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ABSTRACT
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FOR A VERTICAL AXIS WIND TURBINE WITH HIGH SOLIDITY

AYKUT OZGUN ONOL
Mechatronics Engineering, Master’s Thesis, August 2016

Thesis Advisor: Prof. Dr. Serhat Yesilyurt
Thesis Co-advisor: Assoc. Prof. Dr. Ahmet Onat

Keywords: Vertical axis wind turbine, computational fluid dynamics modeling, hardware-
in-the-loop simulation, model predictive control, maximum power point tracking

Vertical axis wind turbines (VAWTs) are advantageous in gusty, turbulent winds with
rapidly changing direction such as surface winds by the virtue of their omnidirectional and
simple design. Thus, a small-scale VAWT is favorable in urban areas, e.g., on top of a
building, as well as in rural areas away from integrated grid systems where it can be used as
a portable generator.

In this thesis, a methodology is presented for the assessment of overall performance for
a small-scale VAWT system that consists of a three-straight-bladed rotor with high solidity,
electromechanical and power electronics components and controller. Salient features of this
approach include a validated computational fluid dynamics (CFD) model and a hardware-in-
the-loop (HIL) simulation. The time-dependent, two-dimensional CFD model is coupled with
the dynamics of the rotor subject to inertia and generator load. The HIL test-bed consists of
an electrical motor, a gearbox, a generator, a rectifier and a programmable electronic load.
In this setup, the electrical motor emulates the VAWT rotor. The HIL simulation is used to
study the impact of electromechanical energy conversion on the overall performance and to
evaluate control algorithms in real-time. For variable-speed control of the turbine, maximum
power point tracking (MPPT) and model predictive control (MPC) algorithms and a simple
MPC-mimicking control are designed and tested.

According to results, the coupled CFD model is an effective tool in evaluation of the
realistic transient behavior of the VAWT including the inertial effects of the rotor and the
feedback control; the electromechanical energy conversion has a profound effect on the
power characteristics and the efficiency of the VAWT system; the MPC and MPC-mimicking
control algorithms outperform the MPPT algorithms in terms of energy output by allowing
deviations from the maximum power instantaneously for future gains in energy generation;
and all of the controllers perform satisfactorily under step wind, wind gust and real wind
conditions.
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OZET

YUKSEK KATILIKLI BiR DIKEY EKSENLI RUZGAR TURBINI iICIN MODELLEME,
DONGUDE DONANIM SIMULASYONLARI VE KONTROL TASARIMI

AYKUT OZGUN ONOL
Mekatronik Miihendisligi, Yiiksek Lisans Tezi, Agustos 2016

Tez Danigsmant: Prof. Dr. Serhat Yesilyurt
Tez Yardimci-danismani: Dog. Dr. Ahmet Onat

Anahtar kelimeler: Dikey eksenli riizgar tiirbini, hesaplamal1 akiskanlar dinamigi ile
modelleme, dongiide donanim simiilasyonu, model 6ngoriilii kontrol, maksimum giic
noktas1 izleyici

Dikey eksenli riizgar tiirbinleri tlim-yonlii ve basit tasarimlarindan dolayr ylizey
riizgarlar1 gibi hizli yon degistiren, firtinali ve tiirbililanshi riizgarlarda avantajlidirlar.
Dolayistyla, kiiciik-6l¢ekli bir dikey eksenli riizgar tiirbini hem kentsel alanlarda, mesela bir
binanin tepesinde, hem de tasinabilir bir jenerator olarak kullanilabilecegi biitiinlesik sebeke
sistemlerinden uzak kirsal alanlarda elverislidir.

Bu tezde, kiigiik 6lcekli, li¢ diiz kanath ve yliksek katilikli dikey eksenli riizgar tiirbini,
elektromekanik ve gii¢ elektronigi bilesenleri ve kontrolorden olusan sistemin genel
performansinin degerlendirilmesinde kullanilacak bir yontem sunulmaktadir. Bu yaklagimin
one c¢ikan Ozellikleri gecerli bir hesaplamali akiskanlar dinamigi (HAD) modeli ve bir
dongiide donanim simiilasyonu (DDS) kullanilmasidir. Zamana bagli, iki boyutlu HAD
modeli eylemsizlige ve jenerator yiikiine bagli olarak tiirbinin rotor dinamikleriyle
baglastirilmistir. DDS diizenegi bir elektrik motoru, bir disli kutusu, bir dogrultucu ve bir
programlanabilir elektronik yiikten olusmaktadir. Bu sistemde, elektrik motoru dikey eksenli
rlizgar tiirbininin rotoruna benzetilmektedir. DDS elektromekanik enerji doniisiimiiniin genel
performansa etkisini incelemek ve kontrol algoritmalarin1 ger¢cek zamanl olarak denemek
icin kullanilmaktadir. Tiirbinin degisken hizli kontrolii i¢in, maksimum gii¢ noktas1 izleyici
ve model ongoriilii kontrol algoritmalari ile model dngoriilii kontrolii taklit edecek basit bir
kontrol tasarlanmis ve test edilmistir.

Elde edilen sonuglara gore, rotor dinamigiyle baglastk HAD modeli rotorun atalet
etkileri ve geribeslemeli kontrol de dahil olmak iizere dikey eksenli riizgar tiirbininin
gercekei gegici performansinin degerlendirilmesinde etkili bir aractir; elektromekanik enerji
doniisiimiiniin dikey eksenli riizgar tiirbini sisteminin gii¢ karakteristikleri ve verimliligi
tizerinde 6nemli bir etkisi vardir; model 6ngoriilii kontrol ve model 6ngoriilii kontrolii taklit
eden kontrol algoritmalari enerji iiretimindeki gelecek kazanglar igin anlik olarak maksimum
giicten saplamalara izin vererek enerji c¢ikisi agisindan maksimum gii¢ noktasi
izleyicilerinden daha iyi performans gostermektedirler; ve tiim kontroldrler basamak riizgar,
rlizgar hamlesi ve gergek riizgar kosullarinda basarili sekilde ¢alismaktadirlar.



ACKNOWLEDGEMENTS

First, and foremost, I would like to express my sincere gratitude to my advisor, Prof.
Dr. Serhat Yesilyurt. I am honored to have the opportunity to work with him. During the
course of this work, he has not been only an outstanding advisor, who has given me insight
into how to conduct world-class research, but also a very good mentor, whose guidance has

shaped my thoughts and ideals.

I would also like to express my thanks to my co-advisor, Assoc. Prof. Dr. Ahmet Onat,
for his guidance and support. In addition, I am thankful to Prof. Dr. Yesilyurt and Assoc.
Prof. Dr. Onat for providing me continuous financial support during my master’s studies. I
gratefully acknowledge that this work was supported by the Sabanci University Internal
Research Grant Program (SU-IRG-985).

I would like to thank Assoc. Prof. Dr. Melih Papila, Asst. Prof. Dr. Meltem Elitas and

Prof. Dr. Ata Mugan for their careful evaluation of my thesis and useful comments.

I am obviously indebted to the best teammate, Ugur Sancar, for his tremendous

contribution to this work as well as for being the amazing guy he is.

I am thankful to the lab members Alperen Acemoglu, Osman Sayginer, Ebru Demir,
Murat Gokhan Eskin, Firat Yavuz and Hakan Osman Caldag for their invaluable friendship.
I also want to thank Ozan Ozdenizci, Oguzcan Zengin and Ismail Yilmaz, who have made
my graduate student life at Sabanci University more enjoyable. I would also like to state my

special thanks to Sarah Thumbeck.

I am deeply grateful to my parents and brother, Giilseren, Hiirriyet and Can, as well as

my wife’s parents, Sakine and Ferit, for their immense love and trust.

Finally, I would like to express my heartfelt gratitude and sincere appreciation to my
beloved wife as well as my best friend, Sezen Yagmur, for her endless love, support (both

emotional and technical), care and patience. I am very fortunate to have her by my side.

vi



TABLE OF CONTENTS

1. Introduction
1.1. MOtivation & ODJECTIVE ....ecueieiieeieiie ettt eie ettt et e e e seaeesnaeesseesnns
L2 QUL <ttt ettt et ettt et e e saeenaees
2. Background & Contributions
2.1, BaCK@IOUNA .....c..oiiiiiiiiiie ettt st
2.2, CONLIIDULIONS ..ttt ettt sttt ettt ettt sae bt s st eneennes
3. Modeling
3.1, ROTOT AYNAIMICS ...uvvieniiieeiiieeiie ettt ettt e eete et e et eesiaeessbeesnteeeseeenseeesseesnseennseesnnes
3.2. Computational Fluid Dynamics Model...........ccccooveiviiniiiniiiiiiecieeeeeeeee e
3.2.1. Geometry and Computational Domain ...........ccccueeeeviinieniieiiiieiieceeece e
3.2.2. k- Turbulence Model..........cccooiiiiiiiniiiiiceceeee e
3.2.3. Time-dependent SOLVET .........ccceviuiieriiiiriieiie et s
3.2.4. DOMAIN S1ZE...ccueiiiiiiiiiiieiieeie ettt ettt sttt sttt et et e bt saeennees
325 MBS et
3.2.6. CoNVErgence STUAICS. ......ccuerieeriiriierieeiieiee st estee e st e seteeteeeeenteebeenseenseesaeensees
3.2.7. ValldAtION...c.eiiiiiiiiiie ittt sttt naees
4. Control
4.1. Simple Dynamic STMUlAtion .........cccviiiuieiiiieriierie e s seee e
4.2, WINA PTOTILES ..ottt
4.3. Maximum Power Point TracKing...........cccccueeriieriiiiniie e
4.3.1. Fixed-step Maximum Power Point Tracking Algorithm ...........ccccccvvrvviennnnnne.
4.3.2. Variable-step Maximum Power Point Tracking Algorithm .............ccccvvennennne.

4.4. Model Predictive CONIIOL........ooiieiieeeeeeeeeeeeeeeeeeeee ettt e e e e et e e eeseeeeeeeeeeseeaaanans

vil

13

13

15

16

17

18

19

19

21

23

29



4.5. Simple Nonlinear Control..........c.ccccuiiiiuieiiiieiiieeie et eeebe e 41

. Hardware-in-the-loop Simulation 45
5.1. Electromechanical SIMUlation ..........coceeveiriiriiiiiiniiine e 48
5.1.1. Validation of Electromechanical Model.........cc..ccoceriiniiniiiiniiiiiiceeeee, 51
5.2 CONIIOL 1.ttt st b ettt ettt enaeen 52
5.2.1. Maximum Power Point Tracking............ccccuevvierieriieniiinieiie e 53
5.2.2. Model Predictive COntrol........cocueiuiiiiiiiiiiiieeiiereese e 56
5.2.3. Simple Nonlinear Control..........c.ceeciieriiiiieiiiie e 58

. Results & Discussion 64
6.1. Computational Fluid Dynamics Simulation Results.............cccccoeviieiiiinienniieneee 64
6.1.1. Quasi-Steady Power Coefficient CUIVEs ........ccccevoeeviirieniieiiieiieieeieece e 64
6.1.2. Flow Fields & Shaft Effect .........coccoiiiiiiiicceeeen 70
6.1.3. ANELE OF AttACK......uiiiiiieiieeeee e e 71
6.1.4. Blade FOTCES ...c.eiiiiiiiiiiiiieiee st st 74
6.1.5. Transient ReSponse t0 GUSES.........cccviieruiieiieeiiie ettt e 77
6.1.6. Unsteady Power CoeffiCient ...........ccvieruieiiienienienie e &3
6.2. Simple Dynamic Simulation ReSUlts ...........cccevviiiiniiiieiiieiiceceeee e 91
6.2.1. Comparison of Simple Dynamic and CFD Simulations...........c.ccccceeveuveeriveennenn. 91
6.2.2. Control RESUILS ......oouiriiiiiiiiieeetc e 96
6.3. Hardware-in-the-loop Simulation Results ...........ccccovviiiiiiiiiiiiieeeecceecc e, 106
6.3.1. Electromechanical Simulation Control Results ..........cccccoceeiiiniiiiiniinienene. 108
6.3.2. Hardware-in-the-loop Simulation Control Results...........cccccceeviirniiiiniinncnnnns 117
6.4. Effect of Measurement NOISE ........ccouueriiriiriinieiieeieeie ettt 123
6.5. Effect of Power Coefficient Oscillations and Inertia...........ccccoecvevvenieneenienciennnns 127
6.6. Effect of Inertia on Steady-periodic Performance...........c.ccccceevvenienieniinieniecnns 129

viil



7. Conclusions & Future Work
T 1. CONCIUSIONS. ..cceiiieieeeeee ettt eeteeeeeeeeeeeeeeeeesaeesesss e aasaeeaaeseeeeereeeeneens

T2 FULUIE WOTK ..coiiiiiiiiiie ettt e e e et e et et e e e e e e e e s e e aereeeeeeeeeaeaens

X



LIST OF FIGURES

Figure 1.1: Rotor configurations for VAWT and HAWT [16]......ccccoiiiininiininiiiininicnenn 2
Figure 3.1: Morphing process of a cambered NACA0020 airfoil profile. ........cccccceevuennenne. 16
Figure 3.2: Geometry of the domain and boundary conditions in the CFD model. ............. 17
Figure 3.3: Mesh configurations for (a) whole domain, (b) rotor, and (c) the blade............ 20

Figure 3.4: Angular velocity transients of the torque-free rotor for different finite-element
mesh and domain $izes fOr U = 6 M/S. ....cc.ooiuiiiiiiiiiiiiiicceeceee e e 21
Figure 3.5: CFD model for validation of the k-¢ turbulence model. ..........cc.ccoccoeeiininnnne. 24
Figure 3.6: Cr and Cp values with respect to the angle of attack, a, obtained from simulations
AN EXPETIIMEIILS. ....vviiiiiieciieecieeeiie ettt e et eeseteeeteeestaeeetseesseeesseeassaeessseensseesssaesssasenseeensseessseenns 25
Figure 3.7: Experimental VAWT with the same dimensions used in the CFD model......... 27
Figure 3.8: Measured and simulated angular velocities as a function of the wind velocity. 27

Figure 3.9: Variation of rotor velocity throughout a coast-down test along with the estimated

10tor VEloCity fOr Cr= 0.0376. ....cc.eoiiiiieiiiieete et e e 28
Figure 4.1: Tip-speed ratio — power coefficient curve obtained from CFD simulations for U
T 0 T11/S. ettt et h bttt e h e eh bttt ea et e e e bt e bt et e nh e e bt e bt e eaeeebaenaee 30
Figure 4.2: Step Wind profile. ........oocuiiriiiiiiiiiiiiee e e 32
Figure 4.3: Wind gust Profile.......c..oooiieiioiiieciiecee et 33
Figure 4.4: Real Wind data. ........cooveiiiiiiiieiiecieeee et s 34
Figure 4.5: Rotor velocity — power output relation for a fixed wind velocity with the
conditions fOr POWEr MaAXIMIZATION. ........cccviieruieiriieeetieeieeeieeeteeeeeeesreesabeeereeesreeeeaeessseeens 35
Figure 4.6: Flowchart of the o-feedback MPPT algorithm ...........ccccoceeiiniiiinininininne. 37
Figure 4.7: Rotor velocity (b), generator torque (c), and generator power (d) responses of the
MPC {01 SEEP WINA (). vveeereeiiiieeiieeieieee ettt e et e st e e st e e e e e ebaeeesseessaeesasaeensaeenneeas 42
Figure 4.8: Estimation of the lower and upper tip-speed ratio limits. ...........ccceceerevervennnenne. 44
Figure 5.1: Schematics of the VAWT system (a) and the HIL test-bed (b) [16].................. 46

Figure 5.2: An image of the HIL test-bed consisting of a PC (a), a dSPACE toolkit (b), a
motor driver (c), an electrical motor (d), a gearbox (e), a generator (f), a rectifier (g), and a
programmable electronic-10ad (). .......coceeeiiieiiiiie e 46

Figure 5.3: A — Cp curve used for HIL simulations.........c...coceeveriiinienieniinieniene e 47



Figure 5.4: Three-phase PMSG — rectifier — load model (a) and the equivalent DC model (b)

LB ettt h ettt n bttt e bt en e e bt h et ebe et e 49
Figure 5.5: Voltage drop (a) and power output (b) values for fixed rotor velocity and load
current conditions obtained from HIL simulations and electromechanical simulations. .....52
Figure 5.6: Flowchart of the V;-feedback MPPT algorithm..........ccccceeviiiniieniiniieiiieee. 55

Figure 5.7: Generator power coefficient map interpolated from electromechanical simulation

Figure 5.8: Reference power output (a), load voltage (b), and rotor velocity (c) data points
and corresponding polynomial fitS. .........ccccieiiiiiiieiiiieiieee e 60
Figure 5.9: Estimation of the lower and upper load voltage limits............ccccceevverierernnnne. 61
Figure 5.10: Rotor velocity (b), load current (c), load voltage (d), and power output (e)
responses of the MPC for step Wind (2).......cceeevvieeiiiieiiiiiiieciieeeeeee e 62
Figure 6.1: Variations of the load coefficient (a), rotor velocity (b), generator torque (c), and

power output (d) for Cp curve generation process in a low resolution simulation for U = 10

Figure 6.2: A — Cp curves obtained from low resolution simulations for steady wind velocities
varying between 5 and 10 m/S. .......oouiiiiiiiiiiiiieee e 67
Figure 6.3: Variation of the rotor velocity (a), generator torque (b) and power output (c)

throughout high resolution simulations for different values of the load coefficient for U= 6

Figure 6.5: Turbulence kinetic energy surface plots at high (a) and low (b) tip-speed ratios
along with the zoomed in rotor views in (c) and (d), respectively, from a high resolution
SIMUIAtION FOT U = 6 M/S. .eeiiiiiiiiiiiiieeee ettt s 71
Figure 6.6: TOp VIEW Of the TOTOT........eieiiiieiiieciieeee e 72
Figure 6.7: Net incident velocity magnitude (a) and the angle of attack (b) with respect to the
angular position for the blade 1 for U= 6 M/S....ccceeecviiriiiieiiieiieceeeeeeee e 73
Figure 6.8: Thrust coefficient for a two-second period at quasi-steady-state of the load-

torque-free simulation for U = 6 m/s with respect to azimuth angle. ............cccoceevverirnnnne. 75

X1



Figure 6.9: Surfaces of the x-velocity with arrows representing the velocity field at the
minimum (a) and the maximum (b) values of the thrust coefficient. ...........ccccceereirreiennnnn. 75
Figure 6.10: Forces in Cartesian (a) and polar coordinates (b) acting on the blade 1 throughout
a full revolution in quasi-steady regime for A = 1.26 with respect to azimuth angle. .......... 76
Figure 6.11: Small wind gust profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), generator power (d), wind and generator torques (¢), and the power coefficient
() ettt h et h e h ettt bt eh e et e ebeen b et e bt e tenbeeneennens 79
Figure 6.12: Local and geometric estimations of the net incident velocity (a) and the angle of
attack (b) vs the angular position for the blade 1 during the small gust. ..........cccceeeeirenneene 80
Figure 6.13: Large wind gust profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), generator power (d), wind and generator torques (¢), and the power coefficient
(D) et et h et a e e h et a e bbbttt nbeeaeennen 81
Figure 6.14: Radial (a) and tangential (b) forces acting on the blade 1 and the torque generated
by the blade 1 during the 1arge USE. .......ccveiieiiiiiee e e &3
Figure 6.15: Unsteady Cp vs 0 during the 1arge gust. .........cocceeviieiiienienienienieriesee e 84
Figure 6.16: Variation of the Cp oscillations and the amplitude of the oscillations with respect
to the tip-speed ratio for the 1arge GUSL. ......oovvviiiiiiee e 85
Figure 6.17: Unsteady instantaneous and unsteady average per revolution A — Cp values
during the large gust, and steady average, minimum and maximum per revolution A — Cp
VAIUCS. .ottt ettt bbb et e h e eh et et a ettt et nh e e bt e beesae e bt e naee 86
Figure 6.18: Steady and unsteady average per revolution A — Cp values and resulting A — Cp
CUTVES. 1nutteeutteeteeeiteeeuteesatt e ettt eabee ettt e sae e e e beesabe e e et e e sue e e ateeeabeeeaseeebeeeasseeabbeesateeebeeenneeennaeenns 87
Figure 6.19: Variation of A with respect to time (a) and unsteady Cp for the blade 1 (b) and
cumulative Cp with respect to azimuth angle (c) at three revolutions with different A values
AL TTANSIENT-STALE. L.eviiitiiiiii ettt ettt et sttt et bbbt e e saeeaeennens 88
Figure 6.20: Variation of ogeomerric (a), tuocas (b) and Cp per blade (c) and the variation of
cumulative Cp (d) with azimuth angle for one revolution at steady-state. ............cccccevueeneee. 90
Figure 6.21: Variation of Cp with aucas for the blade 1 at three revolutions with different A

VAlUES At TFANSIENT-STATE. ..eeeviiiiiiieieeeeeeeee ettt e et eeeeeeteeeeeeeeeeeeeeeessessssasssessnaannanaes 91

Xii



Figure 6.22: Large wind gust profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), generator power (d), and wind torque (e) for CFD and simple dynamic
SIMULATIONS. ..ottt sttt ettt ae bt et et ebe et bt et e e sbeennens 93
Figure 6.23: Amplitude of Cp oscillations in quasi-steady regime of CFD simulations for
e 16 A Y4 T s Lo USRS 94
Figure 6.24: Large wind gust profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), generator power (d), and wind torque (e) for the CFD simulation and the simple
dynamic simulation with Cp 0SCIIatiONS. .........cooceiriiiiiiiiniiiieiccee e 95
Figure 6.25: Step wind profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for the MPPT and SNC algorithms for simple dynamic
SIMULALIONS. ...ttt ettt she e eb e e st eat e e st s b et e enaeenaees 97
Figure 6.26: Step wind profile (a); dynamic responses of the load coefficient (b), generator
torque (c), rotor velocity (d), and generator power (e) for the MPC and the SNC for simple
dynamic STMULALIONS. .....c..eeiiiiieiieeiieieere ettt et et e e sbeete e beesaeenaeas 99
Figure 6.27: Wind gust profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for the MPPT and SNC algorithms for simple dynamic
SIMULATIONS. ...ttt ettt ettt sae et et e bttt e e eaeene 101
Figure 6.28: Wind gust profile (a); dynamic responses of the load coefficient (b), generator
torque (c), rotor velocity (d), and generator power (e) for the MPC and the SNC for simple
dynamic STMUIATIONS. ....cccuieeiiieiie ettt et et e s e s ae e esteestaeesaeeessseesnseeenseens 102
Figure 6.29: Real wind profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for the MPPT and SNC algorithms for simple dynamic
SIMULATIONS. ...ttt ettt ettt et bt et et b et e nee b ene 103
Figure 6.30: Real wind profile (a); dynamic responses of the load coefficient (b), generator
torque (c), rotor velocity (d), and generator power (e) for the MPC and the SNC for simple
dynamic STMUIATIONS. .....cecuiiiiieeiie ettt ettt e st e sae e e steestaeesaeeessseesnseeenseens 104
Figure 6.31: Mechanical power produced by the rotor, Pyinq, and electrical power produced
by the complete system, Pgen, Vs the rotor velocity for U= 6 m/s.......ccccccervieruirncnnnnnnen. 107

