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Abstract

The use o f  small-scale grid  connected w ind  turbines offers the opportun ity  fo r  consumers to 

meet the ir energy needs and also possibly sell excess energy to the grid. The pow er electronic 

converter controls the generator and obtains optim al energy transfer fro m  the generator to 

the grid. M any converter topologies o ffe r tw o  contro llable rectifiers fo r  A C -D C  and D C -A C  

conversion w ith  a separate transform er p rov id ing  electrical isolation. Th is research proposes 

a unique energy converter fo r  a small-scale variable w ind  turb ine that employs a simple 

open-loop contro l. The converter uses a flyback D C -D C  boost stage that includes a 

transform er fo r  electrical iso lation between the generator and grid. A  single-phase inverter 

completes the transfer o f  pow er to  the grid, resulting in  a cost e ffic ien t design w ith  just three 

power electronic switches. The benefits o f  a contro lled  system have been verified  in  

sim ulation and the fina l test r ig  has been tested experimentally.
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Chapter 1

Introduction

The im portance o f  w ind  energy generation and the affect i t  has in  today’s w o rld  is firs t 

described. Statistics are provided showing the v iab ility  o f  w ind  energy among trad itiona l 

power generation and the prom is ing future o f  this clean energy source. A  general description 

o f  the components o f  a w ind  energy conversion system is outlined. Typical examples o f  

generators and converter topologies are given fo r high power and lo w  power systems. A  

converter topology chosen fo r this research is outlined along w ith  the type o f  con tro l that 

w il l  be used to  obtain optim a l pow er extraction from  the turbine. Finally, an outline o f  the 

complete thesis is given fo r the remainder o f  the chapters.

1.1 W ind Energy Today

W ind  energy has arrived as a global m arket and over the past decade has rapid ly developed 

in to  a mainstream power source in  many countries worldw ide. In  2005, global w in d  markets 

grew by 40.5%, generating some 12 b illio n  Euro , or 14 b illio n  U SD , in  new generating 

equipment. The w o rld ’s w ind  energy generating capacity at the close o f  2005 stood at over 

59 G W , and is predicted to  reach 1,000 G W  by 2020, supplying 12% o f  the w orldw ide  

energy [1], W ind  energy has the potentia l to  aid in  responding to  the crucial energy 

challenges facing society today. These challenges include the security o f  the supply o f  natural 

resources, alarm ing climate changes, increasing energy demand and erratic fossil fuel prices. 

W ind  generation is a clean pow er source having numerous positive effects on the 

environm ent, and undoubtedly assists in  reducing greenhouse gasses in  the atmosphere. I t  is 

estimated that w ind  energy keeps m ore than 200 m illio n  tons o f  carbon dioxide ou t o f  the 

atmosphere every year [2].

Renewable energy technologies are o ften characterised by relatively higher capital 

costs w h ile  m aintaining low er operating cost. Many technological advances in  the turb ine

1
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blades, generators used and conversion methods have helped steadily decrease the cost o f  

energy generation. Capital costs have substantially declined over the past tw o  decades, w ith  

w ind  energy cost declining up to  200% [3]. This has forced w ind  energy p roduction  costs to 

drop dow n by 80% since 1980 to  5.0 US cents per k ilow a tt hou r o r less [4], N o t only has 

cost effectiveness increased, bu t also the support o f  the public has turned in  favour o f  w ind  

energy. Once though t as an eye sore and distractingly noisy, w ind  turbines are becom ing 

readily accepted by com m unities due to  the ir increasing environm ental benefits and clean 

energy generation abilities. In  the US, renewable energy sources have m ore cred ib ility  w ith  

the pub lic  (42%) than non-renewable such as fossil fuels (7%) and nuclear power (9%) [5].

The future o f  w ind  energy continues to  look  tremendously prom ising. The 

in troduc tion  o f  offshore w ind  farms is receiving positive attention. A  main advantage o f  

offshore generation is that w in d  speeds are m ore consistent and less tu rbu len t over water. 

C urrently about 600M W  o f  offshore w ind  exists, all in  Europe, w ith  the firs t completed in  

2003 in  D enm ark [6]. I t  is also predicted that through 2006 off-shore w in d  generation in  the 

U n ited  K ingdom  w ill have a capacity o f  1500 M W , w hich is 15% o f  the U K ’s energy 

demand [7]. Tu rb ine  size and pow er rating also continue to  increase w ith  3.6 M W  generators 

currently available by G E  W in d  Energy. I t  is anticipated that by 2010, turbines o f  m ore than 

5 M W  w ill be available on the m arket [7]. A lthough  w ind  energy has been dom inant in  the 

European countries, N o rth  Am erica has entered the w ind  m arket w ith  astounding yearly 

increases in  w in d  pow er generation. The Am erican W ind  Energy Association projects w ind  

energy w ill be able to  provide 6% o f  the U.S. electricity demand by 2020. Canada is also 

showing tremendous g row th  and has increased its w ind  energy generation by 54% in  2005 

[8]. I t  is estimated that by 2010, the cumulative installed capacity in  Canada w ill have reached

5,000 M W . This means that 4,300 M W  w ill be in troduced during the period 2006-2010 

lis ting  Canada in  the top  five countries fo r  that period [1],

The im portance o f  m in im iz ing  the cost o f  the power electronic converter fo r  small 

scale designs can be shown by investigating the current cost o f  these systems. A  

m anufactured 1 kW  w ind  turb ine, that includes the converter, can be bought fro m  the 

Bergey W indpow er Company at a price o f  2590 US dollars [9]. W ith o u t the converter, the 

cost decreases to  2082 US dollars. Th is means that the converter and con tro l cost is set at 

508 US dollars, nearly 20% o f  the overall cost. Decreasing the converter and con tro l cost is 

advantageous and w ou ld  have a significant a ffect on the entire system cost.

