current (green, scale: 2.5x)
closed-loop operation at balanced nonlinear full-load.............c..ccoveevrenneennen. 138
4.20 The harmonic spectrum of the three-phase output voltages during closed-loop

operation at balanced nonlinear full-load (Stage IX of Table 4.5). ............... 138

xvi



4.21 Steady-state three-phase output voltages during open-loop operation under no-
load operating CONAItION. ......cc.ceeuieriiiiieie ettt 143
4.22 Steady-state three-phase output voltages during closed-loop operation under
no-load operating CONAItION. .......cccueeruieriiieiieeiieie et eee et ere e 143
4.23 Steady-state inductor currents during closed-loop operation under no-load
OPErating CONAITION. ...eeiuiieiieriiietieeieetee ettt ettt et et seeesaeeeneeenes 144
4.24 Steady-state modulation signals during closed-loop operation under no-load
OPErating CONAITION. ...eeiuiieiieriiieiieeieeieeeteeiee et eteeste et e eaeeeeeebeesseeenseenens 144
4.25 Steady-state output voltages and load currents (scale: x3) during open-loop
operation under linear balanced full-load operating condition. ..................... 145
4.26 Steady-state output voltages and load currents (scale: x3) during closed-loop
operation under linear balanced full-load operating condition. ..................... 145
4.27 Steady-state inductor currents during closed-loop operation under linear
balanced full-load operating condition...........ccceeecueeeriieerciieeniie e 146
4.28 Steady-state modulation signals during closed-loop operation under linear
balanced full-load operating condition.............ccceeeevierieriiienieeiierie e 146
4.29 Steady-state output voltages and load currents (scale: x3) during open-loop
operation under linear line-neutral unbalanced full-load operating
[o70) 1 e 12 o) s VUSSR 147
4.30 Steady-state output voltages and load currents (scale: x3) during closed-loop
operation under linear line-neutral unbalanced full-load operating
[o70) 1 e L5 T ) s SOOI 147
4.31 Steady-state inductor currents during closed-loop operation under linear line-
neutral unbalanced full-load operating condition. ...........ccccecveeviienvieniiennnnnne. 148
4.32 Steady-state modulation signals during closed-loop operation under linear line-
neutral unbalanced full-load operating condition. ..........ccccceevveeriiieieieeennnennn. 148
4.33 Steady-state output voltages and load currents (scale: x3) during open-loop
operation under linear line-line unbalanced full-load operating condition.150
4.34 Steady-state output voltages and load currents (scale: x3) during closed-loop
operation under linear line-line unbalanced full-load operating condition.... 150
4.35 Steady-state inductor currents during closed-loop operation under linear

line-line unbalanced full-load operating condition. ............cccceeeveeviienreennennne. 151

xvii



4.36 Steady-state modulation signals during closed-loop operation under linear line-
line unbalanced full-load operating condition.............cccceevveriiienienieenienen. 151
4.37 Steady-state output voltages and load currents (scale: x2.5) during open-loop
operation under nonlinear balanced full-load operating condition. ............... 152
4.38 Steady-state output voltages and load currents (scale: x2.5) during
closed-loop operation under nonlinear balanced full-load operating
[o70) 1 e L2 o) s VUSSR 152
4.39 Steady-state inductor currents during closed-loop operation under nonlinear
balanced full-load operating condition.............ccceeevierieeieenieeieeree e, 153
4.40 Steady-state modulation signals during closed-loop operation under nonlinear
balanced full-load operating condition.............ccecceeviieiieniiienienieeee e 153
4.41 Steady-state output voltages and load currents (scale: x2.5) during open-loop
operation under nonlinear line-neutral unbalanced full-load operating
COMAIEION. ..ttt ettt ettt e bt e et e et e e s st e ebeesaeeenbeesaeas 155
4.42 Steady-state output voltages and load currents (scale: x2.5) during
closed-loop operation under nonlinear line-neutral unbalanced full-load
OPErating CONAITION. ..veeiuiieiiiiiietieeieeieeeteetee e eteeebeebeeebeeseeeeeseesseeesseenens 155
4.43 Steady-state inductor currents during closed-loop operation under nonlinear
line-neutral unbalanced full-load operating condition. ...........cccccceevueeneennnen. 156
4.44 Steady-state modulation signals during closed-loop operation under nonlinear
line-neutral unbalanced full-load operating condition. ............ccccccvvervveennnnee. 156
4.45 Steady-state output voltages and load currents (scale: x2.5) during open-loop
operation under nonlinear line-line unbalanced full-load operating
CONAILION. 1.ttt sttt et ettt e sbe e bt et e i eees 157
4.46 Steady-state output voltages and load currents (scale: x2.5) during
closed-loop operation under nonlinear line-line unbalanced full-load operating
[o70) 1 e 13 o) s VUSSR 157
4.47 Steady-state inductor currents during closed-loop operation under nonlinear
line-line unbalanced full-load operating condition. .............ccceeevrrevierreennennne. 158
4.48 Steady-state modulation signals during open-loop operation under nonlinear

line-line unbalanced full-load operating condition. .........c.cceeeeevieeieeneennen. 158

xviii



4.49 Output voltage (black), load current (red, x5), inductor current (green, x2.5),
and capacitor current (blue, x2.5) waveforms of the open-loop controlled
UPS during loading transient (Case 1 of Table 4.7). ....cccoooveviiiiiiiinienennene. 163
4.50 Output voltage (black), load current (red, x5), inductor current (green, x2.5),
and capacitor current (blue, x2.5) waveforms of the closed-loop controlled
UPS during loading transient (Case 8 of Table 4.7). ....ccccocevvrverviinienennene. 163
4.51 Output voltage (black), load current (red, x5), inductor current (green, x2.5),
and capacitor current (blue, x2.5) waveforms of the closed-loop controlled
UPS during loading transient (Case 9 of Table 4.7). ...c.ccovevvvvevvevieeiiennn, 164
4.52 Output voltage (black), load current (red, x5), inductor current (green, x2.5),
and capacitor current (blue, x2.5) waveforms of the closed-loop controlled
UPS during loading transient (Case 13 of Table 4.7). ..ccccocceveeveriiniinennene 164
4.53 Output voltage (black), load current (red, x5), inductor current (green, x2.5),
and capacitor current (blue, x2.5) waveforms of the closed-loop controlled
UPS during loading transient (Case 16 of Table 4.7). .....cccccovveviriinienennene 165
4.54 Steady-state three-phase output voltages and load currents (scale: x3) during
SVPWM operation under linear balanced full-load...........c.cccoevveiriennnnnn. 167
4.55 Steady-state modulation signals during SVPWM operation under linear
balanced 10ad.........ccooiiiiiii e 167
4.56 Steady-state inverter output currents during SVPWM operation under linear
balanced 10ad. ........cocuiriiiiiiee e 168
4.57 Steady-state output voltage (black), modulation signal (orange), load current
(green, x3), inductor current (blue, x6), switch signal (red, x0.1) during
SVPWM operation under linear balanced load..........c..cccccoveriiniininninnnnn. 168
4.58 Steady-state modulation signals during DPWMI1 operation under linear
balanced 10ad...........ooiiiiiiii e 169
4.59 Steady-state inverter output currents during DPWM1 operation under linear
balanced 10ad.........cocuoiiiiiiiiiii e 169
4.60 Steady-state output voltage (black), modulation signal (orange, x0.7), load
current (green, x3), inductor current (blue, x6), switch signal (red, x0.1)

during DPWMI operation under linear balanced load. ..........c.ccccccoeeniinee 170

X1X



4.61 Steady-state three-phase output voltages and load currents (scale: x3) during
DPWMI1 operation under linear balanced inductive load (PF=0.8)............... 171
4.62 Steady-state modulation signals during DPWMI1 operation under linear
balanced inductive 1oad (PF=0.8). ......cccceevviiiiiiiieieieeeee e 172
4.63 Steady-state inverter output currents during DPWMI1 operation under linear
balanced inductive load (PF=0.8). ........cccoviieiiiieiiece e 172
4.64 Steady-state output voltage (black), modulation signal (orange, x0.7), load
current (green, x3), inductor current (blue, x6), switch signal (red, x0.1)
during DPWMI operation under linear balanced inductive load (PF=0.8)...173
4.65 Steady-state modulation signals during MLDPWM operation under linear
balanced inductive load (PF=0.8). ........cccoviiiiiiieieee e 173
4.66 Steady-state inverter output currents during MLDPWM operation under
linear balanced inductive load (PF=0.8). ......c.ccceevviiiiiiniieieeeeeeeeeee, 174
4.67 Steady-state output voltage (black), modulation signal (orange, x0.7), load
current (green, x3), inductor current (blue, x6), switch signal (red, x0.1) during
MLDPWM operation under linear balanced inductive load (PF=0.8)........... 174
4.68 Steady-state three-phase output voltages and load currents (scale: x3) during
SVPWM operation under linear line-neutral unbalanced load. ..................... 175
4.69 Steady-state output voltage (black), modulation signal (orange), load current
(green, x3), inductor current (blue, x6), switch signal (red, x0.1) during
SVPWM operation under linear line-neutral unbalanced load. ..................... 176
4.70 Steady-state modulation signals during DPWM1 operation under linear line-
neutral unbalanced load.............oooiiiiiiiiiniii e 176
4.71 Steady-state inverter output currents during DPWM1 operation under linear
line-neutral unbalanced load. ............cooceeiiriiiniiniii e 177
4.72 Steady-state output voltage (black), modulation signal (orange), load current
(green, x3), inductor current (blue, x6), switch signal (red, x0.1) during
DPWMI operation under linear line-neutral unbalanced load. ..................... 177
4.73 Steady-state modulation signals during MLDPWM operation under linear
line-neutral unbalanced load. ............ccooiiiiiiiiiiiie 178
4.74 Steady-state inverter output currents during MLDPWM operation under linear

line-neutral unbalanced LOAd. ..... ... 178

XX



4.75 Steady-state output voltage (black), modulation signal (orange, x0.7), load
current (green, x3), inductor current (blue, x6), switch signal (red, x0.1)
during MLDPWM operation under linear line-neutral unbalanced load. ...... 179
4.76 Steady-state three-phase output voltages and load currents (scale: x2.5)
during SVPWM operation under nonlinear balanced half-load..................... 180
4.77 Steady-state modulation signals during SVPWM operation under nonlinear
balanced half-10ad. ..........ccoooiiiiii e 181
4.78 Steady-state output voltage (black), modulation signal (orange), load current
(green, x3), inductor current (blue, x5), switch signal (red, x0.1) during
SVPWM operation under nonlinear balanced half-load. .............ccccoeueeneee. 182
4.79 Steady-state modulation signals during DPWMI1 operation under nonlinear
balanced half-1oad. ...........ccocoiiiiiiiii e 182
4.80 Steady-state output voltage (black), modulation signal (orange, x0.7), load
current (green, x3), inductor current (blue, x5), switch signal (red, x0.1)
during DPWMI operation under nonlinear balanced half-load..................... 183
4.81 Steady-state modulation signals during MLDPWM operation under nonlinear
balanced half-10ad. ...........cooeiiiiiiiiie e 183
4.82 Steady-state output voltage (black), modulation signal (orange, x0.7), load
current (green, x3), inductor current (blue, x5), switch signal (red, x0.1)
during MLDPWM operation under nonlinear balanced half-load.................. 184
4.83 Steady-state three-phase output voltages and load currents (scale: x2.5) during
SVPWM operation under nonlinear line-neutral unbalanced half-load......... 184
4.84 Steady-state modulation signals during SVPWM operation under nonlinear
line-neutral unbalanced half-load..............cocoviininiiniiniiiie 185
4.85 Steady-state output voltage (black), modulation signal (orange), load current
(green, x3), inductor current (blue, x5), switch signal (red, x0.1) during
SVPWM operation under nonlinear line-neutral unbalanced half-load......... 185
4.86 Steady-state modulation signals during DPWMI1 operation under nonlinear
line-neutral unbalanced half-load..............coceviiiiniiniinii 186
4.87 Steady-state output voltage (black), modulation signal (orange, x0.7), load
current (green, x3), inductor current (blue, x5), switch signal (red, x0.1) during

DPWMI operation under nonlinear line-neutral unbalanced half-load........ 186

xx1



4.88 Steady-state modulation signals during MLDPWM operation under nonlinear
line-neutral unbalanced half-load...............cccoooiiiiiiiiiiii e, 187

4.89 Steady-state output voltage (black), modulation signal (orange, x0.7), load
current (green, x3), inductor current (blue, x5), switch signal (red, x0.1) during

MLDPWM operation under nonlinear line-neutral unbalanced half-load..... 187

5.1 The system block diagram of the experimental setup...........ccccceeeveeerieeiennen. 190
5.2 The electrical power circuitry of the overall system. .........ccccceecveriieniiecnnen. 191
5.3 Laboratory four-leg inverter based three-phase UPS system.............c............ 195

5.4 PWM pulse pattern generation method of TMS320F2812 illustrating the
influence of dead-time and loading at the peak or bottom of the triangle. .... 201
5.5 The flowchart of the main DSP program for UPS output voltage control...... 202
5.6 Three-phase output voltages and one phase load current..............cccccveeuneneee. 207
5.7 The harmonic spectrum of the three-phase output voltages during open-loop
operation under balanced nonlinear full-load (Stage I of Table 5.5). ............ 207
5.8 Three-phase output voltages and one phase load current..............cccccceeeneenneee. 208
5.9 The harmonic spectrum of the three-phase output voltages during closed-loop
operation under balanced nonlinear full-load (Stage II of Table 5.5)............ 208
5.10 Three-phase output voltages and one phase load current.............c.cccveeenneee. 209
5.11 The harmonic spectrum of the three-phase output voltages during closed-loop
operation under balanced nonlinear full-load (Stage III of Table 5.5). ......... 209
5.12 Three-phase output voltages and one phase load current..............c..ccceeneeee. 210
5.13 The harmonic spectrum of the three-phase output voltages during closed-loop
operation under balanced nonlinear full-load (Stage IV of Table 5.5) .......... 210
5.14 Three-phase output voltages and one phase load current................ccceeneeee. 211
5.15 The harmonic spectrum of the three-phase output voltages during closed-loop
operation under balanced nonlinear full-load (Stage V of Table 5.5)............ 211
5.16 Three-phase output voltages and one phase load current................cccceeeueeeee. 212
5.17 The harmonic spectrum of the three-phase output voltages during closed-loop
operation under balanced nonlinear full-load (Stage VI of Table 5.5). ......... 212
5.18 Three-phase output voltages and one phase load current.............c..cccveeeneen. 213
5.19 The harmonic spectrum of the three-phase output voltages during closed-loop

operation under balanced nonlinear full-load (Stage VII of Table 5.5)......... 213

xxii



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

Three-phase output voltages and one phase load current...........cccceeevveeennenne. 214
The harmonic spectrum of the three-phase output voltages during closed-loop

operation under balanced nonlinear full-load (Stage VIII of Table 5.5)........ 214

Three-phase output voltages and one phase load current..............ccccveeneeee. 215
The harmonic spectrum of the three-phase output voltages during closed-loop
operation under balanced nonlinear full-load (Stage IX of Table 5.5). ......... 215
Steady-state three-phase output voltages during open-1oop.........cccccoevvenee 219
Steady-state three-phase output voltages during............ccceeeveeeivenieecieennennnen. 219
Steady-state three-phase output voltages during open-loop............cceevueenneen. 220
Steady-state load currents during open-loop........cccccveeecvieeecieeeecieeeeiee e, 220
Steady-state three-phase output voltages during closed-100p.........ccccceeeneene 221
Steady-state load currents during closed-100p .........ccceeeevierieeiiienieeiieieeen, 221
Steady-state three-phase output voltages during open-loop

operation under linear line-neutral unbalanced load (Scales: 50V/div,

2IMS/AIV). trieeiiieeiie ettt et et e et e et e e et e e e b e e e e e e e eabae e abaeeareeennes 222
Steady-state load currents during open-100p.........cccoeeeeviieiieniieiienieeeeee, 222
Steady-state three-phase output voltages during closed-loop

operation under linear line-neutral unbalanced load (Scales: 50V/div,

2IMS/AIV). tvieeiiieeiie ettt ettt e e e et e e et e e et e e e b b e e aa e e erae e abaeenareeennns 223
Steady-state load currents during closed-100p .........ccceeevierieiiiienieeiieieee. 223
Steady-state three-phase output voltages during open-loop

operation under linear line-line unbalanced load (Scales: 50V/div,

2IMS/AIV). evieeiiieeiie ettt e et e e et e et e et e e e b e e e e e e e enbae e abaeeareeennes 224
Steady-state load currents during open-100p.........cccoeeeeviieiieniieiienieeieeee, 224
Steady-state three-phase output voltages during closed-loop

operation under linear line-line unbalanced load (Scales: 50V/div,

2IMS/AIV). eviieiiieetie ettt et e et e et e et e e et e e et e e e e e e e aae e enrae e abaeeareeennns 225
Steady-state load currents during closed-l00p .........ccceeevieriieiiienieeiieieee. 225
Steady-state three-phase output voltages and one phase load current during

open-loop operation under nonlinear balanced load...........c.ccccovveeuvreennennnee. 228

xxiii



5.39 Steady-state three-phase output voltages and one phase load current during
closed-loop operation under nonlinear balanced load
(Scales: 50V/div, 20A/div, 2mMS/AIV)...cccueieeiriiiciiieeiee e 228
5.40 Steady-state three-phase output voltages and one phase load current during
open-loop operation under nonlinear line-neutral unbalanced load
(Scales: 50V/div, 20A/div, 2MS/AiV)......cccieiiiiiiiieeiieie e 229
5.41 Steady-state three-phase output voltages and one phase load current during
closed-loop operation under nonlinear line-neutral unbalanced load
(Scales: S0V/div, 20A/div, 2MS/AIV)......cccieriieiieiieeiieeie e 229
5.42 Steady-state three-phase output voltages and one phase load current during
open-loop operation under nonlinear line-to-line unbalanced load
(Scales: 50V/div, 20A/div, 2mMS/AIV)....cc.eeieiriiiiiiieciieeeiee e 230
5.43 Steady-state three-phase output voltages and one phase load current during
closed-loop operation under nonlinear line-line unbalanced load
(Scales: 50V/div, 20A/div, 2MS/AiV)......cccirriiiiieiieeiiee e 230
5.44 Output voltage (yellow), load current (red, x2), inductor current (green),
capacitor current (blue) transients of the open-loop controlled UPS during
loading transient (Case 1 of Table 5.8) (Scales: 50V/div, 20A/div,
2IMS/AIV). trieeiiieeiie ettt e e e et e et e e et e e e bt e e e b e e e aa e e enrae e abaeenareeennes 234
5.45 Output voltage (yellow), load current (red, x2), inductor current (green),
capacitor current (blue) transients of the proposed controller during loading at
the peak of output voltage (Case 8 of Table 5.8) (Scales: 50V/div, 20A/div,
2IMS/AIV). rtieeiiieeiie ettt ettt e e et e et e e e b e e e e e e e nrae e abaeeareeennns 234
5.46 Output voltage (yellow), load current (red, x2), inductor current (green),
capacitor current (blue) transients of the proposed controller during loading at
the peak of output voltage (Case 9 of Table 5.8) (Scales: 50V/div, 20A/div,
2IMS/AIV). trieeiiieeiie ettt e e e et e e et e et e e et e e e aae e enrae e abaeeareeennes 235
5.47 Output voltage (yellow), load current (red, x2), inductor current (green),
capacitor current (blue) transients of the proposed controller during loading at
the peak of output voltage (Case 13 of Table 5.8) (Scales: 50V/div, 20A/div,
2IMS/AIV). rtieeiiieeiie ettt ettt e e et e et e e e b e e e e e e e nrae e abaeeareeennns 235

XX1V



5.48

5.49

5.50

5.51

5.52

5.53

5.54

5.55

5.56

Output voltage (yellow), load current (red, x2), inductor current (green),
capacitor current (blue) transients of the proposed controller during loading at
the peak of output voltage (Case 16 of Table 5.8) (Scales: 50V/div, 20A/div,
2MS/AIV). ettt ettt ettt ettt es 236
The steady-state inductor current (blue, x2), output voltage (yellow), load
current (green), switch signal (red, x30) during SVPWM operation under
linear balanced load (Scales: 60V/div, 12A/div, 2ms/div). .....ccccceevveeneenen. 239
The steady-state inductor current (blue), output voltage (yellow), neutral
inductor current (green), switch signal (red, x30) during SVPWM operation
under linear balanced load (Scales: 60V/div, 6A/div, 2ms/div). ................... 239
The steady-state inductor current (blue, x2), output voltage (yellow), load

current (green), switch signal (red, x30) during MLDPWM operation under

linear balanced load (Scales: 60V/div, 12A/div 2ms/div). ....cccoevverieeiennnne. 240
The steady-state inductor current (blue), output voltage (yellow), neutral
inductor current (green), switch signal (red, x30) during MLDPWM operation
under linear balanced load (Scales: 60V/div, 6A/div 2ms/div). .................... 240
The steady-state inductor current (blue), output voltage(yellow), neutral

inductor current (green), switch signal (red, x30) during SVPWM operation

under linear line-to-neutral unbalanced load (Scales: 60V/div, 6A/div,

2IMS/AIV). eiiieitiieeite ettt et ettt et e e e e e e e e e e baeeeareeennns 241
The steady-state inductor current (blue, x2), output voltage (yellow), load
current (green), switch signal (red, x30) during DPWMI1 operation under linear
line-to-neutral unbalanced load (Scales: 60V/div, 12A/div, 2ms/div)........... 241
The steady-state inductor current (blue), output voltage (yellow), neutral

inductor current (green), switch signal (red, x30) during DPWMI1 operation
under linear line-to-neutral unbalanced load (Scales: 60V/div, 6A/div,
2IMS/AIV). eviieiiieetie ettt et e et e et e et e e et e e et e e e e e e e aae e enrae e abaeeareeennns 241
The steady-state inductor current (blue, x2), output voltage (yellow), load
current (green), switch signal (red, x30) during MLDPWM operation under
linear line-to-neutral unbalanced load (Scales: 60V/div, 12A/div,

2IMS/AIV). evieeiiiieeiie ettt e e e e e e et e e et e e et e e aa e e earae e abaeeareeennes 242

XXV



5.57

5.58

5.59

5.60

5.61

5.62

5.63

The steady-state inductor current (blue), output voltage (yellow), neutral
inductor current (green), switch signal (red, x30) during MLDPWM operation
under linear line-neutral unbalanced load (Scales: 60V/div, 6A/div,

2MS/AIV). ettt ettt ettt ettt es 243
The steady-state inductor current (blue, x1.5), output voltage (yellow), load
current (green), switch signal (red, x22.5) during SVPWM operation under
nonlinear balanced load (Scales: 45V/div, 12A/div, 2ms/div). .......cccceun.e.... 243
The steady-state inductor current (blue, x1.5), output voltage (yellow), load
current (green), switch signal (red, x22.5) during DPWM1 operation under
nonlinear balanced load (Scales: 45V/div, 12A/div, 2ms/div). ......ccceeunee. 244
The steady-state inductor current (blue, x1.5), output voltage (yellow), load
current (green), switch signal (red, x22.5) during MLDPWM operation under
nonlinear balanced load (Scales: 45V/div, 12A/div, 2ms/div). ........cceeu...... 244
The steady-state inductor current (blue), output voltage (yellow), neutral
inductor current (green), switch signal (red, x30) during SVPWM operation
under nonlinear line-neutral unbalanced load (Scales: 45V/div, 8 A/div,
2IMS/AIV). ettt ettt ettt et s e et e e b e et e e etbeetaeenaeenbeennnas 245
The steady-state inductor current (blue), output voltage (yellow), neutral
inductor current (green), switch signal (red, x30) during DPWMI1 operation
under nonlinear line-neutral unbalanced load (Scales: 45V/div, 8 A/div,
2IMS/AIV). cetiiiieeiiteite ettt ettt ettt e et e b e e e e taeeteeenaeenbeenneas 245
The steady-state inductor current (blue), output voltage (yellow), neutral
inductor current (green), switch signal (red, x30) during MLDPWM operation
under nonlinear line-neutral unbalanced load (Scales: 45V/div, 8 A/div,

DINS/AIV). +rvveeereeeeeeeeeeeseeeseeeeeesseesseeeseeesessseesseeseessseesseesessseeeeeseessseseeesseseseeen 246

XXVi



LIST OF TABLES

TABLES

1.1 Maximum limits of the voltage regulation............cccoeceeriiniiiiniiiniiieeeeee, 5
1.2 Maximum allowable THD Y VAIUES .....eeeveeeeeeeeeeeeeee e 6
2.1 The three-leg inverter switch states and corresponding inverter

2.2

23

3.1
3.2
3.3

4.1
4.2
4.3
4.4

4.5

4.6

4.7

5.1
5.2

L8] L2 TSRS 37
The four-leg inverter switch states and the corresponding inverter

VOIEAZES .ottt ettt et et et e st et e e bt e saeenbeesabeenbeennnes 42
Percentage of switching losses for balanced and single phase unbalanced
resistive load for various PWM methods ..........cccccociniininiinininiinicniccee. 74
Routh-Hurwitz stability criterion table ............ccccoiiiiiiiiiiiniieeeeeee 109
The filter and controller parameters utilized in the UPS model. .................... 112
The damping term and the phase shifting term of components of the resonant
filter bank fOr Various Cases ........c.cceceveerieiiiniiiniiiieeeceeceeee e 113
System parameters utilized in the simulation model.............c.ccoceviinininnene 123
System level semiconductor device model parameters............c.ccceevveerieennnnnne 123
Linear load types utilized in the computer simulations ............cccccceeeveeneennen. 124
The DC bus RC load parameters for nonlinear load types utilized in the
COMPULET STMUIATIONS ...ttt et 125
Resonant filter controller gain tuning and steady-state performance

TMPTOVEIMENLE STAZES .. veeevvireririeeriiieeriieeerteeesteeestaeessreesseeesseessseeesseesssseesnnns 129
The steady-state performance of the UPS under various loading conditions (A
range is given when noticeable differences exist among the three phase
QUANEIEIES ) et eeiieiieeeteeeiie et eette et e teeebeestteeebeeseessbeeseeenbeenseesnseenseesnseenseannnas 140
Influence of controller components on the UPS dynamic performance......... 162
Experimental system parameters.........ccecveeeeieeeiieeeiieeeieeeeieeeeree e 192
Specifications of the power semiconductor modules and gate driver modules

utilized in the experimental SEtUP ........cceevieriiieiieiiieie e 194



53
54
5.5

5.6
5.7
5.8

Main features of the eZdsp F2812 board ..........cccceveveiieeiiieeiiiecieeeee e, 200
Main features of TMS320F2812 DSP .....vvviiiiieeeeeeeeeeeee e 200

Resonant filter controller gain tuning and steady-state performance

TMPTOVEIMENLE STAZES .. .eeeuvreeririeeriiieeriieeesteeenteeessaeessreessreesseeesseesssseesssseesnnns 206
The steady-state performance at no-load and linear load conditions.............. 217
The steady-state performance at nonlinear load conditions.............c.cecuenneen. 226

Gains, controller components, and performance characteristics of the UPS

system during the dynamic loading tests ...........coecueevieriiienieeiiienieeieeee e 233

XXVviil



CHAPTER 1

INTRODUCTION

1.1. Electric Power Quality

The modern era involves electric power utilization in most aspects of life. From
computers to house appliances, from railway systems to hospitals, from offices to
industrial plants, all modern era technology equipment and devices require electrical
energy. Most of the electrical energy demand is supplied by the AC utility grid. In
residential areas as single-phase and in large infrastructures and industrial plants as

three-phase, the AC power is widely utilized by the modern society.

As the modern society is strongly dependent on the AC electric power, its continuity
and high quality become important. A clean sinusoidal voltage with constant
magnitude and frequency is demanded by the customer (50 Hz, 220V rms per phase
in most of the world). For three-phase systems also perfect balance among the phase
voltages is demanded. Furthermore, the power must be continuous (uninterrupted).
However, meeting these demands is impossible as contingencies and power quality
problems such as harmonics, notching, surges and sags are frequent and well
reported [1]. While some of the problems are due to natural causes such as lightning,
and some others due to poor/inadequate power line infrastructure, some other
problems have been created as side products of modern technology. In fact, power
quality problems have increased over years as the modern power electronic
equipments such as motor drives, switch mode power supplies were introduced to the
society for their superior load side performance. Such loads have distorted the AC

line voltage due to their non-sinusoidal input currents and as such nonlinear loads



increased in size and quantity the resulting negative impact on the power line quality
has become alarming. On the one hand, power electronics has been beneficial to the
society as it has improved the performance of the equipment using this technology.
On the other hand, negative impact on the power line has been made. As the benefits
have overwhelmed the disadvantages, the surge of the power electronics technology
has become unavoidable. Today most of the electrical energy is processed through
power electronics equipment while it travels from the AC grid to the final load. Thus,
the power electronics device based AC utility line power quality problems have
become challenging for electrical engineers. Considering the significant amount of
power electronics related, natural phenomena related, and power system
infrastructure related power quality problems, some critical loads requiring

continuous and clean power can not be directly fed from the AC power line.

1.2. General Introduction to Uninterruptible Power Supplies

As a result of the significant power quality problems at the AC utility grid, there has
been a growing demand for clean, reliable AC power supplies and power
conditioning equipment to keep electrical and electronic equipment operating under
all circumstances. Critical loads such as computer systems, security systems,
communication systems, hospital equipment, critical process control equipment and
on-line management systems require clean and reliable AC electric power.
Uninterruptible Power Supply (UPS) systems provide uninterrupted, reliable and
high quality power for such critical loads. UPS systems not only protect sensitive
loads against power interruption, overvoltage (surge) and undervoltage (sag)

conditions, but also suppress AC power line transients and harmonic disturbances.

Generally, an ideal UPS should be able to deliver uninterrupted power, and at the
same time provide the necessary power conditioning for the particular application.
Therefore, an ideal UPS should provide the following features to the customer [2];
regulated sinusoidal output voltage with low Total Harmonic Distortion (THDy)

independent from the changes in the input voltage or in the load, on-line operation



that means zero switching (transitioning) time from normal to back-up mode and
vice versa, high efficiency, high reliability, low Electro-Magnetic Interference (EMI)
and low acoustic noise, low maintenance, and low cost, weight, and size. In some
applications galvanic isolation between the input and output is also necessary. The
UPS should also be AC utility grid friendly. While it draws power from the AC grid,
the UPS should not disturb or pollute the AC line. The input current should be
sinusoidal and with low THD,. The input power factor should be unity. It should also
not emit EMI to the AC line. In the following, the output performance index

definitions and their standard values for modern UPS systems will be summarized.

1.3. UPS Output Performance Criteria

The steady-state and dynamic output voltage characteristics of a UPS determine its
output performance. For steady-state, the output voltage performance characteristics
are defined for nonlinear and unbalanced loads as such loads provide the most
challenging operating conditions. Since a nonlinear load draws a current waveform
with high harmonic content, it results in large UPS output voltage distortion. The
shape of the current waveform (specifically the current waveform peak value) is a
determining factor in defining the load type and therefore the distortion in the output

voltage. For this purpose the load current crest factor is defined in the following.

Crest Factor: The ratio of the current waveform peak value to its RMS value is
defined as the Crest Factor (CF) as given in (1.1). For a linear load, when the voltage

supply is an ideal sinusoidal waveform, the load current becomes a pure sine wave

and therefore the peak to the RMS ratio of the load current takes the J2 value.
However, for non-sinusoidal voltage source and/or nonlinear load case, the CF value
increases. For the diode rectifier with capacitive filter at the DC bus, the CF value
can be large (3 to 5). For UPS applications the typical worst case is a CF of 3 with
the RMS value of the load current being equal to the rated RMS value. When the
voltage supply is an ideal sinusoidal supply with zero internal impedance and no

distortion, the nonlinear load may draw a current with high CF. However, if the



supply has a finite impedance and is not a pure sinusoid, and then the CF typically
can not be increased to high values such as 3. Thus, the CF achievable in a UPS

system also depends on the UPS design parameters and control methods involved.

1
CF = ~reak (1.1)

rms

For a three-phase UPS, the load can be balanced three-phase load, a single-phase
load, a load connected line-to-line, or any combination of these. Also, the loads
connected could be linear or nonlinear. Such loads may cause an output voltage
unbalance which will be discussed shortly. However, the prime UPS output voltage
performance characteristics which are the voltage regulation and the voltage total

harmonic distortion shall be discussed first.

Voltage Regulation: At steady-state the output voltage of a UPS should be
maintained at the rated value regardless the operating condition. Specifically, the
output voltage fundamental component RMS value should be within a defined
tolerance band. Since the output voltage variation is mainly loading dependent, the
two extreme cases for loading define the two extremes in terms of output voltage
RMS value. While the no-load operating condition usually provides the highest UPS
output voltage, the rated load defines the lowest output voltage. In a high
performance UPS system, the output voltage is regulated well such that the output
voltage at full-load does not deviate from the no-load value noticeably. Indicating the
output voltage variation in terms of the rated output voltage, the voltage regulation
(VR) is the percent variation of output voltage fundamental component from no-load
to full-load and is given in (1.2). In the equation Vyms is the no-load output voltage
fundamental component RMS value and Viyeams: (full-load) is the full-load output
voltage fundamental component RMS value. Based on this definition, an ideal UPS
has zero VR and in a practical UPS a small VR is required. Typically, a UPS with a
VR of 1% or less is accepted as a high quality UPS in terms of output voltage
regulation. Acceptable limits of VR in standard UPS systems are listed in Table 1.1.



Since an unbalanced load poses significant deviations in the output voltage
fundamental component, the unbalanced load case VR is less constrained and as the

table indicates a value of 3% is acceptable under extreme unbalance [3].

VR(%) — anrmsl — Vratedrmsl %100 (1 2)

ratedrms1

Table 1.1 Maximum limits of the voltage regulation

Balanced load Unbalanced load
2% 3%

Output Voltage Total Harmonic Distortion: A UPS system employs a voltage source
inverter that generates high frequency output voltage pulses that are filtered by an LC
filter so that the UPS output voltage is free of the so called switching frequency
harmonics. As the LC filters can only partially suppress the inverter harmonics, the
output voltage may contain a small amount of distortion. When loaded by linear and
nonlinear loads the output voltage may further degrade. In particular, nonlinear loads
draw distorted current waveforms from UPS systems. The harmonic currents result
in an output voltage distortion due to the finite output impedance of the UPS. The
steady-state output voltage distortion is quantified with the total harmonic distortion
(THDy) given in (1.3) where V,,; is the rms value of the output voltage and Vs is
the rms value of the fundamental frequency component of the output voltage. This
value is defined for the full-load operating condition. In state of the art UPS systems,
the output voltage THD, limits are summarized in Table 1.2. While standard UPS
products provide better than 3% THD, for linear loads and 5% for nonlinear loads,
the high performance UPS systems provide a cleaner output voltage with smaller

THD, values.