Figure 6.32: V1/U — Cpgen curves for a range of steady wind velocities. ........c.ccoceecveruennnee 108

Xiil



Figure 6.33: Step wind profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for the MPPT and SNC algorithms for
electromechanical SIMUIAtIONS. .........coveiiriiiiiriiiiiic e 110
Figure 6.34: Step wind profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for the MPC and SNC for electromechanical
SIMULALIONS. ...ttt ettt ettt ettt e b et et e bt e bt enbee e 111
Figure 6.35: Wind gust profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for the MPPT and SNC algorithms for
electromechanical SIMUIAtIONS. .....cccueeruiiriiriiiii ittt 112
Figure 6.36: Wind gust profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for the MPC and the SNC for electromechanical
SIMULATIONS. ...ttt ettt ettt sae et e bbbt et e e b ene 113
Figure 6.37: Real wind profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for the MPPT and SNC algorithms for
electromechanical STIMUIAtIONS. .........coiiiiriiiiiiiiiiic e e 114
Figure 6.38: Real wind profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for the MPC and SNC for electromechanical
SIMULATIONS. ...ttt ettt ettt et sae et et e bbbt et e e b enee 115
Figure 6.39: Step wind profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for HIL simulations...........ccccceevvieniiiniieinieenienee, 118
Figure 6.40: Wind gust profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for HIL simulations...........ccccceevvieniiiniiecnieenieenee, 119
Figure 6.41: Real wind profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for HIL simulations...........cccccevvvieiiiiniieenieenieenee, 120
Figure 6.42: Step wind profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for electromechanical simulations with noise......... 124
Figure 6.43: Wind gust profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for electromechanical simulations with noise......... 125
Figure 6.44: Real wind profile (a); dynamic responses of the load coefficient (b), rotor

velocity (c), and generator power (d) for electromechanical simulations with noise......... 126

Xiv



Figure 6.45: Responses of the SNC for different values of the inertia, J, in the presence of Cp

OSCIIATIONS. ..ottt e e e e e e e e e e e e e e et e e e e aeeeeeeeeee e aaaeens 128

Figure 6.46: Responses of the SNC for different values of the inertia, J, for sinusoidal wind

PIOTILE. .ottt e et e et e e e e et e st e e bt e e naeeenteeenseesnaeennaeenn 130

XV



LIST OF TABLES

Table 3.1: Properties of the rotor and the blades used in simulations. ..........ccccceevereenuennen. 16
Table 3.2: CFD model CONVEIZEINCE .....cccueeiieiieriieriieiiesiteeiieeieeeteeeeeieeseeieesseenseenseeseeeneeas 22
Table 4.1: Results of the parametric study for the tuning of fixed step-size. ..........c.ccou..... 38
Table 4.2: Results of the parametric study for the tuning of variable-step gain................... 38
Table 4.3: Energy efficiency results of the parametric study for the tuning of SNC. .......... 44
Table 5.1: Electromechanical model parameters ............ceeeveeeeiieeriienieeeiie e 51
Table 5.2: Energy efficiency results of the parametric study for the tuning of SNC for HIL
and electromechanical SIMUIAtIONS. .........cceiiiiiiiiiiiiiicec e 63
Table 6.1: Mid-range values of the tip-speed ratio and the power coefficient for different
values of the load coefficient for U= 6 m/S. ......cccccoceriiriiiiiiiiiiiieceeeeee e 69
Table 6.2: Energy efficiency results for simple dynamic simulations.............ccccceevueenen. 105
Table 6.3: Energy efficiency results for electromechanical simulations. ..............ccc.c........ 116
Table 6.4: Energy efficiency results for HIL simulations. .........cc.cccoeeoiviniieniieniiinieeeen 122
Table 6.5: Energy efficiency results for electromechanical simulations with noise. ......... 127

Xvi



NOMENCLATURE

Acronym Description

WPP Wind power plant

WECS Wind energy conversion system

VAWT Vertical axis wind turbine

HAWT Horizontal axis wind turbine

CFD Computational fluid dynamics

HIL Hardware-in-the-loop

MPPT Maximum power point tracking

MPC Model predictive control

SNC Simple nonlinear control

PIV Particle image velocimetry

URANS Unsteady Reynolds-averaged Navier-Stokes
LES Large eddy simulation

P Proportional

PI Proportional-integral

PID Proportional-integral-derivative

PV Photovoltaic

HCS Hill-climb searching

PMSG Permanent magnet synchronous generator
EMF Electromotive force

BDF Backward differentiation

IEC International Electrotechnical Commission
MPP Maximum power point

SQP Sequential quadratic programming

xvii



Symbol Description Unit
t time s

U Wind velocity m/s
® Rotor angular velocity rad/s
A Tip-speed ratio -

Cp Power coefficient -

P Air density kg/m?
L Rotor height m

R Rotor radius m

J Moment of inertia of rotor kg-m?
Prina Mechanical power of rotor W
Tind Torque of rotor N-m
Pgen Generator power W
Tgen Generator torque N-m
Iy Friction torque N-m
ojj Stress tensor N/m?
n; Surface normal -

S Blade surface m?
Vi Load voltage \Y

1L Load current A

R Load resistance Q

K» Back electromotive force constant V-s/rad
K; Torque constant N-m/A
K Load coefficient -
TNgen Generator efficiency -

v Dynamic viscosity Pa-s
c Blade airfoil chord length m

Te Blade airfoil camber radius m

Np Number of blades -

o Solidity -

B Fixed pitch angle of blades °

k Turbulent kinetic energy m?/s?
€ Turbulent dissipation rate m?/s3
s Turbulent viscosity Pa-s
u Velocity field m/s
y+ Dimensionless wall distance -

T Time constant S

Co Drag coefficient -

CL Lift coefficient -

a Angle of attack °

Re Reynolds number -

Cr Friction coefficient -

®o Initial rotor angular velocity rad/s

Xviil



Symbol Description Unit
ne Energy efficiency -
Egen Actual energy output J
Eyrer Reference energy output J

Uo Free-stream velocity m/s
Ue Gust amplitude m/s
to Gust starting time s

Ty Gust period S

Ky Fixed step-size -

K, Variable step-size gain -

Ts Control sampling period s

N Length of prediction horizon -

M Length of control horizon -

05 Cost function for energy maximization -

Oy Cost function for voltage constraint -

@, Cost function for current constraint -

() Composite cost function -

wi Weight on energy maximization -

w2 Weight on satisfying constraints -

e Error -

Kp Proportional gain -

oL Lower limit for rotor velocity rad/s
01 Upper limit for rotor velocity rad/s
Y Normalized level of power coefficient -

Om Motor angular velocity rad/s
E Three-phase back EMF voltage A%

L Inductance mH
R Resistance Q
0s Flux of permanent magnets V-s/rad
p Number of pole pairs -

Vin Diode threshold voltage A%
Rover Additional resistance term Q

S Apparent power W
0 Reactive power W
Pr Real power \W%
Py phases Power loss on phases W
Prreciiier Power loss on rectifier WY
ViL Lower limit for load voltage \Y
Viu Upper limit for load voltage \Y
Crgen Generator power coefficient -

u x-component of velocity field m/s
v y-component of velocity field m/s
0 Azimuth angle °

X1X



Symbol Description Unit
U, Net incident velocity vector m/s
F Force N
Fihrust Thrust force N
Cinrust Thrust coefficient -

Fo Tangential force N
Fr Radial force N

T Torque N-m
Cpampiinide ~ Amplitude of power coefficient oscillations -

Subscript Description

i it component

j j™ component

k k™ component/step

X x-direction

y y-direction

max Maximum

min Minimum

opt Optimum

ref Reference

LN Line-to-neutral

S Stator phase

dc Direct current equivalent
local From local velocity field
geometric From geometric approach
blade k For k'™ blade

XX



Chapter 1

INTRODUCTION

Wind energy has become the fastest growing segment of all renewable energy sources
as a sustainable alternative to fossil fuels that can irreparably harm the environment [1-5].
Furthermore, wind power plants (WPPs) are not only environmentally-friendly owing to their
low CO; emissions and safe operation, but also have a growing economic advantage because
of numerous incentives such as low operation, maintenance, decommissioning, and land
costs compared to the other energy sources like fossil fuels and nuclear plants [6]. Moreover,
wind energy on Earth is abundant with an estimated continuous potential of around 10 million

MW [2].

Majority of modern wind energy conversion systems (WECSs), i.e., wind turbines,
basically consist of a rotor with airfoil-shaped blades to capture the power of the wind and a
generator that converts the mechanical energy of the rotor to electricity. Wind turbines can
be categorized based on the axis of rotation as horizontal axis wind turbines (HAWTs) and
vertical axis wind turbines (VAWTs). Although HAWTs were invented later than VAWTs,
they received most attention during the 20" century and have evolved more than VAWTs [7,
8]. Predominant HAWTs have high energy conversion efficiency when the wind quality is
high; hence, the majority of large-scale WPPs comprise of HAWTs. On the other hand, since
that large-scale WPPs (i.e., a capacity of 1-3 MW per turbine) may cause adverse effects on
the climatic conditions, distributed and small-scale (i.e., a capacity of 1.4-20 kW per turbine)
wind power generation has recently become an attractive and promising option [9].
Omnidirectional VAWTs are advantageous in gusty, turbulent winds with rapidly changing
direction such as surface winds; furthermore, VAWTs are slower and quieter than HAWTs

owing to their lower rotation rates [10]. Thus, a small-scale VAWT is favorable in urban



areas, €.g., on top of a building, as well as in rural areas away from the integrated grid systems

where it can be used as a portable generator [10-14].

The mechanical structure of a VAWT is comprised of a rotor consisting of airfoil-
shaped blades and arms and a vertical shaft that connects the rotor to a generator. Prevalent
VAWTs have three basic types: drag-based Savonius and lift-based Darrieus egg-beater and
H rotor types, which are illustrated along with a conventional HAWT in Figure 1.1 [15,16].
Among small-scale applications, the most common type, also the type that is investigated in
this thesis, is the straight-bladed Darrieus type owing to its simple structure, high efficiency,

and low cost [17].

VAWT VAWT

Savonius Rotor Darrieus Rotor HAWT

TS

Figure 1.1: Rotor configurations for VAWT and HAWT [16].



1.1. Motivation & Objective

Recently, many countries, developed and developing, have set goals to replace a
substantial amount of fossil fuel-based energy sources by renewable alternatives in the near
future, and among renewable energy sources the wind energy is a very attractive option.
Meanwhile, small-scale energy generation and smart grid applications have gained more
significance as wind power potential over large geographic regions reaches saturation point
with the increase of large-scale WPPs [18]. On the other hand, although there is an abundant
literature regarding HAWTs, studies related to VAWTs are still limited. Thus, research into
small-scale VAWTs is important.

This thesis aims to develop a framework to analyze the performance of a small-scale
VAWT system that includes a three-straight-bladed rotor with high solidity,
electromechanical and power electronics components and controller. For this purpose, first,
the aerodynamic performance of the height-normalized rotor of a three-straight-bladed
VAWT with high solidity is analyzed through a time-dependent, two-dimensional
computational fluid dynamics (CFD) model that is coupled with the dynamics of the rotor
subject the moment of inertia of the rotor and generator load. Second, the hardware-in-the-
loop (HIL) simulation setup that is presented in [16,19] and consists of an electrical motor to
emulate the VAWT rotor based on the aerodynamic performance obtained from CFD
simulations, a gearbox, a generator, a rectifier, and a programmable electronic-load is
employed to investigate the impact of electromechanical energy conversion on overall power
characteristics. Third, two different adaptations of a maximum power point tracking (MPPT)
algorithm with fixed and variable step-sizes, a model predictive control (MPC) for
maximizing the energy output subject to the limitations of the electromechanical and power
electronics components, and a simple nonlinear control (SNC) that mimics the MPC are

designed and tested for step wind, wind gust, and real wind profiles.

In addition to the CFD and HIL simulations, a simple dynamic simulation that is the
simplified version of the CFD simulation and an electromechanical simulation that is the
simplified, software-only version of the HIL simulation are developed in order to design and

test the controllers. The controllers are first designed and tested through simulations



assuming that the electromechanical energy conversion is ideal, i.e., the electromechanical
and power electronics components are lossless; and then, they are redesigned by taking the
effect of non-ideal electromechanical conversion into account and tested through
electromechanical simulations. Lastly, the real-time performances of the controllers

(excluding the MPC) are evaluated by carrying out HIL experiments.

1.2. Outline

The rest of the thesis is organized as follows:

e Chapter 2 presents a literature survey on modeling for VAWTs and control and HIL
simulations of wind turbines as well as the contributions of this thesis.

e In Chapter 3, the rotor dynamics of a VAWT and the CFD model are described in
detail.

e In Chapter 4, the simple dynamic model and the step wind, wind gust, and real wind
profiles are introduced. Then, the MPPT, MPC and SNC algorithms are designed with
a dynamics model under the assumption of an ideal electromechanical energy
conversion.

e In Chapter 5, a brief description of the HIL simulation is given, the electromechanical
simulation is explained, and the controllers are redesigned considering the influence of
non-ideal electromechanical energy conversion.

e Chapter 6 presents CFD simulation results, control performances for simple dynamic,
electromechanical, and HIL simulations for step wind, wind gust, and real wind
profiles, and electromechanical simulation results regarding the effects of measurement
noise, inertia, and power coefficient and wind oscillations on the performance.

e In Chapter 7, concluding remarks and directions for future research are given.



Chapter 2

BACKGROUND & CONTRIBUTIONS

2.1. Background

In 1970s, the researchers at Sandia National Laboratories carried out wind tunnel tests
and compared with the field tests for a 2-meter diameter egg-beater-shaped Darrieus VAWT
[20,21]. Based on the results from the experiment, a 34-meter diameter Darrieus VAWT test-
bed was constructed to investigate aerodynamics, structural dynamics, fatigue life, and
control designs in order to assess the feasibility of VAWTs during 1980s [22]. The results
obtained in 1990s showed that compared to a two-bladed rotor, a three-bladed rotor has more
structural stability, furthermore it eliminates in-plane and out-of-plane vibrational modes,
moreover the torque output has less torque ripples as well; the efficiency of a small-scale H-
rotor can be increased above 40%, and it is economically advantageous over egg-beater
configuration since it requires shorter blades for a certain power level; thus, three-bladed and

H-rotor configurations are promising for future designs.

Aerodynamic modeling is a useful approach to analyze and improve the design of
VAWTs. [13,17, 23, 24] investigate and review the prevalent modeling methods for Darrieus
VAWT which can be categorized as computational aerodynamics methods that involves
momentum, vortex, and cascade models, computational fluid dynamics methods, and
experimental methods. Obviously, the experimental methods, namely, wind tunnel tests and
particle image velocimetry (PIV) methods provide the most accurate results; however, their
use may be prohibitive due to high construction costs, and therefore they are usually used for
the validation of other methods. Among the computational aerodynamic methods, the
cascade model is found to be the most precise and least problematic method. On the other

hand, CFD modeling offers the ability of detailed visualization of flow near airfoils in



addition to more accurate prediction of aerodynamic performance. CFD models can be
classified based on their dimensions as 2D, 2.5D and 3D models. Despite the fact that higher
dimensional models yield more precise results, high computational effort requirement
restricts the use of them. Thus, 2D CFD models are currently the most popular approach in

literature for modeling Darrieus VAWTs.

In addition to numerical optimization such as in [25] and experimental evaluation of
VAWT airfoils, e.g., [26], CFD models have been commonly used for the analysis of the
rotor performance. In [27], a 3D unsteady Reynolds-averaged Navier-Stokes (URANS) CFD
model of a VAWT is developed, and parametric studies on the design are conducted;
however, the computations are limited to single-bladed turbines without the consideration of
trailing wakes. Wind tunnel tests and 2D and 3D URANS CFD simulations of a small-scale
VAWT are carried out by Howell et al. [28], where two- and three-straight-bladed
configurations are compared, and three-bladed configuration is found to be advantageous due
to its peak power at lower tip-speed ratios. Authors also reported that the absence of tip
vortices in 2D simulations causes an overestimation of the power coefficient if the blades are
short [28] consistently with the results reported in [29] as well. In [30], 2D and 2.5D URANS,
and 2.5D large eddy simulation (LES) CFD simulations of a three-straight-bladed VAWT
are performed, and the results demonstrated that the discrepancy between 2D and 2.5D
URANS simulations is not significant despite the fact that the 2.5D LES provides more
accurate results; authors use 2.5D for periodic boundary conditions in the out-of-plane
direction. Furthermore, [31] employs a 2D URANS model to investigate the effect of trailing
edge shape on the performance of a straight-bladed VAWT.

VAWTs can operate and generate energy in turbulent and gusty wind conditions by the
virtue of being omnidirectional and having a simple design. Recently, experimental and CFD
techniques have been used to investigate the influence of unsteady wind conditions on
VAWTs. Vorticity transport method is used to analyze the aerodynamics of three-bladed
VAWTs with straight, curved and helically-twisted blades under sinusoidal wind conditions
by Scheurich and Brown [32], and authors report that straight- and curved-bladed
configurations suffer from greater performance losses than the helically-twisted ones during
wind oscillations with large amplitude (e.g., AU/Up = + 0.3), but the range of variations of

the power coefficient remains unchanged for steady and sinusoidal winds with amplitude-to-



mean ratio of 0.1 and 0.3 for straight-bladed turbines. Kooiman and Tullis [33] report that
transient fluctuations in the amplitude of the wind velocity in an urban environment
deteriorates the performance of a high solidity (¢ = 1) H-type VAWT, while the fluctuations
in the wind direction do not have an effect. Similar observations on the effect of large
fluctuations are reported elsewhere. According to [34-37], unsteady wind velocity
deteriorates the performance of three-straight-bladed VAWTs especially for large
fluctuations in the wind velocity: £30% fluctuations in the wind speed lead to negative power
coefficient values. According to 2D-RANS-CFD-based studies on the effects of the solidity
and the thickness and camber of the blades on the aerodynamic performance of three-straight-
bladed VAWTs under fluctuating wind conditions, cambered thick blades are desirable

within unsteady wind environments [36,38] owing to higher torque generation.

In transient winds, the dynamics of the rotor plays an important role. Hara et al. [39]
studied the effect of inertia in the energy efficiency of VAWTs under pulsating wind
conditions with experiments and a blade-element momentum model, and concluded that the
energy efficiency of the VAWT is not influenced by the oscillations in the wind velocity
unless the period of oscillations is large and the moment of inertia is small; only then, the
energy output varies depending on the power coefficient curve. In addition to the dynamics
of the rotor, several CFD modeling studies for Darrieus VAWT address the effects of the
control algorithm on the utilization of gusts and wind fluctuations. MclIntosh et al. [40] show
that unsteady winds and fluctuations can increase the energy output of the VAWT by
demanding a higher tip-speed ratio above the steady optimum through the constant rotational
speed controller. Moreover, unsteady analysis can be effective in the development of
controller strategies for the extraction of energy in the wind fluctuations. In [41], authors
report that a higher energy efficiency is achieved by means of increased torque due to
accelerating free stream and blade stall. In other words, wind transients such as gusts and
fluctuations can be exploited by a small-scale VAWT, if it is controlled accordingly; thus,

the control design is very crucial for such a system.

Although constant-speed wind turbines can be connected directly to the utility grid,
1.e., without a power electronics medium, the minority of modern wind turbines operate in
constant-speed mode; instead, variable-speed operation is preferred owing to its higher

efficiency [42,43]. For large-scale variable-speed wind turbines, there are three main regions



of operation based on the wind velocity. Region 1 is the start-up region, in which the wind
velocity is below a cut-in rate; whereas, region 3, in which the wind velocity is above the
rated and below a cut-off wind velocity, is a constant-power mode aiming to ensure the safe
operation of mechanical and electrical components, and above the cut-off wind speed the
turbine does not operate. In region 2, namely between the cut-in and rated wind velocities,
the goal is to extract the maximum energy from the wind. Generally, the goal of control for
large-scale wind turbines is a combination of multi-objectives such as maximization of
energy, reduction of mechanical loads on tower and blades, and smoothing of power
gradients, and the control variables are generator torque, blade pitch angle, and yaw angle.
For limiting power and rotor velocity in region 3, usually conventional control techniques
such as proportional-integral-derivative (PID) control are used for pitch angle control; while
generator torque control is usually used for tracking the optimal power in region 2 [43] . On
the other hand, small-scale VAWTs may avoid such mechanical limitations such as blade
bending and capture the energy from extreme winds; hence, they basically operate solely in
region 2 with an objective of energy maximization subject to electrical system limitations

through generator torque control.

Maximum power point tracking is a popular control method for varying unsteady
effects in the energy supply such as photovoltaic (PV) devices and wind energy conversion
systems [6]. In case of WECSs, basically, there is an optimal tip-speed ratio for each turbine
that yields the maximum power which is aimed to be tracked by MPPT algorithms. There are
numerous studies regarding MPPT in literature such as [44-48]. Abdullah et al. [49] review
and discuss MPPT control techniques for HAWTs and classifies them mainly into four
categories: tip-speed ratio control, optimal torque control, power signal feedback control, and
hill-climb searching (HCS) (or perturbation and observation) control. Among these, HCS
method is the only one that requires neither turbine model nor wind speed measurement.
Since accurate modeling and wind speed measurement would be challenging and costly for
a small-scale system [16], HCS method would be favorable despite the fact that tip-speed
ratio control and optimal control are found to perform slightly better under varying wind
conditions. Koutroulis and Kalaitzakis [44] propose a generic HCS MPPT technique to
maximize the power output of wind energy conversion with 10-50% increase in the power

output compared to a generator directly connected to a battery bank via a rectifier. The



adaptive HCS MPPT algorithm proposed by Kazmi et al. [47] detects and updates the speed
— power characteristics of the turbine throughout operation and uses this information to adapt

the size of control steps; results show that the adaptive method outperforms conventional

HCS MPPT.