2
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The statistics show w in d  energy w ill continue to  grow  globally th rough unrelenting 

research efforts and strong po litica l support fo r  clean renewable energy production . 

Research in  w ind  energy conversion continues to  g row  due to  the advances in  power 

electronics used to  aid in  the conversion o f  a h ighly variable generator ou tpu t voltage. Power 

electronics have made grid  connection fo r  w in d  turbines extremely viable. T he ir ab ility  to 

stabilize the generated voltage through con tro l algorithms, keeps the voltage at grid 

connection constant. Variable speed turbines are preferred since they a llow  fo r  increased 

power efficiency and energy extraction fro m  the variable w in d  source. There exists an 

op tim um  generator speed fo r every w in d  speed tha t seizes m axim um  electrical pow er from  

the w ind  passing through the turbine. A s the w in d  speed changes i t  is im po rtan t to  have a 

speed contro lle r that reacts to  the changes in  w in d  speed and controls the generator speed to  

match op tim um  points. M any pow er electronic devices have been used in  various d iffe ren t 

com binations, some allow ing fo r  greater con tro l and some achieving a lo w  cost 

im plem entation.

1.2 State o f the A rt

W ind  energy systems cover a w ide range o f  pow er levels, w ith  the large scale designs now  

reaching approxim ately 3.6 M W . Small scale turbines, designed fo r residential and 

commercial use, are o f  the lo w  k ilow a tt pow er range. Typically, w in d  energy systems consist 

o f  a turb ine, generator and an electronic converter. Various generators have been used 

inc lud ing  synchronous generators, induc tion  generators, permanent magnet synchronous 

generators, and m ore recendy doub ly-fed induction  machines. Early research invoked the 

use o f  a diode rectifie r along w ith  a thyris to r rec tifie r and a reactive pow er compensator fo r 

pow er conversion [10]. As pow er electronic technology advanced, researchers have replaced 

thyris to r rectifiers w ith  inverters using fast sw itching sem iconductor devices. A  D C  to  D C  

converter may be placed in  between the diode rectifie r and inverter, w h ich  increases the 

systems con tro llab ility  [11]. System con tro l is fu rthe r enhanced w hen back to  back contro lled 

rectifiers are used [12, 13, 14, 15, 16]. Contro llers based on a M axim um  Power P o in t 

T racking (M PPT) technique constandy search fo r  the m axim um  pow er p o in t at all w ind  

speed to  maxim ize perform ance [14, 15, 16]. O the r con tro l methods include vecto r con tro l
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o f  bo th  generator and grid-side converters [13] and the im plem entation o f  a fuzzy logic 

con tro l scheme [12]. Recently, researchers have proposed im plem enting a m atrix  converter 

since i t  completes the w in d  energy conversion in  just one stage w ith  18 un id irectional 

devices. C on tro l o f  the m atrix  converter involves complex space vector pulse w id th  

m odulation [17]. A  m ore comprehensive literature review  is given in  Chapters 2 and 3.

Systems that employ the use o f  induction  generators o r doubly-fed induction  

generators require a contro lled  rectifie r fo r  A C  to  D C  conversion due to  the ir demand fo r 

reactive power. Contrarily, synchronous generators are self-excited machines, meaning they 

require no external reactive power, a llow ing fo r  the advantageous use o f  a diode rectifier. 

The switches o f  a contro lled  rec tifie r are m uch m ore expensive than the diodes used in  a 

diode rectifier, and therefore they are m ore com m only used in  large scale designs. Th is 

research focuses on a low  power w ind  energy system and therefore a diode rec tifie r is the 

more economical choice. Research has shown the usefulness o f  adding an interm ediate D C  

to  D C  converter stage to  the diode rectifie r. However, the converters studied (such as the 

boost converter) do n o t p rovide electronic isolation, a desirable property fo r  g rid  connected 

systems. The flyback converter is an op tion  tha t has n o t yet been exploited in  w in d  pow er 

applications. The flyback allows fo r interm ediate boost capability tha t can be manipulated, 

and contains a high frequency transform er that can provide electronic isolation. Recently the 

m atrix converter has gained research interest in  w in d  energy systems. H ow ever, these 

converters are expensive due to  the h igh num ber o f  electronic switches used and the 

com plexity o f  its switch contro l. D ue to  the high cost o f  the m atrix  converter i t  is better 

suited fo r large scale systems.