2 2
THD, (%) = |V Viems 100 (1.3)

1rms

Table 1.2 Maximum allowable THDy values

THD,(%) Linear load Nonlinear load
Standard UPS 3 5
High performance UPS 2 3

Voltage Imbalance: In three-phase UPS systems the output phases may not be loaded
equally and load imbalance may exist among the phases. In such cases the output
voltages may be affected differently due to different loading conditions. If a proper
compensation mechanism is not implemented in the control algorithm, the output
voltages may become unbalanced resulting in performance problems both at the load
side and in the UPS. The steady-state output voltage imbalance is defined in various
forms. According to the NEMA definition given in (1.4) the output voltage

imbalance is defined in terms of UPS output line-to-line voltages [4], [5].

Maximum deviation from the mean of {Vab, V...V,

Mean of {Vaba V;;c’ Vca}

I/unbalance (%) = } X 100 (1 4)

The more standard and comprehensive definition of voltage imbalance [6], [7], [8] is
based on symmetrical components approach. In this approach the output voltage is
decomposed to its positive, negative, and zero sequence components. The steady-
state output voltage imbalance is defined for the negative and zero sequence
components in percentage of the positive sequence component of the output voltage
as given in (1.5) and (1.6). In this thesis, this symmetrical component decomposition

based approach will be employed to quantify the output voltage imbalance. In state



of the art UPS systems the output voltage imbalance for both components is typically

less than 1% under the worst case load imbalances.

V...
(%) — negative _sequence X 1 00 (1 5)

positive _sequence

V

unbalance _negative

0 _ Vzeroisequence
(%) = —Zerosamerce_ 100 (1.6)

positive _sequence

unbalance _zero

Dynamic Response: In addition to the steady-state performance characteristics given
above, the dynamic performance of a UPS is also a determining factor of the UPS
power quality. Specifically the loading transients may be too strong for a UPS that
deep output voltage sags followed by oscillatory response may result. Likewise,
rapid load reduction may have similar effect on the output voltage performance. Such
dynamics may degrade the UPS performance and cause nuisances to other loads fed
from the same UPS or even result in failure or shutdown of the UPS system disabling
all the loads. Therefore, the dynamic performance of the UPS is critical in many
applications and it is a measure for the overall acceptance of a UPS. In a UPS with
good dynamic performance the loading and unloading transients are manipulated
rapidly and with minimal output voltage deviation from the ideal output voltage
waveform. For this purpose the output voltage maximum deviation from the rated
value is given as the measure of UPS dynamic performance. Described with the aid
of Figure 1.1, the maximum output voltage deviation from the rated value, which is
more frequently a lost voltage (corresponding to a sag during a loading transient)

than a surge, is given in (1.7) in percentage of the rated output rms voltage.



In this equation, AV is the difference between the initial voltage value given as Vigital
and the dip point of the voltage. For this purpose as the worst case loading transient,
the peak of the sinusoidal voltage is considered as the initial voltage and typically the

voltage dip percentage should be less than 20% in a high dynamic performance UPS.

V.. —V,
V(%) = AV 00— Lt = Yanl g (1.7)
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Figure 1.1 Dynamic response of a UPS to impact loading.

In addition to the dip, the duration of the sag (shown in Figure 1.1 as At) is also an
important factor determining the dynamic performance. If the duration of the sag is
small, the voltage dip percentage may not be too harmful to many loads involving
energy storage elements (such as power supplies with diode rectifier front end
involving large electrolytic capacitors in the DC bus). Thus, a dip larger than 20%

may be tolerated provided that the time interval involved remains in several



milliseconds. For this purpose the lost volt-seconds could be considered as another

(and perhaps the most meaningful) measure to define the UPS dynamic performance.

1.4. UPS Types

There are two types of UPS systems known as rotary UPS and static UPS. The rotary
UPS uses a motor-generator set for isolation, energy conversion, and energy storage.
The inertia of the rotating mass provides the energy source for the load during short
time power line interruptions and disturbances. Thus, the rotary UPS is capable of
providing a continuous, well-regulated power to the load irrespective of the normal
mains supply disturbances. Main drawbacks of this type of UPS system are more
maintenance and longer transition time (start-up, shut-down times measured in tens
of seconds). Rotary UPS systems are larger, heavier, and have lower efficiency when
compared to static UPS systems. Rotary UPS systems are less common than the
static UPS systems and not subject study of this thesis. Therefore, from here on the
focus will be on the static UPS systems and the name UPS will imply static UPS
throughout.

Static UPS systems are power electronics based and employ solid-state power
semiconductor switches. They have no moving parts. Hence the name static UPS.
Static UPS systems consist of a rectifier/charger, a battery set, an inverter, and a
static switch. Today, the vast majority of UPS inverters employ Insulated Gate
Bipolar Transistor (IGBT) or Metal Oxide Semiconductor Field Effect Transistor
(MOSFET) devices. And they are of the Voltage Source Inverter (VSI) type, with a
DC link supplying voltage to the inverter. Static UPS systems can be classified into

three categories: off-line UPS, line-interactive UPS, and on-line UPS systems.

Off-line UPS: Block diagram of an off-line UPS is shown in Figure 1.2. The static
switch is on during the normal operation mode, thus the load is supplied from the AC
utility line directly. The AC/DC rectifier charges the battery set. When there is a

disturbance in the power line the UPS is activated and the load is supplied from the



inverter through the battery bank and the static switch disconnects the AC line.
Advantages of the off-line UPS are lower cost, smaller size and weight, and higher
efficiency. Switching from the by-pass state to the inverter operating mode and back
involves a delay of tens of milliseconds. During this time interval, there is no voltage
at the load terminals. During the by-pass mode, the output voltage quality is limited
to what the line provides plus some simple disturbance suppressors such as transient
overvoltage suppressors. The topology does not provide high output voltage quality
and frequency regulation. Therefore, the off-line UPS technology is typically utilized
in low power; low degree of criticality applications such as home PC’s and typically

not employed in critical applications.

Static Switch

AC Line (Normally On) Load

AC/DC DC/AC
Rectifier Inverter
Battery Bank

Figure 1.2 System block diagram of an off-line UPS.

Line-Interactive UPS: Line interactive UPS systems consist of a static switch, a
series inductor, a bidirectional converter, and a battery bank. In the structure shown
in Figure 1.3, a bi-directional AC/DC converter is connected in parallel with the load
and operates as a rectifier and it charges the battery during the normal-line periods.
When the AC line fails (here failure implies a significant voltage sag, interruption
etc.), the bi-directional converter operates as an inverter and supplies the load from
the battery set. The static switch disconnects the AC line. The line-interactive UPS
has better performance than the off-line UPS. One major advantage of the line-
interactive UPS systems is their high energy efficiency typically above 95% rated
load efficiency is considered normal while 98% is not unusual. However, the line-

interactive UPS does not provide frequency regulation and under line voltage sag

10



conditions the performance totally relies on the energy storage of the batteries.
Therefore, its utilization and performance is limited. The improved version of the
line-interactive UPS, the delta-conversion UPS involves a transformer instead of the
series inductor. In that case, as shown in Figure 1.4, the transformer primary is fed
from the bi-directional converter such that it provides regulation while the power line
is available and during the power line failure the transformer is disconnected from
the power line via a static switch and the bi-directional converter operates as an

inverter and provides all the load power [2].

Series Inductor
7YY Y

AC Line Load

Bi-directional
Battery Bank AC/DC

Converter

Figure 1.3 System block diagram of a line-interactive UPS.

AC Line ——_uJ Load
Bi-directional Bi-directional
AC/DC AC/DC
Converter Converter
Battery Bank

Figure 1.4 System block diagram of a line-interactive delta-conversion UPS.

On-line UPS: Figure 1.5 shows the block diagram of a typical on-line UPS. It is the
most commonly used UPS system. The rectifier/charger converts the AC input line
voltage to DC voltage, continuously supplies the DC bus, and charges the battery set.
The inverter is connected in series with both the AC line and the load. So energy

need of the load is delivered through the inverter, continuously. In case of failure
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(interruption) in the AC utility line, the charger stops the operation and the inverter
draws power from the battery without any discontinuity in the output power, since
the inverter is continuously operating. The UPS effectively isolates the load from the
main utility power disturbances. Thus the load is not affected from any disturbances
(spikes, sags, swells, etc.) on the input AC power line. The UPS generates a clean,
well-regulated and stable AC output. At steady-state and transients, it has an
excellent performance. When the input voltage is out of pre-defined limits, the
inverter is fed from battery and transitions from normal mode to back-up mode or
back to normal mode do not cause any interruptions on the output voltage of the
UPS. This is the main advantage of the on-line UPS systems. The on-line UPS
systems have very wide tolerance to input voltage and frequency variation. The
output voltage and frequency regulation is precise regardless the input conditions.
Since the inverter is connected in series with the load, power loss on the inverter
results in lower energy efficiency compared to line-interactive UPSs. This is the
main drawback of this type of UPS system. When the rectifier is of thyristor rectifier
circuit type, another disadvantage of using an on-line UPS is lower power factor and
higher THD,, at the input. The rectifier that supplies DC bus voltage for the inverter
draws current harmonics from the AC line. This problem can be overcome by using a
Power Factor Correction (PFC) circuit or a Pulse Width Modulation (PWM) rectifier
at the expense of significant increase in the total UPS system cost. However, with
decreasing power semiconductor device prices, the on-line UPS technology has

become economical for most critical application and gained wide acceptance.

Static Switch
(Bypass)

. AC/DC DC/AC
AC Line . Load
Rectifier Inverter

Battery Bank

Figure 1.5 System block diagram of an on-line UPS.
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1.5. State of the Art On-Line UPS Systems

This thesis involves the on-line UPS systems. Therefore, in the following the state of
the art in power converter topologies, PWM methods and control methods for

modern on-line UPS systems will be summarized.

1.5.1. Power Converter Topologies

Power converter topologies used in on-line type UPS systems are classified based on
the number of phases, power ratings, and application fields. Today, exclusively
voltage source inverters are utilized in UPS systems as DC/AC power conversion

units.

Single-phase inverters are used in low power (up to several kVA ratings) UPS
applications. Shown in Figure 1.6, for lower cost applications the half-bridge inverter
and at higher performance applications the full-bridge inverter is utilized. As shown
in Figure 1.6, in the half-bridge topology, the midpoint of the DC bus capacitors is
used as load terminal. As a result, the load current charges the DC bus capacitors and
causes DC bus voltage fluctuation. Therefore, these capacitors should be chosen as
large as possible to minimize the voltage ripple and associated performance
degradation at the UPS output. In the half-bridge inverter, the output voltage can be
obtained in range of positive and negative values of half of the DC bus voltage (-
V4e/2 ~ V4/2). The full-bridge inverter is shown in Figure 1.6.b. In this topology, two
legs are utilized to control the output voltage. The midpoint of the DC bus is not used
in this topology, thus the DC bus capacitors can be much smaller than those used in
the half-bridge inverter. The output voltage is confined to the range of positive and
negative values of the DC bus voltage (-V4. ~ Vq). Full-bridge inverters are

employed in high performance and typically high power UPS applications.

In the half-bridge inverter topology based UPS, unless an isolation transformer is

utilized at the UPS output for the purpose of stepping up the voltage, the required DC
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bus voltage typically becomes high (800V for the 220Vrms utility grid application).
Power semiconductor devices with blocking voltages of 1200V or higher become
necessary for such applications. At this voltage level, due to the relatively low
conduction losses, IGBTs are the devices of choice. When an isolation transformer is
utilized the DC bus can be typically reduced to 60V or less so that the UPS energy
storage batteries can be directly connected to the DC bus. In this case, the device to
be utilized becomes a power MOSFET. The inverter output voltage is stepped up via
the isolation transformer. At increasing power ratings the 800V DC bus approach is

preferred as the transformer cost, size, and weight pose a problem.

INVERTER LCFILTER Load INVERTER LCFILTER Load
(a) (b)

Figure 1.6 Single-phase UPS system inverter topologies:
(a) half-bridge inverter, (b) full-bridge inverter.

Three-phase inverters are generally utilized in high power (typically above 10 kVA)
and three-phase output applications. There are three popular three-phase inverter

topologies employed in state of the art UPS systems.

The first type involves an inverter accompanied with a transformer. Traditionally,
three-phase inverters have employed the three-wire three-leg structure. However,
three-wire three-phase inverters do not allow for the flow of zero sequence current
which is an inevitable fact in three-phase UPS systems due to unbalanced loading.
To establish a path for the zero sequence current, the inverter must be complemented

with a A/Y or A/Z transformer such that the secondary of the transformer becomes an
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artificial neutral point and the zero sequence current of the load flows through this
path. The circuit diagram of the three-phase three-wire inverter with A/Y transformer
is shown in Figure 1.7. The neutral wire at the output is provided by utilizing a A/Y
transformer and the star point of the transformer secondary is utilized as the neutral
wire. Since this topology requires a large transformer, the UPS size is large and the
system energy efficiency is low. The slow response, acoustic noise, and high cost are

the other disadvantages of the topology.

~ \}
Load A

0

It
Load B
a

Figure 1.7 Circuit diagram of the three-phase UPS with three-phase inverter with

A/Y transformer.

The second topology is the three-leg four-wire inverter topology which is based on
the half-bridge single-phase inverter topology. In the three-leg four-wire inverter
topology, the neutral point of the load is connected to the midpoint of the DC bus as
shown in Figure 1.8. This topology can be modeled as three independent single-
phase half-bridge inverters. Maximum achievable peak value of the line-to-neutral
voltage at the output is half of the DC bus voltage (V4/2). Thus, in order to obtain
220Vrms per phase a large DC bus voltage (typically 800V) is required. As a result
the switching and conduction losses of the necessary high voltage blocking devices
become significant. This corresponds to limited energy efficiency of the topology
(typically much less than 95%) and higher cost of the IGBT devices. In the topology,

the neutral wire current flows through the midpoint connection to the DC bus
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capacitors and this causes fluctuation on the DC bus voltage. Therefore, large size

capacitors should be utilized. Thus the cost increases and the system becomes bulky.
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Figure 1.8 Circuit diagram of the three-phase UPS with three-leg four-wire inverter.

The third topology is the three-phase four-leg inverter shown in Figure 1.9. In this
topology the fourth leg controls the neutral point potential and provides a path for the
zero sequence current flow. The DC bus capacitors are utilized only to remove the
ripple on the DC bus (the DC bus midpoint is not utilized; hence there is no capacitor
voltage unbalance issue in this converter). Thus the DC bus capacitors employed are
relatively small. The maximum achievable peak value of the line-to-neutral output

voltage is higher than the wvalue of three-leg four-wire topology
(Ve / NERS 0.577V, as compared to0.5V, ). As a result, the DC bus voltage level

requirement becomes less than the half-bridge inverter based system and the
switching and conduction losses decrease, leading to a higher efficiency UPS system.
Compared to the three-leg inverter, there are two additional switches. The two
additional power switches increase the number of the possible switching states from
8 (=2°) to 16 (=2"). Therefore, the PWM methodology and control of the inverter
becomes more complex. Due to its topological and control complexity, the four-leg
inverter is rarely employed in UPS applications. This thesis focuses on the three-

phase four-leg UPS systems. Primarily the PWM methods and the control methods of
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this UPS system are the focus of this thesis. Therefore, a discussion on these subjects

follows.

=
Load C|
I
Load B|
Q)
}
Load A

Figure 1.9 Circuit diagram of the three-phase UPS with three-phase four-leg inverter.

1.5.2. PWM Methods

Voltage source inverters are DC/AC converters that synthesize AC output voltages
with rectangular pulses from a fixed DC voltage source. By controlling the width of
the rectangular DC voltage pulses and their polarity via manipulating the VSI
switches the inverter output voltage can be controlled. When the frequency of these
pulses is fixed (this is called the carrier or switching frequency) and the width of the
pulses is controlled, this approach is called the carrier based Pulse Width Modulation
(PWM) technique. There are two methods, namely the scalar PWM and vector PWM
methods. In the scalar PWM technique the inverter reference voltage (the modulation
wave) is compared with a triangular carrier wave and the intersections define the
switching instants. Within a carrier cycle, the output volt-seconds equal the reference
volt-seconds. This implies that the output voltage average value over the PWM cycle
is equal to the reference voltage. This is called the volt-seconds balance rule. In the
space vector PWM method, complex variables are involved and phase quantities are
transformed to the complex plane (the vector space). Therefore, the inverter output
voltage vectors and their duration define the vector volt-seconds that should be equal
to the reference volt-seconds defined in terms of the reference vector and carrier

cycle. In either method, since the output voltages consist of pulses, a passive filter is
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required to filter out the high frequency output voltage ripple components such that
the filtered output voltage will contain signal only at the demanded frequencies. The
VSI switches are typically manipulated at high switching frequencies (in UPS
applications for power ratings above several hundred kilowatts up to 8-10 kHz, for
power ratings below several kilowatts up to 20-30 kHz) in order to keep the filter
size and the ripple current small. When utilizing the carrier based scalar or vector
PWM methods and maintaining the switching frequency high, the output voltage
THD, becomes low. Whether scalar or vector PWM is utilized, there are various
PWM patterns that yield the same output voltage but the other characteristics may
not be the same. The switch conduction and switching losses, the voltage linearity,
the DC bus and AC output current ripple, common mode voltage, etc. properties are
all modulator type (pulse pattern type) dependent. Continuous PWM (CPWM),
discontinuous PWM (DPWM), common mode voltage reducing PWM etc. many
methods exist. In the three-leg three-wire three-phase standard inverter (the two level
inverter), this variety stems from the fact that in a three wire system neutral current
can not flow and therefore a zero sequence voltage can be added to the phase
reference voltages. As a result, the choice of zero sequence signals and therefore the
modulation wave types become infinite. In CPWM methods all inverter legs are
switched within each PWM cycle. In DPWM methods, one of the inverter legs is
locked to the positive or negative DC rail of the VSI for a full PWM cycle. Hence,
this method is called discontinuous PWM. A large number of CPWM and DPWM
methods are reported. Additionally, common mode voltage reduction PWM methods
have been reported. Although the variety of PWM methods is large, only a few
methods are widely employed. Of these, the sinusoidal PWM, DPWMI, and
SVPWM methods are the most popular [9], [10].

In conventional three-phase three-leg inverters, the above discussed scalar and vector
PWM methods are well established and their implementation is a trivial task.
However, applying the same concept to the three-phase four-leg inverter involves
difficulties as the number of inverter legs increase by one and the number of possible
inverter states double. For the four-leg inverter, first, the three-dimensional (3-D)

space vector PWM approach was reported [6], [11]. In this method, the reference

18



voltage vector has three complex variable components, thus 3-D space vector prism
shown in Figure 1.10 is utilized to obtain duty cycles of the voltage vector and thus
the duty cycles of the switches. In Figure 1.10, “on” state of the top switch of each
leg is symbolized as “1” and “off” state of the top switches is symbolized as “0.” In
Figure 1.10, the states are defined in the a-b-c-n sequence. There are two zero
(“0000” and “1111”) vectors and fourteen non-zero vectors in 3-D SVPWM. 3-D
SVPWM has seven layers as shown in Figure 1.10, and each layer has the same
structure utilized in 2-D SVPWM for the three-leg standard three-phase inverter. The
reference vector volt-seconds are matched by the three adjacent non-zero voltage
vectors and two zero vectors of the four-leg inverter. The determination procedure of
the three adjacent vectors is complicated. It involves identifying sectors of the
hexagon prism, then the tetrahedrons of each sector and finally the sequence and
duty cycle values of the inverter voltage vectors. Although high performance pulse
patterns can be programmed with this approach, this procedure is highly complex
and computationally involved. Thus, the approach is not favorable and simpler scalar

PWM methods have been developed.

The four-leg inverter pulse pattern can also be programmed via scalar PWM
methods. The scalar PWM approach involves defining appropriate modulation
signals for each leg of the four-leg inverter. Thus modulation waves and triangular
carrier waves can be compared to easily generate the inverter switch pulse pattern.
This approach has been recently investigated and detailed study for the SVPWM
implementation has been reported in [12], [13]. In this case the modulation signal for
the fourth leg is generated from the phase reference voltages for the three-phases of
the inverter. In the study, the modulation signal of the fourth-leg is termed as the
“offset signal” and it is utilized to modulate the fourth-leg switches and at the same
time this signal is added to the phase reference voltages to obtain the DC bus center-
point referred modulation signals of the associated phases. Thus, the offset signal
moves all the phase voltage references (modulation waves) simultaneously upwards
or downwards (gives them an offset) to gain certain properties. With this approach,
the offset signal can be utilized to reduce the PWM ripple, increase the voltage

linearity, reduce the switching losses of the inverter etc. Thus, the offset signal is the

19



degree of freedom comparable to the zero sequence signal of the three-leg, three wire
three-phase inverter. However, in [12], [13] the work is mainly confined to SVPWM
and detailed performance attributes are not included in the study. Neither is the
approach broad and easy to understand. Thus, further work is required on the scalar
PWM approach for the four-leg inverter. One of the two main study subjects and
contributions of this thesis involves the scalar PWM methods for the four-leg

inverter.
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Figure 1.10 3-D Space vector diagram of the four-leg inverter.

1.5.3. Control Methods

Because of the need for high dynamic performance and excellent regulation of the
output voltage and frequency, UPS systems must employ feedback control

mechanisms. Quite significant variety of control methods for UPS output voltage
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control are reported in the literature. Of these, the most popular methods will be

discussed in this section.

In UPS systems, a second order LC filter is utilized to eliminate high frequency
harmonics created by the inverter via PWM. However, the LC filter is typically small
and under open-loop operating condition the UPS may become unstable for nonlinear
loads and during load disturbances. The inverter itself can be a source of disturbance.
The inverter non-idealities such as dead-time and switch non-ideal characteristics
may excite resonance in the LC filter at light and no-load as there is no sufficient
damping in the system. Under changing DC bus and load conditions the output
voltage is likely to be significantly varying. Moreover, the filter may resonate with
the load and as a consequence failure of the UPS and the loads is inevitable.
Therefore, open-loop operation of on-line UPS systems is not preferable and closed-

loop control with feedback signals is employed as shown in Figure 1.11.
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Figure 1.11 General single-phase block diagram of

a closed-loop UPS control system.

An ideal UPS should provide fast dynamic response, well-regulated output voltage
and frequency, low output voltage Total Harmonic Distortion (THD,), stable output

waveforms at steady-state, and balanced output voltages. The performance of a UPS
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can be tested under the following load conditions: no-load operation, rated loading
(resistive, inductive, capacitive, etc.), unbalanced load operation, and nonlinear load
operation. First, at no-load operation, the UPS system has the lowest damping. If a
controller does not provide high bandwidth and sufficient damping, the system
becomes unstable and oscillatory output voltages result. Secondly, when it is loaded,
the UPS output voltage should not sag significantly and it should settle at the rated
steady-state value rapidly. This defines the system dynamic response. Third, in a
three-phase UPS, when the load is unbalanced, the output currents can have positive,
negative, and zero sequence components. However, the output voltage should have
only a positive sequence component. Therefore, the controller should eliminate the
negative and zero sequence components of the output voltage. Finally, nonlinear
loads draw current harmonics; these harmonics distort the output voltage. The
controller should compensate the output voltage harmonics to have a high quality
output voltage. Most commonly applied control methods are reviewed below. In all
these controllers except the output voltage rms value controller, instantaneous values

of the output voltages are controlled.

1.5.3.1. Output Voltage RMS Value Controller

The RMS value controller is based on controlling of the rms value of the output
voltage. This controller has been widely used in most simple UPS applications. The
RMS value controller can be utilized for both single-phase and three-phase UPS
systems. Typically, in a few fundamental periods (for 50 Hz applications, 20 ms
period), it drives the error to zero. If this controller is used in nonlinear load

applications, output voltage harmonics can not be eliminated.
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1.5.3.2. Output Voltage Instantaneous Value Controllers

1.5.3.2.1. Voltage Loop Controller

Single voltage control loop employs only the output voltage feedback. When this
control method is utilized in single-phase applications, the controller manipulates AC
signals. Since the output voltage lags the inverter output voltage, controller should
compensate this lag with a leading term (derivative) in the regulator. Therefore,
Proportional + Derivative (PD) type regulator should be implemented in the single-
phase voltage loop controller. Theoretically, the single voltage loop with PD
regulator operates excellently. However, the derivative control term in practice can
not be made large due to noise sensitivity (due to noise and limited resolution in the
measurement). High precision voltage sensors and A/D converters can be used to
prevent this type problem, however this increases the cost. Thus, derivative control is

rarely used in industry.

1.5.3.2.2. Multi-loop Controller

Due to the problems of obtaining the derivative term of the PD regulator in the single
voltage loop controller, the capacitor current feedback can be utilized as a derivative
term. The capacitor current is proportional to the derivative of the output voltage (i.
= C-dv/dt). Therefore, the derivative term can be obtained from the capacitor current
feedback with low cost current sensors (such as current transformer (CT)). In this
controller the output voltage controller is a PI controller (typically only a significant
P controller for tracking and steady-state response and a very small I controller to
remove the very low frequency errors). The capacitor current feedback signal is
scaled with a gain and added to the voltage controller output to generate the inverter
reference voltage signal. Thus, in this method multi-loop controllers are in parallel
structure. The capacitor current feedback term increases the damping, enhances the

dynamic performance and reduces the output voltage harmonics [14].
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1.5.3.2.3. Cascade Controller

Cascade control is applicable to systems with inner and outer loops where the time
constants of the inner and outer systems differ by an order of magnitude or larger. In
such a case, the outer loop is the slower loop while the inner loop is the faster loop.
In a UPS such a control method can only be applied if the capacitor is relatively large
and the inductor small. In this case, the current loop dynamics can be manipulated
rapidly. The outer loop is not responsible from harmonic compensation as it is small.
The inner loop is responsible from the dynamic performance. Thus, in a UPS, when
employing the cascade control principle, the method must be complimented with
load current and/or capacitor current feedforward. The capacitor rated current can be
calculated from the reference voltage and the capacitance value and fed to the current
controller. Likewise, the load current can be measured and fed back to the current
controller as a load current disturbance compensation term. Also, the capacitor
voltage could be utilized as a decoupling term in the outer controller. In both
controllers Proportional Integral (PI) type regulators could be employed, although the
integral gain is quite small [15]. Cascade control is not widely utilized due to the fact
that in most UPS systems the filter components are of comparable size and the
associated time constants are not separable by an order of magnitude. This controller

is not favored also due to and the large number of feedback signals needed.

1.5.3.2.4. Deadbeat Controller

The deadbeat control method is unique to discrete time control systems. Hence, only
digital implementation is possible. In the method, the system mathematical model
must be given. Using the reference and feedback signals, and employing the system
model, the control signal (the inverter voltage) that forces the output voltage error to
zero in finite number of sampling cycles (of the discrete time system) is calculated
and applied to the output. When the system model is exactly known, the error due to
changes in the state variables is driven to zero in ideally one step and practically two

steps. Thus, the deadbeat controller has a very high bandwidth. However, the
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deadbeat control method, which is dynamically very stable for a well defined system,
has a drawback that is the dependence on the parameters of the filter. An error in the
parameters can make the system unstable. This is the major weakness of the method.
In practical applications, the computational delays reduce the performance and
measurement delay and errors make the system unstable. The computational delays
can be compensated digitally [16], [17], [18]. In order to avoid the measurement
delay and error, high precision sensors could be utilized. However, the system cost

becomes economically infeasible.

1.5.3.2.5. Repetitive Controller

The repetitive controller is utilized for nonlinear load operation. Since the desired
output voltage has only the fundamental component, harmonic components should be
suppressed. The harmonic current, which is drawn from the nonlinear load, causes
periodical distortion on the output voltage. The repetitive controller learns the
periodical errors due to nonlinear load effects, in a few fundamental periods. After
learning the error, it compensates the distortion [19], [20], [21]. The repetitive
controller is installed as an outer loop to the voltage loop controller to improve the
harmonic performance. It is a discrete time linear filter in structure. The main
disadvantage involves the slow dynamic response. Additionally, in applications
where the AC line frequency varies in a wide range and the output voltage must be
synchronized with the AC line, the period (the frequency) of the controller varies and

this creates a problem in terms of the performance of the discrete time filter structure.

1.5.3.2.6. Synchronous Reference Frame Based Controller

All the above controllers applied in single-phase UPS applications can also be
implemented in three-phase applications via utilizing the complex variable
transformations. In the stationary frame, the three-phase three-leg UPS can be

controlled as two independent single-phase UPSs (o- components), and the three-
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phase four-leg UPS can be controlled as three independent single-phase UPS systems
(a-B-0  components). Further via Synchronous Reference Frame (SRF)
transformations the AC quantities can be transformed to DC. Thus control becomes
easier with DC signals. The controller methods, reviewed above, can be utilized in

conjunction with the SRF transformations.

In the SRF based controllers, when a signal is transformed to a coordinate frame that
rotates synchronously with the signal, the signal in this frame becomes a DC signal.
A PI regulator can provide zero steady-state error as the integral term has infinite
gain at zero frequency [22]. Thus, implementing a controller in this frame becomes
an easy task. However, transformation of the system model to the synchronous frame
results in cross-coupling terms between the d and q channels which should be
cancelled by means of the cross-coupling de-coupling controller. If no such action is
taken, the dynamic performance of the SRF controlled system degrades. Also the
controller regulates the output only at the synchronous frequency and has no effect
on the disturbances. Thus, the negative sequence (which rotates at -2m. at the
synchronous frame), and the dominant harmonics such as the 5 and 7" harmonics
(which rotate at 6w, at the synchronous frame) are not regulated to zero. Further, the
d-q model does not include the zero sequence component of the phase voltages and
the synchronous frame can not compensate for the effect of the load current zero
sequence. Thus, when a single SRF controller is employed, only the positive
sequence fundamental component of the output voltage is regulated and all other
disturbances degrade the system performance as there is no countermeasure taken.
Establishing synchronous frame controllers for each disturbing component is a
complex procedure which is laborious. Further, the zero sequence component can not
be compensated for with the SRF approach. Thus, a feasible method with high

performance is required to realize a four-leg inverter based UPS system.
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1.5.3.2.7. Resonant Filter Bank Controller

The resonant filter bank controller approach is closely related to the SRF based
approach, but does not require coordinate transformations and it is utilized per phase.
The method is based on compensator assignment for each frequency of interest.
Thus, the controller has a parallel structure. Various compensator types are possible;
however the type shown in the following equation is most widely utilized [23], [24],

[25], [26], [27], [28], [29].

2K, s
O ey

(1.8)

In the resonant filter compensator of (1.8), Kjy, is the integral gain, ®. is the angular
fundamental frequency, and m is the frequency of interest where infinite gain is
demanded. For example, if the resonant filter controller is tuned at the fundamental
frequency (m=1), due to infinite gain (and zero phase) at the fundamental frequency,
the steady-state error will be zero at fundamental frequency. As the controller has
zero gain at all other frequencies, the controller does not influence other frequency
components. Thus, for each frequency of interest a resonant filter at that frequency
should be utilized. Thus, a parallel control structure results. As this approach has
been recently developing, in this thesis the method will be applied to the four-leg
inverter based UPS and its feasibility will be shown. As the method does not require
positive, negative, zero sequence separation and it is easy to implement, it has been
found favorable over other methods briefly discussed above. Thus, the second main
contribution of this thesis involves the implementation of the resonant filter bank

controller for the four-leg inverter based UPS.
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1.6. Scope and The Organization of The Thesis

In this thesis, the three-phase four-leg inverter based UPS system, which is a high
efficiency and low stress system is investigated. With proper control and PWM
algorithms, such a UPS system can perform satisfactorily overall. While the energy
efficiency can be maintained high due to reduced switching losses via discontinuous
PWM of the four-leg inverter, the reduced DC bus voltage provides further loss
reduction, yielding high energy efficiency. With the path for the load current zero
sequence component being provided via the fourth leg and not via the DC bus center
point, the voltage ripple and current ripple stress on the DC bus is further reduced.
Thus this topology is a favorable three-phase transformerless UPS topology and

forms the focus of this thesis.

The thesis has two main contributions to the four-leg inverter based UPS. One of the
main contributions involves the simplification and generalization of the scalar PWM
methods for the four-leg inverter. Via methodical and detailed study, the scalar PWM
approach that has recently been found favourable over the space vector
implementation in the standard three-leg inverters has also been applied to the four-
leg inverter. The basic approach yields a zero state partitioning function based PWM
signal generation. With this approach superior PWM patterns with various
optimization criteria can be developed. The SVPWM and DPWMI are the special
cases of this general approach. A PWM algorithm which reduces the switching losses
to a possible minimum value has been developed. The minimum loss DPWM
(MLDPWM) method specifically provides advantage over the standard DPWMI1

method for unbalanced load.

The second main contribution of this thesis involves the control structure of the four-
leg inverter based UPS. Utilizing the voltage loop controller supplemented with the
capacitor current feedback as active damping loop, a multi-loop structure has been
established. While for the capacitor current feedback a proportional gain is utilized,
for the voltage loop a resonant filter bank is favored. Designing the resonant filter

bank with proper resonant filter components such as the fundamental component
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filter, third harmonic filter, 5, 7™, 9™ 11" etc. the fundamental component output
voltage can be precisely regulated while all the harmonic disturbances are rejected.
Thus UPS system with high control performance could be realized. The PWM and
control algorithms have been implemented on a 5-kVA UPS and the theory has been

verified experimentally.

The organization of the thesis is given in the following.

In the second chapter, PWM techniques are analyzed in detail. The historically
earlier developed 3-D space vector PWM method and the easier to implement scalar
PWM methods are investigated. The 3-D space vector PWM method is summarized
and the vector volt-seconds principle and the choice of the voltage vectors and the
proper vector sequence discussed. The implementation difficulties are demonstrated.
The scalar PWM method is summarized and a zero state partitioning function based
generalization for the scalar PWM methods is developed. With the partitioning
function being the degree of freedom in establishing a PWM pattern type, several
scalar PWM methods with various optimization criterion are developed from this
function. The SVPWM method which yields low PWM voltage/current ripple, the
DPWM method which yields reduced switching losses are derived as a function of
the partitioning function. The MLDPWM method, which yields minimum switching
losses even under unbalanced, inductive (lagging) and capacitive (leading) load
conditions, is developed and its performance is discussed in detail. The voltage

linearity range and limitations of the approach are discussed in detail in this chapter.

The third chapter of the thesis addresses the output voltage control issues of the four-
leg inverter based UPS. Various control methods are discussed and then the resonant
filter bank based control approach which is the second main contribution of this
thesis has been studied in depth. In this chapter the UPS system S domain model is
established and via derivations and block diagrams the input to output and
disturbance to output transfer functions are shown. A capacitor current feedback

based active damping is included to improve the system stability and the effect of
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this compensator on the system behaviour is demonstrated via analytical

investigation.