Model predictive control is an advanced control technique for systems that can be
modeled accurately. Moreover, MPC is an optimal control approach since it optimizes the
control trajectory over a prediction horizon in a receding horizon procedure. Thus, a model
predictive controller that exploits wind speed predictions (e.g., using LIDAR) to maximize
the energy generation subject to electrical system constraints could provide the optimal
control strategy for arbitrary wind conditions. Furthermore, for large-scale HAWTs, MPC
has been proven to perform satisfactorily for maximizing energy efficiency [50] in addition
to load reduction [51-53] or improving power quality [54,55] as well as for handling
additional constraints [56,57]. However, use of MPC is not common for small-scale VAWTSs

which have different operating characteristics from HAWTs.

The cost of a prediction system and computational power requirements may be
restrictive to use such an advanced technique for small-scale applications. Additionally,
inevitable uncertainties in the wind speed should be considered while designing an MPC for
WECSs. Nonetheless, the response of MPC to arbitrary wind conditions may provide an
insight into optimal control strategies for particular wind patterns which can be used to design

a simple MPC-mimicking control.

Aerodynamic modeling is an effective approach to predict power coefficient and
evaluate the performance of a VAWT rotor. On the other hand, a VAWT system comprises
of not only a rotor but also electromechanical and power electronics components which also
affect the power characteristics significantly while converting the mechanical energy into
electricity. Hardware-in-the-loop simulations have numerous advantages over numerical-
only simulations in testing the performance of actual components and control designs in
controlled experiments under realistic conditions [58]. The effects of operating
characteristics of hardware components, real-time implementation of control algorithms,
measurement noise, thermal effects and other disturbances are directly observed in HIL

simulations [59]. For WECSs, HIL simulations are employed to test the performance of



electromechanical and power electronics components and controller under arbitrary wind

conditions [16, 60-65]. In order to ensure the fidelity of the simulator, the static and dynamic

characteristics of the HIL simulator must be the same as the characteristics of the real system

[62].

2.2. Contributions

The major contributions of this thesis can be summarized as follows:

Development of a time-dependent, two-dimensional CFD model coupled with the
dynamics of the rotor for a small-scale, height-normalized, three-straight-bladed
VAWT with high solidity to analyze tip-speed ratio — power coefficient relationship
for steady and unsteady wind conditions and to observe the transient performance of

VAWT systems including the inertial effects of the rotor and the feedback control;

Investigation of the impact of electromechanical energy conversion, power electronics

components, and real-time control on overall performance through HIL experiments;

Development of an MPC approach to obtain the optimal control strategy for

maximization of energy generation subject to electrical limitations;

Development of a surrogate for MPC design, which is called simple nonlinear control,

to eliminate the drawbacks of MPC; and

Development of model-free and wind speed sensorless fixed-step and variable-step

MPPT algorithms.

In CFD modeling studies in literature a fixed rotor velocity is prescribed. In this thesis,

however, a coupled rotor dynamics and 2D CFD modeling approach for a three-straight-

bladed VAWT that allows variable rotor speed is developed and analyzed from a

mechatronics perspective. The model is validated with data from an experimental VAWT

that has the same dimensions with the rotor in the model, and only subject to friction torque,

which is estimated by coast-down experiments at zero wind conditions. Long-time behavior

of the VAWT rotor that is coupled with feedback control and inertia, which corresponds to
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hundreds of revolutions of the rotor (ca 75 — 100 seconds), are simulated for detailed analysis
of quasi-steady and instantaneous power coefficients in steady and unsteady winds with
standardized gusts and to understand the relationship between steady and unsteady power
coefficient characteristics. Additionally, simulations are performed to obtain the relationship
between the power coefficient and the tip-speed ratio, to investigate the flow physics, and to
demonstrate the performance of the controller. A detailed analysis of the unsteady angle of
attack and power coefficient is carried out. Results show that the proposed coupled modeling
approach is an effective tool for system-level design and performance evaluation of VAWT

systems under wind transients.

Since CFD simulations require excessive amount of computation times, a simple
dynamic simulation is developed using the tip-speed ratio — power coefficient characteristics
obtained from CFD simulations. A comparison between the results of the CFD model and
the simple model shows that the simple model is sufficiently accurate to evaluate the
performance of the VAWT system including the controller from a dynamic performance
point of view. Thus, the simple dynamic model is used to design, implement and compare
control methods for arbitrary wind conditions. First, model-free, wind speed sensorless fixed-
and variable-step HCS MPPT algorithms are developed. Second, a model predictive control
is designed for maximization of energy generation subject to electrical limitations of the
system. Third, a simple nonlinear MPC-mimicking control is proposed based on the behavior
of the MPC for step wind. Lastly, a comparison of these methods for step wind, wind gust
and real wind profiles is carried out. It is shown that maximizing the instantaneous power
does not mean maximizing the energy generation, and the energy output can be enhanced by
allowing deviations from the maximum power instantaneously for future gains in energy
generation. Moreover, the SNC demonstrates a successful performance in the sense of

mimicking the MPC.

In order to investigate the influence of electromechanical energy conversion on the
power characteristics of the VAWT system, we employ the HIL test-bed developed in
[16,19], in which an electrical motor emulates the VAWT rotor based on a power coefficient
curve obtained from CFD simulations. The power curve from the CFD model is used in a
software-only electromechanical simulation environment, which is the simplified DC

equivalent of the HIL test-bed. According to simulation results, the generator and power

11



electronics components have a profound effect on the overall power output and efficiency of
the VAWT system and the performance of a controller is influenced by real-time noise and
measurement errors. Hence, the electromechanical simulation is used to redesign the fixed-
and variable-step MPPT, SNC, and MPC algorithms accordingly. Electromechanical and
HIL simulations are carried out to test the performance of the controllers for step wind, wind
gust, and real wind inputs. According to results, the controllers perform satisfactorily for all
of the step wind, wind gust, and real wind inputs in both simulations, and the experimental
results for the MPPT and SNC algorithms are similar to the electromechanical simulation
results which means that the electromechanical simulation is a reliable tool to design and

evaluate control algorithms for actual VAWT systems.
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Chapter 3

MODELING

3.1. Rotor dynamics

Basically, a VAWT consists of a rotor and a generator that are connected through a
vertical shaft. The rotor comprises of blades and blade arms to convert wind power into
mechanical power, while the generator produces electricity from the mechanical power.
Thus, the rate of change of the angular velocity of the rotor, ®, is obtained from the
conservation of the angular momentum by dividing the net torque on the shaft by the moment

of inertia, J, as follows:

T.-T -T.
do L ~le =1, (3.1)
dt J

where Tyina 1s the wind torque that is generated by the blades, T,en is the generator torque, 7

is the friction torque which is proportional to the rotor velocity with a friction coefficient.

The mechanical power of the rotor of a Darrieus VAWT, Phying, is defined as:

P

wind

=C,(Mt)pLRU’ (3.2)

where U is the wind velocity, p is the air density, R is the rotor radius, L is the rotor height,

Cp(A,2) is the power coefficient, and A is the tip-speed ratio given by:

_OR
U

A (3.3)

13



Thus, if the tip-speed ratio — power coefficient relation of the rotor is known, 7yins can

be obtained by dividing the mechanical power of the rotor by the rotor velocity, as below:

P

_ " wind

_ C,(MpLRU?
wind ® ®

(3.4)

Alternatively, Twina can be calculated from the total fluid stress at the surface of the

blade in the CFD model:

Toa = [[(x=x)0, = (v =300, |n,(x, )dS (3.5)

3
k=1 S,

where 6 are the components of the stress tensor, j indicates x or y direction, nj(x,y) is the j
component of the surface normal at a given position, (x,y), on the blade, xo and yo are the

position of the shaft, and Sy is the surface of the k™ blade.

The generator torque, Teen, is adjusted by a control algorithm in terms of either a load
coefficient (e.g., for CFD and simple dynamic simulations) or the load current (e.g., for HIL
simulations). Hence, g s defined in terms of both the load coefficient and the load current

here.

Within the VAWT system, a direct-drive permanent magnet synchronous generator
(PMSG) is used for mechanical to electrical energy conversion, which is usually preferred
for such systems owing to its advantages such as high efficiency, reliability, gearless
construction, lightweight, and self-excitation [49,66]. Since the electrical dynamics is much

faster than the mechanical dynamics, its effect on the transient response can be omitted.

For an ideal PMSG, the load voltage, Vi, is given by the product of the back

electromotive force (EMF) constant, K;, and the rotor velocity:
V, =K, (3.6)
Similarly, the generator torque is the product of the load current, /;, and a factor, K,

which is the torque constant, as follows:

T, =K1

gen t L

(3.7)
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In this case, it is assumed that the generator is connected to a pure-resistive load by
means of a controller which manipulates the resistance of the load. Thus, Ohm’s law prevails

between the load voltage and the load current, /1, in terms of the load resistance, R;:
L=V/R, (3.8)
Hence, the generator power, Pgen, namely the power output can be written as:

55 K’

P = L = ) et 2 0)2 3 .9
gen n gen RL n gen RL ( )

where e 1s the efficiency of the generator and although it depends on the operating voltage

and current and affects the power output significantly, here the efficiency of the generator is

assumed 100% for the sake of simplicity. As a result, Tgen and Pgen can be rewritten in terms

of a load coefficient, i.e., K; = K»%/Ry, as follows:

T, =Ko (3.10)

gen

- K, (3.11)

gen L

3.2. Computational Fluid Dynamics Model

In order to calculate the wind torque given by (3.5), instantaneous stresses over the
surfaces of the blades must be known. Here, a time-dependent, 2D CFD model of a height-
normalized, three-straight-bladed, small-scale VAWT is developed using COMSOL
Multiphysics software [67] to obtain the flow around the rotor and the stresses on the blades.
Since the k-¢ turbulence model is very common, sufficiently accurate, stable and relatively
cost-effective compared to other turbulence models, it is adopted here for the CFD model
coupled with the dynamics of the rotor to obtain a long time behavior of the rotor coupled

with feedback control and inertia.
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3.2.1. Geometry and Computational Domain

The VAWT modeled here has three straight blades with a height, L, of 1 m, and the
rotor radius, R, is 0.5 m. The blade profile is a cambered NACA0020 airfoil with a chord
length, ¢, of 0.35 cm corresponding to a solidity (i.e., 6 = Npc/R) of 2.1. The chord of the
modified blade is arched with a camber radius, ., slightly larger than the rotor radius, which
is set to 0.6 m here, as shown in Figure 3.1; the thickness, 0, is kept the same as the reference
symmetric blade. The properties of the rotor and the blades used in simulations are

summarized in Table 3.1.

Figure 3.1: Morphing process of a cambered NACA0020 airfoil profile.

Table 3.1: Properties of the rotor and the blades used in simulations.

Parameter Symbol Value Unit
Air density p 1.205 kg/m?
Dynamic viscosity v 1.82 x 10 Pa-s
Number of blades Np 3 -
Rotor radius R 0.5 m
Rotor height L 1 m
Rotor moment of inertia J 1.5 kg-m?
Blade airfoil chord length c 0.35 m
Blade airfoil camber radius Te 0.6 m
Solidity c 2.1 -
Fixed pitch angle of blades B 5 °
Torque constant K; 1.4877 N-m/A
Back EMF constant Kp 1.4877 V-s/rad

The computational domain consists of a stationary rectangle and a circular region that
rotates with the rotor, as shown in Figure 3.2. No-slip boundary condition is imposed at the
surfaces of the blades that rotate with the domain. The angular velocity of the rotor, which is
an unknown and calculated from the equation of motion for the rotor given in (3.1). The top
and bottom boundaries are walls with slip boundary conditions, for which there is no flow
normal to the surface and the shear parallel to the surface is set to zero. The left boundary is

a uniform velocity inlet, and the right boundary is a normal-stress-free outlet.
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Figure 3.2: Geometry of the domain and boundary conditions in the CFD model.

3.2.2. k-g¢ Turbulence Model

In order to obtain the flow around the rotor and the stresses on the blades, the k-¢
turbulence model is used in this study since it is sufficiently accurate, stable and relatively
cost-effective compared to other turbulence models. For this purpose, the Turbulent Flow, k-
¢ interface of COMSOL Multiphysics is employed which solves the unsteady Reynolds-
averaged Navier-Stokes equations for conservation of momentum and the continuity

equation for conservation of mass [68].

The k- model uses the standard k-¢ equations , the turbulent kinetic energy, &, and the
turbulent dissipation rate, €, [69] subject to realizability constraints, and wall functions are

used to model the flow near walls.
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The turbulent viscosity, pr, is defined as:

k2
by =pC, " (3.12)

where C, = 0.09.

The transport equation for the scalar field £ is given by:

p%+pu-Vk:V-Ku+i—Tij}+Pk—ps (3.13)
k

where u is the velocity field, p is the dynamic viscosity, ox = 1.3, and Py is the production

term given by:
ry_ 2 2| 2
P, =y, | Vu:(Vu+(Vu) )—E(V-u) —Eka-u (3.14)

The transport equation for the turbulent dissipation, €, is expressed as:

2
€

p%eru.Vs=V.Kp+%JVs}er%Pk—Cszp? (3.15)

€

where ;= 1.3, Ce1 = 1.44, and Ce, = 1.92.

3.2.3. Time-dependent solver

The time-dependent solver employs a variable-step backward differentiation formula
(BDF) method with a maximum order of 5 for integrating the URANS, k-¢ equations and the
constraint equation for the rotor dynamics given by (3.1) to compute the rotor velocity for
the specified load coefficient, from which the generator torque is calculated. A detailed

description of this method can be found in [70].
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3.2.4. Domain Size

The size of the computational domain that includes a rotating domain around the rotor
and the surrounding fluid (Figure 3.2) is varied to obtain the torque-free angular velocity of
the rotor in a number of simulations when the wind velocity, U, is 6 m/s. The most economic
size of the computational domain and the radius of the rotating domain are found as 40Rx24R
and 2.5R respectively, as shown in Figure 3.2. This structure is consistent with the others in
literature, e.g., [29] and [31]. According to simulations presence of the shaft at the rotor

center does not have a significant impact on the flow distribution and on the rotor velocity.

3.2.5. Mesh

The flow field is obtained from the solution of the URANS equations with the finite-
element method that contains first-order triangular elements except the boundary layers
enclosing the blades where quadrilateral elements are used. Since the external boundaries of
the blades in this model are rotating walls for which the corresponding conditions regarding
the rotation of the wall are prescribed, the blades are enclosed with boundary layers with a
dimensionless wall distance y+ of 10, namely starting from outside of the viscous layer,
where the inner layers are approximated by wall functions [68]. The quality of the finite-
element mesh is adjusted by conducting a mesh convergence study in which the mesh quality
is varied gradually. As a result, the mesh configuration that is shown in Figure 3.3 is found
satisfactory. The complete mesh consists of 58104 triangular and 3180 quadrilateral domain
elements, 1044 boundary elements, and 21 vertex elements, and the model is solved for
163762 degrees of freedom. If the element quality is defined as the ratio of the inscribed and
circumscribed circles’ radii for the simplex corresponding to each corner of the element, the
minimum element quality is 2.08% while the average element quality is 92.29% for this

mesh.
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Figure 3.3: Mesh configurations for (a) whole domain, (b) rotor, and (c) the blade.
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3.2.6. Convergence Studies

Figure 3.4 shows the angular velocity of the torque-free rotor (i.e., Tgen = 0 N-m and 75
= 0 N-m) as a function of time for a wind velocity of 6 m/s for various mesh and domain
sizes and with and without the shaft at the center of the rotor. In the legend, the domain size
is expressed in terms of the relative area of the domain with respect to the optimal size (i.e.,
40R*24R); only one simulation is performed with the shaft at the center; for three
simulations, the mesh involved boundary layers around the blades with y+ = 10, which is
close to the limit for the wall functions, 11.06 [68]. Lastly, for all of the cases, the number of
degrees of freedom representing the mesh size is denoted in parenthesis. Table 3.2
summarizes the degrees of freedom that the model is solved for, the resultant computational

times for 75-second simulations and the final quasi-steady-state rotor velocities for the

simulations compared in Figure 3.4 which also yield the following observations.
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Figure 3.4: Angular velocity transients of the torque-free rotor for different finite-element
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Table 3.2: CFD model convergence

Model Degrees of Computational Final quasi-steady-state
freedom time [s] rotor velocity [rad/s]
0.35x domain 112k 185611 31.8
0.35x domain, w/ shaft 118k 197877 31.8
0.35x domain, y+ =10 129k 1036594 30.1
0.35x domain, y+ =10 285k 1931754 30.2
0.70x domain 233k 348058 30.4
1.40x domain 342k 868295 30.2
1.00x domain, y+ = 10 164k 1357220 28.9

First, in all cases, the rotor self-starts successfully from rest, due to the large solidity of
the rotor, i.e., 6 = 2.1, and the angular velocity seemingly reaches to a quasi-steady-state.
Even though neither the turbulent flow in the domain nor the rotor velocity is actually in
steady-state, the variation of the angular velocity with respect to time is very small; thus, we
call this final state quasi-steady-state, as commonly called in literature as well. Convergence
to the quasi-steady-state depends on the time constant of the rotor, t, which can be expressed
as the ratio of the moment of inertia to the slope of the wind torque with respect to the angular

velocity from (3.1), as follows:

J

TR— 3.16
|8Twind/a(0| ( )

As the rotor accelerates from rest, time constant varies due to the dependence of the wind
torque on the angular velocity. At the maximum power, this time constant is estimated to be
around 11 seconds, and at the maximum angular velocity, where the wind torque is zero, the
time constant is about 16 seconds. On the other hand, the unsteady behavior of the power

coefficient is truly interesting and discussed in Chapter 6.

Second, the quasi-steady-state rotor velocities are within 10% for all mesh
configurations and domains studied here. Highest velocity, about 31.8 rad/s, is obtained for
the reduced domain with and without the shaft, which has no effect on the final state. As the
domain size increases or a fine boundary layer mesh is used around the blades, the final
velocity decreases to 30.2 rad/s. For the standard domain size and the fine mesh around the
blades, as indicated by “1.00x domain, y+ = 10 (164k)” the final velocity is about 28.9 rad/s.

Increasing quality of the mesh and larger computational domain increase the computation
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time for the simulation of one-minute up to 15 days on an Intel-based Linux server with 48
cores of Intel Xeon E5-2697 operating at 2.70 GHz; whereas, the same run takes about 2 days
for the coarsest mesh and the smallest domain size. Hence, the low resolution configuration,
indicated by “0.35x domain, w/o shaft (112k)”, is used to obtain the power-coefficient curves
for different steady wind velocities, and the high resolution configuration, indicated by
“1.00x domain, y+ = 10 (164k)”, is used for the transient performance analysis for wind

gusts.

3.2.7. Validation

3.2.7.1. Validation of the k-¢ Turbulence Model

The k-¢ turbulence model is preferred in this study because it is sufficiently accurate,
stable and relatively cost-effective compared to other models. Nonetheless, its accuracy
needs to be assessed to assure that the CFD model provides reliable results. For this purpose,
the computational domain is resized preserving the mesh quality, and the rotor is replaced by
a symmetric NACAO0021 airfoil with a chord length of 0.35 m, as shown in Figure 3.5; in this
model, the angle of attack is changed by rotating the rotating domain. Then, four-second
simulations are run to obtain the drag and lift coefficients (Cp and C;) for a range of angle of
attack (o) values for U= 15.54 m/s, which corresponds to a Reynolds number (Re) of 360000,
and the results are compared to the experimental data that is obtained from wind tunnel tests
for a NACAO0021 airfoil and Re = 360000 and presented in [20]. For simulations, C; and Cp

values are calculated from:

ggcsx/.nidS

CD=1+ (3.17)
el U2
)P e
q-DGW.n/.dS

CL=1'+ (3.18)
el U2
2P e
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Figure 3.5: CFD model for validation of the k-¢ turbulence model.

The resulting C; and Cp values vs the angle of attack are depicted in Figure 3.6.
According to Figure 3.6a, the k-¢ model estimates the Cp with an acceptable accuracy for
angle of attack values less than 55°, for greater angle of attack values, however, it
overestimates the drag with a relative error of about 45%. On the other hand, Figure 3.6b
shows that the lift coefficient predicted by the k- model overshoots around o = 15°, diverges
from the experimental results for 30° < a < 60°, and converges to the experimental results
for a > 60°. Nonetheless, the k-¢ turbulence model predicts the drag and lift coefficients with
average absolute errors of 30.8% and 25.7%, respectively. Thus, the k-¢ turbulence model

can be deemed satisfactory for analysis of the dynamic performance of the VAWT rotor.
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Figure 3.6: C; and Cp values with respect to the angle of attack, a, obtained from

simulations and experiments.

25



3.2.7.2. Validation of the CFD Model

The CFD model is validated using the field data obtained from the operation of a small
VAWT, which was designed and built for experiments and is shown in Figure 3.7. The
experimental VAWT is not connected to a load (i.e., Tgen = 0 N-m), but subject to friction
and drag that need to be estimated. Coast-down tests were carried out when the blades and
blade arms were on the rotor in the absence of wind, i.e., Tyine = 0 N-m. Admittedly, the
additional drag from the blades in stationary fluid should be counted, but since streamlined
NACA airfoils have very small drag when the angle of attack is zero, which is the case when
there is no wind, this additional drag is neglected compared to the drag on the arms.
Moreover, the flow developed due to the rotation of the blades, cross-blade interactions, and
added-mass effects are neglected as well. Furthermore, the drag on the blade arms in the
actual wind conditions could be larger than the drag during the coast-down experiment; these
higher-order effects are neglected. Consequently, an assumed-constant friction coefficient
(Cp, 1.e., Ty= Cro, 1s estimated from the solution of the equation of motion for the rotor given

in (3.1), as follows:

Jo=-T, > o) =0, """ =C, = tiln (&j (3.19)
k O‘)k

where oo is the initial rotor velocity, and x is the velocity after # seconds.

Since the goal of the validation is the estimation of the turbine performance at relatively
high angular velocities of the rotor, Crvalues are estimated from the first two data points of
each coast-down test which are 10 seconds apart. Average friction coefficient value is

obtained as 0.0376 from total of four experiments.