The con tro l methods described above are quite complex and require d ig ita l signal 

processors fo r  practical im plem entation, w h ich  is another cost burden on the system. This 

thesis investigates i f  a fixed relationship con tro l strategy could pe rfo rm  w ith  less cost and 

com plexity fo r  a small scale system. F ixed relationship con tro l uses predefined correlations 

between the generator speed and load designed fo r m axim um  pow er extraction.
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1.3 Objective o f Thesis

The objective o f  this research is to  design a pow er electronic con tro lle r fo r a small scale grid  

connected w in d  energy system that aims to  achieve m axim um  pow er transfer at all w ind  

speeds w h ile  keeping the cost to  an absolute m in im um . A  permanent magnet synchronous 

generator is chosen due to  its superior efficiency and allowance fo r connection to  a diode 

rectifier. The use o f  a diode rectifie r guarantees m in im um  cost th rough the firs t stage o f  

conversion. The pow er electronic converter w ill invoke the use o f  a flyback converter and a 

contro lled rectifie r fo r  single phase grid  connection. The flyback is chosen fo r  the 

intermediate stage since i t  provides electronic iso lation fo r  the grid. Together the flyback 

converter and single phase inverter on ly contain three controllable electronic switches, again 

m aintaining m in im al cost o f  the system.

A  fixed relationship con tro l scheme w ill be used to  obtain m axim um  effic iency from  the 

turbine, allow ing fo r simple con tro l im plem entation through analog c ircu it components. The 

overall goal o f  m in im iz ing  cost and m ainta in ing m axim um  efficiency is achieved through the 

selection o f  converter components and con tro l strategy. Since the use o f  an actual w ind  

turb ine is unavailable, the w ind  turb ine connection to  the generator is emulated th rough 

com puter software and a D C  m otor. The process by w hich the goals o f  this research are 

achieved is outlin ed below.

•  Extensive literature review on past w ind  energy converters.

•  C om ple tion  o f  design o f  the w ind  turb ine emulator, flyback converter, and speed 

con tro lle r fo r sim ulation and experimental im plem entation.

•  S im ulation o f  the flyback converter along w ith  fixed and variable D C -lin k  sim ulation 

o f  the overall system using the w in d  turb ine emulator.

•  Construction o f  the test rig  and experimental testing o f  the entire system and its 

contro l.
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1.4 O utline o f Thesis

This thesis completely describes and illustrates the manner in  w h ich  the objectives o f  the 

research are obtained. A lthough  the focus o f  the research is on the small-scale design o f  a 

w ind  energy system, i t  is im portan t to  investigate all power ranges to  better understand the 

operation o f  these systems. Therefore, an extensive literature is firs t perform ed on large and 

small scale systems, specifically investigating generator, converters, and con tro l schemes 

used. The results o f  the extensive literature review o f  existing w ind  system designs and past 

research is provided. M ore specifically, w ind  turb ine characteristics, typical generators and 

possible converter topologies are described. The m a jority  o f  this background in fo rm a tion  is 

given in  Chapter 2. A  m ore detailed analysis o f  small-scale w in d  energy systems is necessary 

since this research focuses on the low er power range. Possible D C -D C  boost stage 

converters are investigated fo r addition to  a diode rectifier. The details o f  tw o  con tro l 

strategies, M axim um  Power P o in t T racking (M PPT) and fixed relationship contro l, are also 

described. W ith  the small-scale emphasis set in  the beginning o f  Chapter 3, the remainder o f  

the chapter defines the proposed conversion system. The details and reasons fo r the chosen 

generator, converter, and con tro l scheme are reported.

Sim ulation design and results are shown in  Chapter 4, w ith  emphasis placed on the 

advantages o f  having a contro lled  in p u t D C -lin k  voltage rather than leaving i t  fixed. In  

addition, the flyback converter is m odelled and simulated fo r verifica tion  o f  its operation and 

the necessity o f  the snubber circuit. A  fu lly  operational experimental system is the prim ary 

focus o f  this research. A  w ind  em ulator is created since a real w ind  turb ine is unavailable, 

and ensuring practicality is a m ain concern. The fu ll flyback converter design, inc lud ing 

snubber c ircu it, transform er and driver circuit, is covered in  Chapter 5. In  addition, this 

chapter outlines the con tro l design fo r bo th  the flyback and single phase inverter. A l l  results 

obtained fo r the experimental test r ig  are placed in  Chapter 6. The system con tro l is tested 

while  under the influence o f  a variable w ind  pro file . Results show pow er outputs at various 

stages o f  the converter and the con tro lle r perform ance in  obta in ing optim a l efficiency. 

Conclusions and fu ture w o rk  that may extend the scope o f  this research are expressed in  

Chapter 7.
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Chapter 2 

Ideology of Wind Energy

D evelop ing an e ffic ien t grid  connected w in d  energy system entails careful p lanning and 

understanding o f  all aspects o f  the system. The generator and converter m ust be designed 

fo r m axim um  efficiency w h ils t ensuring cost effectiveness. Many designs have incorporated 

various types o f  generators that are accompanied by numerous converter design possibilities. 

The in flu x  o f  power electronics to  the w ind  energy industry has enabled a significant num ber 

o f  con tro l methods that may be applied to  achieve m axim um  power capture at a w ide range 

o f  w ind  speeds. The variable nature o f  w ind  pow er and the im portance o f  optim al con tro l is 

described in  the next section. The w in d  energy system components, inc lud ing  possible 

generator types, converter topologies, and con tro l schemes, are also described in  this 

chapter.