In the fourth chapter, the detailed modelling and computer simulation of a 5-kVA,
50-Hz, 120-Vrms output four-leg inverter based UPS is provided. Following the
establishment of the simulation model, the controller tuning procedure is described.
Then the UPS control performance is investigated for steady-state and dynamic
operating condition for various loading conditions such as linear, nonlinear,
balanced, unbalanced loads. The superior steady-state and dynamic performance of
the proposed control method is illustrated by means of computer simulations
involving steady-state and dynamic loading conditions. The chapter concludes with

the study of the steady-state performance of the scalar PWM methods.

The fifth chapter of the thesis covers the experimental studies of the 5-kVA system
studied in the fourth chapter. In this chapter the experimental system hardware and
software are discussed in detail. The steady-state performance under various load
conditions and dynamic performance under loading transient conditions is shown via
laboratory experiments. Correlation with the theory and computer simulation study

results is provided.

The sixth chapter summarizes the research results, recommends future work on the

study subject of this thesis, and concludes the thesis.
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CHAPTER 2

PULSE WIDTH MODULATION TECHNIQUES FOR
FOUR-LEG INVERTER BASED THREE-PHASE UPS SYSTEMS

2.1. Introduction

Voltage Source Inverters (VSI) are utilized to convert a fixed DC voltage source to a
controllable AC output voltage. Since the DC voltage is fixed, to generate an output
voltage with controllable frequency and magnitude, the switches should be
manipulated in a manner to generate rectangular output voltage pulses that meet the
output voltage requirement. One method involves manipulating the switches at a
frequency that is equal or close to the intended output frequency. For example, for
the three-phase three-leg standard inverter, one such method is the six step operating
mode which involves operating the switches at the fundamental frequency of the
desired output. However, in such a case the low frequency harmonics on the output
voltage (odd harmonics such as the third, fifth, etc.) become significant and in the
UPS application, the passive filtering requirement becomes prohibitive in terms of
filter size and cost. Therefore, the switches are operated at a frequency significantly
higher than the output voltage fundamental frequency. Since modern IGBT switches
are highly efficient and their switching losses can be highly tolerable at the kHz

range, the high frequency operation of the inverter switches is a standard approach.

One standard approach to operate the inverter switches is the pulse width modulation
(PWM) approach. In the PWM approach, a fixed switching frequency and associated
cycle are defined and the inverter switches are manipulated in each such cycle (the

PWM cycle) once on and off. Since the DC bus voltage is fixed, to control the output
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voltage the polarities and the width of these rectangular pulses are controlled.
Further, the switch state positions for each inverter leg within a PWM cycle are
coordinated such that the output voltage pattern in each PWM cycle results in

specific performance attributes.

The basic principle of generating the switch logic signals and thus the transistor gate
drive signals is the volt-seconds balance principle. Since an inverter is considered a
voltage amplifier, a reference voltage must be provided. Given the reference voltage,
the inverter switches should be manipulated such that the reference volt-seconds and
output volt-seconds must be equal over each PWM cycle. Methods to generate the
switching signals for the inverter switches operate based on this principle. Since the
inverter output voltages are rectangular pulses with varying width, their harmonic
spectrum includes terms in the switching frequency range and its multiples. Thus,
passive filters are required to filter the output voltages and obtain sinusoidal currents.
Since the switching frequency is quite higher than the output voltage fundamental
frequency, the passive filter size becomes small and economical. Thus, the standard

approach to manipulating the switches of modern VSIs is the PWM approach.

One standard approach to generate the switch gate logic signals is the scalar PWM
approach where a triangular wave (the carrier wave) is compared with the scaled
reference voltage waveform (the modulation wave) and the intersection points of the
modulation wave (typically a sinusoidal signal) and triangle define the switching
instants. For the upper switch of an inverter leg, if the modulation wave is greater
than the triangular wave, the switch signal is set high (ON) and otherwise it is set low
(OFF). The lower switch is operated with complementary logic to the upper leg and a
blanking time is inserted between the two switch signals such that a DC bus shoot-
through is avoided. Since in this approach the width of the switch on signals and thus
the output voltage rectangular pulses is modulated, the process is termed as pulse
width modulation. The reference voltage waveform is called the modulation wave.
Since a triangular carrier wave is utilized, the reference and output voltage average
value have a linear relations such that the volt-seconds rule is adhered for each PWM

cycle. As will be discussed in detail shortly, in three-phase two-level inverters with
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no DC bus center-point connection (full-bridge configurations), the choice of
modulation signals is not unique (due to the existing degree of freedom) and each
modulation wave results in different performance characteristics regarding the output
voltage ripple, voltage linearity range, DC bus capacitor current ripple, etc. As a
result there exists variety of PWM methods and their performance characteristics
vary significantly. Before further investigations, it is necessary to define the
modulation index definition which involves the main performance evaluation

variable in a PWM method.

The performance of a modulation method depends on voltage utilization level. In
order to quantify the voltage utilization level, modulation index term is used. The
modulation index (M;) can be defined as given in (2.1). The definition is made for
the three-phase, two-level, three-leg inverter. However, it equally holds for the four-
leg inverter. In the equation, Vi, is the fundamental component magnitude of the
line to neutral inverter output voltage and Vimessep 1S the fundamental component
magnitude of the six-step mode voltage. Vimssiep can be calculated by utilizing (2.2)

where V. is the DC bus voltage of the inverter.

M, = @.1)
Vlm6step
2V

I/lm6step = de (22)

As shown in Figure 2.1, in the four-leg inverter, the UPS output voltage controller
generates the three-phase reference voltages that the inverter must match. These
signals are fed to the PWM block to generate the inverter switch logic signals. The
logic signals are converted to the gate drive signals to operate the power transistors
such that the output volt-seconds become to the reference volt-seconds over each
PWM cycle. In the following, the above briefly discussed scalar PWM method and
the space vector PWM method will be detailed for the four-leg inverter with the UPS

application being the focus.
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Figure 2.1 The general block diagram of the four-leg inverter based UPS system.

2.2. Scalar and Space Vector PWM Methods

PWM methods can be classified mainly according to the implementation technique
employed as space vector PWM and scalar PWM. In this thesis, in contradiction to
the traditional approach, the space vector PWM approach is reviewed first. Because
for the four-leg inverter, historically, the space vector PWM method was developed

prior to the scalar PWM method.

2.2.1. Space Vector PWM

In the space vector PWM approach, the three-phase inverter output voltages are

transformed to complex variables. Thus, the output voltages are transformed to a

34



vector in the complex variable space. Hence, the name space vector. The duty cycles
of the inverter switches are generated by means of the complex variable volt-seconds
balance rule. The inverter output voltage vectors and their duration define the vector
volt-seconds that should be equal to the reference volt-seconds defined in terms of
the reference voltage vector and carrier cycle. When the zero voltage vectors are
selected equal and pulse sequence is set symmetric, the pulse pattern is assigned the
name space vector PWM (SVPWM) method. The SVPWM method generates less
harmonic distortion in the output voltage in comparison with the Sinusoidal PWM
(SPWM) method. Moreover, SVPWM provides more efficient use of DC bus voltage
than SPWM [10], [30]. In the space vector PWM approach, the number of the
complex variables defines the dimension of the reference vector. While for the three-
phase three-leg inverter with no DC bus center-point connection the two dimensional
space vector approach is sufficient, for the three-phase four-leg inverter the three-
dimensional space vector PWM approach is required. In the following these methods

are reviewed.

2.2.1.1. Space Vector PWM in Three-Leg Inverter

Since in the three-phase three-leg (thus, three wire output) VSI the load neutral point
is floating, there is no path for the neutral wire current flow. Thus, a voltage common
to all the phase outputs can be disregarded in terms of effect on the load current.
Extracting this common component from the phase voltages, the remaining voltages
meet the condition defined in (2.3). In other words, any three-phase variable set
(voltages or currents) without zero sequence components can be expressed as in
(2.3). This implies the third variable is a function of the other two (exactly the
negative of their sum). Thus, in this system there are only two independent variables.
Thus, in such a system the variables can be represented in the two dimensional
complex coordinates. That is why the two-dimensional (2-D) space vector approach

is utilized for the three-phase three-leg inverter.

X, +X,+X, =0 (2.3)
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The inverter reference voltages are transformed to complex variables by utilizing
(2.4). Figure 2.2 shows the relationship between the a-b-c coordinate system and
two-dimensional a-f coordinate system. The reference voltage vector can be
expressed in the complex coordinates as in (2.5). In the equation (2.5), vir is the
reference voltage vector, the vector v, is the projection of the reference vector on the
a axis and the vector vg is the projection of the reference voltage vector on the B axis

as in the Figure 2.2. In (2.5), *j” represents the imaginary unity vector.

1 1
v o' T2 T
W=3l B AT (2.4)
0 = X2,
2 2
vref :va +]V3 (25)

Figure 2.2 The relation between the a-b-c and a-f§ coordinates.

The number of the switch states of the inverter defines the number of vectors to be
utilized in the space vector PWM approach. There are eight (2°=8) voltage vectors in

2-D space vector PWM, since eight switch states exist in the three-phase three-leg
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VSI. Table 2.1 shows the inverter voltage vectors in the complex coordinates which
correspond to the switch states. In this table, on state of the top switch of each leg is
symbolized as “1” and off state of the top switches is symbolized as “0”. The states
are defined in the a-b-c sequence. The voltage vectors form a hexagon in the o-f
plane as shown in Figure 2.3. The states “000” and “111” define the two zero voltage
vectors. These vectors are symbolized as V, and V5, respectively. The zero voltage
vectors are located at the origin of the space vector hexagon. Other vectors are called
as nonzero voltage vectors. There are six identical triangles in the space vector
hexagon. Each nonzero voltage vector has a length of 2V,./3. In the 2-D space vector
PWM method the adjacent nonzero voltage vectors are utilized in order to obtain low

current ripple at the output of the inverter.

Table 2.1 The three-leg inverter switch states and corresponding inverter voltages

Vector

Sa+ Sp+ Se+ | Vector | Vi, Von Ven Vo Ve Length
000 | V 0 0 0 0 0 0
2V \Y -V, 2V, 2V,

1 0 O Vl de de dc dc 0 dc
3 3 3 3 3

\Y4 \Y 2V \ V 2V

Lo | vy | & | e - 3 3 ;
2 3 3 3 3 V3 3

010 V3 Ve 2V, Vae Ve Vo 2V
3 3 3 3 V3 3
2 -2 2

o v. V., | V. Voo | Ve | o | Ve
3 3 3 3 3

-V -V 2V -V -V, 2V,

00 1 v de dc de de _dc Z Tde
3 3 3 3 3 V3 3

\Y4 2V \Y \ -V, 2V

1 0 1 V de de dc dc __de Z "de
6 3 3 3 3 NG 3

111 | v, 0 0 0 0 0 0
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Figure 2.3 The two-dimensional space vector hexagon.

In the complex variable volt-second balancing approach, the inverter reference
voltage vector is formed from two adjacent nonzero voltage vectors and two zero
voltage vectors in the 2-D vector space. The choice of the adjacent vectors depends
on the region in which the reference voltage vector exists. The region can be defined
by utilizing the angle (0) between the vectors v; and v, By utilizing the volt-
seconds balance equation (2.6), time lengths of the adjacent nonzero voltage vectors
of the reference voltage vector are obtained. In this equation, v,.rand T, represent the
reference voltage vector and the switching period, respectively. vy and vy, are the
adjacent voltage vectors, and ty and tys; are time lengths of the adjacent voltage
vectors, respectively. When the region (r) is 6, then (r+1) becomes 1 (k=6 = k+1=1).
After obtaining the time lengths of the two nonzero voltage vectors, the total zero

voltage vector time ty+t; (of Vo and V5) is calculated with (2.7).

vrefﬂ =V, Vit where k €{1,2,3,4,5,6} (2.6)
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The total zero voltage vector time can be shared by the two zero states at various
partitioning rates. When the zero voltage vector time is equally split among the two
zero states, the output voltage ripple becomes minimum [10]. Considering minimum
number of switchings and minimum output current ripple constraints, the optimal
switching sequence is chosen as shown in Figure 2.4. In the figure, the time length
values calculated from (2.6) and (2.7) are also illustrated. Also in the figure, S,:, Sp+,

Sc+ represent the top switch signals for the inverter legs a, b, and c, respectively.

é V7 é VZ é Vl é VO é Vl éVZ §V7 é
—— —

a+ 0b—t— !
—t— i

Spi o1
—_— i i i
T2 I2 42 1 1, | 4/2i6,/21 /2
-t >
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Figure 2.4 The switch pulse pattern of SVPWM in the first region of the hexagon.

2.2.1.2. Space Vector PWM in Four-Leg Inverter

Adding the fourth leg to the conventional three-phase three-leg inverter, not only
provides a path for the load neutral wire current flow but also allows for control of
the load neutral point potential. In Figure 2.5, the four-leg inverter is shown with the
leg terminals a-b-c-f, where “f” represents the additional leg. The terminal of the
additional leg “f” is taken as the reference point when defining the potentials of the
inverter terminals a, b, and c. Thus, v, Vi, Ve are the phase voltages relative to the

fourth leg potential. These voltages are the three independent voltages in the four-leg
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inverter. In order to control the output voltages, the control unit of the UPS system

must generate these reference voltages which include the zero sequence component.

Equation (2.3) is valid for the three-phase variables without zero-sequence
components. However, it is not valid for the three-phase variables with a zero-
sequence component, since the degree of freedom is increased from two to three with
the additional leg. To represent the three independent variables of the four-leg
inverter, three dimensional (3-D) vector space must be considered [6], [11]. The
three phase-to-neutral reference voltages of the three-phase four-leg inverter are
transformed to complex variables in the 3-D space. The components of the
transformation are obtained from (2.8). The 3-D vector can be defined in terms of its
components as in (2.9). In equation (2.9), V' is the 3-D voltage vector and the vectors
Ve, vpand v, are the projections of the voltage vector on the a-B-y axes, respectively.
While a corresponds to the real axis, f and y are the imaginary axes coordinate
variables. The imaginary axes B and y have the unit complex numbers of */” and “k,”
respectively. The vector v,, which is absent in the three-leg inverter reference vector,

corresponds to the zero sequence component in the four-leg inverter.

L
v 2 2 v
V: _= % O ﬁ _ﬁ V:; (28)
' 3 2 20"
Y I B T | A
2 2 2
V=v,+jv;+kv, (2.9)
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Figure 2.5 Three-phase four-leg UPS system basic circuit configuration.

The four-leg inverter differs from the three-leg inverter by one additional leg and

thus two additional switches. There are sixteen (2*=16) inverter states corresponding

to the possible switch states in the three-phase four-leg inverter. The switch state

combinations are given in Figure 2.6. In this figure, on state of the top switch of each

leg is symbolized as “1” and off state of the top switches is symbolized as “0”. The

switch states are defined in the a-b-c-n sequence. Table 2.2 shows the inverter

voltages and 3-D space vector components which correspond to the 16 inverter

switch states.
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Table 2.2 The four-leg inverter switch states and the corresponding inverter voltages

Vector
Sa+ Sb+ SC+ SfJr VeCtOI‘ Vaf be ch \ Vﬁ vy Length
0000 ]| Vg 0 0 0 0 0 0 0
0001 Vi Vi | Vi | Vi 0 0 “Vie Vi
2V \Ys
1000| Vo | V| o o e | o | Ve | V5V
3 3 3
2V 2V
1001 | Vs | 0 |-V, |-V, w | g | B | 242V,
3 3 3
\Y \Y AV 242V
1100 V V., | V. 0 do de « | 22V,
4 d d 3 \/g 3 3
\% V, -V, J5v
1101 V 0 0 | -v, de do de VI Ve
5 d 3 \/g 3 3
Vv \Y% \Y J5v
0100 V 0 vV, 0 do = de N Tde
6 d 3 \/g 3 3
Vv \Y% 2V yNOAY
01 0 1 AV _Vc 0 _Vc de de de AENLVge
7 d d 3 \/g 3 3
2V 2V
0110/ Vg 0 V. | V. 3d° 0 3d° 2*/_%
i) -
0111 Ve | vl oo | o | e g | Ne | V5V
3 3 3
-V, -V, v, V5V,
0010 ]| V 0 0 vV, de | L de M- Tde
10 d 3 \/g 3 3
Ve | Ve | 2Ve | 242V
001 1| Vig | -Voe| Vel| O e = e
11 d d 3 \/g 3 3
\Y, -V 2V 22V
1010V Vi 0 Vi - o e N e
12 d d 3 \/g 3 3
V, -V, -V J5v
101 1|V 0 | -V, 0 do “Yae de 4
13 d 3 \/g 3 3
1110 Vg Vi | Vi | Vg 0 0 Vi Vie
1111 Vs 0 0 0 0 0 0 0
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min

V, : 0000 V, :1000 V, :1100 V, :0100
[ V,:0001 [ V, :1001 [ V. :1101 +V7:0101
[ V,:0110 +V10:0010 +Vlz 11010 +V14 11110
- = = -

V,:0111 V,,:0011 V,,:1011 V1111

Figure 2.6 The 16 possible switch states of the four-leg inverter.
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The inverter output voltages for the possible 16 inverter states shown in Table 2.2 are
mapped to the 3-D vector space by utilizing (2.8) and (2.9) and the resulting space
vector components are listed in Table 2.2. When these voltage vectors are
represented in the 3-D vector space, their tip points define a hexagonal prism that has
a hexagonal shaped pyramid roof that is shown in Figure 2.7. The states “0000” and
“1111” define the zero voltage vectors that are located at the origin of the 3-D vector
space and can be symbolized as Vj and Vs, respectively. The other fourteen vectors
are active vectors with nonzero magnitude value. When the active voltage vectors
are projected on the a-f plane, the magnitude of the projected vectors becomes equal
to 2V4/3 which is the three-leg inverter voltage vector magnitude. The active voltage
vectors of the four-leg inverter have a larger magnitude than the three-leg inverter
and those belonging to the internal layers of the prism have a magnitude of V5V./3
and those belonging to the external layers have the magnitude of 2Y2V4¢/3. The two
extreme vectors corresponding to states 1110 and 0001 have a magnitude of Vg
each. Thus, it becomes clear that the hexagonal prism has seven layers based on the
length of the zero sequence vector v, as shown in Figure 2.5. Each layer, except the
top one and the bottom ones, has the same structure with the space vector hexagon
utilized in 2-D space vector PWM. The middle layer (v,=0) has only two zero

voltage vectors.
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Figure 2.7 The voltage vectors of the four-leg inverter in the 3-D vector space.

There are six triangular prisms in the hexagonal prism as shown in Figure 2.9. Each
triangular prism consists of six active voltage vectors, each of which is located at one
of the hexagonal prism layers. Every triangular prism has four tetrahedrons. The
tetrahedrons of the first triangular prism are shown in Figure 2.10. Each tetrahedron
has three active voltage vectors and two zero voltage vectors. When utilizing space
vector PWM, the reference voltage vector is formed from three adjacent active
voltage vectors and the two zero voltage vectors in the 3-D vector space. In order to
obtain low output current ripple, adjacent active voltage vectors are chosen. The
determination procedure of the three adjacent active voltage vectors is complicated in
the 3-D space vector PWM implementation. The adjacent voltage vectors are
identified in two steps. Prism identification is the first step and tetrahedron
identification is the second step. Using the projection of the reference vector on the

a-f plane, prism identification can be done as in 2-D space vector PWM. There exist
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twenty four (6x4=24) possible tetrahedrons, which the reference voltage vector can

be in. This is the main complexity of 3-D space vector PWM method [6], [12].
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Figure 2.8 Triangular prisms of the four-leg inverter in the 3-D vector space.
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Figure 2.9 Tetrahedrons in the first triangular prism.

The operating time lengths of the voltage vectors that form the reference voltage
vector are obtained from the volt-seconds balance equation as in (2.10). In equation
(2.10) v, and T represent the reference voltage vector and PWM period
respectively. vy, v, v. represent the adjacent active voltage vectors and the operating
time lengths are symbolized as ty, ty, t,. In this equation, the integers X, y, and z are in
the range of 1 to 14. Since a total of 16 voltage vectors exist and only 14 of them are

active voltage vectors. As shown in Table 2.2, the remaining two vectors are the zero
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voltage vectors of Vy and Vis. The integers X, y, and z are not ordered in the same
manner as the conventional 2-D space vector PWM approach used for the three-leg
inverter (k, k+1). This is due to the numbering system used in the four-leg inverter.
The time lengths of the voltage vectors should be complemented to the PWM cycle
T, with the zero voltage vector time lengths. Thus, the operating time lengths (to+t;s)

of the zero voltage vectors are calculated from (2.11).

v T = Vit v, 0L, Xy, z €{,2,3,...,13,14} (2.10)
t0+t15:7;_(tx+ty+tz) (211)

Figure 2.11 shows the switch pulse pattern in the first tetrahedron of the first
triangular prism. As in the 2-D space vector PWM, the total zero voltage vector time
can be shared at any rate by the two zero states (0000 or 1111). In the SVPWM
approach, they are shared equally in order to obtain low output voltage/current
ripple. Alternatively, one of them can be eliminated in favor of reduced switching

losses.

ViV iV ViV VY V. ]
ST o A
s/ 2it5 1 20851238, 120 8 ity /23851 2385/ 2i0/2;
¢ TS -

Figure 2.10 The switch pulse patterns in the first tetrahedron of the first triangular

prism.
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In the space vector PWM approach, the determination procedure of the three adjacent
voltage vectors is complicated. It involves identifying sectors of the hexagonal prism,
tetrahedrons of each triangular prism and finally the sequence and duty cycle values
of the inverter voltage vectors. Although high performance pulse patterns can be
programmed with this approach, this procedure is highly complex and
computationally involved. Thus, the approach is not favorable and simpler scalar
PWM methods have been developed. In the next section, simple scalar PWM

methods, which can be utilized for four-leg inverters, are discussed into length.

2.2.2. Scalar PWM

In the scalar PWM technique, the switching logic signals of the switches are
determined by intersecting the carrier signal which is a triangular wave and the
modulation signal. In order to generate the switching signal, the modulation signal
and carrier signal are compared. When the modulation signal is greater than the
carrier signal, instantaneously, the top switch of the respective leg turns on and
remains in the same state as long as the condition is valid. When the carrier signal is
greater than the modulation signal, then the switch turns off and remains so as long
as this condition is valid. Figure 2.11 illustrates the switch logic signal generation
procedure. The module which performs this procedure is termed as the “modulator”
or the “PWM unit.” The input to the modulator is the modulation signal and the

output is the switch logic signal.
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Figure 2.11 The switching signal generation method in scalar PWM.

In three-phase systems, the PWM block consists of multi-channels. One channel per
inverter leg is utilized. Generally, all the channels are synchronized and one
triangular carrier signal is utilized for all. The inputs to the PWM channels are the
three reference voltages vax*, va*, vcx* that are generated by the power converter
control unit external to this block. If the inverter is a three-leg inverter, the point “x”
(which is a reference potential point) is the virtual DC bus center point (point “O” in
Figure 2.5). Thus, the phase reference voltages are defined with respect to the virtual
center point of the DC bus. Since the neutral point of the load is floating with respect
to the inverter DC bus, a signal may be added to or subtracted from all these
reference voltages simultaneously and the additional signal is termed as the “zero
sequence signal.” Following the injection of the zero sequence signal, the three
modulation signals are compared with the carrier signal and the intersection of each
modulation signal with the carrier defines the switching signals for the associated
inverter leg. Since the reference voltages are defined with respect to the virtual center
point of the DC bus voltage, the triangular carrier signal has a magnitude of +£0.5Ve.
In an analog implementation, the modulation and triangular carrier signals are scaled
down to an acceptable level for the electronic circuits. In the digital PWM
implementation a counter and comparator are utilized and the signals are properly
scaled and converted to binary signals then processed in the counter and comparator

for high resolution PWM output signals.
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In the four-leg inverter case, the point “x” is the center point of the fourth leg “f.”
Thus, for the four-leg inverter PWM block input voltages are Vaf*, be*, ch* and since
these signals are relative to the center point of the fourth leg, it is required to define
the fourth leg reference voltage and then all the inverter output terminal reference
voltages (vao**, vbo**, vw**, Vfg*) with respect to the virtual DC bus center point are
defined. The next step is to generate the PWM output signals similar to the three-leg
inverter case. Then, the modulation signals for all the inverter legs can be calculated
as in (2.12). Since the center point of the DC bus voltage is isolated and there is no
path for current flow from the “f” point to the “0” point (see Figure 2.5), there exists
a degree of freedom in the choice of Vﬂ)* value. Thus, this degree of freedom can be
utilized to the advantage of the inverter in terms of performance optimization. As it is
added to the v,/ , vy, Vs to obtain the inverter leg modulation signals, this signal is
called the offset or injection signal. Output current ripple minimization, voltage
linearity range maximization, switching loss minimization, etc. criteria can be
utilized for optimization of the offset signal. However, there are constraints on the

choice of the fourth leg modulation signal as will be discussed in the following.

Vo, =V, v, , xe{a,b,c} 2.12)

Similar to the three-leg inverter case, the triangular carrier wave is represented with
V4. peak-to-peak value as shown in Figure 2.12. In this case, the output voltages v,,,
Vbo, Veo» Vfo are bounded as in (2.13). This implies, that to retain voltage linearity in

kK

the modulator, the reference voltages vao**, Vbo vco**, Vfo* should also be bounded as

in (2.13). Since as a consequence of (2.13) the output voltage between any two
terminals of the inverter is bounded by (2.14), its reference should also comply with

(2.14) in order to maintain voltage linearity.

Vdc Vdc
—5<v, <=5 xefabef] (2.13)

—V,. <y, <V, x,y€{a,b,c, [} (2.14)
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Although (2.13) defines the maximum theoretical range for the offset signal which is
the fourth leg potential, there is a further constraint on the practical range. Of the
three reference signals v, vy, Vo, let’s assume that the two extreme signals are
V' max and v min, as defined in (2.15) and (2.16), respectively. The largest possible Vfg*
that retains the system linearity is a function of the absolute value of v*max - v*m,-,,. If
v*max - v*m,-n is smaller than V., this implies that (2.14) is satisfied and there is a room
for injecting a Vfo* signal. The available range for the injection depends on the sign
and magnitude of the v may and v i, signals. The top and bottom limits of the
injection signal are given in (2.17) ve (2.18). If V' max is positive, then the top limit of
the injection signal is the difference between the positive DC rail voltage and the
v*max. If v*max is negative, the injection signal will be limited to V4./2 due to the
constraint (2.13). Thus, the injection signal top limit can be defined in (2.17).
Likewise, the bottom limit of the injection signal is determined. If v'n;, is negative,
then the bottom limit of the injection signal is the difference between the negative
DC rail voltage and the v*min. If v*mm is positive, the injection signal will be limited to
-V4/2 due to the constraint (2.13). Thus, the injection signal bottom limit can be
defined in (2.18). Depending on the top and bottom limit values of the injection
signal, a wide range may exist for the purpose of performance optimization. This will

be benefited from in the following sections.

Vimax = maX(V:f s VZf s V:f) (2.15)
* . * * %
Vinin = M0V, V0.V, ) (2.16)
\% x
) 2"C Vinax <0
Vio top = v (2.17)
2dc —v:nax elsewhere
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If no offset signal is injected, this implies that the v,, signal has zero value, the qu*
signals define the v,, = etc. signals as shown in Figure 2.12 and the intersections of
the reference signals with the triangular wave define the switching instants for each
phase. Since its modulation signal is zero, the fourth leg is operated at 50% duty
cycle yielding zero average value. If an offset signal that is within the boundaries of
(2.17) and (2.18) is selected for Vﬁ)*, then as shown in Figure 2.13, all the original
modulation signals simultaneously shift upwards or downwards depending on the
injection signal polarity. Thus, the intersection points of the triangular carrier wave
and the modulation signals and therefore the switching instants change. However, the
original signals vy, Vi, vos Temain relatively at the same distance from each other.
Thus, their relative values remain the same. This means the rectangular line-to-line
voltage pulses remain at the same width, although the distances between them remain
the same. In the figure, this can be seen as the variation of the partitioning rate of the
inverter zero states (the 0000 and 1111 states). This implies that the average value
characteristics of the line to line voltages remain the same. The PWM characteristics,
on the other hand, change and the output voltage/current ripple depends on the
injection signal. Further, if the injection signal is exactly equal to one of the
boundary values, the switching characteristics also change. Thus, the influence of the
injection signal on the inverter performance is significant and various algorithms that
optimize certain performance characteristics are developed. With such algorithms
determining the offset signal, the PWM block diagram of the four-leg inverter
becomes as shown in Figure 2.14. In the following the most popular PWM methods

are discussed in detail.
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Figure 2.12 Modulation and carrier signals of the four-leg inverter with Vfo* set to
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zero illustrating the two extreme modulation signals as v max and v min.
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Figure 2.13 Modulation and carrier signals and switching diagram of the four-leg
inverter with vﬁ,* set to a positive value illustrating the influence on the width of the

two zero states.
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Figure 2.14 Block diagram of the scalar modulation in the four-leg inverter.

2.2.2.1. Sinusoidal PWM (v, =0)

As shown in Figure 2.15 (for M;=0.64), in this method there is no offset voltage
addition (v, =0). Thus, the v,s, vis, Vs signals are retained as the original values.
This is the simplest method as it requires no additional calculation in the offset
calculation block in Figure 2.14. However, the maximum achievable peak value of
the output voltage in SPWM is limited to V4./2 which is less than what is obtained in
the space vector method 2.2.1.2. Since UPS systems involve high modulation index
operation such that the DC bus voltage is benefited from at a high rate, the SPWM
method which has low voltage linearity range is not preferable in such applications.

Thus, no further investigations will be done on this method.
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Figure 2.15 Illustrating the modulation wave of one phase of

the four-leg inverter for SPWM at M;=0.64.

2.2.2.2. Offset Signal Injection Methods

In this section, methods that involve a signal injection other than zero will be
considered. A systematic approach will be pursued so that all methods could be
wholly treated. The method proposed is based on the inverter zero state partitioning,
which is the extension of the concept previously established for the three-leg inverter
[10], [30]. Defining the two inverter zero states as V(ooo0) and V(111 and their
duration as tiooo) and tq11) respectively as shown in Figure 2.13, the zero state
partitioning function ¢ can be defined as given in (2.19) as the ratio of the zero state
toooo) to the total time of the zero states. Since it defines a duty ratio, the partitioning
function has a range between zero and unity. The ¢ variable is proportional to Vfo* as
can be seen in Figure 2.13. As Vﬁ)* increases the ¢ value linearly decreases. Involving
the top and bottom limits of the injection signals, the relation between the ¢ and Vﬁ;*
can be written as in (2.20). Since the top and bottom limits of the injection signal are
defined in (2.17) and (2.18), (2.20) can be written as a function of V' max and v min in

detail in equation (2.21).
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_ (0000)
&= m (2.19)
Vo =(1=E)(Vio op )+ € (Vo toriom) (2.20)
1 * %
5_98 Vie =€ Vinin Viax <0

Vio = %‘5 Ve +(E=1)- Vinax v >0 2.21)
%—f Vi +(§—1)-anax —f-v:nin elsewhere

In order to illustrate the zero state partitioning and offset voltage relations, operation
at various M; levels will be investigated in the following. Figure 2.16 shows the
balanced sinusoidal voltage references v,s , vi , ver » at Mi=0.785. Figure 2.17 shows
the maximum and minimum (extremum) values of these signals as described in
(2.15) and (2.16). Taking the maximum (minimum) signal and the DC bus side
closest to it to find the largest (smallest) vﬁ,* signal as defined in (2.17) (equation
(2.18)), the upper (lower) boundary for vf(,* can be obtained: The boundaries for Vfo*
are shown in Figure 2.18. To illustrate the relation between & and vy, , in the next
step the v*min and v*max values are processed for various & values (from 0 to 1 by an
increment of 0.1) by utilizing (2.20) and the graphics are shown in Figure 2.19. As
can be seen from the figure, at the extreme values of &, the boundary values of vy, as
defined in (2.17) and (2.18) are found. For £ values in between, the Vfo* signal is also
in between the boundaries. As the modulation index increases the range for vy,
decreases. As shown in Figure 2.20, for M;=0.907, the two boundary curves of Vﬁ;*
intersect and the area between them expires, indicating that the range for Vfo* is
expiring and the modulator is entering the overmodulation range. For the cases of
v*min>0 and for v*max<0 which correspond to unusual operating points, the offset
signal injection boundaries are calculated from (2.21) and shown with § as parameter

in Figures 2.21 and 2.22.
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Figure 2.16 The original balanced modulation signals va;, vbf*, vcf* for M;=0.785.
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Figure 2.17 v*max and v*min signals for M;=0.785 and balanced Vaf*, be*, ch*.
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Figure 2.18 The boundaries of the injection signal for M;=0.785.
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Figure 2.19 The injection signal waveforms within the V*foitop and V*foibottom

boundaries as a function of & for M;=0.785 (& is incremented from 0 to 1 by 0.1).
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Figure 2.20 The injection signal waveforms within the V*fo_top and V*fo_bottom

boundaries as a function of  for Mi=0.907 (& is incremented from 0 to 1 by 0.1).
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Figure 2.21 The injection signal waveforms within the V*fo_top and V*fo_bottom

boundaries as a function of § for V' min >0 (§ is incremented from 0 to 1 by 0.1).
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Figure 2.22 The injection signal waveforms within the v*foftop and V*foibottom

boundaries as a function of & for v*max<0 (§ is incremented from 0 to 1 by 0.1).

Based on the above discussion, for each modulation index there is a specific range
for Vfo*. While at zero modulation index this range is extremely wide, as the
modulation index increases, this range rapidly expires. Thus the availability of Vﬂ)* is
dependent on the modulation index. For a given modulation index, as there exists a
range for v, , the next step discusses how vy, is chosen. Although there are infinite
possibilities to choose from, only a few are practical. Thus, in the following the
popular methods which have salient advantageous performance characteristics will
be discussed. These methods will be defined in terms of the zero state partitioning

function.

2.2.2.2.1. SVPWM

In 3-D SVPWM method (explained in section 2.2.1.2), the generation method of

switching signals of involves a complicated procedure such as the identification of
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the adjacent switching vectors, the calculation of the switching vectors with pre-
defined 24 matrices. Once the voltage vectors and their duration are calculated, the
next step involves defining the sequence of the vectors. Considering the minimum
output voltage/current ripple criteria, the zero states are equally partitioned. And the
pulse pattern is programmed by a digital PWM module. This fairly long and complex
procedure has been found unnecessary as the simple scalar implementation was
discovered [14]. In this thesis, a similar method to [14] is utilized and the zero state
partitioning function is selected equal to 0.5 such that the 0000 state and the 1111
state have equal length that correspond to minimum switching ripple as defined in
[10]. When (2.20) is evaluated for the zero state partitioning function value of 0.5,

the following Vfo* offset function of the SVPWM scalar implementation is obtained.