Figure 3.8 shows the rotor velocity with respect to the wind velocity averaged and
sampled with 10-second periods from field experiments, the linear fit to the experimental
data, and the steady-state rotor angular velocities obtained from friction-corrected low
resolution simulations for wind velocities between 3 and 6 m/s and a friction-corrected high
resolution simulation for the wind velocity of 6 m/s. The simulation results after the
correction for the friction demonstrate a good agreement with measurements as shown in

Figure 3.8.
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Figure 3.8: Measured and simulated angular velocities as a function of the wind velocity.
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Figure 3.9 illustrates the variation of the rotor velocity throughout a coast-down test
with the rotor velocity estimated from (3.19) for Cy=0.0376. It is clear that the most drastic
decay of the rotor velocity occurs at the first thirty seconds. Furthermore, the rotor velocity
decreases to about 3 rad/s after 20 s, and the low (about 1.13 rad/s) precision of the velocity
measurement, which is made through an Inspeed Vortex Wind Sensor attached to the shaft
via a coupling, becomes a momentous factor. Thus, in order to avoid such inaccuracies as
much as possible, only the first 10-second period is used while estimating the friction
coefficient. Nevertheless, the resulting estimation for the rotor velocity seems to be consistent

with the experimental data.
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Figure 3.9: Variation of rotor velocity throughout a coast-down test along with the
estimated rotor velocity for Cr=0.0376.
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Chapter 4

CONTROL

4.1. Simple Dynamic Simulation

Since CFD simulations require an excessive amount of time, a simple dynamic
simulation based on a tip-speed ratio — power coefficient curve obtained from CFD
simulations is used to design and test control algorithms. In this simulation, the wind torque
is estimated as in (3.4), and the rotor dynamics in (3.1) is numerically solved by the forward

Euler method with time steps Az = 1 ms, as following:
T.. . -T
O,y =@ + Wd’kJ 0L At (3.20)

A tip-speed ratio — power coefficient curve obtained from high resolution CFD
simulations for a wind velocity of 6 m/s (see Figure 4.1) is used to obtain the wind torque
from (3.4). For this power coefficient curve, the peak value of the power coefficient, Cpf,
is 0.3494 and the corresponding tip-speed ratio value, A, is 1.275. The process for power

coefficient curve generation from CFD simulations is explained in detail in Chapter 6.
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0.05r

Figure 4.1: Tip-speed ratio — power coefficient curve obtained from CFD simulations for U
=6 m/s.

Control algorithms in this thesis are based on adjusting the generator torque. The
control variable is the load coefficient or the generator torque itself (i.e., only for MPC) for
CFD and simple dynamic simulations and the load current for HIL simulations. Thus, the
control methods are defined and tuned in terms of the load coefficient or the generator torque

here, and then they are modified and tuned separately for HIL simulations.

The discretized rotor dynamics in (3.20) can be rewritten in terms of the load

coefficient as follows:

CoiPLRU o =K 00,
J

At (3.21)

Wy = O +

Consequently, in both CFD and simple dynamic simulations, the load coefficient is
manipulated as the control variable, and the generator torque and the power output are
obtained from (3.10) and (3.11) with the rotor velocity calculated from (3.1) subject to wind
torque from (3.5) for CFD simulations and with the rotor velocity calculated from (3.20)

subject to wind torque from (3.4) for simple dynamic simulations.
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In this case, it is assumed that the electrical system is ideal, i.e., no losses, and the
generator is connected to a perfect power sink so that there is no constraint for energy
production. On the other hand, the control variable and the power output are bounded below
by zero and bounded above by the maximum limits of the generator voltage and current,

VL,max and IL,max:

0<V, <V, (3.22)
01, <1, (3.23)

Typically, small-scale VAWTs do not have practical mechanical limitations as HAWTs
owing to their structural advantages. Nonetheless, the voltage and current constraints from
the power electronic components also imply speed and torque constraints because of the
electromagnetic characteristics of PMSGs that are shown in equations (3.6) and (3.7), e.g.,
the maximum voltage limit prevents over-speeding as well. Thus, it can be said that these
limitations ensure the safe operation of the turbine. The control algorithms are enforced to
respect these constraints by saturating the corresponding variables for MPPT and SNC
algorithms and by solving the optimization problem subject to these constraints for MPC

algorithm.

Since control aims to maximize the energy output of the turbine, the performance of
control scenarios are compared on the basis of an energy metric, ng, which is derived from
the ratio of the actual energy output, Eqer, and the reference energy generation capacity, £,

during a period of time, 7o < ¢ < t5, as follows:

Egen
E,
The energy generated is calculated from:
Ly
E,, = [ P,dt (3.25)

t=t,

31



Similarly, the reference maximum energy output is obtained from the integration of the
reference aerodynamic power, Pyinare, Which is the power that can be generated by the rotor

when the power coefficient is kept at its maximum value, Cp s, continuously:

i i
3
Ey = | Pugsydt= | Cp, pLRU dt (3.26)
t=t, t=t,
For periodic wind cases such as sinusoidal wind, they are computed in the same manner

yet only over the last period of the fluctuating wind so that the comparisons are consistent.

4.2. Wind Profiles

In order to test the performance of the control algorithms, a variety of wind profiles are
used. A step wind profile is used to observe the step response of the system; a wind gust
profile is used to study the transient performance; and a real wind data is used to test the

performance under more realistic conditions.

The step wind profile used here consists of three intervals. In the first and last intervals,
the wind velocity is 6 m/s, and in the second interval, the wind velocity is 10 m/s. A 60-
second step wind is shown in Figure 4.2. As anticipated, the steady-state performance has

more weight on the energy efficiency for this wind profile.
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Figure 4.2: Step wind profile.
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A standard gust shape that is used in related studies (e.g., [56] and [71]) is used to
observe the extreme wind performance of the system. The shape of the gust is defined by the
International Electrotechnical Commission (IEC) standards [72] and parameterized by the
free-stream velocity, Up, the gust starting time, #, the gust amplitude, u., and the gust period,

T, as follows:

U,—037u, sin(@}{l—cos{@ﬂ, it0<r—1,<T;

g 4

(3.27)

U,, otherwise

A 30-second wind gust is illustrated for 7o = 10 s, Up = 6 m/s, ue = 5 m/s, and 7, = 10 s in
Figure 4.3. Clearly, the wind gust profile includes a substantial wind transient; hence, the

transient performance has a greater impact for the wind gust profile.
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Figure 4.3: Wind gust profile.
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A test with real wind data would yield significant observations for the system
performance. The real wind data that is presented in [33] and was acquired while testing of
a small-scale VAWT in urban wind conditions is used in this study. This wind profile

includes fast dynamics as well as has a wide range, as shown in Figure 4.4.
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Figure 4.4: Real wind data.

4.3. Maximum Power Point Tracking

Maximum power point tracking is one of the most popular control techniques in
literature for renewable energy systems. Here, we develop a model-free, o-feedback, hill-
climb searching MPPT algorithm which requires neither knowledge regarding the turbine
nor wind speed measurement and determine the change of the load coefficient depending on
only the rotor velocity measurements. Figure 4.5 shows the rotor velocity — power output
characteristics for a WECS and the conditions for convergence to the maximum power point
(MPP) which can be summarized as following. In order for an MPPT technique to converge
the MPP for any wind velocity, it is sufficient to show that the power function relating the

power output to the control variable has a single extremum that corresponds to the MPP [44].
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Alternatively, the convergence to the MPP can be satisfied by designing an MPPT
algorithm accordingly. For convergence to the MPP, the derivative of the power output with
respect to the rotor velocity must be equal to zero at the MPP and greater than zero at the
both sides of the MPP. Since our design is a o-feedback control, it alters the control variable,
Ki, depending on the rotor velocity. Thus, the conditions for the derivative of the load
coefficient with respect to the rotor velocity that satisfy the conditions for the convergence

to the MPP need to be derived.

gen,max |

dchn/dw >0 dchn/dw >0

[W]

gen

w
opt

w [rad/s]

Figure 4.5: Rotor velocity — power output relation for a fixed wind velocity with the
conditions for power maximization.

At the MPP, the following equation must hold:

dP,,
gm0 (3.28)
do

Taking the derivative of the generator power in (3.11) with respect to the rotor velocity

yields:

dP,, _d(K,o") _dK,

®° +2K,® (3.29)
do do do
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Since K is typically between 0 and 1 (e.g., its optimum value is about 0.2 for U = 6 m/s),
and o is a positive number that is two orders of magnitude greater than K;, the second term

in this expression can be neglected:

dP
ﬂ;d&(ﬁ (3.30)
do do

Furthermore, usually, control is not applied when the rotor velocity is less than a certain limit,
which is 5 rad/s in this thesis, therefore  is always positive and the following condition must
be satisfied at the MPP:

dK,
do

=0 (3.31)

On the other hand, at the both sides of the MPP, the derivative of the power output with
respect to the rotor velocity must be greater than zero so that the power output converges to

the maximum point:

dP,,
—£2 50 (3.32)
do

Then, the following condition must be satisfied at the both sides of the MPP:

dK,
do

>0 (3.33)

According to the conditions in (3.31) and (3.33), the variation of the control coefficient
with respect to the rotor velocity must be zero at the MPP and must be positive otherwise. In
other words, the change of the load coefficient must be in the same direction with the change
of the rotor velocity except for the MPP. Thus, we propose a o-feedback MPPT algorithm
that varies the load coefficient in the same direction with the rotor velocity. The flowchart in
Figure 4.6 illustrates the operation of this algorithm. Basically, it computes the change of the
rotor velocity and sets the load coefficient based on this information. The change of the load
coefficient, AKy k, is determined differently for fixed-step and variable-step algorithms as
described in the following subsections. For both methods, the control sampling period Ts =

0.1s.
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Figure 4.6: Flowchart of the o-feedback MPPT algorithm

4.3.1. Fixed-step Maximum Power Point Tracking Algorithm

For the fixed-step MPPT algorithm, the change of the load coefficient is given by:
AK,, =K, (3.34)

where Kris the fixed step-size.

The value of Ky is determined through a parametric study on the simple dynamic
simulation. 60-second step wind simulations, in which the initial rotor velocity is 5 rad/s, are
run to find the value of Ky that provides the best performance in the sense of the energy
efficiency. Table 4.1 tabularizes the results of the parametric study. As a result, the value of

K;is selected as 2.25 x 107,
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Table 4.1: Results of the parametric study for the tuning of fixed step-size.

Kr[103] | 0.75 | 1.00 | 1.25 | 1.50 | 1.75 | 2.00 | 2.25 | 2.50 | 2.75 | 3.00
Ne [%] 73.15 | 80.23 | 85.37 | 88.99 | 91.36 | 92.89 | 93.20 | 92.63 | 90.92 | 88.89

4.3.2. Variable-step Maximum Power Point Tracking Algorithm

Even though the fixed-step method is easy to use and provides acceptable results in
practice, it has certain drawbacks such as slow convergence to the MPP and oscillatory
performance at steady-state which can be overcome by using variable control steps. Thus,
we design a variable-step method for which the change of the load coefficient is proportional

to the change of the rotor velocity through a gain, K,:
AK, , = K Ao, (3.35)
The tuning of the gain K, is done likewise the tuning of K;, and the results are given in
Table 4.2. Consequently, the value of K, is selected as 1.75 x 102,

Table 4.2: Results of the parametric study for the tuning of variable-step gain.

K, [102] | 0.75 | 1.00 | 1.25 | 1.50 | 1.75 | 2.00 | 2.25 | 2.50 | 2.75 | 3.00
Ne [%] 81.45 | 87.67 | 91.23 | 92.84 | 92.94 | 91.90 | 90.10 | 87.82 | 85.26 | 82.58

4.4. Model Predictive Control

Model predictive control uses reliable models and anticipated events to optimize the
control trajectory over a prediction horizon. In this thesis, we employ MPC approach to
obtain the optimal control strategy for arbitrary wind conditions. For this purpose, an MPC
that exploits wind speed predictions to maximize the energy generation subject to the
electrical limitations is designed. A perfect prediction of the wind velocity over the prediction
horizon is assumed. As distinct from the other control algorithms, the generator torque is
manipulated in MPC so that the problem is similar to the related studies (e.g., [54-56]) and

can be solved by convex optimization.
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The goal is to find the generator torque trajectory that maximizes the energy generation
subject to the voltage and current constraints. Thus, the cost function to be minimized is
composed of three terms. The first term, ®g, is associated with the objective of energy
maximization. Although the energy output of the generator is usually considered in related
studies (e.g., [54-56]), here the mechanical energy of the rotor is taken into account since it
also includes the kinetic energy of the rotor (i.e., the energy stored in the rotor) that can be

exploited by MPC. Hence, @ is the negative of the mechanical energy of the rotor:

k+N-1
cDE == z Pwind,z‘Ts (3.36)

i=k
where £ is the current step, N is the length of the prediction horizon, and T is the control
sampling period. The second term, @y, is a penalty for the violation of the voltage limits:
k+N-1

= Z[(V >V )V =V ) =V <0)VL,,-]TS (3.37)

i=k
where Vi max 1s the maximum load voltage limit which is 60 V in this case. Similarly, the
third term, @, is a penalty for the violation of the current limits:

k+N-1

Z[(z > 1y =1 ) =, <OV, T (3.38)

where 1 max 1s the maximum load current limit which is 15 A in this case.

Thus, the cost function, @, is given by the weighted sum of the terms introduced above:
O=wD, +w,(D, +D,) (3.39)

where w1 and w» are the weights on the objectives of maximizing energy output and
penalizing constraint violations, respectively, that need to be determined carefully for a
satisfactory performance. For this particular VAWT system, the expected energy output for
a minute is in the order of kJ and the violations of the electrical limits cannot be allowed; so
the value of the weight associated with the energy cost w1 = 1, while the value of the weight

associated with the constraint violation cost w> = 10°.
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Consequently, the optimization problem is defined as:

min OWIQDE +w, (D, + D))

Toon o kst 12
subject to
o<V, <V,
0<1I,<I

L,max

(3.40)

,max

where M is the length of the control horizon which is always less than or equal to N. In other
words, there are M elements to be optimized, which are Tgens, .. k11, and the remaining

elements in the prediction horizon are equal to the M™ element, i.e.:

T

gen,k+M,...k+N-1 = Tvgen,k-%—M—l (341)

According to [54] and [55], the optimization problem in (3.40) can be approximated
with convex terms and can be solved by a sequential quadratic programming (SQP)
optimization method; similarly, [56] employs a trust-region-based SQP method. Thus, the
SQP algorithm of the constrained nonlinear programming solver of Matlab (i.e., fmincon) is
used for the dynamic optimization of the control trajectory by bounding the control variable
below by zero. The termination tolerances on function value and the step-size are both 103

while the constraint tolerance is 107°.

Additionally, the control sampling period, the length of the prediction horizon, and the
length of the control horizon need to be determined considering the trade-off between the
performance and the computational cost. Since the time constant of the rotor is estimated to
be in the order of 10 s, the prediction horizon should be at least 10 seconds. Using a control
sampling period of 0.1 s would be preferable for this system but that corresponds to a control
trajectory comprising of at least 100 elements which would make the optimization process
compelling. Hence, the control sampling period is selected as 1 s and the lengths of the
prediction and control horizons are selected as 10 so that a satisfactory performance can be

obtained with a reasonable computation time.

At the beginning of the simulation, the optimization procedure is initialized for a
control trajectory that is set to the reference value of the generator torque for the initial wind

velocity, which is derived by dividing the maximum power output by the corresponding rotor
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velocity. Then, the resulting optimal control trajectory is shifted and used to initialize the

optimization for the next step.

4.5. Simple Nonlinear Control

MPC operates in a receding horizon procedure, namely it computes the optimal control
trajectory by taking into account disturbance predictions (i.e., the wind velocity in this case),
applies the first element to the plant and shifts the prediction horizon one step forward and
repeats the same process; therefore, it requires high computational power as well as a
prediction system which may restrict its use for small-scale systems. Thus, we observe the
behavior of the MPC that manipulates the generator torque for energy maximization and
design a simple, o-feedback MPC-mimicking control for practical use, which is called simple
nonlinear control. As distinct from the MPC, the SNC operates at a sampling period of 0.1 s
which would be a challenging sampling rate for MPC due to computational burden.
Moreover, SNC manipulates the load coefficient, Ki, to vary the generator torque, which is
indeed not an advantage yet changing the control variable may deteriorate the performance

of the MPC since the optimization problem may not be well-defined.

Figure 4.7 depicts the step response of the MPC including the rotor velocity and
generator torque and power variations. Here, the references represent the optimal values for
which the power output is maximum for the given wind velocity. The observations regarding
the behavior of the MPC based on the generator torque and the rotor velocity states can be

summarized as follows:

e when the rotor is too slow with respect to the optimal velocity (e.g., 0 <t <5 s in Figure

4.7), it does not load the generator;

e when the rotor is too fast with respect to the optimal velocity (e.g., 50 <7 < 60 s in

Figure 4.7), it generates high amount of torques;

e when the rotor velocity is around the optimal value, it adjusts the generator torque such
that the rotor velocity converges to the optimal value (e.g., 5 < ¢ <10 s in Figure 4.7);

and

41



e when the rotor velocity is at the optimal value, it sets the generator torque to the optimal

value.

As a result, the turbine operates at the MPP for the most of the time and is observed to
generate more energy than the case in which the MPP is tried to be tracked continuously, i.e.,

MPPT.
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Figure 4.7: Rotor velocity (b), generator torque (c), and generator power (d) responses of
the MPC for step wind (a).

In order to mimic the MPC characteristics, the SNC is defined as a piecewise function
of the rotor velocity. When o is lower than a lower limit, ®;, the load coefficient equals to
zero; and when ® is higher than an upper limit, ®y, the load coefficient equals to the

maximum value, K7 max. Between the lower and upper rotor velocity limits, a proportional
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(P) control is employed to drive the rotor velocity to its reference value, w,; which
corresponds to the reference value of the load coefficient, K7 .. The formulation of the load

coefficient for SNC reads:
0 ,ifo, <o, ,

L,ref \k .
K ypo————Kpe,, ifo, <o, <o,,
Ok —Op
K, , = (3.42)
: K
L,ref .k .
Kpe, if o, <o, <oy,
O,or k — Oy i
K

L,max,k

,ifo, 20, ,

where e is the deviation of the rotor velocity from the reference velocity (i.e., e = Wy — ®)

and Kp is the proportional gain.

The reference value of the rotor velocity is derived from the reference value of the tip-
speed ratio, Az, that corresponds to the peak of the power coefficient curve, Cp,.s;, and the

wind velocity:
e (3.43)

and the reference value for the load coefficient is derived from the maximum power, Puwind,ref,

or the corresponding power coefficient, Cp ., and the wind velocity:

Poiri Co, pLRU’
KL’wf — wind ,ref — P,refp (3.44)

2 2
®,r @,

Therefore, the reference values are functions the wind velocity and updated continuously
during the operation. The maximum value of the load coefficient is selected as the twice of

the reference value.

Similarly, the lower and upper limits of ® are derived from the lower and upper tip-
speed ratio limits, A, and Ay, that are obtained from the power coefficient curve as follows.
For a given level of the power coefficient, yCp, lower and upper limits of the tip-speed ratio
are defined as the lower and upper bounds of the tip-speed ratio for which the power

coefficient, Cp()), is greater than yCp oras shown in Figure 4.8.
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Figure 4.8: Estimation of the lower and upper tip-speed ratio limits.

Thus, the SNC parameters that need to be tuned are the proportional gain, Kp, and the
level of the power coefficient curve that provides the lower and upper tip-speed ratio limits,
v. The same procedure that is used for the tuning of the MPPT algorithms is carried out to
tune these parameters. Search for Kp and y shows that the energy efficiency, ng, enhances as
Kp and 7y increase, see Table 4.3 for the energy efficiency results; however, Kp > 1 causes
negative K; values and y > 99% causes undesired high frequency oscillations. Thus, the

values of Kp and vy are selected as 1 and 99%, respectively.

Table 4.3: Energy efficiency results of the parametric study for the tuning of SNC.

Krl 0.25 0.50 0.75 1.00
y [-]
25% 90.502% 91.681% 92.493% 93.091%
50% 91.727% 92.656% 93.259% 93.685%
75% 93.365% 93.756% 93.988% 94.142%
99% 94.326% 94.331% 94.333% 94.334%
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Chapter 5

HARDWARE-IN-THE-LOOP SIMULATION

The generator efficiency, mger varies substantially depending on the operating
conditions, and this should be considered in order to obtain a more realistic simulation of the
actual VAWT system. On the other hand, detailed wind tunnel tests for the control of an
actual VAWT are difficult and expensive. Thus, the HIL simulation developed for a small-
scale VAWT in [16,19] is employed here to study the impact of the electromechanical
components on power characteristics, to modify the control designs accordingly, and to test
the performance of the control and the mechanical to electrical power conversion under
arbitrary wind conditions. In this thesis, the HIL simulation is explained briefly, however a

detailed description can be found in [16].

The schematics of the VAWT system and the HIL test-bed are illustrated in Figure 5.1.
The VAWT system shown in Figure 5.1a consists of the rotor that is composed of the blades
and the arms, a vertical shaft that connects the rotor to the generator, and a power electronics
& control medium that interconnects the generator and the load. The HIL test-bed shown in
Figure 5.1b comprises of a PC, an electrical motor and a gearbox to emulate the VAWT rotor,
and the electromechanical and power electronics hardware that are intended to be used in the
actual system. Here, T, is the torque induced by the motor, ® is the angular velocity of the
motor, Jy, is the equivalent moment of inertia at the motor shaft, and 7.« is the total torque
on the motor shaft including the generator, friction and cogging torques. The hardware and
the PC, which operates the software for the emulation and the control, are interconnected

through a dSPACE interface.
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Figure 5.1: Schematics of the VAWT system (a) and the HIL test-bed (b) [16].

Figure 5.2 shows an image of the HIL test-bed consisting of a PC, a dSPACE toolkit
(DS1104), a permanent magnet synchronous motor (FEMSAN 5F100810001), a motor
driver (TDE MACNO MOPDE B-6.8A), a gearbox (YILMAZ REDUKTOR MN002- B07),
a custom PMSG produced for the actual VAWT system by FEMSAN, a full-bridge rectifier,

and a programmable electronic-load (Agilent N3306A) as the power sink.

Figure 5.2: An image of the HIL test-bed consisting of a PC (a), a dSPACE toolkit (b), a
motor driver (c), an electrical motor (d), a gearbox (e), a generator (f), a rectifier (g), and a
programmable electronic-load (h).

In the HIL simulation, the dynamics of the VAWT rotor that converts the wind power
into mechanical power is emulated by the electrical motor and the gearbox. For this purpose,
the motor torque is calculated by taking into account the wind torque and the generator

torque; moreover, disturbance torques caused by the friction in the drivetrain and the cogging
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torque of the generator are overcome by using a disturbance torque compensator comprising
of a virtual plant and a proportional-integral (PI) controller. The last factor needs to be
considered for the motor torque calculation is the gear ratio of the gearbox that converts the
high velocity — low torque output of the motor to a low velocity — high torque input for the
generator. The generator output is connected to the programmable electronic load through
the full-bridge rectifier. The motor torque and the load current values are determined in a
MATLAB/Simulink simulation and sent to the motor driver and the electronic load,

respectively, via the dSPACE toolkit.