2.1 Potential W ind  Power

W ind  is a p roduct o f  tw o  separate forces that continually interact w ith  one another. Pressure 

gradients, produced by uneven solar heating, accelerate the air. The ro ta tion  o f  the earth also 

produces an additional, bu t separate, acceleration on the m oving  air. The action o f  these tw o 

forces creates the w ind  [18]. A s a result w ind  profiles vary w idely over d iffe ren t regions all 

over the globe. I t  is due to  this varying w ind  that the system converter m ust be contro lled  to 

obtain m axim um  pow er extraction fro m  the w in d  throughout the w in d  speed range.

The calculation o f  the w ind  pow er available is better understood by firs t determ ining 

the kinetic energy o f  a m oving  vo lum e o f  air. The mass o f  air used in  determ ining the kinetic 

energy is simply the air density m u ltip lied  by the vo lum e o f  air considered. The vo lum e o f  air 

is defined as a surface area m u ltip lied  by the distance travelled by the air.

K E „= \p A J p l (2.1)
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In  equation 2.1 the distance travelled by the air can be replaced by the velocity 

m u ltip lied  by the tim e i t  takes fo r the air to  m ove through that distance. Therefore the 

potentia l w in d  pow er that is available fo r  capture by a w ind  turb ine is simply the k inetic 

energy over that time.

K = \ p M  (2-2)

In  A lberta , i t  is observed that the average w ind  speeds vary over the region (Table

2.1 [19]). Accom panying the average w ind  speeds are the available instantaneous w ind  power 

fo r  each m onth  in  each city. The calculation o f  the available instantaneous pow er is based 

upon the average w in d  speed and air density fo r each m onth  fo r a random ly chosen w ind  

turb ine produced by General E lectric. A  1.5 M W  w ind  turb ine w ith  a ro to r diameter o f  77 m  

is used in  calculating the area in  equation 2.2. The air density fo r  each m on th  is also taken 

in to  account since i t  varies w ith  city altitude and temperature. F rom  these power results i t  is 

evident tha t w in d  energy is extremely practical in  A lberta  and should be exploited, especially 

in  the southern region.

Table 2.1: Average Wind Speeds and Available Wind Power in Alberta

M on th

Location

E dm on ton Calgary Lethbridge

Avg. W ind  
Speed (m /s)

Power
(M W )

Avg. W ind  
Speed (m /s)

Power
(MW )

Avg. W ind  
Speed (m /s)

Power
(M W )

January 3.33 107.06 4.44 238.10 6.11 626.05

February 3.33 105.44 4.17 193.26 5.26 465.12

M arch 3.61 131.58 4.44 231.95 5.28 392.94

A p r il 4.17 196.32 4.72 272.19 5.83 519.15

May 4.17 ' 191.50 5.00 316.26 5.56 440.57

June 3.89 153.54 4.72 262.72 5.28 371.2

July 3.61 122.09 4.17 179.22 4.44 220.15

August 3.61 122.51 3.89 145.72 4.17 181.40

September 3.61 125.10 4.17 182.38 4.72 268.67

O ctober 3.61 127.34 4.17 185.65 5.83 515.45

N ovem ber 3.33 103.49 4.17 191.12 5.83 530.55

December 3.33 106.25 3.89 158.31 6.11 623.71
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I t  is know n, th rough equation 2.2, that the available pow er is related to  the w ind  

speed via a cubic relationship. This im plies that the average w ind  speed o f  a region does no t 

determine the average power o f  that area. F o r example the same w in d  turb ine may be placed 

in  turn separate regions w ith  identical average w ind  speeds. H ow ever the firs t region may 

experience h igh fluctuations in  w ind  speed where as the second may undergo very little  

deviation fro m  the average w ind  speed. In  this case, the turb ine in  the firs t region w ill 

capture a greater am ount o f  energy, this can be a ttribu ted to  the cubic re lationship between 

power and w ind  speed. Instantaneous pow er is h igh ly dependant on instantaneous w ind  

speed. Instances o f  high w ind  speeds w ill create b r ie f periods o f  h igh energy capture. O n  the 

other hand i t  is very rare to  fin d  a site w ith  frequent o r constant high w ind  speeds; lo w  w ind  

speeds are m ore com m on and are very im portan t in  system design as well. I t  is ideal to  

design a converter that is able to  operate at lo w  cut-in  w in d  speed to  maxim ize w ind  energy 

capture.

O ften  w in d  tu rb ine generators are placed in  locations where extremely high w ind  

speeds have historica lly occurred. These h igh w ind  speeds have the ability  to  mechanically or 

electrically damage the w ind  energy system. Thus i t  is im portan t to  develop a con tro l that 

allows fo r  the system to  cut ou t at extreme w in d  speeds to  prevent extensive damage. 

Methods o f  cu t-ou t con tro l include fo rc ing  an aerodynamic stall o r feathering the turb ine 

blades [20]. Clearly each w ind  turb ine insta lla tion m ust consider the sites’ past w ind  speed 

averages and extremes in  order to  prevent damage to  the system and guarantee that the 

highest efficiency is achieved.