*
A% *
- r;m Viax <0
v*
* o max *
Vi =1 >0 (2.22)
V* *
_MaX  min - elgewhere

Implemented in the above given simple scalar form, the SVPWM provides the
benefit of low PWM ripple and a wide voltage linearity range. For the balanced
sinusoidal voltage references case, the maximum voltage linearity range is the same
as the three-leg inverter which is 0.907 modulation index for the full fundamental
cycle. And wider linearity range which involves the whole inverter voltage hexagon
(prism) during dynamic operation is available. For the balanced sinusoidal three-
phase voltage references case, with two different modulation index values (M;=0.907
and M;=0.64), the obtained modulation waveforms are given in Figures 2.23 and
2.24. As shown in figures, the offset voltage Vﬁ)* is the well known SVPWM

triangular waveform for the three-leg inverter.
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Figure 2.23 Illustrating the modulation wave of one phase of

the four-leg inverter for SVPWM at M;=0.907.
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Figure 2.24 Illustrating the modulation wave of one phase of

the four-leg inverter for SVPWM at M;=0.64.
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2.2.2.2.2. DPWM

The practical switches in a VSI involve finite turn-on and turn-off times resulting in
switching losses during commutation. Figure 2.25 shows the simplified current and
voltage waveform characteristics of a switch in one switching period. Given the
switch current rise and fall times #. and #r over a PWM cycle T, the switching losses
can be roughly calculated as in (2.23). In this equation, f;(6) represents the current
that flows through the switch. If the switching in an inverter leg over a PWM cycle

ceases, the switching losses in that cycle also disappear.

1 Vdc(tr+tf)2f’
=—5" 1" [ f(0)d6 (2.23)
o221,

N

The switching power loss is direct proportional to switching frequency as can be seen
from equation (2.23). In low switching frequency applications, the switching loss can
be tolerated. However, the switching loss affects system efficiency in high frequency
applications. With an increasing demand on the power electronics switches that can
be switched at high frequency like IGBT and MOSFET, high switching frequency
applications become widespread. Therefore the switching power loss should be

decreased to provide high system efficiency.

The discontinuous PWM (DPWM) approach is well established for three-leg
inverters [31]. Its main benefit involves the reduction in switching losses by at least
33%. This is achieved by setting one of the three-phase modulation waves equal to
the positive or negative DC rail voltages (+0.5Vy), thus clamping the associated
inverter leg and eliminating the switching losses of the switching devices in this leg.
To achieve this in a three-leg three-wire inverter, a zero sequence signal is injected to
all modulation waves. The injection signal magnitude is such that it clamps the
associated phase voltage to the proper DC rail side. First, of the original modulation

signals the one with the largest magnitude is identified. The polarity of this signal
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defines the DC rail side that the switch on this inverter leg to be clamped at. The
difference between the determined DC rail voltage (either 0.5V, or -0.5V4.) and the
modulation signal of this phase is the zero sequence injection signal. Adding this
zero sequence signal to all the modulation waves the DPWM modulation signals are
generated. While the phase with the originally largest modulation signal is clamped
to the DC rail with the same polarity with this signal, the other modulation signals
are shifted by the zero sequence signal. Since for the clamped phase the switching
process is halted, the switching losses disappear for the considered interval. In
periodic steady-state with sinusoidal balanced operation (implying balanced
sinusoidal modulation waveforms), the phases are clamped in a sequence every 60°.
Each switch is locked to the positive DC rail for 60° and negative DC rail for 60°
thus, for one third of the fundamental cycle the switching process is disabled and the
associated switching losses cease. In the three-phase four-leg inverter the same
approach can be utilized as the three-leg inverter and instead of zero sequence signal,

here the injection signal is the offset signal Vfo*.
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Figure 2.25 The characteristic waveforms of the switch in a switching period.
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2.2.2.2.2.1. Classical DPWM (DPWM1)

For the four-leg inverter, the DPWM method can be applied in the same manner as in
the three-leg inverter. In this case the original modulation waves are v/, Vis, Ve -
These signals are compared and the one with the largest magnitude is considered as
the phase to be locked. The difference between the DC rail voltage with the same
polarity as the signal with the largest magnitude is considered as the offset signal.
Equation (2.24) describes the offset signal. Equivalently, considering the zero state
partitioning function, the offset signal can be calculated as in (2.25). When the offset
signal is calculated and injected to all the original modulation waves, the modulation
signal becomes discontinuous. For balanced inverter reference voltages with 0.64
modulation index, the offset signal (Vfo*) and modified reference signal (Vao ) are
obtained as in Figure 2.26. The performance attributes of this DPWM method are
similar to the three-leg inverter DPWM method characteristics [31].

fo > Vyf B sz > Vfo = Slgi’l(fo) ' (Vdc /2) - fo {X, Ys Z} € {aa ba C} (224)
¢ 1 ‘v*fo_top > ‘Vi’o_bottom (2.25)
0 ‘vfo_top < ‘vfo_bottom

The above discussed DPWM method offset voltage generation procedure involves
the choice of the largest magnitude modulation signals. This choice provides the
lowest switching losses for balanced operation with unity power factor (purely
resistive) loading. However, the choice for selecting an offset voltage that clamps a
switch to a DC rail is not limited to this method. A wider range exists and this can be
used to the advantage of the inverter for the unbalanced loading or balanced
leading/lagging power factor loading operating conditions. For this purpose, the load

phase currents should also be involved in determining the zero state partitioning (or
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Vﬁ)*). In that case, if possible it is better to choose the switch to be clamped as the
switch of the phase with the largest current. Based on the angle of the phase current
and modulation wave, the DPWM methods are classified as DPWMO0, DPWM1, and
DPWM2 or further generalized as GDPWM method [31]. Since DPWM methods can
employ the offset signal injection at the largest possible range, in a similar manner to
SVPWM, they can utilize the inverter voltage linearity range at the maximum rate.
Although the output voltage/current ripple is noticeably higher at the low modulation
index range, it has been shown that at the high modulation range their performance is
comparable. It is favorable to utilize SPWM or SVPWM at low modulation index
and switch over to DPWM above approximately 0.6 modulation index [9], [10], [31].
Additional advantages of DPWM are the reduction in the inverter deadtime effects,
the diode reverse recovery dynamics/losses and associated noise in the circuit. For
the UPS applications, it is highly favorable to employ DPWM because the operating
range always involves the high modulation index range where the DPWM

performance is superior to all the rest of the PWM methods.

wt [radian]

Figure 2.26 Illustrating the modulation wave of one phase of

the four-leg inverter for DPWM at M;=0.64.

67



2.2.2.2.2.2. Minimum Loss DPWM (MLDPWM)

The above discussed DPWMI method provides minimum switching losses for
balanced unity power factor load operating condition. As the load power factor angle
deviates from zero, or as the load becomes unbalanced the DPWM1 method losses
increase and become higher than the optimal losses. This is a consequence of the
choice of the zero state partitioning which is developed based on the modulation
signals only but not a function of the load current. With the choice of £ being wider
than what is selected in DPWMI, it is apparent that the switching losses can be
decreased by choosing a more proper & than that of DPWMI1 for such loading
conditions. In this section a comprehensive method that optimally utilizes & for

minimum switching losses is developed.

Since the v*max and v*min signals define the two possible phases to be locked to the
proper rail of the DC bus, for minimum switching losses the choice between the two
depends on the magnitude of the current associated with these phases. The phase that
carries the larger current should be locked to the proper DC bus rail. This condition

can be summarized in terms of § with the following formula.

Vmax 'min

i
Il

(2.26)

Vmax ‘min

In equation (2.26) Iymax represents the inverter output current which corresponds to
V*max and Iymin represents the inverter output current which corresponds to v*min. This
modulation approach yields minimum switching losses and therefore it is termed as
the minimum loss DPWM (MLDPWM) method. Figure 2.27 shows the flowchart of
the proposed MLDPWM method. In the following the MLDPWM method will be
discussed with respect to other DPWM methods and its superiority will be

demonstrated.
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Figure 2.27 The flowchart of the MLDPWM method.

First the steady-state, balanced resistive load case will be considered. Neglecting the
influence of the UPS LC filter components, the load can be considered as unity
power factor load for the inverter. Also neglecting the PWM ripple, the load current
can be considered sinusoidal. For the given operating condition, when the
MLDPWM method is utilized, the three-phase reference voltages, inverter output
currents and modulation signals for four-leg inverter are shown in Figure 2.28. It is
apparent that the modulation signals of MLDPWM and DPWMI1 are the same and
the losses are minimal as expected. Since the power factor is unity and load current
has a same shape with the reference voltage for each phase, the reference voltage
with the maximum magnitude and the load current with the maximum magnitude
coincide and this phase is locked to the proper DC rail. Hence, minimum switching

losses are obtained. In MLDPWM switching ceases only in the a-b-c phase legs and
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the fourth leg has continuous PWM characteristic. However, due to nearly zero

current, the switching losses in this leg are negligible.

In UPS applications the single-phase load operating condition is quite frequent. In
this case the loss characteristics of MLDPWM and DPWMI are not exactly the
same. Figure 2.29 shows the modulation waveforms for the DPWMI1 method for the
single-phase resistive load operating condition. As the modulation characteristics
remain the same, in the single-phase operating condition the phase that conducts the
loaded current (in Figure 2.29 phase “a”) is locked to the positive DC rail for 60° and
negative DC rail for 60° totaling 120° lock-out. The fourth leg which now conducts
the same phase current is operating under continuous modulation and its losses
become significant as the current in the neutral wire becomes equal to the load
current. As shown in Figure 2.30, in the MLDPWM case, the PWM algorithm of
(2.26) results in longer DC bus clamping intervals for the modulation signal than
DPWMI. As can be seen from the figure the loaded phase is locked to each side of
the DC rail by 120° yielding a total of 240° lock-out and the switching losses
decrease appreciably. In the regions of 0°-30°, 150°-210° and 330°-360° in Figure
2.30, va; is not one of the extremum reference voltages. Although I, has higher
amplitude than the other load currents (which are zero), if phase “a” is clamped to
one side of the DC bus in these intervals, the voltage linearity will not be maintained.

Therefore in these intervals, phase “a” is not clamped to the DC rail.
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Utilizing the formula in (2.23) to calculate the switching losses and considering the
switching losses of CPWM methods for balanced load as the base value, the
percentage of switching losses for various PWM methods can be calculated. The
results are shown in Table 2.3. According to the table, for balanced resistive load the
switching losses of MLDPWM and DPWMI are the same and 50% of CPWM
method losses. For the single-phase unbalanced load case MLDPWM switching
losses are nearly half the CPWM losses and about 24% less than the losses of the
DPWMI method.

Notice that the unbalanced load operating condition significantly stresses the fourth
leg as large current flows through this leg. As the worst case single-phase full-load
operating condition stresses the fourth leg significantly. Since in this case the loaded
phase leg is operating under DPWM condition, its switching losses are less than
those of the fourth leg which operates under CPWM condition. Thus in this operating
condition the loss partitioning of the fourth leg and the phase leg is 33/38 for the
fourth leg and 5/38 for the phase leg. Therefore, during the design, the fourth leg
should thermally be considered as a more dissipative element than the regular phase
legs when MLDPWM is the main PWM algorithm in the UPS design. The fourth leg

could be considered a normal phase designed for CPWM operating condition.

Table 2.3 Percentage of switching losses for balanced and single phase unbalanced

resistive load for various PWM methods

o CPWM DPWM
Switching losses (%)
SVPWM DPWMI1 MLDPWM
Balanced load 100 50 50
Line-neutral unbalanced load 66 50 38
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For balanced load with a power factor other than unity, the MLDPWM method
performance is maintained at 50% of CPWM methods, provided that the power
factor angle is within £30° range. Outside this range the losses increase, but still
remain less than the alternative method. The performance of MLDPWM method is
similar to that of GDPWM method developed for the three-leg inverter [31].

The PWM voltage and current ripple performance of the MLDPWM method is
inferior compared to the CPWM methods such as SVPWM. Since for the same
carrier frequency the switching count decreases by a significant amount, the on
durations of the inverter states increase and therefore the voltage ripple and as a
result the current ripple becomes larger compared to CPWM methods. Since this
attribute is also modulation index dependent and at the higher half of the linear
modulation range the DPWM methods provide satisfactory performance, this is not
considered as a performance issue for UPS systems which always operate at high
modulation index under normal operating conditions. Therefore the PWM current

ripple is not considered as an important issue in the UPS application of MLDPWM.

As a summary it can be stated that the MLDPWM method provides switching loss
reduction and specifically improves the thermal performance greatly for the balanced
and unbalanced load operating conditions, varying power factor load conditions of a
UPS. Therefore, it should be favored in the UPS applications for the purpose of

energy efficiency enhancement at practically no cost.

With the modulation methods for the four-leg inverter established and the simplicity
and performance of the scalar PWM methods discussed in detail, and specifically
with the superior attributes of MLDPWM method proven, the following chapter
places focus on the controller structures to be utilized in a UPS that employs the

four-leg inverter and the scalar PWM methods, specifically the MLDPWM method.
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CHAPTER 3

OUTPUT VOLTAGE CONTROL OF THE THREE-PHASE FOUR-LEG UPS
BY MEANS OF RESONANT FILTER BANKS

3.1. Introduction

This chapter focuses on the output voltage control of the four-leg inverter based UPS
system. The resonant filter bank based voltage loop controller is complemented with
voltage feedforward controller and capacitor current feedback based active damping
loop. With this controller structure the UPS system exhibits superior steady-state and
dynamic performance under all practical operating conditions such as full load,

nonlinear load, unbalanced load, etc.

The study in this chapter begins with the theoretical study of the resonant filter
controller. In this study the controller characteristics are investigated in detail.
Controller bandwidth, damping, implementation issues etc. are investigated in depth.
Following the resonant filter controller study, the capacitor current feedback based
active damping loop is discussed. Via analytical modeling of the UPS system, the
stability analysis of the UPS system, in which the resonant filter controller and the
capacitor current feedback take place, is performed by means of the Routh-Hurwitz
stability criterion. Then a design example is discussed. The given design will be later

utilized in the simulations and practical implementation in the following chapters.
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3.2. Resonant Filter Bank Control Method

A resonant filter controller consists of a transfer function which has very large gain
and zero phase delay at a frequency of interest which is defined as the resonant
frequency. Elsewhere the gain becomes negligibly small and the phase relation
becomes insignificant. In control applications where the reference signal is a DC
signal and perfect tracking of the reference signal without steady-state error is
required, a proportional and integral (PI) type controller is utilized. In the PI
controller the integral term provides infinite gain for the DC signal forcing the
steady-state error to zero. The resonant filter controller applies the same principle to
AC signals. With the controller gain made very large at the resonant frequency which
is selected to be the frequency of the references signal, the resonant filter controller
acts as an integrator at the resonant frequency and yields infinite gain resulting in
zero steady-state error at this frequency. Various types of resonant filter type
controllers have been reported in the literature recently [25], [26], [27], [28], [29] and
applications to motor control, active power conditioners, UPSs, and other power
electronic systems have been reported. Various names such as ‘“generalized
integrator” [27] and “resonant controller” [28], [29] have been utilized for this class
of controllers. Since the word resonant gives intuitive meaning to the concept, this
name is preferred in this thesis. Since in the UPS application a set of resonant
controllers are utilized in parallel, also the control method is termed as “resonant

filter bank control method.”

3.2.1. Ideal Resonant Filter

In the UPS application, the resonant filter controller is constructed in the stationary
(original) frame (without coordinate transformations) and has a superior performance
similar to the linear PI regulator in synchronous frame [28]. The resonant filter
controller has a transfer function as given in (3.1), where the K;, constant is the

integral gain of the controller.
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2Ky, s (3.1)

Ty

The resonant filter controller has infinite gain and zero phase at the resonant
frequency (mw,), and zero gain elsewhere as shown in Figure 3.1. The phase relation
is such that below the resonant frequency the resonant filter provides 90° leading
compensation while above the resonant frequency the filter provides 90° lagging
compensation. The resonant frequency is selected to be the frequency of the AC
signal to be controlled. The gain is optimized by considering the system dynamic and
steady-state performance requirements. As an example, employing a resonant filter at
the fundamental frequency of a single phase UPS (at 50 Hz), the UPS output voltage
error can be fed to the resonant filter controller and the controller precisely controls
the fundamental component at the desired phase and magnitude (zero steady-state
phase and magnitude error). However, the controller can not compensate the
harmonic components, since the controller provides zero compensation for the
harmonic components of the output voltage by applying zero gain. Likewise,
dominant harmonics at the output voltage can be manipulated by a resonant filter for
each dominant harmonic frequency. Thus, depending on the existing harmonic
components the resonant frequency multiplier m is selected. For example, for a
single phase UPS, the dominant harmonics are the odd harmonics. In this case,
m=2k-1 where k=1,2,3,... is an integer and for k=1 the fundamental component, and
for k>1 harmonics are considered. Including as many as necessary resonant filters
and connecting them in parallel a filter bank is formed. For example in the four-leg
inverter based UPS, for each phase a filter bank is formed as shown in Figure 3.2.
Thus three filter banks are utilized. All resonant filters of one phase are fed with the
voltage error of that phase. When the output of each controller is summed, the

reference inverter voltage, which is applied to the PWM module, is obtained.
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Figure 3.1 Bode plot waveforms of the ideal resonant filter controller

for m=1, K;;=10, ®w.=2750 rad/sec.
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The implementation technique of the resonant filter controller can be varied
depending on the type of the inverter, which is utilized in the three-phase UPS
applications. In the three-phase four-leg inverter, due to the fourth leg, each phase
can be controlled independently (as if there were three independent inverters). Thus,
there is no need for transformation from stationary frame a-b-c coordinates to
stationary frame ds-gqs-0 coordinates, and from stationary frame ds-qs-0 coordinates
to synchronous frame de-qe-O coordinates transformations. For each phase, one
identical resonant filter bank is utilized and the output voltage error of each phase is
converted to the inverter phase voltage reference (Vaf*, be*, ch*) through the
associated filter bank. Thus, the fundamental component is controlled without
involved positive/negative/zero sequence decomposition and complex controllers
which is the conventional approach [22]. Harmonics are also manipulated in the
same manner in the simple resonant filter bank structure. The resonant filter
controller provides an easy design and implementation task with respect to the

synchronous frame based controller or other complex control algorithms.

3.2.2. Phase Delay Compensation of The Resonant Filter

The practical application (implementation) of the resonant filters involves more
detailed structure than the ideal structure given in (3.1). If the system delay, which is
the total delay originating from the individual delays of the UPS system stages, is
ignored, the controller performance decreases especially at high frequencies.
Practically, the measurement, signal processor, and inverter units introduce delays
that can have significant influence on the controller performance, especially at the
high frequency range. The measurement delay (Tjeqasure) OCcurs at the stage of the
measurement and signal conditioning of the voltage and current feedback signals.
The sampling delay (tsump) is due to transferring the measured signals to the DSP.
The computation delay (tcomp) is due to processing the sampled signals and the
algorithm. The PWM delay (tppa) 1s due to the discrete nature of the inverter. These
delays are illustrated with respect to a PWM cycle in Figure 3.3. As the figure shows,

the sampling delay ., includes the A/D conversion time, the computation time, and
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the idling time. The sum of all these delays is the total delay 17 and it is expressed in

the following.

Tr = Tmeasure T Tsamp + T pwus (3.2)

The phase shift due to these delays, ¢, varies with the frequency, and can be
obtained as a function of the total system delay and the resonant frequency (mw,) of
the controller, as given in (3.3). The phase shift is directly proportional to the
frequency. Therefore, the phase shift becomes effective at the high frequencies while
it can be ignored at the low frequencies. The ideal transfer function of the resonant
filter controller, given in (3.1) should be modified such that the effect of delay is
compensated (the control signals should be phase advanced by ¢,,). Since (3.1) is the
Laplace transform of cos (mw,t), the phase shift should be considered as a process of
adding a phase advance angle to the resonant term, implying the cosine function
angle should be advanced. Thus the delay compensated time domain equivalent of
the resonant filter is cos (mw.t+¢,) and the Laplace transform of the phase advanced
cosine term shown in (3.4) gives the modified resonant filter as in (3.5). In this
manner, the transfer function of the phase shifted resonant filter controller is

obtained.
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Gp =Ty MW, (3.3)

L[2K, cos(mw,t +,)]=2K,, > cos(f,zn :_ _(:Z:je)zs (o, )] (3.4)
_ §-€08(¢,,) — mw, -sin(¢,,)

Gc(s) - 2sz [ S2 + (mwe)z (35)

3.2.3. Damping and Selectivity of The Resonant Filter

Applying the resonant filter in the form given in (3.5) involves difficulties both from
performance and implementation point of view. Since the above form is a loss-less
resonant filter, the gain of the filter at the resonant frequency is very high and the
sidebands are very small. This implies that the controller is highly selective and can
only track a reference exactly at the designed value of mw.. However, in certain
application the frequency of the reference signal is variable. For example, in the on-

line UPS application, the output voltage frequency should track the utility grid
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frequency for the purpose of transient free by-pass of the load to the grid via the by-
pass static switches (back-to-back thyristors). This may be necessary for the purpose
of operation at high efficiency (in the so called eco-mode), providing maintenance,
or operating from the utility line following a UPS system failure. For that purpose,
the UPS output voltage frequency must track the line frequency which varies within
a small range (typically +£0.5Hz for the 50Hz utility grid in Turkey). Therefore,
applying the resonant filter bank control method to the on-line UPS involves a wider
band operation than what the lossless resonant filter provides. Thus, the bandwidth of
the resonant filter controller should be widened for improved tracking over a

specified frequency range.

In case the controller is implemented with a fixed point signal processor, another
issue comes to stage. Since in a fixed point signal processor a number can be
represented with a finite word length, the coefficients of the discrete time
implemented filter become an issue as loss of significance occurs in implementing
the resonant controller. While the word length limitation is not an issue in floating
point signal processors, this is a major issue in fixed point processors. The discrete
time implemented lossless resonant filter coefficients become extreme values, some
of which approach zero while others approach unity. Implementing the controller in
fixed point processor results in loss of significance as some small numbers are lost.
The end result is poor controller performance where the phase and magnitude of the
resonant filter become significantly different from the theoretical values. This results

poor output voltage tracking in performance.

For the two reasons discussed in the above two paragraphs, the resonant filter is
usually not implemented in (3.1) or (3.5) forms, but the selectivity of the filter is
decreased by flattening and widening the gain characteristic of the filter via
modifying the original structure. Utilizing the basic lossless resonant filter equation
of (3.1), the damped resonant filter can be expressed as given (3.6) where {, is the

damping and maw, is the resonant frequency of the damped resonant filter.
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G.(s) = 2K, -, mw,-s

= 3.6
s +2¢, mw,-s +(mw,)? G.6)

By utilizing the second order transfer function characteristic via (3.6), the flattening
of the gain characteristic can also be considered as increasing the damping or
reducing the quality factor of the resonant filter. For the purpose of describing the
degree of flattening or damping, the selectivity function S given in (3.7) is defined
[32]. In this equation the resonant frequency is mw, and the corner frequency where
the gain drops to 70.7% is mw, +0.5Aw as shown in Figure 3.4 which is drawn by
utilizing (3.7). The gain curve of the resonant filter is practically symmetric with
respect to the resonant frequency mw, and the gain at mw, - 0.5A® and mw, + 0.5Aw
is practically the same as the substitution of both frequencies normally yield

numerically negligible terms which cause the difference between the two.

ral

Magnitude

[radian]

Figure 3.4 The gain characteristic of a damped resonant filter.

g _ resonant frequency _ mw,
bandwidth Aw

(3.7)
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The resonant filter damping (,, is related to the resonant filter corner frequency in the

following.

Aw = 2(,mw, (3.8)

The selectivity can be expressed in terms of the filter damping by substituting (3.8)
in (3.7) in the following.

g 1 (3.9)

With the dampened characteristic, the resonant filter provides less than ideal
characteristics. Comparing the ideal resonant filter of Figure 3.1 with a resonant filter
with the damping value of 3.18x10 ({;w.=1 rad/s) of which the gain characteristic is
shown in Figure 3.5, it can be seen that both the gain and selectivity decrease
significantly. However, the filter becomes more effective over a wider operating
frequency range. In order to compensate for the gain loss at the resonant frequency,

the K, gain should be increased to a sufficient value.

In the UPS output voltage control system for each phase a fundamental frequency
resonant filter controller and a specific number of harmonic frequency resonant
filters are utilized. With the input being the output voltage error to all of them, the
output of each filter provides compensation for its own frequency error. Thus, the
superposition of all the outputs is the total feedback based reference voltage for each
phase. From here it becomes clear that multiple resonant filters are connected in
parallel. As a result a resonant filter bank is formed. This resultant filter is often
termed as the “multi-resonant” filter. The filter bank components may have equal or
different damping (or selectivity) characteristics. Figure 3.6 shows the multi-

resonant filter gain and phase characteristics for the case that the selectivity or
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damping remains the same for all the frequencies. This implies that for increasing
frequencies the frequency sideband also increases. On the contrary for the case where
the sidebands remain the same, the selectivity increases with frequency as shown in
Figure 3.7. For the latter case the higher frequency filter components become highly
selective and in practice if the measured harmonics are not exactly at the selected
resonant frequency, the filter performance becomes unsatisfactory. In both graphics
the filter gains are selected the same for all frequencies for the sake of illustration.

However, in practical implementation gains should be treated differently and each

frequency requires a different gain value.
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Figure 3.5 The gain and phase characteristics of the damped resonant filter

for m=1, K;;=10, ®=2150 rad/s, {; =3.18x10™.
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3.2.4. Phase Delay Compensated and Damped Resonant Filter Banks

By considering the phase shift compensation modification given in equation (3.5)
and added damping via the damped second order structure given in equation (3.6)
together, the final transfer function of the resonant controller can be obtained. For
this purpose complex variables theory will be utilized. The Laplace transform of a
function consisting of the multiplication of any time variable function f(#) and
cos(w,t) can be found from (3.10). Likewise, the Laplace transform of f{z)-sin(w.f)
can be found from (3.11). Accounting for the phase delay of ¢,, equation (3.10) can
be modified as (3.12). Selecting f(?) as given in (3.13), taking its Laplace transform
as in (3.14), and substituting in (3.12), a transfer function G¢(s) as given in (3.15) is
obtained. In practical applications (, is small and typically (,<<l. With this

assumption, the transfer function of (3.15) can be simplified as in (3.16).

L[f(t)-cos(wt)]:%[F(s—i—jw)—FF(s—jw)] (3.10)

L[f(t)-sin(wt)]:é[F(s—i—jw)—F(s—jw)] (3.11)

LI[f(0)-cos(mw,t+¢,,)| = L[ f(1)-cos(mw,t) cos(¢,,)|— L] f(¢)-sin(mw,t)sin(¢,,)]

:M[F(S+jmw€)+F(S—jmwe)]—
' 2 (3.12)
...%W[F(s—i—jmwe)—F(S—J'm%)]
f()=2K,,- G mee /" G.13)
2K, -C,mw,
F(s)= T Comw, (3.14)
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G.(s) = cos(¢,,) 2{(”" -C,,mw, N 2.[{1,’" -, mw,
2 s+ jmw,+( mw, s—jmw,+( mw,
Jsin(o,) 2K, - mw, _ 2K, ¢, mw,
T2 s+ jmw, +( mw, s— jmw,+(, mw, (3.15)
2K, ¢, mw .
— im C;n . [( s+, mw, ) cos(¢, ) —mw, sin(¢,, )]
(S + Cmmwe) + (mwe)
Gc (S) — 2Kim : Cmmwe <S COS(¢m) - mwe Sin(¢n1)> (316)

s° 4+ 2¢,mw,s +(mw, )2

The transfer function in (3.16) corresponds to a resonant filter with damped and
phase advanced resonant filter which is the practically necessary form of a resonant
filter. With the phase compensation angle of the filter ¢, being equal to the phase
delay of the system and with the damping value being equal to what is required in a
practical application, the resonant filter can be shaped appropriately with these two
parameters. Equation (3.16) is a basic practical resonant filter structure and its five
parameters K;,, m, ®e, {», and @, are the variables to be utilized in shaping the filter
characteristics in the output voltage controller design procedure of the UPS. Figures
3.8 and 3.9 show the multi-resonant filter gain and phase characteristics for the phase
advanced and damped resonant filter. In Figure 3.8, in the resonant filter the
selectivity (or damping) remains the same and the sidebands increase with the
resonant frequency for all the frequencies. In the case of varying selectivity shown in
Figure 3.9, the sidebands remain the same and the selectivity increases with the
frequency. In both figures, the phase delay is kept constant as ¢,=2Tsmw.. The final
form of the resonant filter structure given in (3.16) will be utilized in this thesis for
the purpose of controlling the output voltages of the four-leg UPS system. The
implementation of the controller will be realized with a modern digital signal
processor. Thus, the filter structure must be converted to the discrete time form
which involves the z-domain rather than s-domain. In the following the discrete time
equivalent of the resonant filter and its real time discrete time implementation form

will be discussed.
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3.2.5. Discrete Time Implementation of Resonant Filter Banks

The resonant filter controller in the above discussion was investigated in the s-
domain which is the conventional design domain for the continuous time (analog)
systems. Due to established literature, background, and experience in this approach,
it is easy to understand and apply to analog systems. Therefore, it is common to
design the resonant filter in the s-domain. However, in order to adapt the controller
to a microcontroller, the controller structure should be expressed in the z-domain
where the discrete time model easily leads to discrete time equations to be utilized in
the real time implementation of the controller. There are several methods to provide
transformation between s-domain and z-domain. In this work, the Tustin
transformation method, which is given in (3.17), is applied. In the transformation, the
effect of warping is compensated for via the pre-warping coefficient 4,, which is
defined in (3.18). The pre-warping coefficient improves the accuracy of the s-domain
to z-domain transformation so that s-domain designed controller can be transformed
to z-domain easily and then the discrete time equations are obtained for real time
control. By utilizing the Tustin transformation, equation (3.16) is transformed to
equation (3.19) where X(z) (the output voltage error) is the input of the resonant filter
and Y(z) (the feedback compensation signal) is the output of the resonant filter. The
coefficients, of equation (3.19) are given in equations (3.20), (3.21), (3.22), (3.23),
(3.24).

= 3.17
s=2— x4, (3.17)
mw
A = e (3.18)
mw,-T,
tan[ 4]
—1 -2
GC(Z): Y(Z) _ aOm +a1m Z +a2m Z (319)

X(z) b,z by, 2
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2¢,,mw, (4, -cos(¢,) —mw, -sin(g,,))
a, =K,
o ’m A+ (mw,)’ +2¢, mw, A,

K —4¢ mw mw,-sin(¢, )
A2 (mw,) 20 mw A,

a

—2¢,mw, (4, -cos(¢,,) + muw, -sin(¢,,))

a2m = Kim

A2+ (mw,)’ +2¢,mw A,

~2( 4} —(mw,)’)
N A+ (mw,)’ +2¢ mw A,

1m

o A +(mw,)’ —2¢ mw A,
o A+ (mw,)’ +2¢, mw A,

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

When the above z-domain transfer function of the resonant filter given in (3.19) is

transformed to discrete time equations, the discrete response of the filter as shown in

(3.25) is obtained. In (3.25), x[k] represents the output voltage error at the kT

interval, and y,,/k+1] represents the m™ resonant controller output to be applied to

the PWM unit at the (k+1)7 interval. The discrete time control block diagram of the

resonant filter defined in (3.25) is shown in Figure 3.10.

Vulk+1)=ay,x[k]+a,, x|k 1]+ ay,x[k—2]—- by, [k]| = by, [k—1] (3.25)
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Figure 3.10 The z-domain signal flow chart of the resonant filter controller.

3.3. P+Resonant Controller

The resonant filter controller structure discussed in the previous section forms the
heart of the output voltage control system for the four-leg inverter based UPS.
However, the resonant filter bank based controller of the four-leg inverter based UPS
shown in Figure 3.2 must be accompanied by additional controller blocks for
superior overall performance. One of the control components that is beneficial to this
system is the proportional gain controller. For the purpose of improving the UPS
voltage control loop bandwidth and dynamic performance a proportional feedback
control loop can be added to the system. In this case since the proportional controller
is in parallel with the resonant controller, the total feedback control structure
becomes as shown in Figure 3.11. The voltage error, which is the difference between
the reference voltage and the measured voltage, is multiplied with a proportional gain
(K,) and added to the inverter reference voltage as shown in Figure 3.11. The
proportional gain mainly improves the UPS performance during loading transients
where the voltage error is large. Additionally it enhances the output voltage THD, as
it compensates for the frequency components higher than the largest frequency
component of the resonant filter bank. It also helps further reduce the steady-state
error due to the imperfection of the resonant filter bank for the voltage harmonics

which are within the resonant filter bank bandwidth.
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Figure 3.11 The per-phase control block diagram of the P+Resonant controller.

Since the proportional control element is in parallel with the resonant filter bank, the
gain and phase characteristics of the resonant filter provided in the previous section
are modified when the proportional control element is added. Figure 3.12 shows the
gain and phase characteristics of the ideal resonant filter when a proportional
controller is added. Comparing Figure 3.1 (the ideal resonant filter without
proportional gain) and Figure 3.12, it becomes obvious that while the gain
characteristics are the same for both structures, the phase characteristics are different.
The phase angle in the resonant frequency range remains the same, but below and
above the resonant frequency the phase angle decreases from the 90° and -90° values
to significantly smaller values (approaching zero) as the frequency deviates from the
resonant frequency. Figure 3.13 shows the gain and phase characteristics of the
dampened resonant filter with proportional gain. Similar to the ideal resonant filter
case, in the dampened resonant filter case also, the proportional gain improves the
phase characteristic of the controller. In this case, also the proportional gain

improves the finite resonant controller gain (K, +K),).

Considering the damped and phase advanced resonant filter banks of Figure 3.8 and
Figure 3.9, the inclusion of the proportional controller, the modified controller gain
and phase characteristics become as shown in Figure 3.14 and 3.15. While the gain
characteristics improve slightly at the higher frequencies, the phase characteristics of
the new structure change significantly. The phase characteristics of the former
figures vary between -180° and 180° while those of the latter vary between -90° and
90°. Also as in the former case the phase characteristics move upwards with

frequency as can be seen more clearly with the case with K, than without.
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3.4. The Effect of The Capacitor Current Feedback on The Controller

Performance

The resonant filter bank controller provides superior steady-state performance.
However its dynamic response is limited and proportional gain alone can not
improve the dynamic response of the controller. In order to obtain high dynamic
performance, the filter capacitor current feedback loop (with a K,; gain) which
provides active damping and improves the load disturbance rejection characteristic

[14] is added to the resonant filter controller.