For HIL simulations, the A — Cp curve shown in Figure 5.3 is used to estimate the wind
torque from (3.4) for a given wind velocity, and the rotor dynamics is numerically solved by
the forward Euler method as given in (3.20) with time steps Az = 1 ms. Additionally, the
moment of inertia of the rotor, J, is 2 kg-m?, and the friction torque, 7} is estimated as a

function of the angular velocity of the motor, ®,, from HIL experiments:

T, (0,)=-1417x10"0,’ +1.327x10 o, +0.175 (4.1)
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Figure 5.3: A — Cp curve used for HIL simulations.
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5.1. Electromechanical Simulation

Since the HIL simulation operates in real-time, it may not allow computationally
expensive control techniques such as MPC. On the other hand, the HIL simulation can be
reduced into an electromechanical simulation, i.e., a software-only simulation, by modeling
the hardware components on the HIL test-bed and validating the model through the
experimental data. In other words, the simple dynamic simulation described in Chapter 4 can
be improved by replacing the ideal electrical model by a non-ideal electrical model which is

validated through the experimental data of the actual components.

In the HIL test-bed, a PMSG, a passive full-bridge rectifier, and a programmable
electronic-load, which is operated in constant-current mode, are used for mechanical to DC
electrical power conversion. For this electromechanical system, the load voltage is correlated
with the rotor velocity; however, the load voltage is at the maximum value when the load
current is zero and decreases as the load current increases, namely a voltage drop occurs
when the load current is non-zero due to the losses of the non-ideal components. Thus, a
power loss model is required to estimate the power output and the load voltage for given

rotor velocity and load current.

The three-phase PMSG — rectifier — load model shown in Figure 5.4a can be simplified
into the equivalent DC model shown in Figure 5.4b. In Figure 5.4a, Erx is the line-to-neutral
voltage due to the back EMF, Ls and Rs are the phase inductance and resistance, and /; and
Vi are the load current and voltage, respectively. Since the electronic-load is operated in
constant-current mode, it is modeled as a current sink. Whereas, Euc, Lac, and Ry in Figure
5.4b represent the DC equivalents of the three-phase back EMF voltage, phase inductance,

and phase resistance, respectively, and calculated as below:

E, =3\J6E,, I (4.2)
L,=18L,/ (4.3)
R, =18R;/n’ (4.4)
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The back EMF voltage of the PMSG is calculated from:
E v =9sp» (4.5)

where @5 is the flux due to the permanent magnets and p is the number of pole pairs, which
are specific to the PMSG as Ls and Rs. On the other hand, in order take into account the
armature reaction in the PMSG and the overlapping currents in the rectifier, an additional

resistance term, Rover, 1s included in the DC model that is calculated by:

R, . =3Lpo/n (4.6)

over

Lastly, the full-bridge rectifier that consists of 6 diodes introduces a voltage drop that is equal

to two times the diode threshold voltage, Vu, since two diodes commute for each phase.

(a) PMSG Rectifier DC Load

+

®

—+

R W
de de over
ARG
/

Figure 5.4: Three-phase PMSG — rectifier — load model (a) and the equivalent DC model
(b) [16].
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Although the electronic-load provides a pure-resistive power sink, the real power and
the apparent power are not equal for this system due to the phase inductances. The apparent

power, S, is given by:
S=E,I, (4.7)
while the reactive power, 0, that is consumed by the inductance is:
O=L, pol,’ (4.8)
As a result, the following real power, Pz, is produced:
P, =45"-0’ (4.9)

Moreover, the phase resistances in the PMSG and the resistance and the voltage drop

associated with the rectifier cause power losses, Prphases and P recrifier tespectively, as well:

PL,phases = ]edc[L2 (410)
PL,recnﬁer = RoverIL2 + 2I/Ifh[L (4'1 1)

Consequently, the power output, Peen, is obtained as below for given load current 7,

and rotor velocity, o:

Pgen = PR - PL,phases - L,rectifier

= \/(EdL'[L )2 - (depo‘)[LZ )2 - Iaa’cIL2 - R

over

(4.12)
IL2 - 2KhIL

Alternatively, the power output can be calculated from the load voltage and the load current:
P, =V, (4.13)

gen

Hence, the load voltage can be calculated by dividing the power output by the load current:

V, =JE, —(poL,I,)* — (R, + R, ), —2V, (4.14)

over

The torque constant K, that relates the generator torque to the load current (i.e., Tgen =

K1) is calculated by:

K, =3J6po, /n (4.15)
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The flux, phase resistance, and phase inductance of the PMSG and the threshold
voltage of the diodes are estimated through the least squares regression method for the
experimental data from HIL simulations for a range of load current and rotor velocity values.
The resulting values of the parameters regarding the electrical model are tabularized in Table

5.1.

Table 5.1: Electromechanical model parameters

Parameter Symbol | Value Unit
Number of pole pairs p 6 -
Flux 0s 0.1060 | V-s/rad
Phase inductance Ls 3.3000 mH
Equivalent DC inductance Lac 6.0184 mH
Phase resistance Rs 1.5500 Q
Equivalent DC resistance Rac 2.8269 Q
Diode threshold voltage Vin 0.770 \Y
Torque constant K; 1.4877 | N-m/A

5.1.1. Validation of Electromechanical Model

The electromechanical model provides the load voltage and the power output as a
function of the rotor velocity and the load current likewise the HIL simulation. In order to
show that the model provides realistic results, HIL simulations are performed by fixing the
rotor velocity and increasing the load current gradually. Then, the experimental data is
compared to the estimations obtained from electromechanical simulations under the same
conditions. According to Figure 5.5a, the load voltage values estimated from the
electromechanical model with respect to the load current and the rotor velocity agree with
the experimental data. Furthermore, the power output estimations are also consistent with the
experimental data, as shown in Figure 5.5b. It is seen that the electromechanical model
slightly underestimates the load voltage and the resulting power output as the rotor velocity
decreases and the load current increases (about 3%) thus one can say that the
electromechanical model is a valid tool to estimate the power output of the complete VAWT

system.
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Figure 5.5: Voltage drop (a) and power output (b) values for fixed rotor velocity and load
current conditions obtained from HIL simulations and electromechanical simulations.

5.2. Control

In HIL simulations, the power characteristics is affected dramatically by the hardware
components. Moreover, the control variable is the load current differently than the CFD and
the simple dynamic models and V;-feedback control algorithms are favorable since the
electronic-load provides real-time data for the load voltage. Hence, the control designs need

to be modified and tuned accordingly.
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5.2.1. Maximum Power Point Tracking

The MPPT algorithm defined in Chapter 4 needs to be modified for HIL simulations
so that it changes the load current based on the load voltage measurements. The load current

at next time step can be expressed in terms of the change of the load current, Al

IL,k+1 = IL,k + AIL,k (4.16)

Similarly, the load voltage at next time step can be expressed in terms of the change of

the load voltage, AV :

VL,k+1 = VL,k +AVL,k (4.17)

On the other hand, the change of the load voltage can be defined as the rate of change of the
load voltage with respect to the load current multiplied by the change of the load current, as
follows:

av,, =

=Ll AT
b

ko

(4.18)

L.k

The partial derivative of the load voltage at time step &, when the rotor velocity wx does not

vary significantly, is negative with respect to the load current due to Ohm’s law, i.e.:

ov,
oI,

- (4.19)

ko

where « is a positive constant. Therefore, the load voltage at next time step can be rewritten

as:

VL,k+1 = VL,k - KAIL,k (4.20)
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The change of the power output between two consecutive time steps reads:

AP,

gen,k

= Pgen,k+1 gen.k =, L k+11L,k+1) - (VL,kIL,k) 4.21)

Substituting (4.16) and (4.20) in (4.21) yields:

genk (VLk L,k)([L,k +AIL,k)_(VL,kIL,k)
= VL,kIL,k + VL,kAIL,k - KIL,kAIL,k - K(AIL,k )2 - VL,k[L,k (4.22)
= VL,kA]L,k - K[L,kAIL,k - K(Nl,k )2

The variation of the power output with respect to the load current must be zero at the

MPP, then:

oP AP
s xSl 0= Vie =l =xAL, =0=xkl) =V, (4.23)
6]L |k AIL,k

By subtracting «/z x = Vi1 (according to (4.23)) from both sides, we obtain:

KUy =L )=V =V (4.24)
Using (4.16) and (4.20), this expression can be rewritten as:

Al = iAVL,k (4.25)

Thus, for power maximization, the change of the load current must be in the same
direction with the change of the load voltage, furthermore, should be proportional to the
change of the load voltage if the step-size is variable. Thus, a V;-feedback MPPT algorithm
that varies the load coefficient in the same direction with the load voltage is proposed. The
flowchart in Figure 5.6 illustrates the operation of this algorithm. Basically, it computes the
change of the load voltage based on load voltage measurements and changes the load current
accordingly. The change of the load current, Al.x, is determined differently for fixed-step
and variable-step algorithms as described in the following subsections. For both methods, the

control sampling period 7s = 0.1 s.
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Figure 5.6: Flowchart of the V;-feedback MPPT algorithm.

5.2.1.1. Fixed-step Maximum Power Point Tracking
For the fixed-step MPPT, the load current step-size is given by:
Al =K, (4.20)

where Kris the fixed step-size that is determined through a parametric study on the HIL test-
bed. It is observed that larger values for Krnot only reduce the convergence time to the MPP

but also increase the jitter; hence, the value of Kris selected considering the trade-off as 0.06.
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5.2.1.2. Variable-step Maximum Power Point Tracking

In addition to the sign of the change of the load current, (4.25) also suggests that the
magnitude of the change of the load current should be proportional to the change of the load
voltage. Hence, the step-size for the variable-step MPPT is proportional to the change of the
load voltage through a gain, Ky:

AIL,k = Kv

AV, (4.27)

The variable step-size reduces the impact of the trade-off between the convergence
time and the jitter significantly, however the selection of K, is still crucial for the
performance. The value of K, is selected as 0.2 through a parametric study through HIL

simulations.

5.2.2. Model Predictive Control

In real-time applications, MPC is not applicable due to its computational cost;
nevertheless, it can be implemented within the simulation environment to observe its

behavior and develop a simpler control strategy that eliminates the drawbacks of MPC.

Slightly different than the MPC described in Chapter 4, the MPC for HIL simulation
manipulates the load current, which is proportional to the generator torque with a constant.
Thus, the goal is find the load current trajectory that maximizes the energy output subject to
the voltage and current constraints. Although the cost function associated with the objective
of energy maximization, @, is the negative of the mechanical energy output of the rotor for
the MPC developed for the simple dynamic simulation, it is observed that the non-ideal
electrical model in the electromechanical simulation affects the power characteristics
substantially and that using Cpee, instead of Cp deteriorates the performance; hence, here, ®¢

is replaced by the negative of the energy output of the system:

®, == P, (4.28)
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The remaining part of the composite cost function and the values of the weights are not

changed, i.e., wi = 1 and wy = 10°. Hence, the optimization problem becomes:

min WO, +w,(®, +D,)
I et M ~1 >0
subject to
o<V, <V,

0<7I,<I

L,max

(4.29)

,max

Since the lower current limit bounds the control variable below by zero as well, it is
not necessary to solve the problem by a constrained solver. The maximum voltage and current
limits (¥V7,max and I1,max) are hard constraints and 60 V and 15 A, respectively. Moreover, the
quasi-newton algorithm of the unconstrained nonlinear programming solver of Matlab (i.e.,
fminunc) is found to perform more efficient than the SQP algorithm; therefore, the quasi-
newton algorithm is employed in the solution of the optimization problem here. The
termination tolerances on the value of the function and the step-size are both 10-2. The control
sampling period, the length of the prediction horizon, and the length of the control horizon
are kept unchanged (i.e., Ts=1s, N =10, M = 10) so that a satisfactory performance can be

obtained with a reasonable computation time.
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5.2.3. Simple Nonlinear Control

The SNC needs to be modified from the original form in Chapter 4 so that it
manipulates the load current based on the load voltage feedback. Thus, the relation between
the load voltage and the load current responses of the MPC needs to be observed;
nevertheless, the velocity and the voltage as well as the torque and the current are correlated
for a PMSG. Consequently, the formulation of the SNC for HIL and electromechanical

simulations reads:

0 if Y, <V,

I ik g0 ey, < <y

Lrefk % PO WV e <Vie SVieri
Lref,k ~ VLLk
I, = (4.30)
’ 1
L,ref \k .

Ly rer i % Kpe, iV, i <V <Vius
Lyref .k~ VLUK
[L,max,k o 1f\/L,k 2 VL,U,k

where V7 .- and 11 ,.r are the reference load voltage and load current, V7 and Vi u are the
lower and upper limits of the load voltage, /1 max is the maximum load current that is the twice
of the reference load current (i.e., /z.max = 211 r¢), € is the deviation of the load voltage from

the reference (i.e., e = Vs — V1), and Kp is the proportional gain.

In order to estimate the reference voltage and its lower and upper limits, a relationship
between the voltage and the power output needs to be established. For this purpose, a
generator power coefficient (Cpgen) is used to normalize the power output with respect to the

wind velocity as follows:

P
Crpy = —2 431
Pgen pLRU3 ( )

Then, a map of the generator power coefficient with respect to the wind velocity, U, and the
load voltage normalized by the wind velocity, V;/U, is interpolated from data obtained from
electromechanical simulations for a range of steady wind velocities (i.e., between 3 and 18
m/s). For visual convenience, the map is shown only for wind velocities up to 12 m/s in

Figure 5.7.
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Figure 5.7: Generator power coefficient map interpolated from electromechanical
simulation data.

The reference values of the power output, the load voltage, and the rotor velocity
(Pgenyref; Vires, and ores, respectively) for a given wind velocity are estimated from 6™ order
polynomial fits to the maximum power and the corresponding load voltage and rotor velocity
data points, respectively (see Figure 5.8). The reference current value is calculated by

dividing the reference power output by the reference load voltage, i.e., I1 rer = Pgenyer/! Vi ref.
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Figure 5.8: Reference power output (a), load voltage (b), and rotor velocity (c) data points
and corresponding polynomial fits.

The lower and upper limits of the load voltage are obtained from the load voltage —
generator power coefficient curve that is the 2D V7 — Cpgen section of the generator power
coefficient map for a given wind velocity as follows. For a given level of the generator power
coefficient, yCpgen e, lower and upper limits of the load voltage are defined as the lower and

upper bounds of the load voltage for which the generator power coefficient is greater than

YCpgen,ref, as shown in Figure 5.9.
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Figure 5.9: Estimation of the lower and upper load voltage limits.

The response of the MPC for a 60-second step wind is depicted in Figure 5.10. It is
seen that the MPC for the electromechanical system is similar to the MPC for the simple
dynamic system. However, Figure 5.10c shows that the current curve is not as sharp as the
generator torque in Figure 4.7c. In other words, the ideal value for the level of the generator
power coefficient, y, seems to be lower for this case. Most likely, this is caused by the fact
that the load voltage is dependent on the load current and sudden changes in the load current

leads to adverse effects on the performance such as jitters.
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Figure 5.10: Rotor velocity (b), load current (c), load voltage (d), and power output (e)
responses of the MPC for step wind (a).
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For the selection of Kp and vy, a parametric study is conducted through 60-second
electromechanical simulations for step wind. The energy efficiency, 1z, results are given in
Table 5.2. It is observed that the efficiency enhances as the Kp increases, however Kp > 1
causes negative load current values, as in the SNC designed for the simple dynamic
simulation; therefore, Kp is selected as 1. On the other hand, the optimal value for vy is
obtained as 70%, which is lower than the other case as suggested by the MPC response. Still,

the SNC algorithm operates at a sampling period of 0.1 s.

Table 5.2: Energy efficiency results of the parametric study for the tuning of SNC for HIL

and electromechanical simulations.

. kel 0.25 0.50 0.75 1.00
25% 94.76% 95.75% 96.26% 96.51%
50% 95.07% 96.00% 96.43% 96.60%
60% 95.25% 96.12% 96.49% 96.63%
70% 95.55% 96.26% 96.56% 96.65%
75% 95.68% 96.35% 96.60% 96.65%
80% 95.75% 96.43% 96.62% 96.63%
90% 95.49% 94.92% 71.72% 71.27%
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Chapter 6

RESULTS & DISCUSSION

6.1. Computational Fluid Dynamics Simulation Results

The coupled CFD/rotor dynamics model provides an environment to analyze the
realistic transient behavior of the VAWT subject to the generator load manipulated by the
control algorithm and the inertia of the rotor. Here, this environment is used to attain a
relationship between the power coefficient, Cp, and the tip-speed ratio, A, for different wind
velocities, to understand the effects of the flow distribution around the rotor and the unsteady
behavior of the power coefficient, and to observe the control performance for specified

conditions.

6.1.1. Quasi-Steady Power Coefficient Curves

The coupled solution of the equation of motion of the rotor and the URANS equations
allows to vary the generator load in simulations to obtain power coefficient values and the
resulting A — Cp curves. In this procedure, K is set to zero at the beginning of the simulation
to allow the rotor to start up from rest and to converge to a quasi-steady-state, as shown in
Figure 3.4. Then, K; is increased in steps for a sufficient duration during which the rotor
velocity again converges to a quasi-steady-state. The values of the time-periods at the
beginning and between each K; increase and the step-size of K; are prescribed depending on
the wind velocity. For each K} value, the final full revolution of quasi-steady-state is observed
to estimate the mid-range values of the rotor velocity and the power output from which the

tip-speed ratio and power coefficient values are obtained, respectively. The power coefficient
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can be calculated from the power output, which equals to the mechanical power of the rotor,
1.e., Pwina = Twina ®, owing to the ideal electromechanical conversion assumption:
2
Lo _ Ko

= = 5.1
pLRU®  pLRU’ -1

P

Lastly, a A — Cp curve is composed by fitting cubic splines to the resulting data points.

Since only quasi-steady-state performance is considered in this analysis and
computation time is substantially (e.g., 325 hours for U = 6 m/s) lower for low resolution
simulations at the cost of slight (e.g., 6.5% for U = 6 m/s) accuracy loss in prediction of
quasi-steady-state performance, low resolution simulations are performed to obtain Cp curves
for different wind velocities and understand the relation between them. Figure 6.1 illustrates
the Cp curve generation process through a low resolution simulation for U = 10 m/s. At the
beginning of the simulation, K is set to zero for 50 seconds and then increased with a step-
size of 0.1 up to 0.5, as shown in Figure 6.1a. At each increase of K;, the kinetic energy of
the rotor increases the power generation momentarily resulting in peaks in both the power
output and the torque (see Figs. 6.1b and c). Afterwards, the rotor velocity and the power
output converge rapidly to quasi-steady-state values from which the mid-range ® - Pgen
values are obtained. Oscillations in the rotor velocity are observed for low rotation rates (i.e.,
for ® <20 rad/s), as shown in Figure 6.1b, and lead to torque ripples (Figure 6.1c) and power

oscillations (Figure 6.1d).
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Figure 6.1: Variations of the load coefficient (a), rotor velocity (b), generator torque (c),
and power output (d) for Cp curve generation process in a low resolution simulation for U =
10 m/s.

Carrying out the Cp curve generation procedure for steady wind velocities varying
between 5 and 10 m/s leads to the A — Cp curves shown in Figure 6.2. It is clear that the A —
Cp curves are almost invariant for a wide range of wind velocities, and one can suggest that
they can be represented by a single curve. Hence, high resolution simulations are performed
to produce a Cp curve for the wind velocity of 6 m/s which is a realistic value for small-scale

applications.
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Figure 6.2: A — Cp curves obtained from low resolution simulations for steady wind
velocities varying between 5 and 10 m/s.

A high resolution simulation requires more computational resources than low
resolution simulations, therefore the Cp curve is generated for U = 6 m/s. First, a generator
load-free simulation is run to start-up the rotor from rest until the rotor reaches the quasi-
steady-state, and then simulations for different values of the load coefficient are initialized
from quasi-steady-state of the load-torque-free simulation. The variation of the rotor velocity
for load-torque-free simulation is shown in Figure 3.4; apparently, the rotor velocity
converges to quasi-steady-state about the 60" second, so the simulations are initialized from

the 61.5™ second of this simulation.
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Figure 6.3 demonstrates the rotor velocity, the generator torque and the power output
responses for load coefficient values varying between 0.05 and 0.4 for a steady wind velocity
of 6 m/s. Since the rotor velocity decays to almost zero for K, = 0.4 (see Figure 6.3a), the
load coefficient is not increased further. It is again noticed that there are visible oscillations
in the rotor velocity for the last 10-second period of the simulation for K; = 0.4 (Figure 6.3a),
namely for low rates of the rotor velocity, which induce torque ripples (Figure 6.3b) and
power oscillations (Figure 6.3¢). As in the previous case, the high power output values at the

beginning are because of the kinetic energy stored in the rotor.
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Figure 6.3: Variation of the rotor velocity (a), generator torque (b) and power output (c)
throughout high resolution simulations for different values of the load coefficient for U= 6
m/s.
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The mid-range values of the tip-speed ratio and the power coefficient for the final full
revolution at quasi-steady-state of each simulation are given in Table 6.1. The maximum
value of the power coefficient is obtained for A = 1.26 for K, = 0.2.

Table 6.1: Mid-range values of the tip-speed ratio and the power coefficient for different
values of the load coefficient for U= 6 m/s.

Kil-] | A[-] | Cpr[]
0 | 241 | 0.000
0.05 | 1.90 | 0.1875
0.1 | 1.61 | 0.2777
0.2 | 1.26 | 0.3494
0.25 | 1.10 | 0.3280
0.3 | 0.88 | 0.2493
04 | 0.29 | 0.0344

Figure 6.4 depicts the resulting A — Cp curve obtained from high resolution simulations
with the A — Cp curve obtained from a low resolution simulation. It is seen that the peak value
of the power coefficient reduces to 0.349 from 0.382. On the other hand, the tip-speed ratio

value corresponding to the peak point does not change considerably.
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Figure 6.4: A — Cp curves obtained from low and high resolution simulations for U= 6 m/s.
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6.1.2. Flow Fields & Shaft Effect

The most important difference between the flow fields at low and high rotation rates of
the rotor is the penetration of vortices inside the rotor area. Figure 6.5 shows the turbulence
kinetic energy, k, distributions in the flow as an evidence of the presence of vortex structures;
turbulence kinetic energy is convected by the main flow as a scalar field, such as temperature
and concentration species, and allows flow structures to be detected visually. Figure 6.5a
shows the turbulence kinetic energy distribution at t = 61.5 s, when the tip-speed ratio is high
(about 2.41), and Figure 6.5b at t = 82.52 s, when the tip-speed ratio is low (about 0.29), for
a high resolution simulation for U= 6 m/s and K; = 0.4. The quiescent region inside the rotor
is free from vortices when the turbine rotates fast (Figure 6.5¢), for A > 1.3; whereas, when
the turbine rotates slowly, for A < 1, the vortex shed by the blade in the upwind region (due
to the large angle of attack) impinges the blade in the downwind region and causes large
oscillations in the wind torque (Figure 6.5d). Thus, it can be said that the presence of the
shaft at the center of the rotor does not have a significant impact on the flow distribution for
high rotor velocity rates of interest; in addition, it does not influence the variation of the rotor

velocity either, as shown in Figure 3.4.
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Figure 6.5: Turbulence kinetic energy surface plots at high (a) and low (b) tip-speed ratios
along with the zoomed in rotor views in (c¢) and (d), respectively, from a high resolution
simulation for U= 6 m/s.