2.2 G rid Connected W ind  Energy System

G rid  connected w in d  energy systems typically consist o f  a w ind  turb ine, generator, power 

electronic converter and grid  connection (shown in  Figure 2.1). The generator is connected 

to  the turb ine through a shaft a llow ing i t  to  transform  the turb ine mechanical energy in to  

electrical energy. A  pow er electronic converter, usually consisting o f  tw o  stages, is 

responsible fo r  transferring pow er to  the grid. C on tro l is applied to  the converter to  ensure 

m axim um  pow er transfer and the compliance o f  pow er quality standards. Th is is the typical 

process o f  conversion tha t w ill be applied fo r  this research and the experimental test rig.
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DC-Link
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AC

Convertei

DC

DC
Convertei
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Figure 2.1: Typica l Topo logy o f  a G rid  Connected W in d  Energy System

2.2.1 Wind Turbine D esigns and Power Capture

O ver the past century w ind  turb ine designs have evolved in to  many d iffe ren t form s. There 

are tw o m ain types, horizonta l axis and vertica l axis ro ta ting  w ind  turbines. In  horizon ta l axis 

designs, the axis o f  ro ta tion  is parallel to  the ground and roughly perpendicular to  the w in d  

stream. Conversely, vertica l axis turbines have an axis o f  ro ta tion  that is vertica l to  the 

ground. Three blade horizon ta l axis turbines have become the m ost w ide ly used in  grid  

connected w ind  energy systems.

Each turb ine design has an effic iency know n as the coeffic ien t o f  perform ance (Cp), 

a value quantify ing the percentage o f  potentia l w ind  pow er that is captured fo r transfer 

though the generator. The coeffic ien t o f  perform ance is in fluenced by the tip-speed ratio 

(TSR); the ratio o f  the speed o f  the ro ta ting  tip  to  the speed o f  the w ind.

0) r
TSR =  - z-  (2.3)

vw

There is a theoretical upper l im it  to  the coeffic ien t o f  perform ance o f  0.593, know n 

as the Betz l im it  [21]. However, in  practice real w ind  ro tors have m axim um  coeffic ien t o f  

performance values in  the range o f  0.25-0.45 [22], The turb ine effic iency varies w ith  the 

w ind  turbines TSR and w ill reach a m axim um  at one specific TSR value. In  order to  achieve 

m axim um  pow er capture the TSR should be kept at the optim al operating p o in t fo r  all w ind  

speeds. T o  keep the TSR at its op tim a l value the generator mechanical speed m ust be altered 

p roportiona lly  w ith  the w in d  speed, hence g iv ing  rise to  the name variable speed w in d  

turbine. Research has shown that, under identical w ind  conditions, a variable speed w ind  

turb ine can capture 9-11% m ore energy than a fixed-speed turb ine [23].
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Figure 2.2 depicts a typical Cp versus TSR curve fo r a w in d  turbine. The curve shows 

a m axim um  coeffic ien t o f  performance o f  approxim ately 0.41 at a single TSR value o f  about 

7.8. Likewise, the tu rb ine pow er ou tpu t can be p lo tted  versus the turb ine ro ta tiona l speed fo r 

d iffe ren t w in d  speeds, an example o f  w h ich  is shown in  Figure 2.3 fo r a small scale w ind  

turbine. The curves indicate that the m axim um  pow er p o in t increases and decreases as w ind  

speed rises and falls.
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Figure 2.2: Typica l C oeffic ien t o f  Performance Curve
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Figure 2.3: Turb ine  O u tpu t Power Characteristic
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2.2.2 Electric Generator Prospects

W ind  energy systems have been carefully researched over the past several years. 

Large and small scale w ind  turbines may be connected to  a variety o f  electrical generators to 

convert the created mechanical energy to  electrical power. The m ost com m on generators 

used are the induction  generator, synchronous generator and doubly fed induction  generator. 

W hile these machines are h igh ly used in  large scale systems, the perm anent magnet 

synchronous generator is com m only used in  small scale grid  connected systems. A l l  

generators listed above are described in  fu rthe r detail below  to  provide a comparative study 

before a generator is chosen fo r  the experimental setup.

Doubly Fed Induction Generators

The doubly fed induction  generator (D F IG ) has recently received a great deal o f  a ttention in  

w ind  energy conversion. In  this case, a w ound ro to r induction  generator is used w h ich  

makes i t  possible to  con tro l the generator by accessing the ro to r terminals, shown in  Figure 

2.4. W ound ro to r induction  generators require extra maintenance due to  the wear associated 

w ith  the ir brushes and slip rings. However, t  is able to  transfer m axim um  power over a w ide 

speed range in  bo th  sub- and super-synchronous modes. These generators are excellent fo r 

h igh power applications in  the M W  power range. M ore  im portandy the converter power 

rating is reduced since i t  is connected to  the ro to r, w h ils t the m a jo rity  o f  the pow er flows 

through the stator.

S ta to r T erm inals

GridGB DFIG

DC Link T ran s fo rm e r

R oto r 
T  erminals

AC
Converter

DC

DC
Converter

AC .