Transformerless UPS systems have high energy efficiency implying that the LC
output filter has low damping (especially at no-load and light-load) and loading
transients and harmonic loads may cause disturbances that can not be damped well
by the losses in the internal elements of the UPS. As a result waveform distortion and
oscillations may occur. To improve the performance of the UPS, a capacitor current
feedback based active damping loop is utilized. Figure 3.16 shows the block diagram
of the UPS system with the capacitor current feedback. In the figure, the active
damping loop compensates the output voltage oscillations and load current
disturbances via the inverter and stabilizes the output voltage. Since the load current
transients are immediately reflected on the capacitor (but not on the filter inductor),
the capacitor feedback signal is a proper signal to compensate the load current
disturbances. The output voltage oscillations can also be compensated by the active
damping loop as the capacitor current is proportional to the derivative of the
capacitor voltage [14]. In the three-phase four-leg inverter based UPS, utilizing the
capacitor current feedback based active damping loop along with the resonant filter
bank, the superior steady-state performance of the resonant filter is complemented
with the superior dynamic performance of the active damping loop, yielding an
overall superior UPS system control performance. The capacitor current feedback
additionally helps decrease the high frequency harmonic content of the output

voltage as this controller compensation characteristics improve with frequency.
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The influence of the capacitor current feedback loop on the UPS system control
performance can be analytically investigated and its positive influence can be
proven. In order to investigate the effect, the reference voltage to output voltage and
load current to output voltage transfer functions will be derived with and without the
active damping loop. This model is shown in Figure 3.17 and the transfer function is
expressed in (3.26). Considering the equivalent model (Figure 3.17.b) of the UPS
system and providing an active damping loop via multiplying the capacitor current
with the active damping gain of K,; and subtracting this signal from the reference
voltage as shown in Figure 3.17.a, the actively damped system model can be
obtained. Including the capacitor current feedback in the control loop, the voltage

command to output transfer function of the UPS becomes as in (3.27).

DSP VS Physical System
Sy
ek * >
Var v | §_. S . ,Lfﬁ Veun
i g 2 ol
Y B | C
Active ViRl Ot T |2
Damping K, I < 2:: -
Loop I -
A .
[ i
Leg < Ca Fe?dback
Signal

Figure 3.16 The four-leg inverter based three-phase UPS system block diagram with

the capacitor current feedback for active damping.
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Figure 3.17 Per-phase UPS system model with the capacitor current feedback based

active damping loop, (a) the basic block diagram, (b) equivalent block diagram.
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Equation (3.27) shows that the input to output transfer function of the UPS system
involves the active damping loop as if the active damping gain K, is an effective
resistor to damp the oscillations. Considering that this equation is a second order
transfer function of a system with a damping coefficient of { and a natural frequency
of ®,, the damping term of (3.29) can be identified by comparison with (3.29) and
the damping can be found as in (3.30). In this derivation the filter inductance
equivalent series resistor 1 is accounted for and it is important for the purpose of
illustrating the magnitude of improvement the active damping loop provides. With
the filter parameters being constant and r; being small, the K,; gain appears to play a
significant role in determining the characteristic equation and the stability behavior

of the system.

w;
5%+ 2Cwys +w;

’C
C: L_fw (330)
g’

Since the equivalent series resistance of the filter inductor is usually small, it can not

H(s)= (3.29)

provide significant damping and selecting the K,; significantly larger the system
damping can be enhanced. At the same time, this implies that in such a case the
effect of the filter inductance ESR can be neglected. Thus, the effectiveness of the
active damping loop can be measured by the value of the active damping gain K, in
comparison with the filter inductor ESR. The larger the active damping gain, the

higher the damping and the more stable the system.

For the purpose of illustration the effect of the capacitor current feedback based
active damping on the command to output voltage transfer function Gy(s) defined in
(3.27) 1s plotted for the actively damped and without active damping cases in Figure
3.18. As the figure illustrates, without active damping, around the resonant frequency

of 750Hz the gain reaches 50dB which indicates very poor damping. With the

100



inclusion of the active damping loop, the resonant peak is significantly suppressed

and the resonant frequency is shifted to about 1 kHz and the phase margin is

enhanced greatly.
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Figure 3.18 The gain and phase characteristics of the Gy(s) with (dashed: K,;~=15)

=10mQ.

=30uF, rp

1.5mH, C

and without (solid) active damping for L

3.5. The Full Control Structure of The Four-Leg Inverter Based UPS System

The three-phase four-leg inverter based UPS to be implemented in this thesis is

controlled by the resonant filter bank controller based system with the proportional

controller and capacitor current feedback based active damping loop. The control
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system block diagram is shown in Figure 3.19 in detail. In the diagram the control
structure is primarily shown for one of the phases and the other phases also have
identical controller structure. As the figure illustrates, the capacitor current feedback
loop is included and the sampling rate should be as high as possible (typically at the
same rate as the PWM frequency). As can be seen from the figure, voltage

feedforward is also added for improved command tracking performance.

| VSI
Feedforward (V) Signal Physical System
S )
VZ P+Resonant = 5 Sl
an
—«»@» Filter Bank g p=] la
5 A Controller o =
Can 3 "8
v
Active K o | 2 |
Damping| 24
Loop - :
oop I Measurement fe
Delay Feedback
DSP Measurement|  Signals
Delay B

Figure 3.19 The control system block diagram of the four-leg inverter based

three-phase UPS system.

3.6. Stability Analysis of The Overall Control Structure

In this section the design of the UPS control system given in Figure 3.19 will be
discussed and the stability will be investigated. Replacing the physical elements of
the UPS system with equivalent control blocks, the system of Figure 3.19 can be
represented with a continuous time system block diagram shown in Figure 3.20. In
the diagram, each component of the UPS system is modeled with an appropriate

continuous time transfer function block which will be detailed in the following
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discussion. Employing this model, the system stability can be investigated via tools
such as Routh-Hurwitz stability criterion and controller gain limits for stability can
be established. Based on the control bandwidth requirements the controller

parameters can then be optimized.

] Current
Gain [€—F—— ]

jC (s) Transducer IC (s)

r — — — — — - — — — T
Ve(s) B | LC FILTER |
+ Vinv(S) VL (S)l IL (S) - |
+ Filter Filter J—<
Controller Inverter 1 . 2.
+ |{Inductor Capacitor ||
N Ve (s) — I, S 1
VC ( S) myv
1,(s)
Voltage < . VC (S) VC (S)
Transducer

Figure 3.20 General per-phase control block diagram of the closed loop output
voltage controlled UPS system.

The mathematical models of the blocks in the control diagram of Figure 3.20 involve
details of the specifics of these elements. Figure 3.21 shows the block diagram which
includes these elements with their simplified s-domain mathematical models. The
UPS system control block diagram involves the measurement delay, sampling delay,
and PWM delay blocks. As will be discussed in the fifth chapter in detail, in this
thesis the controller will be implemented on a digital platform. For that purpose a
Digital Signal Processor (DSP) will be employed and the control algorithm will be

implemented via software.
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Figure 3.21 Detailed per-phase control block diagram of the closed loop output
voltage controlled UPS system.

In the implemented system the output voltages, which are the main control variables
of the four-leg inverter based UPS system, are measured by isolated voltage
transducers with considerable delay and applied to the digital control unit as the
feedback signals of the closed loop system. This results in a measurement delay
(Tmeasure) Of 40 ps. Thus, the measurement delay in Figure 3.21 can be modeled with
a first order delay transfer function with unity gain and 40 us time constant for

output voltage measurement.

Current transformers are utilized in the experiments to measure the capacitor
currents. The current transformers have a bandwidth of several kilohertz. As the
bandwidth could not be measured, an approximate bandwidth of 20 kHz (50 us time
delay) will be assumed for the current transformer measurement delays. Similar to
the modeling of the voltage measurement delay, current measurement delay can be

modeled with a first order delay transfer function where the time constant is 50 ps.

The measured feedback signals are input to the analog-to-digital (A/D) converter of

the DSP and the feedback signals are regularly sampled at the PWM frequency.
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Since the A/D converter settles in a finite time length, there is a delay (t4p)
associated with the A/D converter, which is typically a few microseconds or less.
The sampled feedback signals are utilized in the control algorithm to generate the
voltage reference signals (V¢ ), which are applied to the PWM blocks at the end of
the sampling period (7). Since in a discrete time controller the control functions
involve computations, a computation delay (t.omy) corresponding to the number of
processor instruction cycles from the beginning to the end of the code is generated.
The PWM pulse generator accepts command signals at most twice per PWM
frequency (twice update). As a result, there is an idle time between the instant where
the reference voltage is ready and when the PWM signal can be updated. The A/D
conversion time, the computation delay time and the idle time can all be lumped in
one delay element and termed as the sampling delay (ts.mp) Which equals to at least
half a PWM cycle. If the PWM signal is updated twice per cycle the sampling delay
is half PWM cycle. If the PWM signal is updated once per PWM cycle, the sampling
delay is one PWM cycle.

The PWM block generates the required gate logic signals to drive the switching
devices in the four-leg inverter. The inverter per-PWM cycle average model is a
voltage amplifier with unity gain and first order delay element with a PWM delay
(tpwm). If the PWM signal is updated every half PWM cycle, the PWM delay is a
quarter PWM cycle. If the PWM signal is updated once per PWM cycle, the PWM
delay is half of a PWM cycle. For example, as shown in Figure 3.3, for the double
update case, the PWM delay is Ty/4.

For the sake of simplicity, the delays, which are discussed above and illustrated in
Figure 3.21, can be considered as total system delay and can be modeled with an
equivalent single delay block as shown in Figure 3.22. The system in Figure 3.22 can
be represented with lumped control block diagrams as shown in Figure 3.23. In the
diagram, G.(s) is the transfer function of the controller, G,(s) is the transfer function
of the inverter reference voltage to output voltage, and G;(s) is the transfer function

of the load current disturbance to output voltage.
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Figure 3.22 The reduced order per-phase continuous time model based block

diagram of the closed loop output voltage controlled UPS system.
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Figure 3.23 Equivalent per-phase block diagram of the closed loop output voltage
controlled UPS system.

The transfer functions of Figure 3.23 are given in the following equations. As a
controller P+Resonant type controller is considered. For simplification, single
resonant frequency controller rather than a resonant filter bank takes place in for the
stability analysis. The transfer function of this controller is given in (3.31). Based on
the given transfer functions, G,(s) and Gj(s) can be calculated as given in (3.32) and

(3.33).

2K s
G =K +—-" 3.31
C(S) p S2+(ma)e)2 ( )
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1

- - (3.32)
T,L,C5"+C (L, +T,r,)s” +[ Cp(K g +1,)+T, |s+1

G,(s)=

—(Lfs +7r,)(1+s7,)
T,L,C,s* +C (L, +T,r)s* +[ C (K g +1,)+ T, |s+1

Gy(s) = (3:33)

In order to investigate the stability of the given linear system, the Routh-Hurwitz
stability criterion will be employed [33]. For this purpose the output voltage will be
expressed in (3.34) in terms of numerator and denominator terms C(s), D(s), and R(s)

as given in (3.35), (3.36), and (3.37). R(s) is the characteristic equation of the control

system.

_CE) ey D)
Ve(s)= RG) Ve(s)+ RG) 1,(s) (3.34)
C(s)=K,s* +2K, s+ K ,(mw,)’ (3.35)
D(S):—(Lf-S—i—I"L)(l—f—STT)(SZ —l—(mwe)z) (3.36)
R(s)=a,s’ +a,s* +a,s +a;s* +a,s + as (3.37)

In the above denominator term (R(s)), the coefficients are given in terms of the
circuit parameters and controller parameters in equations (3.38), (3.39), (3.40),

(3.41), (3.42), and (3.43).

a,=L,C,7; (3.38)
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a,=Cp(tpr,+L;) (3.39)

a,=Cy(r, +77L (mw,)’ +K,g)+7; (3.40)
a,=C(mw,) (71, + L, )+ K, +1 (3.41)
a, = Cf(mwe)2 (rL +Kad)—|—Kim + 7, (mw,)? (3.42)
as = (mw,)’ (Kp + 1) (3.43)

The Routh-Hurwitz stability criterion states that the necessary (but not sufficient)
condition for stability is that all the coefficients of the characteristic equation R(s)
must be positive. Since for system stability negative feedback is employed, all the
controller coefficients K4, Kim, and K, must be positive by definition. With this
assumption, reviewing the above coefficient equations, it can be clearly seen that all
the coefficients are positive for positive controller gains. Thus, the necessary
condition for stability is satisfied. The sufficient condition involves ordering the
coefficients according to the Routh-Hurwitz criterion ordering table shown in Table
3.1, and then obtaining the additional coefficients b;, by, ci, ¢, di, €; defined in

(3.44), (3.45), (3.46), (3.47), (3.48), and (3.49).
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Table 3.1 Routh-Hurwitz stability criterion table

s a, a, a,
s* 1 3 as
s b, b, 0
s’ ¢, c,

s d, 0

1 ¢

b= al“%l%"s =C (K, +r,)+ T%:LT;LTJ: IZ L (3.44)

b,= a‘a%l% = Ky + (K, +1,)C, (mw,)? — K”Zi:ﬁ }f T as)

(= ha; —bya, K 41— C,(rrr, +L,)C (mw,)r, +K,,) (3.46)
b, C,K,—71K,

c, :bla%lbﬂl: (mw,)? (K , +1) (3.47)

d = @ (3.48)

e = @ = (mw,)’ (K, +1) (3.49)

1

Assuming that L,>7;r;, and K, ,>r; the above coefficients can be

approximated in the following equations.
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b=C,K,—7,K (3.50)

p

b, =K, +(mw,)’ (C K, —7K,) (3.51)
C,LK,,
=K, +1- - (3.52)
CfKad - TTKP

Gk L,C,(mw,) (C/K g —7,K,)
(K, +1)(C, K,y —7:K, |~ L,C,K,,

1= "%im

(3.53)

The sufficient condition for the stability requires that the elements of the first column
of the array should not change sign and also not be zero. This constraint can be met if
the conditions of (3.54), (3.55), (3.56), and (3.57) are met simultaneously. Thus, the
controller design should adhere to these conditions and the parameters must satisfy

these equations.

TTKP
3.54
C (3.54)

s

for b>0 = K >

(K, +1)(C/ K, —7:K,)

K, :
for ¢>0 = K, < LC, (3.55)
K,,>0
for d; >0 (3.56)
K, +1 2
K., <(C/-Kad . K ) chf —(mw,) ]
Jor >0 = K, >-1 (3.57)
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3.7. A Controller Design Example

In the following, an example design will be numerically investigated. In this
example, output voltage control of a four-leg inverter based UPS system is
considered. The per-phase model is utilized. Thus, a single phase control system will
be discussed. The output voltage of the UPS system is controlled by a P+Resonant
controller. Resonant filter bank contains fundamental component of the output
voltage controller (for m=1) and compensators for the first six dominant harmonics
(for m=3, 5, 7, 9, 11, 13). The capacitor current feedback is employed for active
damping and also suppressing the harmonics above the 13™ harmonic and below the
resonant frequency, and the voltage feedforward is utilized for improved command
tracking in the given example. The filter parameters of the UPS system to be utilized
in the upcoming simulation and experimental work chapters are considered. The
coefficients of the controller structure are chosen to satisfy the Routh-Hurwitz
stability criteria. The inverter is assumed to be operating at 10 kHz switching
frequency. The UPS LC filter and controller parameters of the considered system are

given in Table 3.2.

In order to study and illustrate the control performance characteristics of the UPS
system, the simplified linear UPS system model is simulated by utilizing MATLAB-
Simulink. Although the real system is implemented with discrete time controller and
the inverter is also a discrete element, for the sake of simplicity the system control
behavior will be modeled in continuous time. In MATLAB-Simulink, the control
system blocks will therefore be modeled with s-domain equivalents. The MATLAB-
Simulink block diagram of the per-phase control of the UPS system is shown in
Figure 3.24. In order to model the measurement, computation, PWM etc. delays, the
total system delay is chosen as 200us which corresponds to two PWM periods for the
discrete-time implementation with 10 kHz switching frequency. For given filter
parameters the cut-off frequency of the LC filter is 750 Hz. In the model, capacitor

current feedback based active damping is added to the inverter reference voltage.
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Table 3.2 The filter and controller parameters utilized in the UPS model.

Vref

Out1

Delay

P+Resonant
Controller

Filter parameters
Inductor Ly | 1.5mH
Internal resistance L 10 mQ
Capacitor Cr | 30uF
Controller parameters
Capacitor current feedback gain Kaa 15
Proportional gain K, 1
Fundamental component controller gain K; 100
3™ harmonic component controller gain K3 50
5™ harmonic component controller gain Kis 100
7™ harmonic component controller gain K; 100
9™ harmonic component controller gain Ko 10
11™ harmonic component controller gain K 15
13™ harmonic component controller gain K3 10
Kad
e
>LE- - _1» — 1 » !
T’@’ 200e-65+1 1.5e-3s+10e-3 30e-6s
Vref Total System Inductor Capacitor

‘:(P Load Current

A

B N

Vout

Figure 3.24 The simplified per-phase control model of the UPS system in

MATLAB-Simulink.
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In the study the filter delay compensation and damping values will be kept as
variable and the input voltage to output voltage transfer function (showing command
tracking) and load current to output voltage transfer function (showing load
disturbance rejection) characteristics will be investigated. For this purpose, three
cases given in Table 3.3 are considered. In Case 1 in the table, the phase
compensation increases with the frequency linearly and the damping decreases with
frequency linearly. In Case 2 in the table, the phase compensation for the 9™ , 11",
and 13™ harmonic is advanced 50% more compared to Case 1 and the damping
remains the same as Case 1. In Case 3, only the 11™ and 13" harmonic damping
differ compared to Case 2. In this final case the damping for these harmonics is not
decreased compared to Case 2 and it is kept at a constant damping value equal to that

of the fundamental frequency damping.

Table 3.3 The damping term and the phase shifting term of components of the

resonant filter bank for various cases

Fundamental
and 3rd’ Sth, 9th 1 lth 13th
7" harmonic | harmonic harmonic harmonic
components | component | component | component
(m=1,3,57) (m=9) (m=11) (m=13)
Om 2Tymo, 2Temw, 2T¢mw, 2T¢mw,
Case 1
Cn 1/(1007-m) | 1/(100m-m) | 1/(100m-m) | 1/(1007-m)
Om 2Tymw, 3Tymw, 3Tymw, 3Tymw,
Case 2
- 1/(100m'm) | 1/(100mm) | 1/(100mm) | 1/(1007-m)
O 2Tymw, 3Tymw, 3Tymw, 3Tymw,
Case 3
Cn 1/(1007tm) | 1/(100m-m) 1/(1007) 1/(1007)

In the studies, “Linear Analysis Tool” of the MATLAB is utilized to obtain the gain
and phase characteristics of both input-to-output and disturbance-to-output transfer

functions of the UPS system model for the cases given in Table 3.3.
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The command to output transfer function, which indicates the command following
performance of the UPS should be with high gain until the resonant frequency of the
LC filter. Since the command signal at the fundamental frequency is the reference
voltage and at all harmonic frequencies the command is zero, with a sufficiently high
gain and bandwidth, the UPS output voltage will follow the command. Since the no-
load operating point provides the lowest damping operating point, this operating
point can be considered as the most challenging. Figure 3.25 shows the command to
output phase and magnitude characteristics for the three cases in Table 3.3.
Considering all the cases in Table 3.3, the gain is high at all the filter design
frequencies. However, for Case 1 the selectivity is high, in particular at higher
frequencies. This results in poor performance in varying fundamental frequency
applications and also fixed fundamental frequency operation but with a fixed point
signal processor implementation as discussed in the earlier sections of this chapter.
Since Case 2 only improves the phase angle compensation but not the damping, the
selectivity is still high at higher frequencies resulting in a narrow frequency band for
the controller higher frequency components. In Case 3, the damping is improved as
the selectivity is decreased especially at the higher frequencies where damping is
needed the most. In Figure 3.26, the higher frequency range of the controller gain
and phase characteristics are shown in detail to support this argument. Thus, the
phase and damping coefficients of Case 3 provide superior overall performance over

the given controller bandwidth which is about 650-700Hz.
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Figure 3.25 The gain and phase characteristics of the input-to-output transfer

function (command tracking) of the closed loop output voltage controlled UPS
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(red: Case 1,
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Figure 3.26 The detailed illustration of Figure 3.25,
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The disturbance to output transfer function (V,(s)/Io(s)=2(s)) is the UPS output
impedance which ideally should be zero for all frequencies. Especially for the
nonlinear load cases where the load current harmonics can be large in magnitude, the
output voltages can be distorted when the impedance is high. Therefore, in the
designed controller the impedance should be as low as possible within the bandwidth
of the controller. Figure 3.27 shows the output impedance magnitude and phase
characteristics for the three cases. The UPS provides high harmonic rejection for all
the characteristic harmonics within the control bandwidth for all the cases. However,
detailed view of the waveforms in Figure 3.28 shows that the selectivity of Case 3
parameters is less implying this case provides better performance for varying
frequency and also fixed point implementation applications. From the diagrams it
can also be seen that the active damping loop shifts the maximum impedance point to
higher frequencies than the resonant frequency and avoids the resonance problem.
Since the capacitor filter at the output filters out all the high frequency harmonics of
the load above the resonant frequency, the output performance becomes superior

overall.
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Figure 3.27 The gain and phase characteristics of the disturbance-to-output transfer
function (output impedance) of the closed loop output voltage controlled UPS system

for several cases, (red: Case 1, green: Case 2, blue: Case 3).
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Figure 3.28 The detailed illustration of Figure 3.27,
(red: Case 1, green: Case 2, blue: Case 3).
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With the filter design methodology established in this section, the coefficients can be
easily obtained via MATLAB or an alternative software tool. With all the filter
coefficients apm, aim, @m, Dim, bam being constant and off-line calculated, the
implementation on a DSP is an easy task. Inclusion of the voltage feedforward,
capacitor current feedback based active damping, and a proportional gain to the

structure the filter dynamic performance is further enhanced.

3.8. Anti-Windup Limiter Design For Resonant Filter Controllers

Under normal operating conditions the system exhibits performance defined by the
control parameters and can be predicted as shown in the previous section. However,
under strong transients if the reference voltage becomes larger than what the DC bus
voltage of the inverter can provide, the output voltage of the inverter saturates
(overmodulation occurs). As a result the system becomes nonlinear. Since the
resonant filter controllers effectively involve integral and proportional control terms,
during inverter saturation windup may occur and overshoot and sluggish response
may be created. For that purpose, anti-windup limiters must be employed in the
resonant filter controllers and once overmodulation occurs the anti-windup limiters

must be activated to limit the integrators [34], [35].

There can be various ways to limit the integrators of the controller during
overmodulation. One simple method involves freezing the variables when an
overmodulation occurs. According to this approach, the overmodulation is detected
from the commanded modulation signals and the modulator outputs (calculated
switch duty cycles). If an overmodulation condition is detected, the variables of the
resonant filter banks (y[k]) are maintained at their previous values. If the
overmodulation state is exited from, then the variables are allowed to change. In

Figure 3.29 the basic principle of the anti-windup limiter is illustrated.
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Figure 3.29 P+Resonant controller with anti-windup limiter.

This chapter investigated the resonant filter bank controller for UPS output voltage
control. It has been shown that the resonant filter bank approach provides high
overall performance. With the help of the active damping loop the stability of the
controller could be improved. Finally anti-windup methods are discussed. The next
section involves performance evaluation of the control and modulation methods
suitable for the four-leg inverter based UPS by means of detailed computer

simulations.
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CHAPTER 4

PERFORMANCE ANALYSIS OF THE FOUR-LEG INVERTER BASED
THREE-PHASE UPS SYSTEM BY MEANS OF COMPUTER
SIMULATIONS

4.1. Introduction

In order to verify the theoretical studies of Chapter 2 and Chapter 3, a three-phase,
four-leg inverter based UPS system is investigated by means of computer simulation
in this chapter. For the purpose of investigation, a three-phase four-leg inverter based

5kVA UPS with 120 Vrms per phase and 50 Hz output rating is considered.

In this chapter, first the UPS system simulation power stage model is established and
then the control and PWM algorithms are implemented. The resonant filter bank
based controller parameters are tuned by trial and error. Given the practically
optimized parameters, the UPS performance under steady-state and dynamic
operating conditions for various load types is investigated by detailed computer
simulations. The chapter will conclude with a study of modulator performance

characteristics and comparison of MLDPWM and other modulators will be provided.

4.2. Modeling of The Four-Leg Inverter Based Three-Phase UPS System
The computer simulations are carried out by utilizing the Ansoft-Simplorer computer

simulation package program [40]. Ansoft-Simplorer is graphic window based power

electronic circuit simulator in which the power electronics system is formed by
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picking and placing the required components on its graphic window. This graphic
window is also called the circuit schematic diagram of the program. The simulation
results, which are the waveforms of the voltages or currents generally, are displayed
on the graphic window. In the day-postprocessor window, the waveforms obtained
from the simulation results are evaluated by utilizing the analysis tools such as
harmonic calculator, THD calculator, etc. In the simulations the diodes and IGBTs of
the power converter topology are modeled by system level models of these elements.
The simulation model circuit diagram of the power stage of the four-leg inverter
based three-phase UPS system is given in Figure 4.1 with its building blocks defined
on the same figure. These blocks are the three-phase AC utility grid, three-phase full-
bridge uncontrolled rectifier, DC bus capacitors, three-phase four-leg inverter, LC

filter, and load, from input to output respectively.

The utility grid is modeled as a three-phase Y-connected AC voltage source with
220Vrms/phase (380Vrms line-to-line) and 50Hz ratings. It has equivalent series
impedance that consists of a resistor with 20mQ/phase and an inductance of
100puH/phase. The DC bus is obtained from a three-phase full-bridge diode rectifier.
Thus, it draws non-sinusoidal currents from the AC grid. An additional three-phase
AC line reactor with 3mH/phase inductance value is inserted in series with the AC
line such that the line current quality is improved. The rectified DC voltage is
smoothed by the two series connected DC bus capacitors with each capacitor having
a value of 2200uF and yielding a total equivalent DC bus capacitance of 1100uF.
Thus, the DC bus voltage of the four-leg inverter is obtained as approximately 540V.

The additional parameters used in the system are listed in Table 4.1.

The computer simulations of the system shown in Figure 4.1 are conducted for
various operating conditions for the purpose of performance investigation. The
simulations are carried out by utilizing sufficiently small integration step size in
order to minimize the computational errors and obtain high accuracy. The parameters
of the system level switching device models utilized in the simulations are given in
Table 4.2. The minimum integration step size is selected as 50 ns so that the

simulation results are accurate.
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Figure 4.1 Power stage of the four-leg inverter based three-phase UPS system drawn with the Simplorer schematic program.
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Table 4.1 System parameters utilized in the simulation model

Equivalent inductance (sum of line and filter 31 mH
AC line |inductances per-phase)

Internal resistance (of the line, per phase) 20 mQ

Voltage 540V
DC bus | Capacitor (Cdc1=Cdc2) 2200 pF

Bleeding resistor (Rb1) 30 kQ

Phase inductor 1.5 mH
Output | Internal resistance of inductor 400 mQ
Filter Phase capacitor 30 uF

Neutral leg inductor 500 uH
UPS Power (three-phase total) 5kVA
Output | Voltage (phase to neutral) 120 Vims
Ratings | Frequency 50 Hz

Table 4.2 System level semiconductor device model parameters

Device | Forward voltage (V) | Bulk resistance (mQ) | Blocking resistance (k<)
Diode 1.5 1 100
IGBT 2.5 1 100

In the simulations all the control functions are implemented using the equation

blocks of Simplorer [40]. The equation blocks of Simplorer are executed at a preset

rate which could be different than the integration step size. In this case the equation

block execution rate is set as 50us for all the simulations conducted. In the equation

blocks, the physical system to be experimentally investigated in the next chapter is

modeled in the simulation in detail as much as possible. In particular the

measurement and computation delays are included in the simulation for they affect

the control behavior of the system significantly.
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Various load types are utilized in the UPS system model in the simulations to
investigate the both modulator and controller performance. The load types and
connection diagrams are shown in Figure 4.2 and the load parameters are listed in
Table 4.3 and Table 4.4. By selecting various connection configurations between the
UPS output terminals and load terminals, all the loading cases considered in Table

4.3 and Table 4.4 can be configured.

3-phase
full-bridge  Contactor

rectifier

UPS output UPS output
precharge R
terminals terminals bld
T~ §
5 a E A Cdc
% E E N —N—e
[a )
£ o |B b zS|B - vV, R§
- )
éo 2 C c E)D 2 C C e
5 8 L 8 |
) N o _N T
83 S 9] - R
Linear load Nonlinear load

Figure 4.2 Load types utilized in the computer simulations.

Table 4.3 Linear load types utilized in the computer simulations

Unbalanced load
Balanced load

Line-neutral Line-line
Z,=R,=8.5Q | Z,:Open-circuit | Zo, = Ryp=14.5 Q
Zp=Rp=85Q | Zy=Rp=85Q | Z: Open-circuit

Z.=R.=85Q | Z.:Open-circuit | Z, : Open-circuit
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Table 4.4 The DC bus RC load parameters for nonlinear load types utilized in the

computer simulations

Unbalanced load
Balanced load
Line-neutral Line-line
Ryc = 24Q Ry =24Q Ry =42Q
Cic=1.1 mF Cic=1.1mF Cic=1.1mF

4.3. Simulation Results

In this section, the performance of the four-leg inverter based three-phase UPS
system is evaluated by means of the computer simulations. As a first step the output
voltage control system is considered. The resonant filter bank based controllers are
designed and their control parameters are found by the trial and error method. Since
each controller is decoupled from the others, the controllers are tuned in a sequence.
Via this approach also the degree of improvement each controller provides can be
seen clearly. Once all the controllers are tuned, the design procedure gets completed.

Following the completion of the controller design stage, the steady-state performance
of the UPS system is evaluated under various loading conditions such as linear,
nonlinear, balanced, and unbalanced. Then the dynamic performance of the UPS is
examined under severe loading transients. The final section of this chapter involves
investigation of the switching ripple and switching loss characteristics of the scalar
PWM methods. Specifically the modulator developed in this thesis, the MLDPWM
method will be investigated in detail and compared to other modulators in terms of

overall performance.

4.3.1. Trial and Error Based Controller Parameter Tuning Procedure

For the purpose of tuning the controller the nonlinear balanced load shown in Figure
4.2 is utilized. Due to its high content of harmonics, this load provides challenging

characteristics and creates large amount of harmonic distortion at the output voltage
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when the control performance is poor. The load parameters are the same as in Table
4.4. The control method involved is the resonant filter bank structure, one bank per
phase (Figure 3.19). In the controller voltage feedforward is utilized. In the
simulation the switching frequency is set as 10 kHz and the sampling rate is set twice
as the switching frequency, 20 kHz. This is to do double updating of the feedback
and output signals for higher bandwidth. The modulator utilized in this procedure is
the SVPWM method throughout. In the tuning procedure the UPS output voltage

quality determining factors, THD,, CF, and VR are the prime elements observed.

The tuning procedure is conducted as follows. First, open loop operation is tested.
Then, the fundamental component resonant filter is added and the integral and
proportional gains of the controller are tuned. Then, based on the observation of
output voltage harmonic spectrum, the inclusion of the next resonant filter is decided
upon; the most dominant harmonic has the highest priority. Once the resonant filter
for this harmonic is built and tuned, this harmonic is suppressed and the next
dominant harmonic is taken into consideration. Then the resonant filter for this
harmonic is added and tuned. This procedure continues until the highest intended
harmonic is suppressed to a sufficient degree. Along the procedure, the proportional
gain and also the active damping gain are incremented from the initial value of zero
to values that enhance the performance. The method of tuning each filter component
is based on the degree of improvement. Every filter parameter is increased to a point
where it is no more beneficial to further increase the parameter. The gain of each
resonant filter is tuned by trial and error. However, the phase delay compensation
and the damping of the filters are not based on trial and error. Rather, the phase delay
compensation and damping of each resonant filter are found from Case 3 of Table
3.3 which was shown to be the best choice in terms of performance. Given the phase
compensation and the damping values found from this table, the coefficients of the
discrete time resonant filter controller equation (3.25) are calculated from (3.20) to

(3.24) and placed in the Simplorer discrete time calculator function equation block.