6.1.3. Angle of Attack

The top view of the rotor with the net incident velocity vector acting on the blade 1 is
illustrated in Figure 6.6, where 0 is the azimuth angle, a.car is the angle of attack (i.e., the
angle between the net incident flow velocity vector and the blade’s orientation), and Uy iocar
is the net incident velocity vector (induced by the wind flow and the motion of the blade)
composing of the x- and y-components of the velocity, # and v. In this study, U, iocar 1S
obtained from the local velocity field effective at the tip of the blade rather than the geometric
approach that assumes that incident velocity is the vector addition of the wind velocity and

the linear velocity of the blade.
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Consequently, the magnitude of the local incident velocity, ||U;ical|, and the angle of

attack are calculated as follows:

‘Ur,local = uz + V2 (52)
ucos(0—p)-+vsin(0—p)

where f is the fixed pitch angle of the blades which is 5° (in clockwise direction) in this case.
On the other hand, the geometrical approximations of the magnitude of the net incident

velocity and the angle of attack (||U; geomeric|| and dgeomeric) are calculated as follows [73]:

‘ Ur,geometric = U\/}\Z + 2}\4 COS 9 +1 (54)
ageometric = tan% M (55)
A +cos(0—P)
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Figure 6.6: Top view of the rotor.
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Figure 6.7 shows the variation of local and geometric incident velocities and angles of
attack with respect to the angular position of the blade for a full revolution of the blade 1 for
U= 6 m/s, i.e., A =2.41, in quasi-steady regime. Foremost, the net incident velocity and the
angle of attack values calculated from the velocity field and the geometric approaches are
significantly different from each other. ||U;,geomeric|/| has an ideal one-period sinusoidal pattern
with the maximum at 6 = 5° and the minimum at 6 = 185° (5° shift is due to B), while || U ioca|
fluctuates within a narrower range with the maximum at 6 = 330° and the minima at 6 = 45°
and 6 = 135°. On the other hand, ogeomeric has a skewed one-period sinusoidal pattern with
the maximum of 24.5° at 6 = 120° and the minimum of -24.5° at 6 = 250°; whereas, Olocas 18
sinusoidal only in the upwind region and reaches the peak of 39° at 6 = 90°, the variation in

the downwind region is relatively lower and reaches the bottom of -19.4° at 6 = 330°.

20 _V—.)‘..X T T T T T T T T T l/x,;:
\ »
18 D i
N \. /.— -— - s 5 . —-"/)(
7 16} -2~ / :
£ 10 ~ S 4
— i X / i
> 1 r
— X 7
12t '\ X 1
X /
i : X — = —local |
10 (a) \X ¢ —-%-— geometric
1 1 1 1 1 ‘\(.l_x/ 1 1 1 1 1
T T , /r\\ T T T T T T T T
L 7E i
1k
20 F f/ _X/X/ \x‘\ -
* x X
E 10F X Moy .
= x vX
0r Reomerdh i
4 X & e
10 F s i s L /x,"’ |
(b) N g
20 i 1 | | 1 I I X'w’;‘ x,;x’ | i |
0 30 60 90 120 150 180 210 240 270 300 330 360

Figure 6.7: Net incident velocity magnitude (a) and the angle of attack (b) with respect to
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the angular position for the blade 1 for U= 6 m/s.
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6.1.4. Blade Forces

The forces in x- and y- directions on the k™ blade (Fi piade k and F piade ) induced by the

flow field can be calculated by integrating the fluid stress over the surface of the blade:

Fpuaer = | 01,4 (5.6)

X
S k

F ptader = Icyj”jds (5.7)

Vs
Sk

Then, the forces acting on the whole rotor (Fx and F)) are the total of the forces on each blade:

3

F.=Y [o,nds (5.8)
k=15,
3

F,=Y [o,nds (5.9)
k=1 §

The total force in the x-direction, Fy, can be deemed the thrust force on the rotor;
hereby, a non-dimensional thrust coefficient, Crus, for the cross-sectional area of 4 = 2RL

can be derived, as follows:

F
thrust = 1 - (5 . 1 0)
—pAU?
2

Figure 6.8 shows the thrust coefficient for a two-second period at quasi-steady-state of
the load-torque-free simulation for U= 6 m/s. In order to understand the oscillatory behavior
of the thrust coefficient, the surface plots of the x-velocity are depicted with the arrows
representing the velocity field at two azimuthal positions, where the minimum and the
maximum of Cpurus: Occur, in Figure 6.9. According to Figs. 6.8 and 6.9b, when the angular
position of a blade is close to 270°, the reduced intensity of x-direction flow inside the rotor
area leads to a very small thrust force. On the other hand, when a blade is positioned near 90°

(Figure 6.9a) and faces the wind directly, the thrust force is maximum.
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Since these configurations repeat three times in a full revolution for a three-bladed
turbine, the frequency of Cuus fluctuations triples in one revolution of the rotor, as seen in
Figure 6.8. Moreover, Figs. 6.9a and b show that the flow is very weak inside the rotor area
even in the absence of a blocking blade confirming that the shaft inside the rotor does not

have a significant effect on simulation results.
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Figure 6.8: Thrust coefficient for a two-second period at quasi-steady-state of the load-
torque-free simulation for U = 6 m/s with respect to azimuth angle.

|
||

AR
.
!

I
|
I
I
|

!
!
!
!

Ny

EEEEEEE

FLEb bbb
o Sl | | |

~
~
~
—
—

Figure 6.9: Surfaces of the x-velocity with arrows representing the velocity field at the
minimum (a) and the maximum (b) values of the thrust coefficient.

75



The forces can be represented in polar coordinates as the tangential force, Fp, which
generates the torque, and the radial force, Fr, which is directed towards outside of the rotor
along the radius. The forces in polar coordinates are obtained from the forces in Cartesian

coordinates through the following transformation based on the azimuth angle, 6:

o ]

Figure 6.10 shows the forces in Cartesian and polar coordinates for the blade 1 for a full

F,
Fy

Fy —cos® —sinb

F,

R

(5.11)

—sin® cosO

revolution in quasi-steady regime of a simulation for U= 6 m/s and K7 = 0.2, i.e., A = 1.26.
It is seen that the magnitude of the radial force is much larger than the magnitude of the
tangential force. The tangential force that generates the torque peaks around the azimuthal

positions of 100° and 315°.
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Figure 6.10: Forces in Cartesian (a) and polar coordinates (b) acting on the blade 1
throughout a full revolution in quasi-steady regime for A = 1.26 with respect to azimuth
angle.
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6.1.5. Transient Response to Gusts

Coupled CFD model with rotor dynamics provides an environment to implement
control designs manipulating the generator load so that the transient behavior of the system
can be evaluated realistically including the inertial effects. Here, a proportional rotor velocity
feedback power control law that manipulates the load coefficient is employed for variable-

speed control:

KL ref
K, =K, . ,———Kpe (5.12)

' O
where e is the deviation of the rotor velocity from the reference, i.e., e = ®,r— ®, and Kp is
the proportional gain that is selected as 2.5. The reference values of the rotor velocity and the
load coefficient (s and K7 ,es) are determined as given in (3.43) and (3.44) from the quasi-
steady A — Cp curve that is obtained from high resolution simulations and shown in Figure

6.4, 1.¢., Cprer=0.3494 and A= 1.275.

The control algorithm is implemented directly in the CFD model and tested for two
different adaptations of the standard gust defined in (3.27), which are a small gust with u, =
2m/s and 7z =3 s and a large gust with . =4 m/s and T, = 10 s; for both wind configurations,
Uo = 6 m/s and #o = 21 s. In order to reduce the computational effort, the simulations are
initialized from the 18" second of the load-torque-free simulation for U = 6 m/s when the
instantaneous rotor velocity (15.7 rad/s) is close to the reference rotor velocity (15.3 rad/s)

that generates the maximum power.

For the small gust, the dynamic responses of the control variable, rotor velocity and the
generator power are demonstrated in Figure 6.11. Figure 6.11a shows the transient wind
velocity during the gust, and that the average velocity at the centerline of the rotor follows
the gust profile at the inlet without a lag. The controller varies the load coefficient, Ki,
inversely with the variation in the wind velocity (Figure 6.11b), as the wind velocity
decreases (increases) the K; increases (decreases) to decrease (increase) the angular velocity
of the rotor. As a result, the angular velocity of the rotor tracks the reference w,.s with a delay

due to the inertial response of the rotor as shown in Figure 6.11c. During the gust (i.e., 21 <
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t<245s), 94.86% of the available energy is harvested according to the instantaneous power

generation, Pges, as shown in Figure 6.11d.

In Figure 6.11e, oscillations in the wind and generator torques are shown with respect
to the small gust. First, the frequency of oscillations in the wind torque and the power
coefficient is exactly 3w consistently with the three-bladed structure of the rotor. Second,
oscillations in the generator torque has a very small amplitude, about .02 N-m, compared to
the amplitude of the oscillations in the wind torque, about 2 N-m, in the quasi-steady-state at
the end of the gust due to the rotor’s inertia. Largest amplitude of the torque oscillations is
observed at the peak wind velocity, about 2.8 N-m in the wind torque but not detectable in
the generator torque as the variation in the average value of the 7g., is more significant.
Rotor’s inertia filters the unwanted torque ripples by the virtue of the first-order dynamics of
the rotor. Further studies would be useful to investigate the role of rotor’s inertia and the
controller design in the suppression of torque ripples and the maximization of the energy
output. Typical CFD studies in literature are based on constant angular velocity of the rotor,
and the power that is obtained from the wind torque is assumed to be same as the generator
power. Here, the angular velocity is calculated from the rotor’s equation of motion. Thus, the
dynamic response of the rotor velocity is taken into account more realistically. Moreover, the
generator and wind torques differ especially during wind transients subject to the
conservation of angular momentum of the rotor. The power coefficient oscillates in-sync with
the Twina during the gust as shown in Figure 6.11c. In the quasi-steady part of the gust, Cp
oscillates between -0.03 and 0.64 exceeding the Betz limit (i.e., 0.593) temporarily due to the
energy storage in the rotor, which acts as a temporary buffer that stores the kinetic energy
like a flywheel in short durations. The amplitude of the oscillations becomes larger (smaller)
as the tip-speed ratio increases (decreases) respectively, as anticipated from (3.4). When the
wind velocity reaches its peak value, 7.5 m/s, the power coefficient varies between 0.15 and
0.5, with an amplitude almost the half as much as the one during the quasi-steady-state for U
= 6 m/s, exactly proportional to the cubic ratio of the velocities, i.e., 63/7.53 = 0.5. The average
value of the Cp per revolution does not vary significantly and alters between 0.29 and 0.36
with an average value of 0.35, and it reaches the minimum after the peak of the gust during

the second bottom of the wind velocity.
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Figure 6.11: Small wind gust profile (a); dynamic responses of the load coefficient (b),
rotor velocity (c), generator power (d), wind and generator torques (e), and the power
coefficient (f).

Figure 6.12 shows the variation of the local and geometric values of ||U,|| and o, which
are given by (5.2)-(5.5), with respect to the angular position of the blade 1 for 22 <¢<25s
in the small gust simulation (see Figure 6.11a). For each revolution, ||Uycall| and uocar
fluctuate dramatically even for a gust with a small amplitude, whereas ||U;geomeric|| and
Ogeomerric appears to remain almost unaltered. This is due to that the actual velocity field on

the blade varies substantially with the wind transients. Especially, the peaks of the net
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incident velocity in the upwind and downwind regions are significantly underestimated by
the geometric approach. Additionally, the local extrema of || U, iocai|| and ouocar 0ccur at slightly
lower (~15°) angular positions as the wind velocity increases, or the tip-speed ratio decreases,
and they are correlated in contrast to ||U; geomerric|| and Ogeomeric. This result also demonstrates
that the interaction between the wind and the local flow due to blades motion is extremely

strong in VAWTs unlike in HAWTs.
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Figure 6.12: Local and geometric estimations of the net incident velocity (a) and the angle
of attack (b) vs the angular position for the blade 1 during the small gust.

The dynamic responses of the load coefficient, rotor velocity and generator power are
illustrated in Figure 6.13 for a large gust (i.e., ue = 4 m/s and 7, = 10 s, see Figure 6.13a).
The controller adjusts the load coefficient in Figure 6.13b such that rotor velocity tracks the
reference optimal value with negligible error (about 2x10-3 rad/s) when the wind velocity is
constant before and sufficiently after the gust, but with delay during the gust due to the

inertia. Time difference between the peaks of the angular velocity of the rotor and its

80



reference value, which is caused by the combined effect of the inertia and the control
algorithm, is about 1 second. As a result, the VAWT harvests 94.95% of the available energy
throughout the gust, i.e., for 21 <7 <31s.
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Figure 6.13: Large wind gust profile (a); dynamic responses of the load coefficient (b),

rotor velocity (c), generator power (d), wind and generator torques (e), and the power
coefficient (f).
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Amplitude of the oscillations in the wind torque becomes the largest during the peak
of the gust, and the smallest during the troughs as shown in Figure 6.13e. Especially during
the second trough after the gust peak, transient values of the wind torque becomes negative
as the rotation rate of the turbine becomes larger than the reference optimal value
corresponding to the instantaneous wind velocity, although the average value of the wind
torque is still positive. Moreover, similar to the small gust case, the amplitude of the
oscillations in the generator torque is about the 1/100™ of the amplitude of the oscillations in
the wind torque. The power coefficient oscillates between 0.15 and 0.47 during the peak of
the transient and between -0.14 and 0.53 during the trough after the peak of the gust as shown
in Figure 6.13f. Average values of the Cp vary between 0.19 and 0.36 which take place in the

second bottom of the wind velocity and immediately after the peak.

Figure 6.14 shows the radial and tangential forces acting on the blade 1 and the torque
generated by the blade 1 vs the azimuth angle during the large gust. The forces and the torque
for the rotor is the superposition of the forces and the torque for the blade 1 with 120° shifts
due to the periodicity of the three-straight-bladed structure. The radial force, which does not
do any work, has a wide range, and its magnitude reaches above 50 N (Figure 6.14a). The
tangential force that generates the torque of the blade, Fy, has a narrower range but still very
sensitive to transients, see Figure 6.14b. The torque generated by the blade, Thide , is used to

calculate the power coefficient of the blade, Cppiade 1, as below:

IO
CP,bladek :% (5.13)

The correlation between the tangential force and the torque of the blade is obvious, as shown
in Figs. 6.14b and c; however, the magnitude of the torque is not equal to |FyR|, as one can
expect, because the point on the blade where the resulting force is acting on is not at the same
distance to the rotor center throughout a revolution. As a result, there are observable
differences between the characteristics of the tangential force and the torque generated by
the blade. Nevertheless, both have maxima around 0 = 90°, minima around 6 = 180° and local
maxima around 0 =315°, and the displacements of these extrema points throughout transients

are consistent with each other.
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Figure 6.14: Radial (a) and tangential (b) forces acting on the blade 1 and the torque
generated by the blade 1 during the large gust.

6.1.6. Unsteady Power Coefficient

In order to gain further insight into the unsteady behavior of the Cp, the characteristics
of the Cp is investigated in more detail. The variation of the power coefficient with respect
to the azimuth angle is demonstrated in Figure 6.15 for 21 < ¢ < 32 s of the large gust
simulation, which spans a larger tip-speed ratio range than the small gust simulation. The
three-period sinusoidal pattern in a revolution is due to the periodicity of the three-straight-
bladed structure. However, the average, amplitude and phase of the oscillations vary

dramatically for each revolution.
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Figure 6.15: Unsteady Cp vs 0 during the large gust.

Figure 6.16 shows the oscillations of the Cp, Cposcilaion, Which is obtained by
subtracting the average value of the Cp per revolution from the instantaneous Cp, and the
amplitude of the Cp oscillations, Cp ampiinde, With respect to the A. Figure 6.16a shows that the
amplitude of the Cp oscillations increases with the tip-speed ratio as reported in literature for
similar turbines. Furthermore, Figure 6.16b shows that hysteresis loops form as the tip-speed
ratio varies along with the variation of the wind velocity and the rotor velocity; in other
words, the relationship between the Cp amplitude and the tip-speed ratio is dependent not

only on the tip-speed ratio but also on the dynamics of the rotor and the wind.
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Figure 6.16: Variation of the Cp oscillations and the amplitude of the oscillations with
respect to the tip-speed ratio for the large gust.

In Figure 6.17, instantaneous and average values of the Cp for unsteady and steady
winds are shown. First, the average values of Cp during the transient wind (represented by
cross symbols in Figure 6.17) are slightly shifted from the steady-state values of the Cp
(represented by squares). Second, extreme values of the unsteady Cp for the transient wind
follow the trend for the average values. As the tip-speed ratio increases, the extreme values
of the instantaneous Cp for the transient wind fall below the extreme values of the Cp for the

steady wind, and vice versa.
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Figure 6.17: Unsteady instantaneous and unsteady average per revolution A — Cp values
during the large gust, and steady average, minimum and maximum per revolution A — Cp
values.

Figure 6.18 shows the plots of average values of the Cp for steady and unsteady winds.
A polynomial curve-fit is applied to the Cp values from the transient wind conditions and
shown in the figure. First, A — Cp pairs from the small and large gusts are very close to each
other. Second, there is a discernible difference between the Cp curves as the peaks occur at
different tip-speed ratio values, 1.17 vs 1.27, and the peak Cp value for the transient wind is
slightly higher than the steady wind, 0.362 vs 0.349. It is also important to emphasize that
the peak value of the average Cp during the gust coincides with the instant when the rotor
angular velocity is smaller than its reference value. Instantaneous Cp for one blade and for
the whole rotor are plotted with respect to the angular position of the rotor for three quasi-
steady revolutions for different A values, which are the minimum and maximum tip-speed
ratios during the gust and the tip-speed ratio at steady-state (see Figure 6.19a), in Figure 6.19.
The Cp for the rotor is the superposition of the Cppiade 1 With 120° shifts due to the periodicity
of the three-straight-bladed structure. The mean and amplitude values of the rotor’s Cp vary

dramatically for each revolution. Variation of the Cpiade 1 With respect to the azimuth angle
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shows that Cprude 1 becomes negative for small angles 6 < {18°, 28°, 47°} for A = {0.96,
1.27, 1.68} and is close to zero for about 6 > 150° for all A values. Only at 6 = 90°, the power
coefficient reaches about 0.6. Wekesa et al. [37] obtained a similar distribution for the blade
torque, which is expressed in terms of the power coefficient of the blade based on the
relationship given by (3.4). For A = 1.27, the angular velocity of the rotor is close to its
reference value that maximizes the rotor’s power, hence, the Cp for that A is higher than the
others for most 0 values. For A = 1.68, the angular velocity of the rotor is higher than the
reference value, which takes place at = 28.5 s (see Figs. 6.13c and 6.19a), and the average
Cp values for the rotor and the single blade are lower than the ones for the other tip-speed
ratios. Moreover, the cumulative Cp becomes negative for {15°, 135°, 255°} <0 < {53°,
173°, 293°}, with an average value of 0.18, which is 30% lower than the steady-state value
of 0.25 for the same A.
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Figure 6.18: Steady and unsteady average per revolution A — Cp values and resulting A — Cp
curves.
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As shown in Figure 6.18, the average unsteady Cp values are lower than the average
steady values for A > A,.r = 1.275. On the other hand, there is a slight improvement in the
average Cp for the transient wind compared to one for the steady wind for the same A for A <
hrer=1.275; for instance, for A = 0.96, the average value of the unsteady Cp is 0.32, which is
higher than the steady one, i.e., 0.29. In this case, the angular velocity of the rotor is smaller
than the reference value, or the wind velocity is larger than the value that corresponds to the
angular velocity in steady condition. For this case, the oscillations of the rotor Cp have a
smaller amplitude than for the other tip-speed ratios. In fact, from Figure 6.17, it is clear that
the magnitude of the Cp oscillations decreases as the tip-speed ratio decreases. Furthermore,

the minimum of the transient wind Cp is slightly above the minimum of the steady wind Cp.

AL

CP,blade 1 [-]

Figure 6.19: Variation of A with respect to time (a) and unsteady Cp for the blade 1 (b) and
cumulative Cp with respect to azimuth angle (c) at three revolutions with different A values
at transient-state.
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In Figure 6.20, the angle of attack and Cp for each blade and the cumulative Cp are
plotted with respect to the azimuth angle for one revolution for steady wind (i.e., for 39.18 <
t <39.59 s and A = 1.275). Cp values tend to follow the same trend with asca rather than
Ogeomerric- In addition, the geometric approach underestimates the maximum angle of attack
(~20°) and overestimates the magnitude of the minimum angle of attack (~15°). According
to the angle of attack from the velocity field in the upwind region, o« and Cp for each blade
have peaks of 72.5° and 0.585 at the angular positions of 93° and 98°, respectively; while in
the downwind region, the minimum value of cuocar is -33.4° and the Cp makes a smaller peak
of 0.124 at the angular positions of 323° and 315°, respectively. The resulting cumulative Cp
has a minimum value of 0.078 at the azimuth angles of 37°, 157° and 277° and peaks of 0.624
at the azimuth angles 0of 92°, 212° and 332°, with an average value of 0.349 for the complete

revolution.

Figure 6.21 shows the acar — Cp relationship for the blade 1 at three quasi-steady
revolutions at different mean A values involving the minimum and maximum tip-speed ratios
during the gust and the tip-speed ratio at steady-state. It is seen that the oocar — Cp curves
make hysteresis loops in counterclockwise direction. As A increases, the ouca — Cp curve
becomes narrower, and the Cp peaks at the both regions develop at larger magnitudes of cuoca.
On the other hand, the value of Cp does not change considerably for the smaller Cp peak
corresponding to the downwind region, whereas the value changes as well for the larger peak
occurring at the upwind region. Compared to the other cases, for the smallest A corresponding
to the highest wind velocity, the declination of Cp is lower until a steep descent at around

ocal = 25° as the blade rotates from the upwind to downwind region.
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Figure 6.20: Variation of Ogeomerric (), tocar (b) and Cp per blade (c) and the variation of
cumulative Cp (d) with azimuth angle for one revolution at steady-state.
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Figure 6.21: Variation of Cp with aysc. for the blade 1 at three revolutions with different A
values at transient-state.