Figure 2.4: Typica l D F IG  W in d  Energy System 
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Operation o f  a D F IG  w ith  variable w ind  speed applications offers several 

advantages, inc lud ing  the ab ility  to  con tro l ro to r speed to  fo llow  the ideal TSR and im prove 

turb ine effic iency as the w in d  speed varies. O ther advantages include a reduction in  

mechanical stress and torque oscillations that may be converted to  electrical disturbances 

transm itted to  the grid  [24]. These disturbances may include variation in  grid  voltage that can 

cause a reduction in  pow er quality. F o r D F IG  schemes, numerous converter schemes have 

been researched inc lud ing back-to-back pulse w id th  m odulation (PW M ) converters. O ther 

possibilities are the use o f  a rotor-side diode rectifie r accompanied by a grid-side controllable 

inverter and m ore recently the u tiliza tion  o f  a single m atrix  converter.

Induction Generators

Induc tion  generators are advantageous since they are relatively inexpensive, robust and 

require low  maintenance. A  squirrel-cage induction  generator consists o f  a w ound stator and 

a series o f  conducting bars laid in to  slots in  the face o f  the ro to r and short c ircuited at either 

end by end-rings.

The nature o f  induction  generators is unlike that o f  synchronous generators. 

Induction  generators need b i-d irectiona l power flo w  in  the generator-side converter since 

they require external reactive pow er support from  the grid. A n  equivalent c ircu it fo r  one 

phase o f  an induction  generator is given in  Figure 2.5 [21]. The stator impedances are 

labelled R, and X ,, whereas R2 and X 2 are the ro to r impedances. The magnetizing branch 

resistance ( l lm) represents the losses due to  eddy currents and X m represents the magnetizing 

reactance.

R 2 pG  R i jX ,
A/W AA/V

Figure 2.5: Single Phase Equivalent C ircu it o f  an Induction  Generator
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The magnetizing reactance demands reactive current fro m  the grid, w ith o u t this 

reactive pow er the induction  generator cannot operate. So when the connection to  the u tility  

is broken, the induction  generator no longer receives reactive pow er and is n o t able to 

produce real power. In  order to  receive reactive pow er from  the grid, the pow er electronic 

converter m ust a llow  bi-d irectiona l power flow . M ore  specifically, the generator side 

converter m ust be a contro llable rectifier. Therefore, the use o f  a diode rectifie r may on ly be 

possible i f  a capacitive bank is used to  provide the reactive pow er needed. However, 

incorpora ting  a capacitive bank comes at an increase in  cost. M ost com m only back-to-back 

P W M  converters are used in  con junction  w ith  an induction  generator as they a llow  b i

d irectional pow er flow . However, this increases the num ber o f  contro llable switches and 

cost.

Synchronous Generators

Synchronous generators o ffe r a num ber o f  advantages over induction  generators when used 

fo r w ind  generation systems. Synchronous generators are self excited machines that do no t 

require reactive power fro m  an external source o r the grid. Self excitation im plies that the 

d irect-current (DC) fie ld  voltage (V F), w h ich  supplies the fie ld current (IF) (energizing the 

ro to r magnets), is created by the generator itself. Figure 2.6 depicts the fu ll equivalent c ircu it 

o f  a single phase o f  a three-phase synchronous generator, inc lud ing the ro to r fie ld  c ircu it 

[25]. The fie ld  c ircu it is m odelled by a D C  pow er source (V F) supplying the coils inductance 

(X F) and resistance (RF) in  series. Each phase has an internally generated voltage (E A) w ith  a 

series inductance (X s) and resistance (RA). The fie ld  resistance is adjustable and is used to 

con tro l the flo w  o f  fie ld  current.

jX s R a

A/W -o

+

V F (5 > E a Vcr

o- -o

Figure 2.6: Single Phase Equiva lent C ircu it o f  a Synchronous Generator
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The efficiency o f  a synchronous generator is usually high, because i t  employs the 

whole stator current fo r  the electromagnetic torque production  [26]. The converter cost can 

also be reduced by using a diode rectifie r fo r  the generator side since i t  does n o t require 

reactive pow er from  the grid. In  addition to  supplying real power, the synchronous generator 

has the ab ility  to  supply either inductive o r capacitive reactive power to  a load.

Permanent M agnet Synchronous Generators

A  permanent magnet synchronous generator is sim ilar to  the synchronous generator except 

the ro to r fie ld  is produced by perm anent magnets rather than through a fie ld  coil. Th is 

implies that there are no I 2R  losses in  the ro to r, u ltim ately helping to  increase the efficiency 

o f  the generator. W indings remain on the stator and a constant magnetic fie ld is generated. 

Through application o f  Faraday’s Law , the magnet induces a voltage across the stator 

w indings each tim e i t  rotates past the windings. The induced voltage in  the w indings can be 

increased by using a stronger magnet in  the ro to r

Permanent magnet excitation is generally favoured in  newer smaller scale turb ine 

designs, since i t  allows fo r higher efficiency and smaller w ind  tu rb ine blade diameter. W h ils t 

recent research has considered larger scale designs, the economics o f  large volumes o f  

permanent magnet material have lim ited  the ir practical application. H ow ever the cost o f  

constructing the permanent magnets continues to  decrease. The prim ary advantage o f  

permanent magnet synchronous generators is they do n o t require any external excitation 

current. Th is allows fo r  the use o f  a diode bridge rectifie r at the generator terminals. M uch 

research has been perform ed using the diode rectifie r; however, this leaves many options fo r 

the remainder o f  the pow er converter, inc lud ing  the possible use o f  m id  stage D C -D C  

converter.