The procedure is summarized in Table 4.5, where the control parameter values,

sequence of parameter tuning, and the resulting performance are shown. The related
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output voltage waveforms and their harmonic spectrum are shown in Figure 4.3
through Figure 4.20. From here on and throughout the thesis, in all the figures, the
scaling information is given as follows. If a scale of 2.5x is shown in the graphic, this
implies the number is multiplied with 2.5 and its graphic is drawn. Thus the real
value can be found by dividing the number on the graphic by 2.5. During parameter
tuning, in the first stage, the output voltages of UPS system are open-loop controlled.
Only voltage feedforward is involved. Since the load is nonlinear and draws odd
triplen harmonic currents, odd harmonics are seen on the output voltages (Figure 4.3
and Figure 4.4). Thus, the output voltages are distorted and the fifth harmonic
component dominantly appears on the output voltage. At this operating point the
output voltage THD is 12.12% and the voltage regulation is 4.4%. Both are
unacceptable values for practical applications. Then the fundamental component
resonant filter is included in the voltage loop and the integral gain is gradually
increased from zero to 100 and proportional gain is chosen as 0.05. With the
fundamental component controller VR is improved to 0.76% (Figure 4.5 and Figure
4.6). Since the fundamental component controller does not control the output voltage
harmonics THD, value is still poor. Adding the harmonic component controllers to
the resonant filter bank (stages III, IV, and V), harmonic components of the UPS
output voltage are suppressed and the output voltage quality is improved (Figure 4.7
and Figure 4.8 for stage III, Figure 4.9 and Figure 4.10 for stage IV, Figure 4.11 and
Figure 4.12 for stage V). The THD, value is observed as 5.93% at stage V. At this
stage, the gains utilized are at the limit of stability and further increase in the gain
results in output voltage oscillation as the system has poor damping. To enhance the
system stability, in stage VI, the capacitor current feedback is added to the controller
structure for active damping and the stability of the UPS system is improved. With
the active damping loop enabled, harmonic components at higher frequencies are
suppressed and the controller gains of the harmonic components at lower frequencies
can be increased to higher values as the active damping loop increases the system
stability (Figure 4.13 and Figure 4.14). In the next three stages (stages VII, VIII, I1X),
the gains of the harmonic component controllers are further increased without any
oscillations at the UPS output voltage (Figure 4.15 and Figure 4.16 for stage VII,
Figure 4.17 and Figure 4.18 for stage VIII, Figure 4.19 and Figure 4.20 for stage IX).
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Since the harmonic components of the UPS output voltage are suppressed
significantly, a high quality UPS output voltage is obtained with the tuned controller
parameters. With the designed resonant filter controller, the THD, is decreased from
12.12% to 1.55% and the UPS output voltages are well-regulated, the VR value is
decreased from 4.4% to 0.1%. Note that the crest factor of the load increases from
1.66 to nearly 2.5 and this is due to the fact that as the output impedance of the UPS
is decreased by means of the control mechanism, the UPS becomes a more ideal
voltage source and the nonlinear load draws more peaky currents from the UPS. As a
final remark, it should be noted that the controller gains obtained at the final stage
(Stage 1X) meet the Routh-Hurwitz stability criteria and these gains will be utilized

for performance evaluation of the UPS system.
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Table 4.5 Resonant filter controller gain tuning and steady-state performance improvement stages

of the UPS output voltage (computer simulation results)

6¢Cl

' THD,
Stage Controller Gains CF VR (%)
(%)
I Openloop | 12.12 1.66 4.4
II Fundamental frequency controller added Ki=100, K,,=0.05 13.2 1.65 0.76
11 5" and 7™ harmonic controllers added Kis=15, K;=15 8.85 2.08 0.33
vV 11" and 13™ harmonic controllers added Kiii=3, Kii3=1 5.97 223 0.09
\4 3" and 9™ harmonic controllers added Ki3=5, K;o=3 5.93 224 0.12
VI Capacitor current feedback added, K.=15. K.=1 341 227 0.08
proportional gain increased ad= i

VII 5™ and 7™ harmonic controllers updated K.=75.  K.-=75 254 230 0.05
(K;s and Kj; increased) 1570 17

viir | 11" and 13" harmonic controllers updated Ko=15. Kee10 157 2 44 0.08
(K11 and Kj;3 increased) 2 i13

IX 3" and 9" harmonic controllers updated Ko=50. Ke=10 1.55 749 0.10
(Kj; and Kj9 increased) 13755 9
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Figure 4.3 Three-phase output voltages and one phase load current

(green, scale: 2.5x(the original number is multiplied by 2.5 and plotted)) during

open-loop operation at balanced nonlinear full-load (Stage I of Table 4.5).
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Figure 4.4 The harmonic spectrum of the output phase voltage for open-loop

operation at balanced nonlinear full-load (Stage I of Table 4.5).
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Figure 4.5 Three-phase output voltages and one phase load current
(green, scale: 2.5x) closed-loop operation at balanced nonlinear full-load

(Stage II of Table 4.5).
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Figure 4.6 The harmonic spectrum of the three-phase output voltages during closed-

loop operation at balanced nonlinear full-load (Stage II of Table 4.5).
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Figure 4.7 Three-phase output voltages and one phase load current
(green, scale: 2.5x) closed-loop operation at balanced nonlinear full-load

(Stage III of Table 4.5).
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Figure 4.8 The harmonic spectrum of the three-phase output voltages during closed-

loop operation at balanced nonlinear full-load (Stage I1I of Table 4.5).
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(green, scale: 2.5x) closed-loop operation at balanced nonlinear full-load

Figure 4.9 Three-phase output voltages and one phase load current

(Stage IV of Table 4.5).
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Figure 4.10 The harmonic spectrum of the three-phase output voltages during

closed-loop operation at balanced nonlinear full-load (Stage IV of Table 4.5).
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(green, scale: 2.5x) closed-loop operation at balanced nonlinear full-load

Figure 4.11 Three-phase output voltages and one phase load current

(Stage V of Table 4.5).
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Figure 4.12 The harmonic spectrum of the three-phase output voltages during

closed-loop operation at balanced nonlinear full-load (Stage V of Table 4.5).
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Figure 4.13 Three-phase output voltages and one phase load current
(green, scale: 2.5x) closed-loop operation at balanced nonlinear full-load

(Stage VI of Table 4.5).
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Figure 4.14 The harmonic spectrum of the three-phase output voltages during

closed-loop operation at balanced nonlinear full-load (Stage VI of Table 4.5).
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Figure 4.15 Three-phase output voltages and one phase load current
(green, scale: 2.5x) closed-loop operation at balanced nonlinear full-load

(Stage VII of Table 4.5).
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Figure 4.16 The harmonic spectrum of the three-phase output voltages during

closed-loop operation at balanced nonlinear full-load (Stage VII of Table 4.5).
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Figure 4.17 Three-phase output voltages and one phase load current
(green, scale: 2.5x) closed-loop operation at balanced nonlinear full-load

(Stage VIII of Table 4.5).
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Figure 4.18 The harmonic spectrum of the three-phase output voltages during

closed-loop operation at balanced nonlinear full-load (Stage VIII of Table 4.5).
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Figure 4.19 Three-phase output voltages and one phase load current (green, scale:
2.5x) closed-loop operation at balanced nonlinear full-load

(Stage IX of Table 4.5).
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Figure 4.20 The harmonic spectrum of the three-phase output voltages during closed-

loop operation at balanced nonlinear full-load (Stage IX of Table 4.5).
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4.3.2. Steady-State Performance Evaluation of The Resonant Filter Controller

at Various Operating Conditions

The resonant filter controller designed in the previous section will be tested under
various steady-state operating conditions and its performance indices will be
displayed and compared for the purpose of evaluating the feasibility of the method.
No-load, linear balanced and unbalanced full-load, and nonlinear balanced and
unbalanced full-load operating conditions will be considered and computer
simulations for all these cases will be executed and the results will be summarized.
The SVPWM method with 10 kHz carrier and 20 kHz sampling and update rate is
utilized throughout these simulations. The UPS output ratings are the same as those
listed in Table 4.1. Therefore, the load parameters are also the same as the above

section (Table 4.3 and Table 4.4).

The controller structure to be utilized in this section is the same as the previous
section and also shown in Figure 3.19. In order to illustrate the influence of each
controller component on the steady-state performance, various controller
combinations will be considered. The controller cases and the performance results
are listed in Table 4.6. In this table the controllers are labeled as Case A, Case B,
Case C, and Case D. The controller gains of case A correspond to Stage II of the
previous section. Controller gains of case B correspond to Stage V of the previous
section. Controller gains of case C are unique to this section and they are determined
by trial and error (K;;=100, K,~15, K,,=1). The controller gains of Case D are the
same of Stage IX of the previous section which were considered as the optimal gains
for the system. For this case, the computer simulation waveforms are also shown in
detail in Figure 4.21 through Figure 4.48 corresponding to the loading conditions
listed in the Table 4.6.
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Table 4.6 The steady-state performance of the UPS under various loading conditions

(A range is given when noticeable differences exist among the three-phase

quantities)
Without capacitor With capacitor
current feedback current feedback
Q p— — — —
8 2 wn 2 S S} o~ 8 v o 8 o L A
= 5|88 S 822|888
2 |E5g|EZs3/EE3EEsEz
o TS |BEEZE TSR E £
82§28 gl 5agl52¢8¢8
EEgEIES SElEEEES &£
28525558/285/2855
~ = ° 7|k = ©°
No-load THDv (%)| 0.7 0.6 0.8 0.28 0.24
CF 1.42 1.42 1.42 1.43 1.43
Linear
VR (%) 7.2 0.0~0.1 | 0.05 0.0 0.1
balanced load
THDv (%)| 0.6 0.6 0.35 0.3 0.2
Linear CF 1.42 1.43 1.43 1.43 1.43
line-neutral | VR (%) | 3.3~9.8 0.1 0.06 0.3 0.3
unbalanced load | THDy (%)| 1.2~1.42 |1.2~1.46| 0.9~1.05 | 0.4~0.8 | 0.3~0.46
Linear CF 1.42 1.42 1.42 1.43 1.42
line-line VR (%) | 0.0~8.3 0.1 0.0~0.1 [0.0~0.13| 0.18
unbalanced load | THDy (%) 0.63~0.88 [0.93~1.17| 0.73~0.95 [0.3~0.48| 0.4
CF 1.66 1.65 2.24 1.84 2.6
Nonlinear
VR (%) 4.4 0.9 0.2 0.15 0.1
balanced load
THDv (%)| 12.03 13.2 5.93 5.9 1.55
Nonlinear CF 2.29 2.33 2.86 2.46 3.21
line-neutral | VR (%) | 2.3~5.44 | 0.2~1.1 | 0.0~0.4 |0.1~0.3 | 0.05
unbalanced load | THDy (%)|4.66~13.8 | 6.8~15.0| 3.58~9.0 [2.35~8.0| 0.7~2.1
Nonlinear CF 2.3 2.34 2.94 2.52 3.26
line-line VR (%) | 0.2~3.5 | 0.0~0.8 | 0.0~0.3 [0.0~0.15| 0.0~0.1
unbalanced load | THDy (%)| 0.6~10.8 |1.1~13.0| 1.23~8.7 [0.3~5.86| 0.3~3.21
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The influence of the controller components utilized can be observed from Table 4.6
clearly. While the open-loop performance is poor overall, the closed loop
performance depends on the controller type employed. In all the cases voltage
regulation improves with the use of the fundamental component resonant filters.
Even with unbalanced loads, the fundamental component is well regulated. While the
harmonic component resonant filters improve the output voltage waveform and clean
out the low frequency dominant harmonics, they can not eliminate or reduce the high
frequency output voltage harmonics. The active damping loop suppresses the high
frequency output voltage harmonics to the degree of its capability which is limited to

the measurement, computation, and PWM delays.

The steady-state performance improvement can be best seen in the nonlinear load
operating condition. In this case, under open loop operating conditions, the output
voltage harmonics are significant and the current waveform is quite flat. With the
harmonic compensators and active damping loop being activated, the UPS output
impedance is lowered over a wide range of harmonic frequencies. Thus, a nonlinear
load drawing harmonic currents does not cause an output voltage distortion. This
implies that the UPS is approaching an ideal voltage source which has zero output
impedance and ideal internal voltage. Thus, in Table 4.6, it can be seen that the crest
factor increases significantly and the nonlinear load current becomes more and more
spiky with the higher performance controller structure. When utilizing both capacitor
current feedback and harmonic controller components in the controller structure, the

highest performance results are obtained for all the considered load conditions.

In the following the inverter and output voltage/current waveforms are discussed for
the case where all the controllers are utilized (Case D in Table 4.6) and compared
with the open loop operation waveforms. Figure 4.21 shows that under no-load open
loop operating condition the output voltage is sinusoidal and clean. Closed loop
operation under no-load brings marginal improvement as shown in Figure 4.22. The
inductor currents for all the inverter legs are small and mainly consist of the PWM

ripple as shown in Figure 4.23. The SVPWM modulation signals for all the four legs
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of the inverter are shown in Figure 4.24 and it can be seen that the operation is
steady-state balanced. While the DC bus voltage is +270V, the peak of the
modulation signals is +150V indicating that the DC bus voltage utilization

(modulation index) is not very high.

Figure 4.25 shows the output voltages and currents for the full resistive load
operating conditions for the open loop control method. Except for voltage regulation
the performance seems satisfactory. Closed loop operation for the same load is
illustrated in Figure 4.26 where it is seen that the voltage regulation is restored.
Figure 4.27 shows the inductor currents where the ripple is not a part of the full
current and the ripple current of the fourth leg is slightly larger than the three-phase
legs. In Figure 4.28 the modulation signals are shown and it can be seen that the
controller generates larger voltage commands so that the fundamental frequency
voltage drop on the filter inductors is compensated by the inverter so that the output

voltage is restored to the rated value (compared to Figure 4.24).

Figure 4.29 shows the single-phase linear balanced load operating condition voltage
and current waveforms for open loop control. In this case it can be seen that the
loaded phase has a larger voltage drop than the other two, implying output voltage
unbalance and also poor voltage regulation. Closed loop control, as shown in Figure
4.30 helps restore the balance and voltage regulation on the output of the UPS.
Figure 4.31 shows the inductor currents and from here it is clear that the fourth leg
provides the path for the unbalanced zero sequence current. Also from the figure it
can be seen again that the ripple on the fourth leg is larger than the active phase leg
ripple current. Finally, Figure 4.32 shows the modulation waves. It is clear from the
modulation waveforms that in order to provide balanced output voltages the inverter
must provide unbalanced modulation signals. In the figure the active phase
modulation signal is slightly extended outwards to provide voltage compensation for
the voltage drop on this phase. Also the fourth leg modulation signal is no more a
simple triangular shaped waveform with three times the fundamental frequency

(compare with Figure 4.28) but it has some lower frequency signal on it.
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Figure 4.21 Steady-state three-phase output voltages during open-loop operation

under no-load operating condition.
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Figure 4.22 Steady-state three-phase output voltages during closed-loop operation

under no-load operating condition.
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Figure 4.23 Steady-state inductor currents during closed-loop operation under

no-load operating condition.
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Figure 4.24 Steady-state modulation signals during closed-loop operation under

no-load operating condition.
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Figure 4.25 Steady-state output voltages and load currents (scale: x3) during

open-loop operation under linear balanced full-load operating condition.
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Figure 4.26 Steady-state output voltages and load currents (scale: x3) during

closed-loop operation under linear balanced full-load operating condition.
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Figure 4.27 Steady-state inductor currents during closed-loop operation under linear

balanced full-load operating condition.
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Figure 4.28 Steady-state modulation signals during closed-loop operation under

linear balanced full-load operating condition.

146



?:S ’ /-—\évan / s /VCch » /(vCar
o0 \/\/ /

500 .g /f vjlon

\

™)

\
\VaN

-100 \\h \ 1/ \\

by

-150 \-—‘/ S —
-200
100 102 104 106 108 110 112 114 116 118 120
t[ms]

Figure 4.29 Steady-state output voltages and load currents (scale: x3) during

open-loop operation under linear line-neutral unbalanced full-load operating

condition.
200 VCbn VC VCan
150 b=~ ~" AT T “~
N e
100 \ / ]
. oa
50 o lon il A

N
T NLX
Z-so ;'( S( """‘-\

X

-100 / \
/ .
-150 ™ L e S — -~
-200
100 102 104 106 108 110 112 114 116 118 120
t[ms]

Figure 4.30 Steady-state output voltages and load currents (scale: x3) during
closed-loop operation under linear line-neutral unbalanced full-load operating

condition.
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Figure 4.31 Steady-state inductor currents during closed-loop operation under linear

line-neutral unbalanced full-load operating condition.
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Figure 4.32 Steady-state modulation signals during closed-loop operation under

linear line-neutral unbalanced full-load operating condition.
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For the line to line unbalanced resistive full load case the open loop control operation
waveforms are shown in Figure 4.33. As can be seen that the output voltage
unbalance is significant and the regulation is poor. Shown in Figure 4.34 the closed
loop operating waveforms indicate that the voltage balance and regulation are
restored. As shown in Figure 4.35 the inductor currents associated with the two
active output phases are of opposite sign and same magnitude. The fourth leg current
is only consisting of the PWM ripple. As in the line to line unbalanced load case
there is no zero sequence current component, the fourth leg has no load on it. As a
result the modulation signal of the fourth leg is supposed to be the same. As Figure
4.36 confirms this fact, the modulation signals of the active phases are unbalanced

and the fourth leg modulation signal is unaltered.

In Figure 4.37 the open loop controlled nonlinear balanced fully loaded operating
condition output voltage and current waveforms are shown. In addition to the voltage
regulation problems, here a significant output voltage harmonic distortion appears.
Employing the high performance output voltage control algorithm, as shown in
Figure 4.38, the output voltage harmonics are significantly improved and the voltage
regulation is restored. In this case the crest factor is increased from 1.66 to 2.6 which
is a prime indicator of the output voltage waveform improvement. Also note that the
load currents become sharper and two rabbit ears appear instead of one per half
cycle. As shown in Figure 4.39, the inductor currents take the shape of the load
current and the load harmonic currents are compensated from the inverter instead of
flowing through the output capacitors and causing output voltage distortion. Since
the load is balanced the fourth leg current is small and negligible. As it provides the
harmonic currents, the inverter must generate modulation signals accordingly. The
modulation signals shown in Figure 4.40 confirm this fact. The modulation signals
are highly distorted but still balanced as a consequence of the fact that the load is
balanced. Also it should be noticed that the voltage utilization in this case is quite
high. The modulation signals reach +220V which is quite close to the maximum
available values of £270V. As a consequence of balanced operation and quite
negligible fourth leg current, the modulation signal of the fourth leg retains its shape

similar to the linear balanced load case.
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Figure 4.33 Steady-state output voltages and load currents (scale: x3) during

open-loop operation under linear line-line unbalanced full-load operating condition.
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Figure 4.34 Steady-state output voltages and load currents (scale: x3) during

closed-loop operation under linear line-line unbalanced full-load operating condition.
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Figure 4.35 Steady-state inductor currents during closed-loop operation under linear

line-line unbalanced full-load operating condition.
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Figure 4.36 Steady-state modulation signals during closed-loop operation under

linear line-line unbalanced full-load operating condition.
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Figure 4.37 Steady-state output voltages and load currents (scale: x2.5) during

open-loop operation under nonlinear balanced full-load operating condition.
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Figure 4.38 Steady-state output voltages and load currents (scale: x2.5) during

closed-loop operation under nonlinear balanced full-load operating condition.
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Figure 4.39 Steady-state inductor currents during closed-loop operation under

nonlinear balanced full-load operating condition.
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Figure 4.40 Steady-state modulation signals during closed-loop operation under

nonlinear balanced full-load operating condition.
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The waveforms for the single-phase nonlinear unbalanced load operation with open
loop and closed loop control are shown in Figure 4.41 through Figure 4.44. As can
be seen from the output voltage and current waveforms in Figure 4.41, the distortion
is significant and the voltage regulation is quite poor. The closed loop control highly
improves the output voltage and as a consequence the load current waveform
becomes sharper as shown in Figure 4.42. As Figure 4.43 illustrates the single-phase
unbalance current comes from the fourth leg. Finally, as Figure 4.44 shows, the
modulation signals are highly distorted and the zero sequence signal is large and
involves a lower frequency component than the three times the output voltage

fundamental frequency.

For the line to line unbalanced full load case the open loop control operation
waveforms are given in Figure 4.45 through Figure 4.48. As Figure 4.45 shows, the
open loop operation results in poor output voltage regulation and quality. The closed
loop controller restores the output voltage waveform quality and regulation as shown
in Figure 4.46. The current becomes sharper and the crest factor increases. The
inductor currents are similar to the load currents as shown in Figure 4.47, so that the
capacitor voltage is not distorted via the load current harmonics. As shown in Figure
4.48 the modulation signals are distorted for the active phases, but the fourth leg
modulation signal is the same as the linear unbalanced case as this leg carries no load

current.

It can be concluded from these studies that the high performance output voltage
controller involving resonant filter banks provides satisfactory performance over a
wide range of loads. The output voltage regulation and waveform quality are within
the high performance UPS standard values. Thus, it can be stated that the method
helps the practical UPS approximate the ideal UPS which has zero internal
impedance and ideal internal voltage which equals the rated voltage under all

operating conditions.
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Figure 4.41 Steady-state output voltages and load currents (scale: x2.5) during
open-loop operation under nonlinear line-neutral unbalanced full-load operating

condition.
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Figure 4.42 Steady-state output voltages and load currents (scale: x2.5) during
closed-loop operation under nonlinear line-neutral unbalanced full-load operating

condition.
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Figure 4.43 Steady-state inductor currents during closed-loop operation under

nonlinear line-neutral unbalanced full-load operating condition.
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Figure 4.44 Steady-state modulation signals during closed-loop operation under

nonlinear line-neutral unbalanced full-load operating condition.
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Figure 4.45 Steady-state output voltages and load currents (scale: x2.5) during
open-loop operation under nonlinear line-line unbalanced full-load operating

condition.
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Figure 4.46 Steady-state output voltages and load currents (scale: x2.5) during
closed-loop operation under nonlinear line-line unbalanced full-load operating

condition.
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Figure 4.47 Steady-state inductor currents during closed-loop operation under

nonlinear line-line unbalanced full-load operating condition.
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Figure 4.48 Steady-state modulation signals during open-loop operation under

nonlinear line-line unbalanced full-load operating condition.
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4.3.3. Dynamic Performance Investigation of The Four-Leg Inverter Based

Three-Phase UPS System By Means of Computer Simulations

One important performance indicator of UPS systems is the response to impact
loading. During sudden loading transients the load current is mostly drawn from the
output capacitors and therefore the output voltage dips significantly and fails to
follow the command. In an ideal UPS the output voltages during and after the
loading instants are unaffected by loading and closely follow the reference voltage.
In a practical UPS the amount of voltage dip and the duration of the sag should be
relatively small. Similar to a sag condition excited by a loading transient, a surge
condition may occur during load removal transients and in this case the voltage surge
and duration must be negligible. In a high performance UPS, the output voltage is
controlled with a high bandwidth controller such that the loading transient based
disturbances are rejected by the controller. In this section, the loading transients of
the developed UPS control system will be tested and the influence of each controller
on the dynamic performance of the UPS will be identified by means of computer

simulations.

The worst case loading dynamics occur under resistive loading and specifically when
the loading transient is started at the maximum voltage level of the output voltage.
Since the resistive load draws current with the same shape as the voltage, when a
resistive load is connected to the UPS at the peak of the output voltage, then
maximum load current is drawn and the UPS output voltage experiences a large dip
instantaneously. For this reason, the dynamic performance test of the developed
controller will be conducted in the following: while the UPS is operating at no-load
at steady-state, a three-phase resistive rated load will be switched on. In the three-
phase system one of the phases is observed and the switching instant is selected to be
the instant where this phase voltage is the peak value. Then, the output voltage and
the current of this phase will be observed along its capacitor and inverter current. The
resulting voltage dip, the settling time, and the approximate volt-seconds lost will be

reported.
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In order to illustrate the effect of each control component of the resonant filter bank
based controller developed in the previous chapter and shown in Figure 3.19,
computer simulations will be conducted for various controller component
combinations and the results will be interpreted. Table 4.7 shows the controller
combinations investigated and the voltage dip, settling time, and lost volt-seconds.
The control gains as shown in the table are the same as those finalized in section

4.3.1 Stage IX.

Based on the data on Table 4.7, and the waveform of Figure 4.49, it can be seen that
the open loop dynamic performance is poor as the dip is 88V (nearly 50%) and the
settling time is longer than a millisecond. From the table it can also be seen all
controller combinations without active damping (cases 2 to 8) provide small
incremental improvement in the dynamic performance. While the harmonic
compensators provide a small reduction in the settling time, they increase the output
voltage oscillations noticeably. The proportional gain provides marginal reduction in
the oscillations. The fundamental component controller does not have any notable
influence on the dynamic performance as the duration of the dynamics is too small
compared to the fundamental cycle. With all the controllers included except for the
active damping controller, the voltage and current waveforms are shown in Figure
4.50. It can be seen that the inverter current responds slowly to the loading transient
and the capacitor current is large, resulting in a deep and long sag in the output

voltage.

With the active damping loop enabled but all other controllers disabled, the dynamic
test gives significantly better results compared to the first 8 cases. This is case 9 in
the table and it is shown in Figure 4.51 in detail. In this case, the voltage dip
decreases by about 25% and therefore the lost volt-seconds improve by the same
amount. This is due to the direct effect of the active damping loop. The increase in
the load current is compensated by the inverter (rather than the capacitor) via the
active damping loop. However, the compensation is not instantaneous. The capacitor
current is measured with a delay (approximately 40us), the controller computes the

active damping term (50us) and the PWM pulse pattern is generated and becomes
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effective with an average delay of (25us). This total delay of approximately 115us is
the response time of the active damping loop. This implies the active damping loop is
ineffective within the first 110us. During this time the voltage dip occurs. However
once the inverter responds, the inverter takes charge and increases the inductor
current to match the load current such that the capacitor voltage will not further dip.
With the active damping loop being enabled, if the other controllers are activated the
controller that has any significant influence on the dynamic performance is the
proportional gain. As cases 10 to 16 in Table 4.7 show, the proportional gain
improves the settling time noticeably (from 1.1ms to 0.79ms). The waveform for this
case is shown in Figure 4.52. The other controllers have marginal influence and
when all are present (case 16, Figure 4.53) the total lost volt-seconds is 20mVs

which is less than half of the open-loop case (46.2mVs).

The above computer simulation based investigations illustrate that the active
damping loop is vital for the dynamic performance of the UPS. Not only the steady-
state waveforms improve, the controller gains can be increased due to enhanced
stability, but the impact loading transients can be efficiently manipulated. Thus, a
high UPS performance with very small lost volt-seconds during loading transients

can be achieved.
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Table 4.7 Influence of controller components on the UPS dynamic performance

Fundamental

controller Harmonic K. | At(ms) | AV (V) o

components (V-ms)
K; K,y

Case 1 0 0.00 | Uncontrolled | 0.00 1.05 88 46.2

Case 2 0 0.00 Controlled 0.00 1.0 88 44.0
Case 3 100 | 0.00 | Uncontrolled | 0.00 1.05 88.5 46.46
Case 4 100 | 0.00 Controlled 0.00 1.0 88 44.0
Case 5 0 0.05 | Uncontrolled | 0.00 1.07 85 45.48
Case 6 0 0.05 Controlled 0.00 1.07 85 45.48
Case 7 100 | 0.05 | Uncontrolled | 0.00 1.09 83 45.235
Case 8 100 | 0.05 Controlled 0.00 1.08 83 43.2

Case 9 0 0.00 | Uncontrolled | 15.00 1.0 65 325
Case 10 0 0.00 Controlled 15.00 1.07 62.5 33.44
Case 11 | 100 | 0.00 | Uncontrolled | 15.00 1.1 67.5 37.12

Case 12 | 100 | 0.00 Controlled 15.00 1.1 70 38.5
Case 13 0 1.00 | Uncontrolled | 15.00 0.79 70 27.65
Case 14 0 1.00 Controlled 15.00 | 0.65 66.5 21.61
Case 15 | 100 1.00 | Uncontrolled | 15.00 0.65 69 2243
Case 16 | 100 | 1.00 Controlled 15.00 | 0.58 69 20.0
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Figure 4.49 Output voltage (black), load current (red, x5), inductor current (green,

x2.5), and capacitor current (blue, x2.5) waveforms of the open-loop controlled UPS

during loading transient (Case 1 of Table 4.7).

200
150 P WA\

ZERIAN
A VAN

N
S N
/ N

AN
-150 *_,/f =

-200
100 102 104 106 108 110 112 114 116 118 120
t[ms]

Figure 4.50 Output voltage (black), load current (red, x5), inductor current (green,
x2.5), and capacitor current (blue, x2.5) waveforms of the closed-loop controlled

UPS during loading transient (Case 8 of Table 4.7).
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Figure 4.51 Output voltage (black), load current (red, x5), inductor current (green,

x2.5), and capacitor current (blue, x2.5) waveforms of the closed-loop controlled

UPS during loading transient (Case 9 of Table 4.7).
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Figure 4.52 Output voltage (black), load current (red, x5), inductor current (green,
x2.5), and capacitor current (blue, x2.5) waveforms of the closed-loop controlled

UPS during loading transient (Case 13 of Table 4.7).
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Figure 4.53 Output voltage (black), load current (red, x5), inductor current (green,
x2.5), and capacitor current (blue, x2.5) waveforms of the closed-loop controlled

UPS during loading transient (Case 16 of Table 4.7).

4.3.4. Investigation of Switching Ripple and Switching Loss Characteristics of
Various PWM Methods

This section investigates the modulator switching ripple and loss characteristics for
SVPWM, DPWMI, and MLDPWM. Based on the study results the modulator
performances are evaluated and compared. The methods will be evaluated for linear
balanced resistive and lagging power factor load cases, for line to neutral unbalanced
linear resistive load, for nonlinear balanced and single-phase unbalanced load. For
the linear resistive load case the full-load power operating condition is tested. For the
linear inductive load the output kVA is kept at the rated value. For the nonlinear

balanced and unbalanced loads, the power rating is half the UPS power rating.

Throughout the modulator performance studies closed loop control is involved and

the high performance resonant filter controller structure shown in Figure 3.19 is
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utilized. The controller coefficients are the same as those of Stage IX of Table 4.5.
The carrier frequency is 20 kHz and the sampling rate is also the same as the carrier
frequency (single update mode). This is done for the purpose of meeting an

experimental constraint to be discussed in the next chapter.

In the study first the balanced load operating conditions are considered and
modulators are compared in terms of their switching ripple and losses. Then single-
phase loading, in other words, the line-to-neutral unbalanced loading case is
considered. Both linear and nonlinear load cases given in section 4.2 will be
considered. The aim of this study is to illustrate the loss mechanism of each
modulator and show the significant differences between MLDPWM and other

modulators.

Figure 4.54 through Figure 4.57 show the SVPWM performance under full resistive
balanced load. As the inductor currents shown in Figure 4.56 illustrate the PWM
ripple current is small for the normal phases and slightly larger for the fourth leg. All
the switches are commutated periodically (Figure 4.57) resulting in an average
switching frequency equal to the PWM frequency. Operating the UPS under the
same conditions but only changing the modulation scheme from SVPWM to
DPWMLI, the ripple and switching losses change considerably. The waveforms for
this operating condition are shown in Figure 4.58, Figure 4.59, and Figure 4.60. As
Figure 4.58 shows the DPWMI1 modulation waves indicate that commutations will
be discontinuous. This affects the locked phase inductor currents (Figure 4.59). The
phase that ceases commutation has larger ripple which is nearly the same as the
fourth leg ripple current. Figure 4.60 shows that each phase is locked to the DC rail
for a total of 120° so that the switching losses are reduced. In this case, since the load
is resistive, the inverter load (consisting of the UPS load and capacitive filter) power
factor is near unity and the switching losses of the phase legs decrease to the
minimum possible value. For this operating condition DPWM1 and MLDPWM have
the same performance as was discussed in the second chapter. Therefore, waveforms

for MLDPWM will not be shown.
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Figure 4.54 Steady-state three-phase output voltages and load currents (scale: x3)

during SVPWM operation under linear balanced full-load.
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Figure 4.55 Steady-state modulation signals during SVPWM operation under linear

balanced load.
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Figure 4.56 Steady-state inverter output currents during SVPWM operation under

linear balanced load.
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Figure 4.57 Steady-state output voltage (black), modulation signal (orange), load
current (green, x3), inductor current (blue, x6), switch signal (red, x0.1) during

SVPWM operation under linear balanced load.
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Figure 4.58 Steady-state modulation signals during DPWM1 operation under linear

balanced load.
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Figure 4.59 Steady-state inverter output currents during DPWM1 operation under

linear balanced load.
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Figure 4.60 Steady-state output voltage (black), modulation signal (orange, x0.7),
load current (green, x3), inductor current (blue, x6), switch signal (red, x0.1) during

DPWMI operation under linear balanced load.

Next, the 0.8 lagging power factor balanced RL load operating condition is
considered. Since SVPWM performs the same regardless the power factor angle, the
carrier frequency and the average switching frequency remain the same. Thus the
losses are independent of the load power factor in SVPWM. The ripple is also
independent of the power factor for SVPWM. Therefore, waveforms for this case are
not illustrated. Performance characteristics of the DPWMI1 and MLDPWM methods
are evaluated at linear balanced inductive load condition and the waveforms in
Figure 4.61 through Figure 4.64 show the DPWMI performance under inductive
balanced load. The load currents lag the output voltages by approximately 37°
(Figure 4.61). As shown in Figure 4.62, the DPWMI1 modulation waves have the
same shape as in the balanced resistive load condition. The inductor current is not
aligned with the output voltage. And as a consequence, the 2x60° segments in which
the currents are maximum and the 2x60° segments in which the current ripple is
maximum are phase shifted by the power factor angle (Figure 4.63, Figure 4.64).

Since the inverter leg with the largest current is not clamped to the DC rail for some
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intervals, in this method the switching losses are not minimal, except for the unity
power factor case. On the other hand, the MLDPWM selects the phase with the
largest current and it decreases the switching power loss under lagging power factor
load condition. Figure 4.65 shows the MLDPWM modulation waves. Comparing
Figure 4.62 and Figure 4.65, the discontinuity regions are shifted to right with
displacement angle for MLDPWM. Shifting the discontinuity region causes the
switching ripple to appear at the larger values of the inverter output current as
illustrated in Figure 4.66. Since commutation ceases at the larger values of the
inverter output current (Figure 4.67), switching losses are reduced substantially.
Therefore MLDPWM is a method performing in the same manner as the generalized

discontinuous PWM method proposed in [31] for the three-leg inverter.
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Figure 4.61 Steady-state three-phase output voltages and load currents (scale: x3)

during DPWMI1 operation under linear balanced inductive load (PF=0.8).
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Figure 4.62 Steady-state modulation signals during DPWM1 operation under linear
balanced inductive load (PF=0.8).
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Figure 4.63 Steady-state inverter output currents during DPWM1 operation under
linear balanced inductive load (PF=0.8).
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Figure 4.64 Steady-state output voltage (black), modulation signal (orange, x0.7),
load current (green, x3), inductor current (blue, x6), switch signal (red, x0.1) during

DPWMI1 operation under linear balanced inductive load (PF=0.8).
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Figure 4.65 Steady-state modulation signals during MLDPWM operation under
linear balanced inductive load (PF=0.8).
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Figure 4.66 Steady-state inverter output currents during MLDPWM operation under
linear balanced inductive load (PF=0.8).
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Figure 4.67 Steady-state output voltage (black), modulation signal (orange, x0.7),
load current (green, x3), inductor current (blue, x6), switch signal (red, x0.1) during

MLDPWM operation under linear balanced inductive load (PF=0.8).
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In the next stage, the performance of the scalar modulation methods is evaluated
under linear line to neutral unbalanced load condition. Figure 4.68 shows the output
voltages and load currents; since this figure is observed same for all modulation
methods, it is given just for SVPWM method. The characteristic waveforms, shown
in Figure 4.69, are nearly the same as in balanced linear load case for SVPWM.
Figure 4.70 illustrates the DPWMI1 modulation waves. The symmetry of the
modulation signals is lost for the purpose of obtaining balanced output voltages. The
commutation of the loaded phase (phase “a”) ceases in a larger region than other
phases and this affects the switching ripple characteristics as given in Figure 4.71.
The MLDPWM modulation signals are illustrated in Figure 4.73. As discussed in
Chapter 2, the loaded phase switches are locked to the DC rail for a total of 240° and
hence the switching losses are decreased further. As given in Figure 4.74, the
switching ripple is shown on the loaded phase inductor current at clamped regions.