6.2. Simple Dynamic Simulation Results

6.2.1. Comparison of Simple Dynamic and CFD Simulations

In order to estimate the torque of the rotor induced by the wind (7ix¢) to solve the rotor
dynamics in (3.1), the CFD simulation uses the flow field obtained from the finite-element
method, whereas the simple dynamic simulation uses the averaged quasi-steady A — Cp curve
obtained from CFD simulations for steady wind. As a result, the difference between the
computation times required for simple dynamic and CFD simulations is vast, i.e.,
milliseconds vs days. Thus, use of simple dynamic simulations instead of CFD simulations
would be favorable especially to analyze the long-time behavior of the turbine that

corresponds to hundreds of revolutions of the rotor (about 75 — 100 seconds).
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In Figure 6.22, the dynamic responses of the load coefficient, rotor velocity, generator
power, and wind torque for the large wind gust are compared for 20 < ¢ < 35 s of the CFD
and simple dynamic simulations. The control variable, K;, follows almost the same pattern
in both simulations except the short delay (about 0.1 s) of the K; for the simple dynamic
simulation during the rise between 25" and 28" seconds (Figure 6.22b). Likewise, the
variations of the rotor velocity for both simulations are almost identical excluding a slight
delay of the  for the simple dynamic simulation around ¢ = 27 s, see Figure 6.22c. The
combined effect of these discrepancies leads to a relatively large delay of the power output
for the simple dynamic simulations yet still the patterns are very similar for both simulations,

as shown in Figure 6.22d.

Although the unsteady behavior of the Cp and the large oscillations of the wind torque
that are present due to the flow physics and blade-to-blade interactions in CFD simulations
are omitted in simple dynamic simulations (see Figure 6.22¢), the performance of the simple
dynamic simulation can be deemed satisfactory from a dynamical analysis perspective, e.g.,

for evaluation of the performance of control designs.

On the other hand, the wind torque oscillations can be mimicked in the simple dynamic
simulation by observing the amplitude of the Cp oscillations in CFD simulations. Figure 6.23
shows the amplitude of the Cp oscillations in quasi-steady regime of CFD simulations for
steady wind and the fourth-order polynomial fit to this data, which can be used to estimate
the amplitude from the tip-speed ratio. Furthermore, it is known that the frequency of the
oscillations is 3w due to the three-bladed configuration of the rotor, and the oscillations of
the wind torque and the power coefficient are in-sync. Thus, the instantaneous value of the
power coefficient can be calculated as a function of the tip-speed ratio and the time, as

follows:

Cp () = Co() + Copprinae (W) SING0,, 1) (5.14)

amplitude

where Cp(A,f) is the instantaneous power coefficient, Cp(A) is the averaged quasi-steady
power coefficient and wy.zo is the reference rotor velocity for the free-stream wind velocity

Uo.
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Figure 6.22: Large wind gust profile (a); dynamic responses of the load coefficient (b),
rotor velocity (c), generator power (d), and wind torque (e) for CFD and simple dynamic
simulations.
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Figure 6.23: Amplitude of Cp oscillations in quasi-steady regime of CFD simulations for
steady wind.

Figure 6.24 shows the dynamic responses of the load coefficient, rotor velocity,
generator power, and wind torque for the CFD simulation and the simple dynamic simulation
in which the Cp oscillates. Since the wind torque is calculated from the power coefficient as
in (3.4) in simple dynamic simulations, the wind torque and other variables such as the
generator power oscillate likewise the CFD simulation case, as shown in Figs. 6.24d and e.
However, the effect of the Cp oscillations and the resulting oscillations on the dynamic
response seem to be negligible. Thus, it can be said that the minor differences between the
responses of the CFD and simple dynamic simulations are caused by the impact of the

unsteady wind on the power coefficient rather than the Cp oscillations.
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Figure 6.24: Large wind gust profile (a); dynamic responses of the load coefficient (b),
rotor velocity (c), generator power (d), and wind torque (e) for the CFD simulation and the
simple dynamic simulation with Cp oscillations.
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6.2.2. Control Results

The comparison of the CFD and simple dynamic simulations shows that the simple
dynamic simulation is sufficient to evaluate the performance of control designs. Thus, the
simple dynamic simulation is employed to test and compare the control algorithms under
various wind conditions to minimize the computational effort. The fixed- and variable-step
MPPT algorithms, the MPC, and the MPC-mimicking SNC are simulated for a step wind, a
wind gust, and a real wind data. For all simulations here, Cp oscillations are omitted, and the
initial rotor velocity is 5 rad/s because the hill-climb search MPPT algorithms are incremental
techniques. Since the control variable is the generator torque for the MPC and the load
coefficient for the other methods, and plotting responses of all controllers in a single figure
would be chaotic; results for the MPPT algorithms and the SNC and results for the MPC and

the SNC are shown in separate figures.

First, the controllers are tested for a 60-second step wind (Figure 6.25a). In fact, a step
wind is not realistic but still a step response is useful to observe the characteristics of a
dynamical system. Figure 6.25 shows the responses of the fixed- and variable-step MPPT
algorithms and the SNC for the step wind. At the beginning of the simulation and after the
wind velocity steps up, the MPPT algorithms start to increase the K; immediately; whereas,
the MPC-mimicking SNC sets the K to zero and let the turbine to speed up in this period
and then rises the K; suddenly when the rotor velocity approaches to its optimal value, as
shown in Figs. 6.25b and c. In spite of that all methods are capable of settling the power
output to the MPP, the “greedy” behavior of the MPPT algorithms leads to a postponed
(about 5 seconds) manifestation of the maximum power, see Figure 6.25d. As a result, the
fixed-step MPPT, the variable-step MPPT, and the SNC methods harvest 93.20%, 92.94%,
and 94.59% of the available energy, respectively. In other words, the MPC-mimicking SNC
outperforms the model-free MPPT algorithms by generating about 100 Joules of more energy
in a minute. On the other hand, the fixed-step MPPT control is found to perform slightly
better than the variable-step version in terms of energy efficiency because the latter cannot
turn variable step-size into advantage, i.e., smaller steps around the MPP to prevent jitters,
since this is an idealized case in which there prevails neither wind fluctuations nor

oscillations due to Cp oscillations and/or noise.
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Figure 6.25: Step wind profile (a); dynamic responses of the load coefficient (b), rotor

velocity (c), and generator power (d) for the MPPT and SNC algorithms for simple
dynamic simulations.
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Figure 6.26 shows the performances of the MPC and the SNC for the same step wind
(Figure 6.26a). Since the control variables are different, both the load coefficient and the
generator torque are plotted in this case (Figs. 6.26b and c¢). Although the control variables
and the control sampling periods are different and the SNC does not exploit the wind velocity
like the MPC, the similarity between the dynamic responses, especially the power output
shown in Figure 6.26e, for the MPC and the SNC is undeniable. The most remarkable
discrepancy between them is that the MPC decreases the generator load about 3 seconds prior
to the rise of the wind velocity by the virtue of its prediction ability, whereas the SNC
decreases the K; when the wind velocity steps up; so, the power output for the MPC reaches
to the maximum value about 1 s earlier than the SNC. The MPC behaves similarly when the
wind velocity steps down as well. Consequently, the energy efficiency for the MPC is 95.30%
while it is 94.59% for the SNC; admittedly, the performance of the SNC is satisfactory in the

sense of MPC-mimicking.
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Figure 6.26: Step wind profile (a); dynamic responses of the load coefficient (b), generator

torque (c), rotor velocity (d), and generator power (¢) for the MPC and the SNC for simple
dynamic simulations.
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Second, the control methods are tested for a 40-second wind gust profile for which #
=15s, T, =10s, and u. = 5 m/s (Figure 6.27a). Wind gust is useful to observe the transient
performance of the system. Figure 6.27 illustrates the responses of the MPPT algorithms and
the SNC. The SNC manipulates the K; aggressively during the gust, while the incremental
MPPT algorithms vary the K; more smoothly (see Figure 6.27b). It is also seen that the
variation of the K; for the variable-step MPPT is larger than the variation for the fixed-step
algorithm due to the dependency of the step-size on the change of the rotor velocity; as a
result, the power output reaches to higher values for the variable-step algorithm, as shown in
Figure 6.27d. Additionally, the fixed-step MPPT settles the system to a different (i.e., lower
generator load, higher angular velocity) operating point after the gust yet still maximizes the
power output. The energy efficiencies for the fixed-step MPPT, the variable-step MPPT, and
the SNC are 79.67%, 82.18%, and 84.95%, respectively; namely, the SNC again outperforms
the MPPT algorithms, and the variable-step MPPT turns the variable step-size into an

advantage and demonstrates a better performance than the fixed-step algorithm.

Figure 6.28 shows the responses of the MPC and the SNC for the same wind gust
profile. Clearly, the responses of the MPC and the MPC-mimicking SNC are very close to
each other. However, the MPC exploits the wind velocity prediction and sets the generator
load to zero at the beginning of the gust and about 2 s before the SNC (see Figure 6.28b) so
that the rotor velocity remains above the reference in contrast to the SNC case, as shown in
Figure 6.28c. In addition, after the peak of the wind gust, the MPC adjusts the generator
torque such that the rotor velocity almost perfectly tracks the reference despite the high
control sampling period, whereas the SNC operates in the proportional control region but
cannot track the reference velocity similarly. The resulting energy efficiencies for the MPC

and the SNC are 87.01% and 84.95%, respectively.
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Figure 6.27: Wind gust profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for the MPPT and SNC algorithms for simple
dynamic simulations.

Last, the real wind data described in Chapter 4 (see Figure 6.29a) is used to evaluate
the performances of the controllers under realistic wind conditions. The wind data, which
was logged in an urban environment, has very fast dynamics and is 298 seconds long. It is
seen that the fixed-step MPPT is not suitable to track the MPP for such a fast changing urban
wind, see Figure 6.29d, whereas the variable-step algorithm performs effectively. On the
other hand, the SNC changes the K, very rapidly in a wide range while the incremental

variable-step MPPT operates smoothly, as shown in Figure 6.29b. In consequence, the fixed-
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step MPPT, the variable-step MPPT, and the SNC convert 29.40%, 94.21%, and 96.84% of

the available energy into electricity.
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Figure 6.28: Wind gust profile (a); dynamic responses of the load coefficient (b), generator
torque (c), rotor velocity (d), and generator power (e) for the MPC and the SNC for simple
dynamic simulations.
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Figure 6.29: Real wind profile (a); dynamic responses of the load coefficient (b), rotor

velocity (c), and generator power (d) for the MPPT and SNC algorithms for simple
dynamic simulations.

The responses of the MPC and the SNC for the same wind input are depicted in Figure
6.30. Both algorithms perform similarly and varies the load very rapidly; however, the high
sampling period of the MPC encumbers the MPC from applying fast changes in response to
the fast wind dynamics. On the other hand, the SNC, which has an order of magnitude lower
sampling period than the MPC, handles the K; as necessary and prevents deviations from the
reference rotor velocity in contrast to the MPC, as shown in Figure 6.30d. The resulting

energy efficiencies for the MPC and the SNC are 96.36% and 96.84%, respectively; namely,

the MPC-mimicking SNC slightly outperforms the MPC in this case owing to its agility.
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Figure 6.30: Real wind profile (a); dynamic responses of the load coefficient (b), generator
torque (c), rotor velocity (d), and generator power (e) for the MPC and the SNC for simple
dynamic simulations.

The energy efficiency results of the MPPT, MPC and SNC algorithms for the step wind,
wind gust, and real wind inputs are tabularized in Table 6.2 and yield the following
observations. First, the energy efficiency results for all control methods are very close to each
other for the step wind case (i.e., the maximum difference is about 2%), in which steady-state

performance has more weight; furthermore, only for this case the fixed-step MPPT generates
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more energy than the variable-step algorithm. Hence, it can be admitted that all of the

controllers are tuned properly and their performances are comparable.

Second, both the MPC and the SNC overcome the MPPT algorithms in terms of energy
generation in all cases. This result is mainly caused by the fact that the MPPT control
represents a “greedy” algorithm that maximizes the power output for instantaneous
conditions, while the MPC and the SNC designs strategize and maximize the energy output
of the turbine. Thus, it can be concluded that maximizing the instantaneous power does not
mean maximizing the energy production. The results show that the MPC and the SNC allow

deviations from the maximum power instantaneously for future gains in energy generation.

Third, the dynamic responses of the MPC and the SNC demonstrate similar
characteristics, and the energy efficiency discrepancy between them is generally low for all
cases. The energy efficiency difference peaks for the wind gust input (i.e., about 2%); for
such an intense wind transient, the prediction ability of the MPC becomes a significant
advantage, whereas its impact is limited for the other cases. On the other hand, the energy
output of the SNC exceeds the MPC’s for the real wind case due to the low sampling rate of
the MPC. As a result, the overall low differences between the dynamic responses and the
resulting energy efficiencies of the MPC and the SNC show that the performance of the SNC

is acceptable in the sense of mimicking the MPC.

Table 6.2: Energy efficiency results for simple dynamic simulations.
Control Fixed-step Variable-step
Wind MPPT MPPT MPC SNC
Step Wind 93.1954% 92.9402% 95.2975% 94.4853%
Wind Gust 79.6680% 82.1837% 87.0061% 84.9540%
Real Wind 29.3973% 94.2100% 96.3625% 96.8382%

Last, the model-free and wind speed sensorless variable-step MPPT algorithm
performs successfully for all wind inputs and yields energy efficiencies that are close to the
maximum energy efficiencies achieved, e.g., for the real wind, the difference is about 2%.
Therefore, the variable-step MPPT can be preferred over the SNC which requires both the

power coefficient curve of the turbine and wind velocity measurement.
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6.3. Hardware-in-the-loop Simulation Results

The CFD model and the simple dynamic model are based on an idealized
electromechanical conversion model to investigate solely the aecrodynamic performance of
the turbine; in other words, the mechanical power output of the rotor, Pywina, and the electrical
power output of the complete system, Pg.,, are assumed to be equal for previous results.
Notwithstanding, the power output of the complete system including the generator and power
electronics components is expected to be lower than the mechanical power produced by the

blades of the VAWT due to the inevitable losses of the actual components.

In order to analyze this effect, the electromechanical model, which is shown to be a
valid tool to estimate the load voltage and the power output of the HIL test-bed for given
rotor velocity and load current values, is employed. Electromechanical simulations are
performed under steady wind conditions, and the power output is estimated as the rotor
velocity and the load current are increased gradually. Figure 6.31 depicts the mechanical
power captured by the rotor, Pyinq, for a steady wind velocity of 6 m/s and the electrical power
output of the load, Pgen, for the same conditions. This result demonstrates that the impact of
the characteristics of the generator and power electronics components reduces the MPP, e.g.,
the maximum value of the electrical power output is 67% of the maximum value of the
mechanical power output; additionally, it shifts the MPP as well as the shape of the curve to
higher rotor velocities, which implies that the most dominant loss on this system is the
resistive loss that is proportional to the square of the current rather than the inductive loss

and emphasizes the importance of picking the right generator for the turbine.
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Figure 6.31: Mechanical power produced by the rotor, Pwin¢, and electrical power produced
by the complete system, Pgen, Vs the rotor velocity for U= 6 m/s.

Figure 6.2 shows that the aecrodynamic power characteristics of a VAWT rotor can be
represented by a single A — Cp curve independently of the wind velocity. Hence, one can
expect that the electrical power characteristics can be represented by a Vz/U — Cpgen curve.
However, Figure 6.32 shows that the electrical power characteristics for different wind
velocities are not similar as A — Cp curves. The maximum Cpge, value decreases as the wind
velocity increases, and the difference between the maximum values is proportional to the
difference between the wind velocities; whereas, the corresponding V;/U value does not
change considerably. Overall, these results reveal that the effect of the generator and power
electronics components on the power characteristics is significant and should be taken into
account for the overall system design including the controller and considering the wind

characteristics for a given site.

107



03 ! 1 T T T T
/ e - T e ~
T e 7 o BN -
/A . SN
/48R4 ~oN
v, SO
i . : A\ i
02 '/ \‘ 3
i \
— fr \
= 4 \
:E’o 0.151 ‘\‘ T
@) N
\
0.1F 4
{
// 5m/s
005 B / — — —6m/'s T
/72 N b 8 m/s \
/ 10 m/s \
0 1 1 1 1 1 1
0 1 2 3 4 5 6

VL/ U [V-s/m]

Figure 6.32: V7/U — Cpgen curves for a range of steady wind velocities.

6.3.1. Electromechanical Simulation Control Results

The SNC algorithm is redesigned and tuned for HIL simulations through
electromechanical simulations; moreover, our implementation of the MPC cannot operate in
real-time. Hence, first, the electromechanical simulation is employed to test and compare the
control algorithms under various wind conditions. The fixed- and variable-step MPPT
algorithms, the MPC, and the MPC-mimicking SNC are simulated for a step wind, a wind
gust, and a real wind data as in the simple dynamic simulation case. For all simulations here,
the initial rotor velocity is 5 rad/s because the hill-climb search MPPT algorithms are
incremental techniques. Since plotting responses of all controllers in a single figure would
be chaotic; results for the MPPT and SNC methods and results for the MPC and the SNC are

shown in separate figures.
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First, the controllers are tested for a 60-second step wind (see Figure 6.33a). Step
response is useful to observe dynamical characteristics such as time constant of the system
including controller. Figure 6.33 shows the responses of the fixed- and variable-step MPPT
algorithms and the SNC for the step wind. Clearly, the settling time is roughly the same for
all controllers showing that they are tuned appropriately. According to Figs. 6.33¢ and d, the
model-based SNC, expectedly, tracks the reference operating conditions, whereas, the model
free fixed- and variable-step MPPT methods operate the system at different operating
conditions; nonetheless, the resulting power outputs for the model-free variable-step MPPT
control and the MPC-mimicking SNC are very similar to each other and seemingly converge
to the MPP for both wind velocities but the power output for fixed-step MPPT algorithm has
relatively large steady-state error, as shown in Figure 6.33e. Despite the similarity of the
power output responses, the SNC outperforms the variable-step MPPT in terms of energy
generation with an energy efficiency of 93.79%, while the energy efficiency for the variable-
step MPPT is 91.41% and higher than the energy output of the fixed-step MPPT which is
88.74%.

Figure 6.34 shows the responses of the MPC and the SNC for the same wind profile.
Due to the low value of y, the SNC operates mostly in the proportional control region, see
Figure 6.34c¢ yet still successfully mimics the MPC, admittedly. The only difference is that
the MPC decreases the load current slightly a short period prior to the wind velocity changes
owing to its prediction ability. Nevertheless, its impact on the energy output is limited: the

SNC captures 93.79% of the available energy, while the MPC captures 94.11%.
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Figure 6.33: Step wind profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for the MPPT and SNC algorithms for
electromechanical simulations.

Second, the control methods are tested for the wind gust (Figure 6.35a). Figure 6.35
illustrates the responses of the MPPT algorithms and the SNC. For the fixed-step MPPT,
first, the /; settles to about 1 A, which does not correspond to the MPP; however, after the
gust, the /; settles to a higher value so that the P,., converges to the MPP; while, the steady-

state value of the /7 does not change for the other controllers, see Figure 6.35c.
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Figure 6.34: Step wind profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for the MPC and SNC for electromechanical
simulations.

The resulting energy efficiencies for the fixed- and variable-step MPPT, and the SNC
are 78.93%, 79.43%, and 81.79%, respectively; namely, the SNC again outperforms the
MPPT algorithms. However, it is remarkable that the fixed-step MPPT attains to an energy

efficiency close to the other controllers, although its power output is well below the power
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outputs of the other controllers for # < 20 s. This is because of the fact that it utilizes the

kinetic energy of the rotor by setting the /; to a higher value after the wind transient.
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Figure 6.35: Wind gust profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for the MPPT and SNC algorithms for
electromechanical simulations.

Figure 6.36 shows that the SNC demonstrates a successful performance in the sense of
mimicking the MPC for the wind gust profile, namely under a large wind transient, as well.

Consistently, their energy yields are very close; the energy efficiency is 81.79% for the SNC
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and 82.34% for the MPC. However, it is noteworthy that after the wind transient, the MPC

settles the /7 slightly above the reference value as the fixed-step MPPT.
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Figure 6.36: Wind gust profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for the MPC and the SNC for electromechanical
simulations.

Last, the performances of the controllers are compared under realistic conditions using
the real wind data shown in Figure 6.37a. Figure 6.37e shows that the power outputs of the

controllers are indistinguishable for most of the time despite the fact that the operating
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conditions are visibly different (see Figs. 6.37b, c, and d). As a result, the fixed-step MPPT,
the variable-step MPPT, and the SNC convert 91.19%, 95.54%, and 97.24% of the available

energy into electricity.
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Figure 6.37: Real wind profile (a); dynamic responses of the load coefficient (b), rotor

velocity (c), and generator power (d) for the MPPT and SNC algorithms for
electromechanical simulations.
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The responses of the MPC and the SNC for the real wind is depicted in Figure 6.38.
Clearly, their responses are almost identical excluding the sudden drops of the /; and
corresponding peaks of the V. around ¢ = {20, 175, 250} s for the SNC, see Figure 6.38c.
Nevertheless, the MPC and the SNC harvest 97.32% and 97.24% of the available energy,

respectively, namely their energy yields are almost equal.
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Figure 6.38: Real wind profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for the MPC and SNC for electromechanical
simulations.
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The energy efficiency results of the MPPT, MPC and SNC algorithms for the step wind,
wind gust, and real wind inputs are given in Table 6.3 and yield the following observations.
First, the energy efficiencies for all of the controllers are in close proximity for each wind
type. Hence, one can say that the control parameters are adjusted properly and the responses

are comparable.

Second, both the MPC and the SNC overcome the MPPT algorithms in terms of energy
generation in all cases. The most remarkable difference between the dynamic responses of
the MPC and SNC algorithms and the MPPT algorithms is that the load current, load voltage
and rotor velocity variables track the reference values for the model-based MPC and SNC
methods, as anticipated, whereas they do not converge to the reference values for the model-

free MPPT algorithms.

Third, the dynamic responses of the MPC and the SNC are undeniably similar for all
cases, and the energy efficiency difference between them is very small for all cases, i.e., less
than 1%. On the other hand, the SNC cannot turn the high sampling rate into an advantage
as in the simple dynamic simulations. Nevertheless, the negligible discrepancies between the
dynamic responses and the resulting energy efficiencies of the MPC and the SNC
demonstrate that the performance of the SNC is acceptable in the sense of mimicking the

MPC for electromechanical and HIL simulations as well.