2.2.3 Energy Conversion

G rid  connected converters typically invo lve  tw o  stages o f  energy conversion, a generator- 

side and supply side converter connected by a D C -lin k . In  certain situations an intermediate 

D C -D C  converter stage is added to  a llow  fo r additional con tro l by adding just one m ore 

power electronic switch, w h ich  is o f  m in im a l increase in  cost. M any variations have been
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studied, some o f  w h ich  w ill be fu rthe r described together w ith  possible advantages and 

disadvantages associated w ith  the ir im plem entation.

D iode Rectifier + Inverter

The employm ent o f  a diode rectifie r is com m on w ith  permanent magnet synchronous 

generators used in  small scale w ind  energy system designs. Since diodes are far less expensive 

than switches used in  contro llable rectifiers, the diode rectifie r reduces the overall cost o f  the 

converter. I t  also guarantees un ity  pow er facto r operation o f  the generator, w h ich  in  tu rn  

includes benefits such as greater efficiency, larger pow er density, and im proved  pow er 

quality. The grid-side inverter (see Figure 2.1) may be constructed o f  thyristors (also know n 

as sem iconductor contro lled  switches (SCR)) o r P W M  contro lled  hard-sw itching devices.

Thyristors are triggered in to  the on-state and allow  current flo w  by applying a pulse 

o f  positive gate current fo r  a short duration. The thyris to r then operates like  a diode and 

on ly switches o f f  when the current th rough i t  tries to reverse and becomes negative. A t  this 

po in t the gate regains con tro l and m ust be triggered again to  tu rn  the switch back on. Using 

a thyris tor based grid-side inverter allows continuous con tro l o f  the inverte r triggering, 

regulating turb ine speed through the D C -lin k  voltage; hence, obta in ing op tim um  energy 

capture [10]. Advantages o f  th is scheme include low er device cost and h igher available pow er 

rating over hard switched inverters. A  m a jo r drawback to  this type o f  inverte r is the reactive 

power demand w h ich  is usually supplied by the grid. H aving a reactive pow er demand does 

n o t allow the grid  inverter to  operate at un ity  pow er factor. The thyris to r also has the 

consequence o f  creating harm onic d is to rtion  w h ich  is absorbed by the grid.

Hard  switched devices, such as the insulated gate b ipo lar transistor ( IG B T ), a llow  

complete sw itching contro l. The m ost com m on m ethod, sinusoidal P W M , compares a 

reference sinusoidal w aveform  w ith  a high frequency triangular carrier w aveform  to  

determ ine the on and o f f  instances o f  the switch. The peak amplitude o f  the sinusoidal 

w aveform  direcdy determines the m odula tion  index. In  turn, the m odula tion  index affects 

the sw itching sequence and the magnitude o f  the ou tpu t voltage o r the D C -lin k , depending 

on w h ich one is free to  be contro lled. These switches have low er pow er dissipation, and are 

fa irly easy to  im plem ent and contro l. Advances in  the design and p roduction  o f  

sem iconductor technology have made hard switches available fo r  high pow er applications, 

such as grid  connected w ind  energy systems.
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Controlled Rectifier +  Inverter

A  converter consisting o f  a contro lled  rectifie r and a controllable inverter may be used w ith  

any o f  the aforem entioned generators. By replacing the generator-side diode rec tifie r w ith  a 

contro lled rectifie r the converter has additional options fo r generator contro l. Once again 

thyris to r switches or P W M  hard-sw itching devices may be used fo r the contro lled  rectifier. 

The generator-side converter sw itching may be contro lled in  such a m anner that produces 

m axim um  electrical torque fro m  the generator w hile  m in im iz ing  current. Th is type o f  a 

converter opens up m ore con tro l options fo r  the supply-side converter. V ecto r con tro l may 

be im plem ented to  simultaneously con tro l the D C -lin k  voltage and reactive pow er transfer 

to  and fro m  the grid. F inally, a generator-side contro lled rectifie r is able to  meet the reactive 

power demands o f  an induction  generator based w ind  turbine.

D iode Rectifier + DC Boost +  Inverter

A  D C  boost stage can be added as an intermediate stage between the diode rectifie r and the 

grid-side inverter. A dd ing  the extra stage does no t significantly affect the cost o f  the 

converter since the boost stage may only contain as little  as one switch. The D C  boost stage 

gives the advantage o f  generator-side D C -lin k  voltage m anipulation through simple con tro l 

o f  the duty ra tio  o f  the boost converter switch. The duty ratio is sim ply the ra tio  o f  switch 

on tim e to  switch o f f  tim e over one sw itching cycle. The inverter therefore no longer needs 

to  regulate the D C -lin k  voltage and now  has m uch m ore flex ib ility  in  its con tro l options.