Figure 4.75 clearly shows the waveforms of the loaded phase.
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Figure 4.68 Steady-state three-phase output voltages and load currents (scale: x3)

during SVPWM operation under linear line-neutral unbalanced load.
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Figure 4.69 Steady-state output voltage (black), modulation signal (orange), load
current (green, x3), inductor current (blue, x6), switch signal (red, x0.1) during

SVPWM operation under linear line-neutral unbalanced load.
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Figure 4.70 Steady-state modulation signals during DPWMI1 operation under linear

line-neutral unbalanced load.
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Figure 4.71 Steady-state inverter output currents during DPWMI1 operation under

linear line-neutral unbalanced load.
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Figure 4.72 Steady-state output voltage (black), modulation signal (orange), load
current (green, x3), inductor current (blue, x6), switch signal (red, x0.1) during

DPWMI operation under linear line-neutral unbalanced load.
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Figure 4.73 Steady-state modulation signals during MLDPWM operation under

linear line-neutral unbalanced load.
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Figure 4.74 Steady-state inverter output currents during MLDPWM operation under

linear line-neutral unbalanced load.
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Figure 4.75 Steady-state output voltage (black), modulation signal (orange, x0.7),
load current (green, x3), inductor current (blue, x6), switch signal (red, x0.1) during

MLDPWM operation under linear line-neutral unbalanced load.

Figure 4.76 illustrates the output voltages and load currents under nonlinear balanced
half-load operation. For all investigated modulation methods, these waveforms have
approximately the same shape. Thus these results will not be repeated. In terms of
modulation waves, there are differences. Shown in Figure 4.77, the SVPWM
modulation waves for this case are not the same as those of the linear balanced load
case (compare with Figure 4.55). The modulation signals are harmonic rich but not
very peaky. The fourth leg modulation signal remains approximately same as in
linear balanced load condition. Figure 4.78 shows output voltage, load current,
inductor current switching signal, and modulation signal of one phase during
SVPWM operation under nonlinear balanced half-load condition. DPWMI1
modulation signals for this operating condition are given in Figure 4.79. Switching
operations cease a total range of 120° for each phase leg as in the balanced linear
load condition. Figure 4.80 represents the one phase characteristic waveforms for
DPWMI operation. In Figure 4.81 and Figure 4.82 the MLDPWM modulation and

voltage/current waveforms under balanced nonlinear load condition are given.

179



Comparing the DPWM1 and MLDPWM switching characteristics, it can be seen that
MLDPWM always considers the load current magnitude and locks to the largest
current as much as possible while the DPWMI1 method operates with fixed lock-out

characteristic yielding higher switching losses (compare Figure 4.80 to Figure 4.82).

As a final study, the nonlinear line to neutral unbalanced half-load operating
condition is considered. Figure 4.83 through Figure 4.85 show the SVPWM
performance for this condition. As the waveforms indicate, the modulation signals
are harmonic rich and unbalanced. Figure 4.86 and Figure 4.87 show the DPWMI
waveforms and Figure 4.88 and Figure 4.89 show the MLDPWM waveforms. It can
be seen that the MLDPWM method clamps to the larger phase currents for a longer
time than the DPWM1 method yielding switching loss reduction.

200 v % v

150 Can N C{)n /\/“—"\\\‘\ Ce /.‘_;“-—-A\\\
100 \ : \ )/ . N/
XXX XTI K
WAV VARV G/ Ve

-100 Y
/f \\ J / \

-200
100 102 104 106 108 110 112 114 116 118 120
t[ms]

Figure 4.76 Steady-state three-phase output voltages and load currents (scale: x2.5)
during SVPWM operation under nonlinear balanced half-load.
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Figure 4.77 Steady-state modulation signals during SVPWM operation under

nonlinear balanced half-load.
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Figure 4.78 Steady-state output voltage (black), modulation signal (orange), load
current (green, x3), inductor current (blue, x5), switch signal (red, x0.1) during

SVPWM operation under nonlinear balanced half-load.
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Figure 4.79 Steady-state modulation signals during DPWMI1 operation under

nonlinear balanced half-load.
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Figure 4.80 Steady-state output voltage (black), modulation signal (orange, x0.7),
load current (green, x3), inductor current (blue, x5), switch signal (red, x0.1) during

DPWMI operation under nonlinear balanced half-load.
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Figure 4.81 Steady-state modulation signals during MLDPWM operation under

nonlinear balanced half-load.
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,Figure 4.82 Steady-state output voltage (black), modulation signal (orange, x0.7),
load current (green, x3), inductor current (blue, x5), switch signal (red, x0.1) during

MLDPWM operation under nonlinear balanced half-load.
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Figure 4.83 Steady-state three-phase output voltages and load currents (scale: x2.5)

during SVPWM operation under nonlinear line-neutral unbalanced half-load.
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Figure 4.84 Steady-state modulation signals during SVPWM operation under

nonlinear line-neutral unbalanced half-load.
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Figure 4.85 Steady-state output voltage (black), modulation signal (orange), load
current (green, x3), inductor current (blue, x5), switch signal (red, x0.1) during

SVPWM operation under nonlinear line-neutral unbalanced half-load.
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Figure 4.86 Steady-state modulation signals during DPWMI1 operation under

nonlinear line-neutral unbalanced half-load.
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Figure 4.87 Steady-state output voltage (black), modulation signal (orange, x0.7),
load current (green, x3), inductor current (blue, x5), switch signal (red, x0.1) during

DPWMI operation under nonlinear line-neutral unbalanced half-load.
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Figure 4.88 Steady-state modulation signals during MLDPWM operation under

nonlinear line-neutral unbalanced half-load.
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Figure 4.89 Steady-state output voltage (black), modulation signal (orange, x0.7),
load current (green, x3), inductor current (blue, x5), switch signal (red, x0.1) during

MLDPWM operation under nonlinear line-neutral unbalanced half-load.
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With the study of modulation waveform characteristics, this chapter concludes. In
this chapter it has been shown by means of detailed computer simulations that the
high performance resonant filter bank controller with active damping provides a
superior solution. Also in the final section the study involving modulation types has
illustrated that the MLDPWM method has comparable PWM ripple to SVPWM but
has lower switching losses than any other method. Thus, it should be favored in
practical applications. The following section involves the practical implementation of
a three-phase four-leg inverter based UPS. The practical results there will hold light

towards the usefulness of the proposed methods.
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CHAPTER 5

EXPERIMENTAL PERFORMANCE INVESTIGATION OF
THE FOUR-LEG INVERTER BASED THREE-PHASE UPS SYSTEM

5.1. Introduction

In this chapter, the experimental performance investigation of the three-phase four-
leg inverter based UPS system is conducted. The scalar modulation methods and the
resonant filter controller structure are employed and the UPS system performance is
experimentally investigated under steady-state and dynamic operating conditions for
linear, nonlinear, balanced, and unbalanced load cases. Thus, the theoretical study
results of Chapter 2, Chapter 3, and the computer simulation studies of chapter 4 are
verified by the experimental work in this chapter. First the experimental system
hardware and software are described, and then the steady-state performance study is

followed by the dynamic performance investigation.

5.2. Hardware Implementation of The Three-Phase Four-Leg UPS System

The four-leg inverter based three-phase UPS system is designed and manufactured at
METU Electrical and Electronics Engineering Department, in the Electrical
Machines and Power Electronics Laboratory. An experimental setup is established to
operate the UPS system. The block diagram of the experimental setup is given in
Figure 5.1. The electrical power circuitry of the overall system is shown in Figure
5.2. The parameters, which are utilized in the experimental setup and experiments,

are given in Table 5.1. Figure 5.3 shows the laboratory prototype four-leg UPS.

189



Electrical power circuitry

3-Phase_| Rectifier and DC link Four-leg
. 3 ) Three-phase Three-phase
AC line -|{ DC bus » smoothing—®|inverter and >
] ) ) LC filters load

voltage capacitors reactor heatsink
Electronic IGBT gate Desat
circuitry signals signals

. Level shifter IGBT gate
DC bus board driver board
voltage (V,,) PWM } Enable

r|_sensor board signals signal \ v v
| - Inductor Capacitor Output
| . Protection
I DSP unit board < current (I, ) || current (I.) || voltage (V)
| oar
| Feedback = sensor board || sensor board| | sensor board
| T | |
| ; 1 | | |
| S1enas Signal [ | |
' R S et 4 | |
: conditioning | _______________________| I !
L > board € ———— I

Figure 5.1 The system block diagram of the experimental setup.
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Table 5.1 Experimental system parameters

Voltage 540V
. 1100 pF (2 series connected
Capacitor capacitors with 2200 pF, 450 V,
10.7 A-rms each)
DC bus |DC link smoothing reactor |1.46 mH
Pre-charge resistor 47Q, (50W)
Bleeding resistor 30kQ, (10 W)
Snubber capacitor 220 nF , (1000V)
Inductor 1.5 mH/phase
Output
Capacitor 30 pF/phase
filter
Neutral leg inductor 500 uH
Rated power 5kVA
UPS
Rated voltage 120 Vims
output
Rated frequency 50 Hz

A three-phase 20 A automatic fuse and a three-phase 25 A circuit breaker are
employed at the utility grid connection point for the protection purpose. The obtained
AC voltage is converted to DC voltage by a 1600 V, 88 A three-phase full-bridge
diode rectifier. IXYS brand, VUOS82-16 NO7 model three-phase full-bridge diode
rectifier is utilized. Two bulk capacitors (Cq.) are connected in series to form the DC
bus of the four-leg inverter. The bleeding resistors (Ryjq), which discharge the DC
bus capacitors when the converter system is shut down and balance the capacitor
voltages normally, are connected across the DC bus capacitors. Each utilized
bleeding resistor has a resistance value of 30 kQ and a power rating of 10 W. To
prevent hazards during a short-circuit condition on the DC bus, a 20 A fast fuse is
employed between the positive terminal of the diode rectifier and the DC bus
capacitor bank. A DC link reactor (L4=1.46 mH with 20 A rms current rating) is
inserted between the rectifier output and the DC bus of the inverter in order to further
improve the input current waveform and reduce the rms current stress on the DC bus

capacitors. A pre-charge resistor (Rprecharge) 1S utilized to limit the inrush current
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during the start-up of the system and the precharge resistor is short-circuited (by-
passed) by means of a manual by-pass switch after the DC bus capacitor is charged
to its steady-state value. The precharge resistance value is equal to 47 Q and it has a
50 W power rating. The DC bus of the three-phase four-leg inverter is constructed by
utilizing a planar bus structure to obtain low parasitic inductance on the DC bus. Two
aluminum plates are mounted on the inverter IGBT modules for positive and
negative DC bus rails. Between these plates an insulation material having an
insulation level of 10 kV is inserted. A snubber capacitor (Cs) for each IGBT module
is inserted across the DC bus terminals of the IGBT module. On each IGBT module
a snubber capacitor is installed so that the switching stress on the IGBTs due to the
parasitic inductances is reduced. The utilized snubber capacitors in the four-leg

inverter have a 220 nF capacitance and 1000 V voltage rating.

The laboratory utility supply is 220Vrms line-to-neutral and 380Vrms line-to-line
voltage. With this utility grid, the three-phase full-bridge diode rectifier is utilized to
convert the AC utility voltage to DC voltage. In this case the maximum achievable
value of the DC bus voltage is 540V. Since the DC voltage level is not sufficient to
produce a 220 Vs UPS output voltage, the rated UPS output voltage is set to 120
Vims 1n this study.

The four-leg inverter is built by using four dual-pack IGBT modules. Semikron
brand IGBT modules, SKM 50 GB 123 D are utilized. The IGBT modules are driven
by the Semikron SKHI 22B gate driver modules. The basic specifications of the
power semiconductors and gate drive circuit utilized in the designed inverter are
summarized in Table 5.2. The gate driver board, which includes four gate driver
modules, converts a PWM signal with +5/0 voltage levels to an isolated and
amplified +15/-7 voltage levels, which is required for the IGBT turn-on and turn-off
operations. The gate driver board outputs +15 V during the conduction interval of the
IGBT and it applies -7 V to the gate terminal of the IGBT during the off interval to
fully discharge the stored gate charge, guarantying the turn-off operation of the
IGBT. While the gate driver module generates the gate voltage for the IGBTs, it also

monitors the collector-emitter voltage for short-circuit failure condition. While the
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IGBT is conducting, if the collector-emitter voltage of the IGBT is higher than the
preset de-saturation limit voltage value, which is slightly larger than Vg, the gate
driver module turns off the IGBT and outputs an error signal to the protection board
(the desat signal). The gate driver module applies the gate voltage to the IGBT gate

terminals via a series gate resistor having a value of 22 Q).

Table 5.2 Specifications of the power semiconductor modules and gate driver

modules utilized in the experimental setup

SKM 50 GB 123 D (IGBT of the dual-pack)
Ves Collector-emitter blocking voltage rating 1200 V
Ic Continuous collector current rating (rms) 50 A
Veesat | Collector-emitter saturation voltage at S0 A | 2.7V
td(on) Turn-on delay time 70 ns
tr Rise time 60 ns
td(ott) Turn-off delay time 400 ns
tr Fall time 45 ns

SKM 50 GB 123 D (Diode of the dual pack)
Vi Forward voltage drop at [;=50 A 2V
IrrM Peak reverse recovery current 23 A
Qn Recovered charge at [;=40 A 2.3 uC

SKHI 22B Gate Driver Module

Vs Supply voltage primary side 15V
Iso Supply current primary side at no-load/max. | 80 /290 mA
Vi Input signal voltage ON/OFF 5/0V
Vir+ Input threshold voltage (High) 3.7V
Vir- Input threshold voltage (Low) 1.75V
Rin Input resistance 3.3kQ
VaGoon) | Turn-on gate voltage output +15V
Vorr) | Turn-off gate voltage output TV
tTD Top-Bottom interlock dead-time min. / max. | no interlock / 4.3 us
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In the UPS system the LC filter design is critical as it determines the resonant
frequency of the filter and the control bandwidth requirements. In the experimental
system, 1.5 mH inductor (Ly) and 30 pF output capacitor (Cy) are utilized to form an
LC filter (per-phase). To suppress the neutral current ripple, a series inductor (L,),
which has an inductance of 500uH, is utilized in the neutral line and connected to the
midpoint of the fourth leg as shown in Figure 5.2. Notice that this inductance is

intentionally selected to be one third of the phase inductances.

Figure 5.3 Laboratory four-leg inverter based three-phase UPS system.

In order to do the load test of the UPS system, in the experiment, mainly two load
types are utilized. Resistive load is preferred for linear load. For nonlinear load a
diode rectifier with DC bus capacitor and a resistive load in parallel with the DC bus
capacitor are used. The parameters of both load types are the same as those defined
in Table 4.3 and Table 4.4. The connection configurations of the loads are also the

same as described in Chapter 4 for and shown in Figure 4.2.
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The resistive load is provided through resistive load banks available at the university
laboratory. Each load bank has 3kW ratings and consists of 12 parallel connected
resistances which can be turned on and off via manual switches. With each resistor
having a value of 192 Q, the resistance of each load bank can be varied from 192 Q
to 192/12 Q in 12 decrements by the manual switches. In order to match the

resistance values required in Table 4.3 a set of load banks is utilized.

For the nonlinear load test, a three-phase full-bridge diode rectifier is built utilizing
an identical module to that used to form the inverter DC bus (IXYS VUOS82-16
NO7). Two bulk capacitors (Cq4.), having 2200 pF capacitance, 450 V DC voltage
rating and 10.7 A rms current rating each, are connected in series to form the DC bus
of the nonlinear load. Also two bleeding resistors (Rpq) with 56 kQ and 5 W ratings
are connected across the DC bus capacitors of the nonlinear load. The same load
bank as discussed for the linear load test is utilized and the load bank is connected
across the rectifier output terminals to form the RC load. The load bank switches are
manipulated such that the resistance values required in Table 4.4 are configured. By
selecting various connection configurations between the UPS output terminals and

load terminals, all the cases considered in Table 4.3 and Table 4.4 can be configured.

The three-phase output voltages of the UPS, the DC bus voltage, the output capacitor
currents, and the inverter output currents are measured for control and protection
purpose. The DC bus voltage of the inverter and the three-phase output voltages are
measured by utilizing the Hall Effect based isolated voltage sensor, LV25-P model
manufactured by LEM. The inverter output currents are measured by utilizing the
same type and different model current sensors, LA 55-P/SP1 model manufactured by
LEM. The capacitor currents are measured by utilizing current transformers which
have 1:200 turns ratio. All the measured signals are scaled and filtered by utilizing
basic operational amplifier circuits and passive noise filters in the signal conditioning
board. The cut-off frequency of the passive filters, which are utilized in the signal
conditioning board, is chosen as 100 kHz. The signal conditioning board provides
feedback signals at the required voltage level (between 0 V and 3 V) for the Digital

Signal Processor (DSP) unit. The inverter output current measurement is utilized
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only for overcurrent protection of the IGBT modules. The scaled and filtered inverter
output currents are supplied to the protection board. The protection board monitors
the overcurrent and IGBT desaturation signals and if an error does not occur, it
enables the IGBT gate signals to be applied to the IGBT gate driver board. If an error
occurs in the UPS system, a disable signal forces all the PWM signals, which are
transferred to the gate driver modules, to low logic voltage level and keeps them at
the low level unless the error state is reset. The level shifter board is designed to
increase the DSP output PWM logic signals from voltage level of 0/3.3V to the level
of 0/5V, which is required by the gate driver module. All the electronic boards are
designed as double layer printed circuit board in order to reduce the Electromagnetic

interference (EMI), which is sourced by the power circuitry.

To implement the UPS output voltage control function and generate the required
IGBT gate signals, a DSP unit is utilized in the experimental system. In the DSP unit,
analog to digital (A/D) conversions, control block calculations, and PWM output
signal generation are carried out. In the experimental set-up, for a DSP, the eZdsp
F2812 board manufactured by Spectrum Digital Inc., is employed to accomplish the
control functions. The features of the eZdsp F2812 board are given in Table 5.3. The
board contains the TMS320F2812 DSP manufactured by Texas Instruments and the
features of TMS320F2812 are given in Table 5.4 [41]. In the implementation, the
UPS system control loops are periodically executed. The control and PWM cycles
are synchronized and they are executed at the same rate. The main DSP code reads
the feedback signals, executes the control loops, generates the PWM duty cycles and
loads the duty cycles to the PWM units. These goals are achieved systematically and
efficiently with the use of the event managers of the DSP. The TMS320F2812 DSP
chip utilized in controlling the UPS system has event managers which have timers
that can be used for generating the PWM signals [42]. Two event managers, EVA
and EVB exist. With each one of them, by utilizing a timer, three comparators and
dead-time generators, three-phase modulation signals can be converted to six PWM
logic signals. For the four-leg inverter since four phases and thus eight PWM logic
signals are required, both event managers must be utilized and the timers used must

be synchronized so that the triangular wave is the same for all modulation waves.
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The synchronization is provided via proper initial value setting of one of the event
manager timers EVA and EVB. From EVA, Timerl and from EVB Timer3 are
utilized in the implementation. Timerl counter (TICNT) of EVA is set to continuous
up/down counting mode to create symmetric PWM pulses. Counting time of the
TICNT is determined by period register of Timerl counter (T1PR), which is
uploaded according to the desired PWM switching cycle (frequency).

When the first timer (Timerl) reaches zero value (underflow) or the full value
(period) an interrupt may be given. To obtain an interrupt at the zero value of
Timerl, the Timerl underflow interrupt (T1UFINT) should be enabled. To obtain an
interrupt at the period value of Timerl, the Timerl period interrupt (TIPRDINT)
should be enabled. If only one of these two interrupts is enabled, the PWM logic
signals are updated once in a PWM cycle and this is called as “single update mode.”
If both of these interrupts are enabled, the PWM logic signals are updated twice in a
PWM cycle and this is called as “double update mode.” Comparing the numbers
loaded in the compare registers with the TICNT and T3CNT, the PWM output logic
signals to the specific phase leg are generated. For each comparison two
complementary output logic signals are generated. The signals are delayed by the
dead-time (tq, which is built into the PWM module of the DSP chip) to avoid shoot-
through in the inverter. Figure 5.4 aids understanding the PWM generation process,
illustrates the period and underflow loading instants and including the effect of dead-

time.

Loading the compare register with the duty cycle of the specific phase leg involves
one instruction cycle of the DSP. In the TMS320F2812 the maximum clock cycle is
150 MHz which corresponds to 6.67 ns instruction cycle. This 6.67 ns delay causes
problems in realizing various PWM methods. The problem arises when the
calculated duty cycle is loaded to the counter at the period instant and its previous
value is not 100% but the calculated value is 100%. This condition is encountered
during implementation of discontinuous PWM methods and specifically either when
loading with single update rate and at the period point or when loading with double

update rate and at the period point. Since during loading at the period instant a delay
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of 6.67ns exists, the opportunity for loading the correct duty cycle to the compare
register is missed and a faulty signal which distorts the PWM waveforms and

disturbs the output voltages/currents is generated.

With the aid of the event managers the PWM and control cycles are synchronized as
discussed above and while the PWM duty cycle uploading process takes one
instruction cycle, the control loop is executed within the event manager timer
interrupt period. When the interrupt occurs, the DSP processes the “interrupt service
routine” function to generate the PWM output signals for the IGBT switches. The
flow chart of the interrupt service routine is shown in Figure 5.5. As seen from the
figure, the interrupt service routine starts with the A/D conversion of the feedback
signals. Then, picking up the stored A/D signals from the allocated memory
locations, the signals are scaled and normalized to appropriate values. After
generating the UPS output voltage reference signals, the error signals, which are the
difference between the reference signals and measured feedback signals, are
calculated. The output voltage errors are fed to the discrete time implemented
resonant filter controller to generate the inverter reference voltages. Given the
reference voltages and selecting a modulation method, the PWM signals are
generated and converted to switch duty cycles and fed to the PWM counters. The
PWM unit generates the inverter gate logic signals. Then the protection circuit, level
shifter and gate driver circuits guide the IGBTs to the proper outputs such that the
inverter output voltages are generated. In the experiments, tests are conducted for
two different operating switching frequencies, 10 kHz, and 20 kHz as will be
discussed in the upcoming sections. For both cases the dead-time is set to 2us for the

complementary PWM logic signals.
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Table 5.3 Main features of the eZdsp F2812 board

Digital signal processor TMS320F2812

External clock frequency | 30 MHz

External memory 64K words SRAM
Analog

Expansion connectors Digital I/O

External interface

Interface

IEEE 1149.1 JTAG' controller
IEEE 1149.1 JTAG emulation
connector

*: Joint Test Action Group

Table 5.4 Main features of TMS320F2812 DSP

Operating frequency

150 MHz

Clock and system clock

On-chip oscillator
Watchdog timer

Central processing unit (CPU)

32-bit high performance CPU

On-chip memory

128K x16 Flash memory
18Kx16 RAM ™
1Kx16 OTPROM" ™

Timers

Three 32-Bit CPU Timers

Motor control peripherals

Two event manager (EVA, EVB)

Analog-digital converter (ADC)

12-Bit ADC
16 Channels
Fast conversion rate: 80ns/12.5 MSPS

General purpose input/output

Up to 56 pins

External interface

Up to IM total memory
Three individual chip selects

Serial port peripherals

Serial peripheral interface

Two serial communications interfaces
Enhanced controller area network
Multi-channel buffered serial port

*#: Random Access Memory

**%: One-Time Programmable Read Only Memory
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5.3. Experimental Investigations

In this section, the performance of the four-leg inverter based three-phase UPS
system is evaluated experimentally. As a first step, the output voltage control system
is considered. The resonant filter bank based controllers are designed and the control
parameters obtained in the previous chapter are utilized. The design is verified by the
same study as in the associated section of the previous chapter. Following the
completion of the controller design stage, the steady-state performance of the UPS
system is evaluated under various loading conditions such as linear, nonlinear,
balanced, and unbalanced load. Then the dynamic performance of the UPS is
examined under severe loading transients. The final section of this chapter involves
investigation of the switching ripple and switching loss characteristics of the scalar
PWM methods. Specifically the modulator developed in this thesis, the MLDPWM
method will be investigated in detail and compared to other modulators in terms of

overall performance.

Due to the difficulties involved in applying discontinuous PWM methods with
double updated PWM outputs via the TMS320F2812, high dynamic response can not
be obtained with these modulators. Because the PWM delay of half PWM cycle
reduces the control system bandwidth significantly. However, this is a chip based
limitation and when available other products with no such limitations can be utilized

to overcome this limitation (for example, TMS320F2809).

In this thesis, as the available device is the TMS320F2812, the device limitation will
have impact on the experiments. In order to demonstrate the capabilities of the four-
leg inverter and the resonant filter bank based controller, high bandwidth system will
be targeted. For this purpose, to study the control behavior of the UPS system, the
SVPWM method which exhibits no deficiencies in terms of modulator performance
will be utilized. The experiments involving the dynamic loading and output voltage
regulation will be conducted with SVPWM operating at 10 kHz carrier frequency
with double PWM update and double feedback signal measurement update (both at

50us). The experiments involving the modulator performance will be conducted at
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20 kHz with single PWM update and single feedback signal measurement update
(both at 50us). Thus, both experiments will have the same delay, but the carrier

frequency will be different resulting in different current ripple values.

Throughout the experimental studies the waveform and power quality measurements
are conducted with high performance measurement tools. While the waveform
measurements are conducted with a 500 MHz four channel oscilloscope LeCroy
Waverunner 6050A, the harmonic spectrum, voltage/current THD, voltage/current
unbalance, CF, and voltage regulation data are obtained via the Fluke 434 model

three-phase power analyzer which measures harmonics up to the 50™ harmonic.

5.3.1. Controller Implementation

The control method involved is the resonant filter bank structure, one bank per phase
(Figure 3.19). In the controller voltage feedforward is utilized. In the experiments the
switching frequency is set as 10 kHz and the sampling rate is set twice as the
switching frequency, 20 kHz as in the simulations. The modulator utilized in this

procedure is the SVPWM method throughout.

The control system parameters which were tuned by means of computer simulations
in the previous chapter are utilized in the experimental stage. In this section, the
performance of the controller for these parameters are experimentally evaluated and
compared to the performance obtained by simulations (see Chapter 4, section 4.3.1).
In the experiments the same load and operating conditions as those described in the
pervious chapter (section 4.3.1) are utilized. The experimental results are
summarized in Table 5.5, where the control parameter values, the sequence of tuned
parameters, and the performance indicators are shown. The related output voltage
waveforms and their harmonic spectrum are shown in Figure 5.6 through Figure
5.23. The experimental results throughout the study have been found quite similar to
those obtained in the simulations of the previous chapter. This is due to the design

accuracy of the inverter and design accuracy of the computer simulation model.
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First open-loop controlled system output voltage and load current waveforms and the
output voltage harmonic spectrum are illustrated in Figure 5.6 and Figure 5.7
respectively. As can be seen the output voltage is highly distorted. At this operating
point THD, is 11.2% and the voltage regulation is 5.52%. With the fundamental
component controller VR is improved to 0.21% (Figure 5.8 and Figure 5.9). Since
the fundamental component controller does not control the output voltage harmonics
THD, value is still poor (12.4%). Adding the harmonic component controllers to the
resonant filter bank (stages III, IV, and V), harmonic components of the UPS output
voltage are suppressed and the output voltage quality is improved (Figure 5.10 and
Figure 5.11 for stage III, Figure 5.12 and Figure 5.13 for stage IV, Figure 5.14 and
Figure 5.15 for stage V). The THD, value is observed as 3.5% at stage V.

When the active damping loop enabled, harmonic components at higher frequencies
are suppressed and the controller gains of the harmonic components at lower
frequencies can be increased to higher values as the active damping loop increases
the system stability (Figure 5.18 through Figure 5.23). It can be seen from the THD
data on Table 5.5, the effect of the active damping loop in the experiment is not as
strong as it was seen in the simulation. This is due to the fact that the experimental
system has higher damping (losses, parasitic components, dead-time, etc.) than the
simulation model. In the simulation the voltage THD decreases from 5.9% at stage V
to 3.4% at stage VI. In the experiments THD values of 3.5% at stage V and 2.8% at
stage VI are obtained. With the damping behavior exception, the simulation
performance and experimental performance match with high accuracy as can be

observed via comparison of Table 4.5 and Table 5.5.

In the experimental system, with the designed resonant filter controller, the THD,, is
decreased from 11.2% at open-loop to 1.8% (Figure 5.22 and Figure 5.23) and the
UPS output voltages are well-regulated, the VR value is decreased from 5.57% to
0.12%. Note that the crest factor of the load increases from 1.69 to nearly 2.6 and
this is due to the fact that as the output impedance of the UPS is decreased by means
of the control mechanism, the UPS becomes a more ideal voltage source and the

nonlinear load draws more peaky currents from the UPS.
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Table 5.5 Resonant filter controller gain tuning and steady-state performance improvement stages

of the UPS output voltage (experimental results)

90¢

THD,
Stage Controller Gains CF VR (%)
(o)

I Openloop | e 11.2 1.69 5.52
I Fundamental frequency controller added Ki=100, K,,=0.05 12.4 1.80 0.21
11 5" and 7™ harmonic controllers added Kis=15, Ki=15 6.0 2.10 0.29
v 11" and 13" harmonic controllers added Kin=3, Kiz=1 4.3 2.14 0.37
v 3" and 9" harmonic controllers added Kii=5, Ki=3 3.5 2.16 0.37
VI Capacitqr current feedback added, K15, Kool 28 222 021

proportional gain increased e i
VII 5" and 7™ harmonic controllers updated KieT5.  KomT5 28 238 0.17
(Kis and Kj7 increased) 1570 i7
VIII (llgh and 13t'h hgrmonic controllers updated Ki=15, Kis=10 1.9 2.54 0.13
i11 and Kj3 increased)
IX 3" and 9" harmonic controllers updated K50, K=10 18 260 0.17
(Ki3 and Kjg increased) 13755 9
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Figure 5.6 Three-phase output voltages and one phase load current
during open-loop operation under balanced nonlinear full-load

(Stage I of Table 5.5), (Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.7 The harmonic spectrum of the three-phase output voltages during open-

loop operation under balanced nonlinear full-load (Stage I of Table 5.5).
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Figure 5.8 Three-phase output voltages and one phase load current
during closed-loop operation under balanced nonlinear full-load

(Stage II of Table 5.5), (Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.9 The harmonic spectrum of the three-phase output voltages during closed-

loop operation under balanced nonlinear full-load (Stage II of Table 5.5).
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Figure 5.10 Three-phase output voltages and one phase load current
during closed-loop operation under balanced nonlinear full-load

(Stage III of Table 5.5), (Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.11 The harmonic spectrum of the three-phase output voltages during closed-

loop operation under balanced nonlinear full-load (Stage III of Table 5.5).
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Figure 5.12 Three-phase output voltages and one phase load current
during closed-loop operation under balanced nonlinear full-load

(Stage IV of Table 5.5), (Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.13 The harmonic spectrum of the three-phase output voltages during closed-

loop operation under balanced nonlinear full-load (Stage IV of Table 5.5)

210



ile  “ertical Timebase Triguer Display Cursors Measure Math  Analysis  Utilities Help

Figure 5.14 Three-phase output voltages and one phase load current
during closed-loop operation under balanced nonlinear full-load

(Stage V of Table 5.5), (Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.15 The harmonic spectrum of the three-phase output voltages during closed-

loop operation under balanced nonlinear full-load (Stage V of Table 5.5)

211



File “erical Timebase Trigger Display Cursors Measure Math  Analysis  Utilities Help

Figure 5.16 Three-phase output voltages and one phase load current
during closed-loop operation under balanced nonlinear full-load

(Stage VI of Table 5.5), (Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.17 The harmonic spectrum of the three-phase output voltages during closed-

loop operation under balanced nonlinear full-load (Stage VI of Table 5.5).
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Figure 5.18 Three-phase output voltages and one phase load current
during closed-loop operation under balanced nonlinear full-load

(Stage VII of Table 5.5), (Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.19 The harmonic spectrum of the three-phase output voltages during closed-

loop operation under balanced nonlinear full-load (Stage VII of Table 5.5)
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Figure 5.20 Three-phase output voltages and one phase load current
during closed-loop operation under balanced nonlinear full-load

(Stage VIII of Table 5.5), (Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.21 The harmonic spectrum of the three-phase output voltages during closed-

loop operation under balanced nonlinear full-load (Stage VIII of Table 5.5)
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Figure 5.22 Three-phase output voltages and one phase load current
during closed-loop operation under balanced nonlinear full-load

(Stage IX of Table 5.5), (Scales: 50V/div, 20A/div, 2ms/div).

Harmonics
1 THD 1.8%r
& 0:01:46 F O =
W |
- 5'}5 ................................................

I|I 'II [ o Pom g JER p_R lll po Pl e lll f— lII r— gll o lll
THDDC 1 3 5 T 9 11 13 15 17
09/730/06 11:34:25 2300 50Hz38 WYE EH30160

L1 L2 L3 I-HARH. HOLD

USHEMES SH aLL | IREEESS SONY OFF RUN

Figure 5.23 The harmonic spectrum of the three-phase output voltages during closed-

loop operation under balanced nonlinear full-load (Stage IX of Table 5.5).
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5.3.2. Experimental Steady-State Performance Evaluation of The Resonant

Filter Controller at Various Operating Conditions

The resonant filter controller designed in the previous section is tested under various
steady-state operating conditions and its performance indices are displayed and
compared for the purpose of evaluating the feasibility of the method. No-load, linear
balanced and unbalanced full-load, and nonlinear balanced and unbalanced full-load
operating conditions are considered and experimental results are summarized. The
SVPWM method with 10 kHz carrier and 20 kHz sampling and update rate is
utilized throughout these experiments. The UPS output ratings are the same as those
listed in Table 5.1. Therefore, the load parameters are also the same as in computer

simulations (Table 4.3 and Table 4.4).