Last, the variable-step MPPT outperforms the fixed-step MPPT in terms of energy
generation in all cases, as in the simple dynamic simulations. Furthermore, it is also observed

that the variable-step algorithm performs more stable than the fixed-step MPPT algorithm.

Table 6.3: Energy efficiency results for electromechanical simulations.

Control Fixed-step Variable-step
Wind MPPT MPPT MPC SNC
Step Wind 88.7452% 91.4154% 94.1090% 93.7885%
Wind Gust 78.9251% 79.4256% 82.3379% 81.7859%
Real Wind 91.1855% 95.5427% 97.3192% 97.2437%
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6.3.2. Hardware-in-the-loop Simulation Control Results

Heretofore, software-only simulations are employed to study the power characteristics
and the dynamics the VAWT. Although these tools provide a significant insight into the
performance of the VAWT system, HIL simulations need to be carried out in order to assess
the real impact of the actual generator and power electronics components, measurement
noise, and real-time control on the performance. Thus, experiments are carried out on the
HIL test-bed for the step wind, wind gust, and real wind profiles; however, in this case, only
the MPPT algorithms and the SNC are considered since the MPC cannot be implemented in
real-time. Nonetheless, the SNC is found to mimic the MPC successfully.

Figure 6.39 shows the rotor velocity, load current, load voltage, and power output
responses of the controllers for the step wind profile (Figure 6.39a). As in the
electromechanical simulations, the SNC settles the system to reference operating conditions;
whereas, the MPPT algorithms settle the system to higher current — lower voltage operating
conditions (see Figs. 6.39c and d). As distinct from the electromechanical simulations, the /;
for the SNC has significant fluctuations after the wind velocity steps up, i.e., for 20 <7 <25
s, which cause V', and the Pge, to fluctuate as well. The SNC is a Vz-feedback control and the
voltage drop is dependent on the change of the load current, moreover, measurement noise
prevails in the HIL simulation, so the combined effect results in the /; fluctuations which do
not occur in electromechanical simulations. Nevertheless, the power output for the SNC
seemingly exceeds the other power outputs throughout the simulation despite the fact that
the power output for the variable-step MPPT is proximate, see Figure 6.39¢; whereas, the
Pgen for the fixed-step MPPT has relatively large steady-state error. Consequently, the fixed-
and variable-step MPPT controllers and the SNC capture 84.41%, 92.40%, and 95.34% of

the available energy, respectively.

The dynamic responses of the controllers for the wind gust profile (Figure 6.40a) are
depicted in Figure 6.40. It is noteworthy that as in the electromechanical simulation case, the
fixed-step MPPT sets the /7 to a higher value than the value before the gust, see Figure 6.40c,
and utilizes the kinetic energy of the rotor that is increased before the gust when the 7 is low.
Consequently, the Py, for the fixed-step MPPT exceeds the Pge, for the variable-step MPPT
during the gust, as shown in Figure 6.40e. On the other hand, the SNC keeps the system at
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the reference operating conditions before and after the gust, and its power output exceeds the

others, albeit slightly, throughout and after the wind transient.
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Figure 6.39: Step wind profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for HIL simulations.

The resulting energy efficiencies for the fixed- and variable-step MPPT, and the SNC
are 86.23%, 85.20%, and 94.34%, respectively. When the small differences between the

responses are considered, it is remarkable that the SNC outperforms the MPPT algorithms
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substantially, which implies that operating the system at reference conditions (i.e., through

model-based methods) may lead to significant gains in energy generation.
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Figure 6.40: Wind gust profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for HIL simulations.

Lastly, experiments for the real wind profile (Figure 6.41a) are conducted and the
responses are depicted in Figure 6.41. First of all, it is seen that the rotor velocity saturates at

about 40 rad/s (see Figure 6.41b), which is the maximum limit for the rotor velocity for HIL
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simulations

because the maximum velocity of the electrical motor is 4000 rpm, which

corresponds to about 400 rpm (ca 40 rad/s) at the generator side; furthermore, this limitation

saturates the load current, load voltage and power output variables as well, as seen in Figs.

6.41c, d, and e.
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Figure 6.41: Real wind profile (a); dynamic responses of the load coefficient (b), rotor

velocity (c), and generator power (d) for HIL simulations.
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Since the MPPT algorithms operate the system at higher current — lower voltage
operating conditions than the reference conditions, which should be tracked for the SNC, the
rotor velocity, which is correlated to the load voltage, is generally lower for the MPPT
controllers than the SNC; therefore, the SNC is affected by these saturations more than the
MPPT methods. The power outputs for the MPPT controllers exceed the power output of the
SNC during the saturation occasions (e.g., for 120 <7< 150 s), as shown in Figure 6.41¢. In
addition, for the SNC, there are certain fluctuations in the /7 as well as in the resulting V7 and
Pgen (see Figs. 6.41Db, ¢, and d) particularly when the wind velocity changes rapidly in a wide
range, e.g., for 150 <z <175s.

At the end of the experiments, the fixed-step MPPT, the variable-step MPPT, and the
SNC convert 90.30%, 90.52%, and 90.04% available energy into electrical energy,
respectively. In accordance with this outcome, one can suggest that the discrepancies
between the control algorithms are not significant in the long run. Nevertheless, it is obvious

that rotor velocity saturation has a consequential impact on the performance of the SNC.

The energy efficiency results of the MPPT and SNC algorithms for the step wind, wind
gust, and real wind inputs are tabularized in Table 6.4. The results obtained from the
experiments yield the following observations. First, the experimental results proves that all
of the controllers perform successfully for the step wind, wind gust, and real wind profiles.
Furthermore, the dynamic responses of the controllers for HIL simulations are not
significantly distinct from the responses for -electromechanical simulations, and
electromechanical simulations can be used to evaluate the performance of the VAWT system
including the non-ideal generator and power electronics components as well as to design

controllers accordingly and test their performance.

Second, the MPC-mimicking SNC outperforms the MPPT algorithms substantially for
the step wind and wind gust profiles. On the other hand, for the real wind case, the energy
efficiencies for all controllers are within a range of 0.5%. Moreover, the operation conditions
for the model-based SNC are specified, while the incremental MPPT controllers, especially
the fixed-step version, may diverge from the MPP due to error accumulation. Thus, the SNC

can be deemed a more reliable and efficient method than the MPPT methods.
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Third, among the fixed-step and variable-step MPPT algorithms, the variable-step
MPPT is observed to be more stable since its responses are insensitive to wind transients,
while the responses of the fixed-step algorithm are very sensitive to wind transients.
Furthermore, the variable-step MPPT overcomes the fixed-step MPPT in terms of energy
generation for the step and real wind cases, while the energy efficiency of the fixed-step
MPPT is only about 1% greater than the variable-step MPPT’s for the wind gust case. Thus,
the variable-step MPPT can be preferred over the fixed-step MPPT.

Last, the MPPT techniques require neither the power coefficient curve of the turbine
nor wind velocity measurement, as distinct from the SNC; therefore, they are more applicable
than the SNC. Moreover, the operation of the variable-step MPPT is almost as stable as the
SNC. Thus, although the SNC is found to be a more efficient method, the variable-step MPPT

is an attractive option for small-scale VAWT applications.

Table 6.4: Energy efficiency results for HIL simulations.

Control Fixed-step Variable-step SNC
Wind MPPT MPPT
Step Wind 84.4068% 92.3979% 95.3387%
Wind Gust 86.2349% 85.1954% 94.3375%
Real Wind 90.3000% 90.5198% 90.0434%
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6.4. Effect of Measurement Noise

In addition to the real responses of the hardware components rather than
approximations, the HIL simulation contains inevitable measurement noises that are filtered
out through low pass filters but still may affect control performance. Thus, in order to mimic
this effect in the electromechanical simulation, a white Gaussian noise with a seed of 1 and
an impedance of 0.05 (i.e., using wgn function of Matlab) is added to the load voltage signal,
which is the feedback variable of the controllers except the MPC, and the performances of
the MPPT and SNC algorithms are analyzed for the step wind, wind gust and real wind

profiles through electromechanical simulations with noise.

Figure 6.42 illustrates the step wind performances of the controllers. It is seen that none
of the controllers is significantly affected by the noise, albeit the visible jitters; moreover, the
noise apparently improves the performance of the fixed-step MPPT by preventing it from
being stuck at an operating point other than the MPP, which occurs in the electromechanical
simulations without noise. Additionally, the Pg., responses in Figure 6.42¢ are very similar
to the ones in Figure 6.39¢. As a result, the fixed- and variable-step MPPT and the SNC
harvest 93.38%, 91.44%, and 93.76%, respectively; namely, the fixed-step MPPT
outperforms the variable-step algorithm and demonstrates a very similar performance to the

SNC.
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Figure 6.42: Step wind profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for electromechanical simulations with noise.

The responses of the controllers for the wind gust are depicted in Figure 6.43. Figure
6.43c shows that the variable-step MPPT and the SNC is more robust to the noise in the load
voltage than the fixed-step MPPT, for which there are large fluctuations in the /.

Notwithstanding, the power output responses are quite similar to each other, as shown in
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Figure 6.43e. The resulting energy efficiencies are 79.97%, 79.48%, and 81.77% for the
fixed-step, variable-step MPPT methods and the SNC, respectively.
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Figure 6.43: Wind gust profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c¢), and generator power (d) for electromechanical simulations with noise.

Lastly, the controllers are tested for the real wind in the presence of load voltage noise,
and their responses are demonstrated in Figure 6.44. For the SNC, the /. fluctuates

substantially, inducing fluctuations in the V7 and the Pg., as well, around 7 = 125 s and # =
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300 s because of quick switching among operation regions. This result is interesting since
this situation occurs in HIL simulations (see Figure 6.41) but not in electromechanical
simulations without noise (see Figure 6.37). Thus, it can be concluded that this behavior is

caused by the combined effect of measurement noise and fast wind dynamics.
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Figure 6.44: Real wind profile (a); dynamic responses of the load coefficient (b), rotor
velocity (c), and generator power (d) for electromechanical simulations with noise.
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Apart from that, the responses are quite similar to the responses for the
electromechanical simulation without noise that are shown in Figure 6.37. At the end of these
simulations, the fixed- and variable-step MPPT controllers and the SNC convert 92.27%,
95.63%, and 94.68% of the available energy into electricity, respectively. It is seen that the
variable-step MPPT outperforms the fixed-step MPPT significantly in the long run despite
the fact that the fixed-step MPPT is advantageous for the other cases, which also suggests
that the variable-step algorithm is more reliable for realistic conditions. On the other hand,
the fluctuations due to the noise on the load voltage signal and fast wind dynamics deteriorate
the performance of the SNC significantly and lead to a slightly less efficient energy
generation of the SNC compared to the variable-step MPPT. The energy efficiency results

for all cases are summarized in Table 6.5.

Table 6.5: Energy efficiency results for electromechanical simulations with noise.

Control Fixed-step Variable-step SNC
Wind MPPT MPPT
Step Wind 93.3773% 91.4395% 93.7630%
Wind Gust 79.9702% 79.4752% 81.7722%
Real Wind 92.2692% 95.6264% 94.6815%

6.5. Effect of Power Coefficient Oscillations and Inertia

Results of CFD simulations show that the power coefficient, from which the wind
torque is estimated in simple dynamic, electromechanical, and HIL simulations, has non-
negligible oscillations. Although it is shown that Cp oscillations do not affect the dynamical
performance of the VAWT system with an idealized electrical system considerably, see
Figure 6.24, they may possess an impact on the VAWT system with non-ideal hardware
components. Furthermore, the moment of inertia of the rotor plays a crucial role in filtering
out these oscillations and reducing their impact by the virtue of the first-order dynamics of
the rotor. Thus, here, the effect of the inertia, J, is observed in the presence of Cp oscillations
through electromechanical simulations. The amplitude of Cp oscillations is dependent on the
tip-speed ratio, A, (see Figure 6.23) while the frequency is the triple of the rotor velocity, o,
and the resulting Cp(A,?) is obtained from (5.14).
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For this purpose, electromechanical simulations, in which load voltage measurement is
assumed to be noise-free, are run for J= {0.2, 1, 5} kg-m? for a 120-second step wind (Figure
6.45a), and the SNC is employed as the controller. Figure 6.45 shows the rotor velocity, load

current, load voltage, and power output responses for each J value.
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Figure 6.45: Responses of the SNC for different values of the inertia, J, in the presence of
Cp oscillations.
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First of all, for all J values, the SNC perform successfully which shows that the SNC
is applicable for VAWTs with different mechanical configurations without a need for
retuning. Second, the settling time of the dynamical system is proportional to the J, as
expected. Third, there are significant jitters in all variables for the case in which J = 0.2 kg-
m?, as shown in Figs. 6.45b, ¢, d, and e. Cp oscillations lead to o oscillations that induces
oscillations in the 7z due to the correlation between voltage and velocity, and eventually
oscillations occur in the Iz, which is calculated from the V' as well as affects the voltage drop;

therefore, the V7 oscillations are apparently more remarkable than the others.

The subfigure in Figure 6.45e shows the zoomed in views of the power outputs for 79
< ¢t < 80 s. Clearly, the amplitude of the oscillations are very large for J = 0.2 kg-m?, while
the oscillations are nearly invisible for J = 5 kg-m?. This result proves that the moment of
inertia of the rotor acts as a low-pass filter by filtering out the oscillations with high
frequency. Furthermore, at the end of two minutes, the rotors with J = {0.2, 1, 5} kg-m?
capture {99.9602%, 99.9728%, 99.9745%} of the available energy; namely, the energy yield
enhances, albeit slightly, as the J increases for this case, despite the fact that the power output

tracks the MPP almost perfectly for the smallest J.

6.6. Effect of Inertia on Steady-periodic Performance

Although a perfect sinusoidal wind is not realisticc wind can demonstrate
characteristics similar to periodic signals. Furthermore, the moment of inertia of the rotor
may possess a significant impact on the steady-periodic performance of the VAWT, as in the
Cp oscillations case. Hence, here, the steady-periodic performances of VAWTs with different
inertia values are investigated for a sinusoidal wind input. 30-second electromechanical
simulations, in which neither Cp oscillations nor noises prevail, are carried out for a
sinusoidal wind profile with a period of 10 s, a mean of 6 m/s, and an amplitude of 2 m/s
(i.e., £33% fluctuation), see Figure 6.46a, for. Again, rotors with J = {0.2, 1, 5} kg-m? are
considered, and the SNC is employed as the controller. The actual and reference energy
outputs (Egen and E.y) are calculated within a 10-second moving window to attain the energy

efficiency in the last period.
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Figure 6.46 depicts the results of this study. Since the system seemingly reaches to a
steady-periodic-state, the responses only in the last period of the wind velocity are shown in
the figure. The responses show that the moment of inertia of the rotor filters out the high

frequency components due to wind dynamics as well owing to the first-order dynamics of

the rotor.
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Figure 6.46: Responses of the SNC for different values of the inertia, J, for sinusoidal wind
profile.
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According to Figure 6.46¢, the Py, for J = 2 kg-m? tracks the reference power output
with a little phase delay; while, the Pgen for J = 1 kg-m? fluctuate within a narrower range
with a larger phase delay corresponding to ca 1.5 s; on the other hand, the Pge, for J =5 kg-
m? is almost steady, i.e., fluctuates with a very small amplitude, due to the filtering effect of

the inertia of the rotor.

The resulting energy efficiencies are 99.9580%, 99.1867%, and 98.4653% for the
rotors with J = {0.2, 1, 5} kg-m?, respectively; namely, the energy output of the VAWT
decreases as the inertia increases for this case, in contrast to the outcome of the Cp oscillations
case. This result is caused by the fact that the Pg.n converges to the mean value of the
reference power output (i.e., 39.25 W) as the J increases and filters out the fluctuations;
however, the power output is proportional to the cube of the wind velocity, and therefore the
available wind power (i.e., 40.28 W) that is obtained from the cubic mean of the wind
velocity (i.e., 6.32 m/s) is actually greater than the mean value of the reference power output.
Thus, it can be concluded that the energy efficiency of the VAWT deteriorates when the wind
dynamics is faster than the rotor dynamics if it is not controlled accordingly, which is

consistent with the results reported by McIntosh et al. [40].

131



Chapter 7

CONCLUSIONS & FUTURE WORK

7.1. Conclusions

This thesis presents a framework for the assessment of the performance of a small-
scale VAWT system that includes a three-straight-bladed, high-solidity rotor,
electromechanical and power electronics components, and controller. Within this framework,
we use a time-dependent, two-dimensional CFD model for a height-normalized, three-
straight-bladed VAWT rotor with high solidity and a HIL test-bed including the actual

electromechanical and power electronics components.

The CFD model is coupled with the dynamics of the rotor in order to calculate the
transient angular velocity of the rotor for a given generator load and validated with
measurements from an experimental VAWT. The CFD modeling approach is used to obtain
the flow around the rotor and the stresses on the blades. The k-¢ turbulence model is used to
approximate unsteady Reynolds-averaged Navier-Stokes equations. The coupled CFD/rotor
dynamics model provides an environment to analyze the realistic transient behavior of the
VAWT rotor subject to the generator load manipulated by the control algorithm and the

inertia of the rotor.

CFD simulations are performed for steady wind flow to study the aerodynamic
performance and flow physics of the VAWT which yield the following observations. First,
quasi-steady power coefficient curves are obtained against the tip-speed ratio for a range of
steady wind velocities, and it is shown that the power coefficient curve does not change with
the wind velocity considerably, therefore the acrodynamic performance of the VAWT can be

represented by a single power coefficient curve. Second, according to simulations, the
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presence of the shaft at the rotor center does not have a significant impact on the flow
distribution and on the rotor velocity. Third, local angle of attack is calculated based on the
local velocity field, and compared with the geometric angle of attack; the power coefficient
values tend to follow the same trend with the local angle of attack rather than the geometric

angle of attack.

Owing to the coupled dynamic modeling approach, the transient response of the
VAWT is obtained for standard wind gusts through CFD simulations. Instantaneous power
coefficient is oscillatory due to the oscillations in the wind torque. However, the oscillations
in the generator torque are much smaller than the wind torque, about 1/100%. A variable-step
control strategy, i.e., proportional control, allows more than 95% of the energy in the gust to
be captured. Average of the transient power coefficients peaks at a smaller tip-speed ratio for
wind gusts than steady winds. Instantaneous power coefficients make hysteresis lops in
counterclockwise direction versus the local angle of attack calculated from the local velocity
field. The results show that the proposed model provides a reliable and effective approach

for system-level design and analysis of VAWTs.

CFD simulations take an excessive amount of computation time, hence a simple
dynamic simulation is developed using the tip-speed ratio — power coefficient characteristics
obtained from CFD simulations in order to design and test control algorithms. A comparison
between the results of CFD and simple dynamic simulations shows that the simple dynamic
simulation is sufficiently accurate to evaluate the dynamic performance of the VAWT system

including the controller.

Model-free, wind speed sensorless fixed- and variable-step hill-climb search MPPT
algorithms, a model predictive control for maximization of energy generation subject to
electrical limitations of the system, and an MPC-mimicking simple nonlinear control are
designed and tested through simple dynamic simulations. The performances of the controllers
are compared for step wind, wind gust and real wind profiles. Simulation results show that
the MPC and the SNC outperform the MPPT algorithms in terms of energy generation for all
wind types. Thus, it can be said that maximizing the instantaneous power does not mean
maximizing the energy generation, and the energy output can be enhanced by allowing

deviations from the maximum power instantaneously for future gains in energy generation.
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Moreover, the proposed SNC demonstrates a successful performance in the sense of MPC-
mimicking.

The CFD and simple dynamic simulations are based on an ideal electromechanical
energy conversion assumption. However, the real characteristics of the generator and power
electronics components that convert the mechanical energy of the rotor into DC power are,
in fact, far from being ideal. Thus, in order to observe the impact of the actual
electromechanical and power electronics components on the power characteristics of the
VAWT system, we employ the HIL test-bed developed in [16,19], in which an electrical
motor emulates the VAWT rotor based on a power coefficient curve obtained from CFD
simulations. Furthermore, a simple electromechanical model, which is the simplified DC
equivalent of the HIL test-bed, is developed and validated through experimental data.
According to simulation results, the impact of the characteristics of the generator and power
electronics components reduces the maximum power point and shifts it higher rotor
velocities, which implies that the most dominant loss on this system is the resistive loss that
is proportional to the square of the current. In other words, the generator and power
electronics components have a profound effect on the overall power output and efficiency of
the VAWT system. Hence, the electromechanical simulation is used to redesign and tune the

fixed- and variable-step MPPT, SNC and MPC methods accordingly.

Since the MPC is a computationally expensive method and cannot operate in real-time
in this case, first, the control algorithms are tested through electromechanical simulations.
Then, HIL simulations are conducted to test the performance of the VAWT system including
actual electromechanical and power electronics components and real-time control (excluding
the MPC). Results show that the controllers perform satisfactorily for step wind, wind gust,
and real wind inputs, and the experimental results for the MPPT and SNC algorithms are
similar to the electromechanical simulation results which means that the electromechanical
model is a reliable tool to design and evaluate control algorithms for actual VAWT systems.
Additionally, the influence of measurement noise that inevitably prevails in HIL simulations
is investigated by adding a white Gaussian noise to the voltage signal in electromechanical
simulations, and it is seen that the noise is useful to attain a more realistic analogy of the HIL

simulation.
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The moment of inertia of the rotor plays an important role on the performance of the
VAWT since it filters out the oscillations in the system response by the virtue of the first-
order dynamics of the rotor. Hence, its effect on the performance in the presence of power
coefficient oscillations is analyzed through electromechanical simulations. According to
results, the energy efficiency improves as the moment of inertia increases despite almost
perfect tracking of wind dynamics when the inertia is small. Moreover, the impact of the
inertia on the steady-periodic performance, i.e., for a periodic wind input, is studied, and it is
shown that the energy efficiency of the VAWT deteriorates when the wind dynamics is faster

than the rotor dynamics if it is not controlled accordingly.

7.2. Future Work

Further research into the following subjects might be interesting:

¢ Implementing control designs on the experimental VAWT system.

e Deriving the exact solution of the optimal control problem so that MPC can be
implemented in real-time.

e Using a pseudo-spectral collocation method to solve the optimal control problem for
MPC so that the prediction horizon can be extended.

¢ Investigating the interaction between the rotor and wind dynamics further, determining
the optimal inertia for a given wind condition, and trying inertia control in simple
dynamic or electromechanical simulations.

e Controlling pitch angle of the blades in the CFD simulation and determining the

optimal pitch angle trajectory of a blade throughout a revolution.
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