The controller structure to be utilized in this section is the same as the previous
section and also shown in Figure 3.19. In order to illustrate the influence of each
controller component on the steady-state performance, various controller
combinations will be considered. The controller cases and the performance results
are listed in Table 5.6 and Table 5.7. In these tables the controllers are labeled as
Case A, Case B, Case C, and Case D. These cases are the same as those described in
the computer simulation studies of section 4.3.2 of Chapter 4. In the tables in this
section, in addition to the performance results of the computer simulation studies, the
load current and output voltage unbalances defined in terms of the negative and zero
sequence unbalances are reported. The data could be obtained by utilizing the Fluke
434 power analyzer which measures and calculates these quantities. With these
quantities being available, the degree of unbalance could also be observed and
important results associated with these characteristics could be emphasized. The
experimental results of Table 5.6 and Table 5.7 are supported with voltage and
current oscilloscope waveforms shown in Figure 5.24 to Figure 5.43. In the

oscillograms only the open-loop control and Case D control cases are shown.
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Table 5.6 The steady-state performance at no-load and linear load conditions

(A range is given when noticeable differences exist among three-phase quantities)

Without capacitor
current feedback

With capacitor
current feedback

S 52 |8E28 8228828
5 | 523 |5253 5235253
@) E a2 | Eco0 P Ea&aC E &0 9
= s |2 & 2 2 s |2 a8 =
SEE|S2EE SEE|SERES
2038|2538 2068|2838
= = © = = ©°
< [THDy(%)| 1.40 1.50 1.1 0.8 0.40
T [Viee (%) 0.3 0.3 0.4 0.4 0.4
2 Ve (%) 0.3 0.5 0.4 0.4 0.4
CF 1.44 1.44 1.44 1.44 1.44
VR (%) 7.43 0.25 0.22 0.16 0.13
o]
_ & [THDy(%)| 3.10 3.30 1.10 1.70 0.50
<
28 Vi (%) 0.3 0.4 0.4 0.4 0.4
— S
= |View (%) 0.2 0.5 0.5 0.5 0.5
O
Lneg (%) 0.6 0.6 0.7 0.7 0.7
Lero (%) 0.5 0.9 0.9 0.9 0.9
CF 1.48 1.47 1.45 1.45 1.44
S |[VR(%) [9.0~16.83/0.08~0.33 | 0~0.25 |0.16~0.50|0.08~0.42
8
é;‘j THDv (%) | 3.2~6.5 | 3.8~5.9 | 1.1~1.6 | 1.8~32 | 0.6~0.7
gg Viee (%) | 3.8 0.3 0.3 0.3 0.3
ST Vi (%) 13.8 0.8 0.8 0.8 0.8
= g
07 |leg (%) 100 100 100 100 100
Lero (%) 100 100 100 100 100
CF 1.45 1.44 1.44 1.43 1.43
oo |VR(%) [2.39~7.7|0.08~0.33 | 0.08~0.33 | 0.0~0.17 | 0.0~0.17
o S
= = [THDy(%) | 14~3.7 | 15-3.5 | 1.0~12 | 0.8~1.70 | 0.5~0.6
ég Voeg (%) | 6.3 0.2 0.2 0.2 0.2
gfg V sero (%) 2.1 0.4 0.4 0.4 0.4
75 e (%) 100 100 100 100 100
Lero (%) 0.2 0.2 0.2 0.2 0.2
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The no-load operation of the UPS with open-loop control results in some waveform
distortion (Figure 5.24). However, the closed-loop operation yields high waveform

quality (Figure 5.25).

For linear balanced full-load operating condition, the open-loop operation mode
gives a noticable output voltage waveform distortion due to the inverter dead-time
(Figure 5.26 and Figure 5.27). The output voltage THD is 3.1% and the voltage
regulation is 7.43% for this operating condition. This distortion could not be seen in
the simulations (compare to Figure 4.21) as the inverter model in the simulation did
not include a dead-time generator. When the UPS feeds the same load with the
closed-loop controller, the waveform distortion is substantially reduced (Figure 5.28
and Figure 5.29). With the closed loop controller the output voltage THD decreases
to 0.5% and voltage regulation to 0.13%.

Both the line-to-neutral linear unbalanced load and the line-to-line linear unbalanced
load cases for the open-loop operating conditions illustrate the open loop control
method is insufficient as far as the output voltage waveform quality (Figure 5.30,
Figure 5.31, Figure 5.34 Figure 5.35). Closed-loop control case D results in high
performance for all these cases (Figure 5.32, Figure 5.33, Figure 5.36 Figure 5.37).
For the line-to-neutral unbalanced load, the output voltage unbalance has 13.8% zero
sequence unbalance and 3.8% negative sequence unbalance for the open-loop
operating condition. For the line-to-line unbalanced load, the zero sequence
unbalance is 2.1% and the negative sequence unbalance is 6% for the open-loop
operating condition. For both cases, closed loop operation results in a high output
voltage waveform quality with an unbalance of less than 1%. In both cases, the
output voltage improvement reflects on the load current which becomes a cleaner

sinusoidal wave.
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Figure 5.24 Steady-state three-phase output voltages during open-loop

operation under no-load condition (Scales: 50V/div, 2ms/div).
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Figure 5.25 Steady-state three-phase output voltages during

closed-loop operation under no-load condition (Scales: 50V/div, 2ms/div).
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Figure 5.26 Steady-state three-phase output voltages during open-loop

operation under linear balanced load (Scales: 50V/div, 2ms/div).
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Figure 5.27 Steady-state load currents during open-loop

operation under linear balanced load (Scales: 6A/div, 2ms/div).
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Figure 5.28 Steady-state three-phase output voltages during closed-loop

operation under linear balanced load (Scales: 50V/div, 2ms/div).
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Figure 5.29 Steady-state load currents during closed-loop

operation under linear balanced load (Scales: 6A/div, 2ms/div).

221



File “erical Timebase Trigger Display Cursors Measure Math  Analysis  Utilities Help

4] - v
e MNegative

1.00 M5 . & =)
1M E2007 2:47:38 PM

Figure 5.30 Steady-state three-phase output voltages during open-loop

operation under linear line-neutral unbalanced load (Scales: 50V/div, 2ms/div).
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Figure 5.31 Steady-state load currents during open-loop

operation under linear line-neutral unbalanced load (Scales: 6A/div, 2ms/div).
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Figure 5.32 Steady-state three-phase output voltages during closed-loop

operation under linear line-neutral unbalanced load (Scales: 50v/div, 2ms/div).
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Figure 5.33 Steady-state load currents during closed-loop

operation under linear line-neutral unbalanced load (Scales: 6A/div, 2ms/div).
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Figure 5.34 Steady-state three-phase output voltages during open-loop

operation under linear line-line unbalanced load (Scales: 50v/div, 2ms/div).
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Figure 5.35 Steady-state load currents during open-loop

operation under linear line-line unbalanced load (Scales: 6A/div, 2ms/div).
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Figure 5.36 Steady-state three-phase output voltages during closed-loop

operation under linear line-line unbalanced load (Scales: 50V/div, 2ms/div).
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Figure 5.37 Steady-state load currents during closed-loop

operation under linear line-line unbalanced load (Scales: 6A/div, 2ms/div).
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Table 5.7 The steady-state performance at nonlinear load conditions

(A range is given when noticeable differences exist among the three-phase

quantities)
Without capacitor With capacitor
current feedback current feedback
% E v D ?3 S} &~ ?3 v o ?3 9} oA
2 S-S (8E58 5822|8858
c & = c &
5 | 523|558 523|553
@) S0 |EE2E38¢ £sa89c |23
N = = |2 S 8 2 g E |2 S
= T g < = T g5
2353|2858 2838|2888
= = ° = = °
CF 1.68 1.76 2.20 1.90 2.60
VR (%) 5.12 0.45 0.24 0.08 0.04
<
§§ THDvy (%)| 11.4 12.60 3.50 6.30 1.80
gé Ve (%) | 0.2 0.3 0.3 0.3 0.3
Z = (Ve (%) 0.3 0.5 0.5 0.4 0.5
O
Lneg (%0) 3.5 9.1 4.4 5.9 4.1
Lzero (%0) 0.1 0.3 0.2 0.2 0.2
CF 2.27 2.38 2.75 2.54 3.25
% - VR (%) 16.85~9.80/0.16~0.24| 0.08 [0.08~0.42| 0.0~0.25
o S
E_ﬁ THDvy (%) [4.9~13.6 | 6.0~14.7 | 1.7~44 | 3.3~9.2 | 0.9~24
=
E 8 Vo (%) 29 0.3 0.3 0.4 0.3
S
S8 Ve (%) 8.6 0.6 0.6 0.6 0.6
=g
é = Lnee (%) 100 100 100 100 100
Lzero (%0) 100 100 100 100 100
CF 2.30 2.35 2.77 2.52 3.24
- VR (%) |2.6~3.85]0.08~0.42|0.08~0.17 | 0.08~0.16 | 0.08~0.16
= &
22 THDy (%)|1.6~11.2| 1.7~12.2 | 1.0~4.1 | 0.7~6.5 | 0.6~1.9
g
— O
5 % Vieg (%) 4.6 0.2 0.2 0.3 0.3
EE Vi (%) 1.6 0.5 0.4 0.4 0.4
=
2 = Lnee (%) 100 100 100 100 100
Lzero (%0) 0.2 0.2 0.1 0.1 0.3
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For the nonlinear full-load balanced operation the open-loop control method gives a
poor output voltage waveform with poor regulation (THD,=11.4% and VR=5.12%,
Figure 5.38). As a result the load current crest factor becomes poor (1.68). Closed-
loop operation yields superior results (THD,=1.8% and VR<0.1%, Figure 5.39).
With closed-loop control the output voltage waveform becomes a cleaner waveform
yielding a load current crest factor of 2.6. this result illustrates the order of reduction

in the UPS output impedance.

Similar to the linear load under load unbalance case, the nonlinear unbalanced load
has the same detrimental effect on the output voltage during open-loop operation, be
it line-to-neutral or line-to-line load unbalance. For the line-to-neutral nonlinear
unbalanced load the open-loop operating condition yields nearly a square shaped
output voltage waveform on the loaded phase (Figure 5.40). The triplen harmonics
become dominant on the waveform. The voltage THD for this phase is 13.6% while
it is less in the other phases. In this case the crest factor is approximately 2.27. Since
this is a single-phase type load, the zero sequence unbalance of the output voltage is
8.6% compared to the negative sequence unbalance of 2.9%. With closed-loop
control, the output voltage distortion could be decreased to less than 2.4% for the
loaded phase and significantly less in the other phases. In this case the crest factor
increases to approximately 3.25 which means the UPS output impedance has been
lowered by means of the resonant filter banks. In this case the output voltage
unbalance is below 1% for both zero and negative sequence unbalance (Figure 5.41).
The nonlinear line-to-line unbalanced rated load for open-loop control yields an
output voltage distortion of 10% and a poor regulation of 4%. This results in a crest
factor of 2.3 for the load current (Figure 5.42). Closed-loop operation restores the
output voltage distortion to 1.9% and the voltage regulation to less than 0.16. The
crest factor increases to 3.24 indicating again significant reduction in the UPS output

impedance (Figure 5.43).
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Figure 5.38 Steady-state three-phase output voltages and one phase load current

during open-loop operation under nonlinear balanced load

(Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.39 Steady-state three-phase output voltages and one phase load current
during closed-loop operation under nonlinear balanced load

(Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.40 Steady-state three-phase output voltages and one phase load current
during open-loop operation under nonlinear line-neutral unbalanced load

(Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.41 Steady-state three-phase output voltages and one phase load current
during closed-loop operation under nonlinear line-neutral unbalanced load

(Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.42 Steady-state three-phase output voltages and one phase load current
during open-loop operation under nonlinear line-to-line unbalanced load

(Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.43 Steady-state three-phase output voltages and one phase load current
during closed-loop operation under nonlinear line-line unbalanced load

(Scales: 50V/div, 20A/div, 2ms/div).
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Based on the experimental studies of this section, it can be concluded that the high
performance output voltage controller involving resonant filter banks provides
satisfactory performance over a wide range of loads. In the experiments in addition
to the THD and VR, the output voltage and load current unbalance quantities could
be measured and compared to the standards. Based on the test data it can be clearly
seen that the output voltage regulation and waveform quality are within the high
performance UPS standard values. Thus, it can be stated that the method helps the
practical UPS approximate the ideal UPS which has zero internal impedance and

ideal internal voltage which equals the rated voltage under all operating conditions.

5.3.3. Dynamic Performance Investigation of The Four-Leg Inverter Based

Three-Phase UPS System

In the computer simulation studies of dynamic performance evaluation in section
4.3.3 of Chapter 4, the importance, the performance measurement method, and the
performance criteria of dynamic performance were discussed. In this section the
computer simulation based dynamic performance studies are verified by means of

experiments.

The experimental dynamic performance test is the same as discussed in the
simulations. However, some practical differences exist. One such difference involves
the instant of loading during the test. In the simulations, the load switch was turned
on at the instant where the output voltage is at its maximum level in one phase in
order to start the transient at the worst case loading operating condition. However, in
the experiments this condition can not be exactly met as the switches utilized are
neither fast nor precise in terms of defining the loading instant. In the experimental
setup, a three-phase contactor has been utilized to enable and disable the load. The
experiment for each test condition could only be created by various trials until the
worst case (at the peak of the voltage waveform for one phase) loading condition
could be obtained. However, the positioning is not precise and it only gives an

approximate result for the dynamic performance.
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The experimental system has also limitations in terms of controller structure. Since
the capacitor current feedback is an important quantity strongly influencing the
system dynamics, its measurement accuracy and speed determine the dynamic
response of the practical system. The simulation model assumed for the current
transformer, which measures the capacitor current, has been found too optimistic in
terms of bandwidth. In the experiment it has been found that the bandwidth is less
than 20 kHz which is the assumed value in the simulations. The low bandwidth is
expected to decrease the effect of active damping loop compared to that of the

simulation.

Considering the above two performance limitations of the experimental system, the
experimental dynamic performance of the UPS system is expected to be slightly
inferior to that of the simulation model. The experimental dynamic performance tests
are conducted in the same manner as in the computer simulations. The performance
results and their test conditions are listed in Table 5.8 and the important waveforms

associated with these test conditions are illustrated in Figure 5.44 to Figure 5.48.

Based on Table 5.8 and the related experimental waveforms, it can be concluded that
the active damping loop improves the dynamic performance significantly, but not to
the same degree as in the computer simulations due to the above described capacitor
current feedback measurement delay. It can be seen from the table that when the
active damping loop disabled (Figure 5.44 and Figure 5.45) the voltage dip is in the
range of 85-95V while with the loop enabled (Figure 5.46, Figure 5.47, and Figure
5.48) the voltage dip ranges around 65-85V. The fact that there exists a range rather
than solid numbers is related to the loading instant determination difficulties
described above. However, it can be clearly seen that on the average there exists
about 20% decrease in the voltage dip with the active damping loop. The
proportional gain helps improve the dynamic performance as predicted by the
simulations (Figure 5.47). Finally, it can be seen that when all the control
components are built into the system the dynamic performance of the UPS becomes
satisfactory and at the final stage the experimental results match those of the

simulations (Figure 5.48). In the experiments in Case 16 the lost volt-seconds are
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21mVs as shown in Table 5.8 as compared to Case 16 in the simulations with the

value of 20mVs in Table 4.7.

The above experimental studies illustrate that the active damping loop is vital for the
dynamic performance of the UPS. Not only the steady-state waveforms improve, the
controller gains can be increased due to enhanced stability, but the impact loading
transients can be efficiently manipulated. Thus, a high UPS performance with very
small lost volt-seconds during loading transients can be achieved. All the simulation
studies regarding dynamic performance have been correlated with the experimental

study.

Table 5.8 Gains, controller components, and performance characteristics of the UPS

system during the dynamic loading tests

Fundamental H ' fvdt
component | ponent | Ku | At(ms) | AV (V) (Vv.ms)
K; Ky, controllers
Case 1 0 0.00 | Uncontrolled | 0.00 1.02 105 53.55
Case 2 0 0.00 Controlled 0.00 0.97 89 43.16
Case 3 100 | 0.00 | Uncontrolled | 0.00 1.25 87 54.38
Case 4 100 | 0.00 Controlled 0.00 1.27 88 55.88
Case 5 0 0.05 | Uncontrolled | 0.00 1.12 94 52.64
Case 6 0 0.05 Controlled 0.00 1.3 87 56.55
Case 7 100 | 0.05 | Uncontrolled | 0.00 1.0 90 45.0
Case 8 100 | 0.05 Controlled 0.00 1.0 95 47.50
Case 9 0 0.00 | Uncontrolled | 15.00 1.0 87 43.50
Case 10 0 0.00 Controlled 15.00 1.29 75 48.38
Case 11 100 | 0.00 | Uncontrolled | 15.00 1.04 72 37.44
Case 12 | 100 | 0.00 Controlled 15.00 1.35 69 46.58
Case 13 0 1.00 | Uncontrolled | 15.00 0.85 79 33.58
Case 14 0 1.00 Controlled 15.00 0.65 81 26.33
Case 15 | 100 1.00 | Uncontrolled | 15.00 0.68 77 26.18
Case 16 | 100 1.00 Controlled 15.00 0.65 65 21.13
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Figure 5.44 Output voltage (yellow), load current (red, x2), inductor current (green),
capacitor current (blue) transients of the open-loop controlled UPS during loading

transient (Case 1 of Table 5.8) (Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.45 Output voltage (yellow), load current (red, x2), inductor current (green),
capacitor current (blue) transients of the proposed controller during loading at the

peak of output voltage (Case 8 of Table 5.8) (Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.46 Output voltage (yellow), load current (red, x2), inductor current (green),
capacitor current (blue) transients of the proposed controller during loading at the

peak of output voltage (Case 9 of Table 5.8) (Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.47 Output voltage (yellow), load current (red, x2), inductor current (green),
capacitor current (blue) transients of the proposed controller during loading at the

peak of output voltage (Case 13 of Table 5.8) (Scales: 50V/div, 20A/div, 2ms/div).
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Figure 5.48 Output voltage (yellow), load current (red, x2), inductor current (green),
capacitor current (blue) transients of the proposed controller during loading at the

peak of output voltage (Case 16 of Table 5.8) (Scales: 50V/div, 20A/div, 2ms/div).

5.3.4. Experimental Investigation of Switching Ripple and Switching Loss
Characteristics of Various PWM Methods

This section experimentally investigates the modulator switching ripple and loss
characteristics for SVPWM, DPWMI1, and MLDPWM. Based on the study results
the modulator performances are evaluated and compared. The methods will be
evaluated for linear balanced resistive, for line to neutral unbalanced linear resistive
load, for nonlinear balanced and single-phase unbalanced load. For the linear load
case the full-load power operating condition is tested. For the nonlinear balanced and

unbalanced loads, the power rating is half the UPS power rating.
Throughout the modulator performance studies closed-loop control is involved and

the high performance resonant filter controller structure shown in Figure 3.19 is

utilized. The controller coefficients are the same as those of Stage IX of Table 5.5.
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The carrier frequency is 20 kHz and the sampling rate is also the same as the carrier

frequency (single update mode).

In the study first the balanced load operating conditions are considered and
modulators are compared in terms of their switching ripple and losses. Then single-
phase loading, in other words, the line-to-neutral unbalanced loading case is
considered. Both linear and nonlinear load cases will be considered. The aim of this
study is to illustrate the loss mechanism of each modulator and show the significant

differences between MLDPWM and other modulators.

In the experiments focus is placed on visual illustration of the modulator
performance characteristics rather than rigorous methods. The ripple of various
PWM methods is compared visually. The switching loss is also evaluated based on
the observation of the switch signals of the IGBTs. Since the loss measurement is an
involved issue, it is not pursued at this stage. Therefore, the discussion of switching
loss will be in terms of the switch signals and the currents that flow in the associated
switches. For example, if a phase carries a large current and it switches at the carrier
frequency, its losses are considered high. If the switch ceases to switch in a specific
interval, then the switching losses are considered low. Therefore, if a PWM method
that clamps the largest current carrying phase is locked to either side of the DC rail
for a considerable number of PWM periods, the switching losses of the PWM
method under investigation are expected to be low and the method is supposed to be

superior.

For the balanced linear load case the SVPWM method PWM ripple current is small
(Figure 5.49). The fourth leg ripple current is larger than the phase current ripple
(Figure 5.50). Since the operation is in the linear region, the modulation is
continuous implying the carrier frequency and average switching frequency are the
same and the switching losses are high. For the same operating condition DPWMI
and MLDPWM methods result in the same switching pattern and behavior. Thus,
only MLDPWM will be discussed. As can be seen from Figure 5.51 the phase

current ripple is larger than the SVPWM case, in particular within the interval of
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switch position lock out. The ripple current on the fourth leg again is larger than the
phase legs (Figure 5.52). For linear line-to-neutral unbalanced load, the SVPWM
waveform indicates that the ripple is still small. The ripple and switching
characteristics remain the same as the balanced load case (Figure 5.53). For the
DPWMI1 and MLDPWM cases the characteristics change. The phase carrying the
unbalance current in the MLDPWM case ceases to switch for a longer time interval
in the MLDPWM case (Figure 5.56 and Figure 5.57) compared to the DPWMI case
(Figure 5.54 and Figure 5.55). This attribute of the modulator was also shown in the
simulations (compare to Figure 4.72). The current ripple of the associated phase

increases to a larger value over the longer time interval where switching ceases.

For the nonlinear balanced load operating condition, the SVPWM exhibits standard
performance as shown in Figure 5.58. The DPWMI1 method regularly locks 2x60°
intervals (Figure 5.59). In the MLDPWM method case, the largest currents define the
lock-out interval. As Figure 5.60 illustrates, since the currents are discontinuous, the
interval that a lock-out occurs is shorter than that of DPWMI. For the unbalanced
nonlinear load case, SVPWM commutates every PWM cycle as always (Figure
5.61). The DPWM method lock-out interval is still 2x60° (Figure 5.62). The
MLDPWM method in this case exhibits a short interval lock-out behavior (Figure
5.63) as predicted by the simulation.

With the study of experimental modulation waveform characteristics, this chapter
concludes. In this chapter, it has been shown by means of detailed laboratory
experiments that the high performance resonant filter bank controller with active
damping provides a superior solution for UPS output voltage control. Also in the
final section the study involving modulation types has illustrated that the MLDPWM
method has comparable PWM ripple to SVPWM but has lower switching losses than
any other method. Thus, it should be favored in practical applications, specifically
UPS applications where nonlinear and unbalanced loads are typical. The
experimental results are in strong correlation with the theoretical studies of Chapter 2
and Chapter 3, and computer simulation studies of Chapter 4. With the experimental

results of this chapter the feasibility of the proposed methods has been proven.
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Figure 5.49 The steady-state inductor current (blue, x2), output voltage (yellow),
load current (green), switch signal (red, x30) during SVPWM operation under linear

balanced load (Scales: 60V/div, 12A/div, 2ms/div).
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Figure 5.50 The steady-state inductor current (blue), output voltage (yellow), neutral
inductor current (green), switch signal (red, x30) during SVPWM operation under

linear balanced load (Scales: 60V/div, 6A/div, 2ms/div).
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Figure 5.51 The steady-state inductor current (blue, x2), output voltage (yellow),
load current (green), switch signal (red, x30) during MLDPWM operation under
linear balanced load (Scales: 60V/div, 12A/div 2ms/div).
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Figure 5.52 The steady-state inductor current (blue), output voltage (yellow), neutral
inductor current (green), switch signal (red, x30) during MLDPWM operation under
linear balanced load (Scales: 60V/div, 6A/div 2ms/div).
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Figure 5.53 The steady-state inductor current (blue), output voltage(yellow), neutral
inductor current (green), switch signal (red, x30) during SVPWM operation under

linear line-to-neutral unbalanced load (Scales: 60V/div, 6A/div, 2ms/div).
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Figure 5.54 The steady-state inductor current (blue, x2), output voltage (yellow),
load current (green), switch signal (red, x30) during DPWMI1 operation under linear

line-to-neutral unbalanced load (Scales: 60V/div, 12A/div, 2ms/div).
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Figure 5.55 The steady-state inductor current (blue), output voltage (yellow), neutral
inductor current (green), switch signal (red, x30) during DPWMI1 operation under

linear line-to-neutral unbalanced load (Scales: 60V/div, 6A/div, 2ms/div).
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Figure 5.56 The steady-state inductor current (blue, x2), output voltage (yellow),
load current (green), switch signal (red, x30) during MLDPWM operation under
linear line-to-neutral unbalanced load (Scales: 60V/div, 12A/div, 2ms/div).
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Figure 5.57 The steady-state inductor current (blue), output voltage (yellow), neutral
inductor current (green), switch signal (red, x30) during MLDPWM operation under
linear line-neutral unbalanced load (Scales: 60V/div, 6A/div, 2ms/div).
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Figure 5.58 The steady-state inductor current (blue, x1.5), output voltage (yellow),
load current (green), switch signal (red, x22.5) during SVPWM operation under
nonlinear balanced load (Scales: 45V/div, 12A/div, 2ms/div).
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Figure 5.59 The steady-state inductor current (blue, x1.5), output voltage (yellow),
load current (green), switch signal (red, x22.5) during DPWMI1 operation under
nonlinear balanced load (Scales: 45V/div, 12A/div, 2ms/div).
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Figure 5.60 The steady-state inductor current (blue, x1.5), output voltage (yellow),
load current (green), switch signal (red, x22.5) during MLDPWM operation under
nonlinear balanced load (Scales: 45V/div, 12A/div, 2ms/div).
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Figure 5.61 The steady-state inductor current (blue), output voltage (yellow), neutral
inductor current (green), switch signal (red, x30) during SVPWM operation under

nonlinear line-neutral unbalanced load (Scales: 45V/div, 8A/div, 2ms/div).
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Figure 5.62 The steady-state inductor current (blue), output voltage (yellow), neutral
inductor current (green), switch signal (red, x30) during DPWMI1 operation under

nonlinear line-neutral unbalanced load (Scales: 45V/div, 8A/div, 2ms/div).

245



File “erical Timebase Trigger Display Cursors Measure Math  Analysis  Utilities Help

LeCroy

Figure 5.63 The steady-state inductor current (blue), output voltage (yellow), neutral
inductor current (green), switch signal (red, x30) during MLDPWM operation under

nonlinear line-neutral unbalanced load (Scales: 45V/div, 8A/div, 2ms/div).
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CHAPTER 6

CONCLUSIONS

The four-leg inverter based UPS is a high performance UPS due to lower DC bus
voltage requirement and availability of the zero sequence current flow path through
the fourth leg. In the transformerless UPS application it provides better than 10%
reduction in the DC bus voltage (when compared to the half-bridge inverter based
classical topology). As a result, switching losses and voltage stresses on the circuit
components are reduced. Further, providing a path for the load zero sequence current
through the fourth leg, the DC bus center point is not loaded and neither the battery
nor the DC bus capacitors are loaded with the zero sequence current. Thus, it can be
claimed that the four-leg inverter based UPS topology is the ideal transformerless

UPS topology.

This thesis investigated the PWM and control methods for the four-leg inverter based
UPS. Since the four-leg inverter has one more leg than the conventional three-leg
inverter, its PWM and control algorithms are seemingly complex. The 3-D space
vector based PWM approach is conceptually difficult to understand and practically
very difficult to implement due to the sector/region identification procedure which
involves large number of comparisons/computations. Thus, the general impression
on the four-leg inverter involves complexity in structure and implementation.
Although large number of control methods are developed for the single-phase and
three-phase/three-wire inverter based UPSs, the control of the four-leg inverter based
UPS also involves difficulties involving transformation of the UPS model to d-q-0
components and control in rotating and stationary (mixed) coordinates. Thus the

control of the four-leg inverter based UPS also is seemingly complex.
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This thesis has contributed towards significant simplification of the PWM and
control methods of the four-leg inverter based UPS. In order to simplify the PWM
signal generation procedure, the scalar PWM approach is adopted and this provides
ease of understanding and simplification in the implementation stage. Also
employing the zero state partitioning variable, the scalar PWM methods for the four-
leg inverter are unified under one umbrella. This approach simplifies the
implementation and more importantly enhances the understanding of the scalar
modulation techniqe. Based on the method adopted a clear understanding of
switching loss mechanism of modulation methods could be established. Based on
this knowledge, a reduced switching loss PWM method, MLDPWM, has been
developed. In order to simplify the output voltage control procedure without
sacrification from performance, the resonant filter bank approach complemented
with the capacitor current feedback based active damping loop has been adopted.
With such a control structure, neither a coordinate transformation, nor complex
computations and algorithms become necessary. The resonant filter controller design
has been carefully conducted and emphasis was placed on the filter damping and
delay compensation. Rules for the filter design involving filter selectivity have been
established. Thus, the resonant filter bank design procedure has been methodically
established. As a result, the four-leg inverter based UPS becomes an easy to
understand, design, and control UPS system with superior performance when

compared to other topologies.

In the development stage of the scalar PWM approach, a general approach is carried
from the concept used in the three-leg inverter scalar PWM approach and an offset
voltage which represents the degree of freedom in selecting the PWM pulse pattern
has been considered as the free variable. Also the zero vector state partitioning
function has been developed and shown to provide an equivalent degree of freedom.
Showing the equivalency both degrees of freedom, by selecting various zero state
partitioning function values, PWM methods equivalent to SVPWM and DPWM1
methods which are widely utilized in the three-phase three-wire inverters could be
obtained. In addition, a modulation algorithm, which provides minimum switching

losses, the Minimum Loss DPWM (MLDPWM) method has been developed in this
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theses. Although it exhibits similar behavior to DPWMI1 and more generally
generalized DPWM (GDPWM) methods, it performs differently under unbalanced
load operating conditions. With the UPS applications involving unbalanced loads as
usual loads, MLDPWM becomes a favorable for such applications. Thus, high
performance PWM methods could be derived from the offset voltage injection or
equivalently zero state partitioing function optimization. While the SVPWM method
could be utilized for its low PWM ripple, the DPWMI1 method could be utilized due
to its reduced switching losses (by at least 33%) and low PWM ripple performance at
high modulation index which is the typical UPS operating range. Futhermore, the
MLDPWM method provides even a superior method when compared to DPWM1
and should be favored over these methods for the UPS application. Thus, using the
scalar PWM approach, simple and high performance PWM algorithms could be
developed. Generating such pulse patterns only involves several comparisons and
basic addition and subtraction steps which are all light duties for the modern
microcontrollers and digital signal processor chips available in the market. As a
result, the difficulties in optimizing the PWM pulse pattern and implementing such

pulse pattern in the four-leg inverter based UPS system have been greatly overcome.

Employing the resonant filter bank based controller and complementing it with the
reference voltage feedforward and capacitor current feedback based active damping
loop, the UPS output voltage could be precisely regulated under steady-state and
dynamic loading conditions for linear, nonlinear, balanced, unbalanced operation.
Since the controller is implemented per phase and in the stationary frame, the control
complexity is low and full resolution of the signal processor is utilized as there is no
coordinate transformations, no mixture of controllers for positive/negative/zero
sequence components. The resonant filter bank approach involves a simple structure
and its careful implementation provides precise output regulation with high
bandwidth. In the thesis the design of the controller involving practical
implementations and operating conditions has been carefully investigated. The filter
selectivity and delay compensation parameters have been found critical for the
success of the controller. For this purpose a detailed study involving the selectivity,

damping and delay compensation has been conducted. Based on the study it has been
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found that the delay compensation plays a major role for controlling the high
frequency harmonic distortion. It also has been found that the selectivity should be
decreased at high frequencies for the filter to be successfully compensate for the
harmonics. Rules of thumb for the filter design could be obtained and the design has
been demonstrated via numerical examples. Thus, the second major difficulty
involving the practical realization of the four-leg inverter based UPS has been

overcome.

The theoretical work developed in this thesis has been supported by detailed system
modelling and computer simulation studies. First the UPS system model has been
analytically established in the Laplace domain, its computer simulation model has
been built and then computer simulations for various control and PWM algorithms
have been conducted. The computer simulation results involve the steady-state and
dynamic operating conditions and all practical loading conditions which put stress on
the UPS output voltage regulation have been considered and studied in detail. It has
been shown that the computer simulation results are in well agreement with the
theoretical study and the proposed PWM and control methods provide high steady-
state and dynamic performance. A UPS output voltage THD less than 2% under a
nonlinear load with crest factor higher than 2.5 could be obtained. The output voltage
fundamental component regulation with less than 1% error is always guaranteed. In
the dynamic performance study it has been shown that the instantaneous loading at
the maximum voltage point (worst case) has been compensated for in less than 600us
which corresponds to several PWM cycles. The voltage dip and settling time delays
are minimal compared to alternative methods. Thus the computer simulations have
thoroughly verified the performance of the proposed methods. In the simulation
studies it has also been shown that DPWMI1 and MLDPWM methods perform
comparably to the SVPWM method in terms of PWM ripple, but due to reduction in
switching losses both are superior. Of the DPWMI1 and MLDPWM methods, the
latter has been shown to fit the UPS application better due to its capability of
providing lower losses under changing power factor and more importantly
unbalanced load operating conditions. Thus, MLDPWM should be the method of

choice in practical implementations.
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Finally, the feasibility of the proposed PWM and control algorithms proven by
theory and simulation studies, has been verified by the 5-kVA, 50-Hz, 120-Vrms
rating four-leg inverter based UPS prototype laboratory tests. A state of the art DSP
chip has been utilized as the control and PWM platform and the inverter employed
the standard IGBT modules. A prototype UPS was built and tested under various
operating conditions to illustrate the feasibility of the methods proposed.
Experimental studies have been in good agreement with the theory and simulations.

Thus, the feasibility of the proposed methods has been proven.

Overall, this thesis has contributed to the control and PWM algorithm method
development for the four-leg inverter based UPS system. The main contribution is
towards implementation simplification without performance sacrification. The
contributions regarding the control algorithms involve analytical evaluation, design
and implementation. The contributions regarding PWM involve detailed analysis,
unification for simplification and development of the MLDPWM method for high
performance. With the results of this research, it can be claimed that the four-leg
inverter based UPS is at least as easy and perhaps easier to control than the three-leg
inverter based UPS which either employs passive means of zero sequence path (via a
zig-zag transformer in the transformer based application) or active means of zero
sequence path (the DC bus center point in the transformerless application). As a
result, it is expected that the four-leg inverter based UPS systems will have increase
in utilization and provide high power quality at higher energy efficiency and lower
cost than the present competitors which are either transformer based UPS or half-

bridge based transformerless UPS.

Future work relating to the subject study of this thesis involves several issues. Since
the DSP chip utilized has implementation constraints the PWM pulse pattern could
not be generated in the best manner, as discussed in the experimental studies. With
more appropriate DSP chips, the PWM algorithms proposed should be implemented
and tested to demonstrate the superior performance of the proposed methods to a
higher degree. In terms of the modulator performance, the losses should be

experimentally investigated to quantify the energy efficiency superiority of the
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method. Since the loss formulation and device models employed in the thesis are
naive, the switching loss characteristics of the discussed PWM methods could only
be analytically discussed in the thesis. Thus, these studies must be verified by

experimental work.

The influence of the fourth leg inductor on the PWM ripple is another issue that
needs to be addressed. The sizing of the fourth leg inductor should be studied subject
to the unbalanced operating conditions, modulation index, etc. variables to determine

the best value for this inductor.

In the control aspect, utilizing the load current instead of the capacitor current in the
active damping loop provides an important cost reduction. Because in practical UPS
systems the load current is measured for various purposes such as short-circuit or
overload protection, customer demand, etc. The filter inductor current is also
measured for the short-circuit or overload protection. With these two currents known,
the capacitor current information can be considered redundant. Thus, it is necessary
to incorporate the two measured quantities into one and account for the measurement
delay to estimate the capacitor current and provide the feedback through this signal.
Thus, significant cost reduction and reliability increase can be achieved. The method
of estimating the capacitor current and applying active damping loop requires
dedicated attention. Likewise, control methods such as deadbeat control in stationary

coordinates should be considered for higher performance.
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