The inverte r con tro l can be im plem ented to  keep the grid-side D C -lin k  voltage 

constant and vary the reactive pow er in  a manner that attains m axim um  real power transfer 

to  the grid  [27]. The real and reactive pow er delivered to  the grid  may also be coordinated 

via vector con tro l o f  the current. As fo r  the boost converter, variable speed con tro l o f  the 

w ind  turb ine is attained through con tro l o f  the sw itch duty ratio. O p tim um  values o f  D C - 

lin k  voltage and current can be iden tified  corresponding to  the m axim um  available turb ine 

power fo r  every shaft speed. These op tim um  values may then be m et by varying the duty 

ra tio  o f  the switch essentially altering the D C -lin k  voltage and current. I t  can be seen that the 

increased pow er generation fro m  the increased contro llab ility , can outweigh the increm ental 

cost o f  the D C  boost stage.
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Matrix Converter

The m atrix  converter is capable o f  converting the variable A C  fro m  the generator in to  

constant A C  to  the grid  in  one stage. The m atrix converter consists o f  nine b id irectiona l 

switches, arranged in  a m anner such that any in p u t phase may be connected to  any ou tpu t 

phase at any particular time. Each ind iv idua l switch is capable o f  rectifica tion  and inversion, 

w h ich allows fo r b i-d irectiona l pow er flow . Recently the use o f  a m atrix  converter in  a 

doubly fed induction  generator based w ind  energy system has been studied, as depicted in  

Figure 2.7.

T w o  d istinct advantages arise from  this topology, the converter requires no  bu lky 

energy storage o r D C -link , and con tro l is perform ed on just one converter. A lthough  a single 

contro lle r may be employed, the com plexity is greatly increased as simultaneous con tro l o f  9 

b i-d irectiona l switches is necessary. The m atrix  converter may be contro lled  using double 

space vector P W M , em ploying the use o f  in p u t current and ou tpu t voltage space vector 

m odulation [17]. One o f  the m a jo r drawbacks o f  a m atrix converter is that 18 to ta l 

un id irectional switches are required, causing an increase in  converter sem iconductor cost and 

sw itching con tro l com plexity. Therefore, due to  an increase in  cost and com plexity, the use 

o f  a m atrix converter may be m ore practical in  high power w in d  applications rather than 

small scale w ind  energy systems.

Stator Terminals

GridD F IGGB

Matrix Convertei

Rotoi
Terminals

Figure 2.7: D F IG  W ind  Energy System w ith  M atrix  Converter
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2.3 Control o f Variable Speed W ind Turbines

Speed con tro l o f  variable speed w in d  turbines has been accomplished through bo th  

mechanical and electrical m anipulation o f  the turb ine and generator. Mechanical con tro l 

schemes include turb ine blade p itch  contro l, and gear changing between the tu rb ine and 

generator. E lectron ic con tro l may be perform ed using the power electronic converter o f  the 

w ind  energy system in  order to  achieve m axim um  pow er transfer and quality to  the grid  o.r 

through electronic pole changing m ethod as in  induction  generator based w ind  systems. 

B o th  mechanical and electrical means o f  sw itching are fu rther outlined in  the fo llow ing  

sections.

2.3.1 M ethodology o f Control

Pitch contro lled  w ind  turbines use an electronic contro lle r that checks the pow er ou tpu t o f  

the turb ine several times per second. W hen the pow er ou tpu t is too  high the con tro lle r 

enables the blade p itch  mechanism to  p itch  (turn) the ro to r blades slightly ou t o f  the w ind. 

The opposite is true when the w in d  drops; in  this case the blades are turned back in to  the 

w ind. H ow ever a variable-pitch turb ine is significantiy m ore expensive than a fixed-p itch  

turbine.

There are tw o  pole changing techniques used in  induction  generators, bo th  require 

special design o f  the induction  generator, w h ich  in  tu rn  increases cost. In  the firs t technique, 

the stator w ind ing  is designed to  be reconfigurable and the num ber o f  poles is changed by 

rearranging the coils o f  the w ind ing. The second technique uses tw o  stator w indings, one 

used fo r low  speed operations and the o ther fo r  high speed operation when needed. This 

m ethod o f  con tro l does o ffe r the advantage o f  a w ide speed range bu t at an added generator 

cost.

The cost o f  pow er electronic devices has continually reduced and the ir use leads to  a 

w ide range o f  con tro l possibilities. Anem ometers may be used to  measure w in d  speed. 

A lthough  these devices a llow  fo r accurate measure o f  the w ind  ve locity they undoubtedly 

increase the cost o f  the converter. Some com m on con tro l methods include active and 

reactive pow er con tro l th rough vector con tro l o f  P W M  inverters. The m axim um  pow er 

p o in t tracking (MPPT) con tro l o f  P W M  inverters influences turb ine speed to  maxim ize
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power ou tpu t at all w ind  speeds. M P P T  is fa irly accurate bu t slow considering the w ind  

speeds may change rapidly. O the r possible controllers may draw on w in d  pred iction  

methods through autoregressive statistical models [23]. Fuzzy logic controllers have also 

been researched due to  its advantages such as parameter insensitivity, fast convergence and 

acceptance o f  noisy and inaccurate signals [12]. The use o f  pow er electronic converters in  

w ind  energy systems w ill continue to  grow  due to  the ir extensive contro llab ility .

2.3.2 Fixed and Variable Speed Control

A ll  speed con tro l schemes can be grouped in to  three d istinct methods o f  con tro l — fixed 

speed, tw o  speed and variable speed contro l. Fixed speed and variable speed con tro l 

dominate the w ind  energy m arket today. A s o f  the end o f  2005, Germany, the w o rld  leader 

in  w ind  energy p roduction , had 687 to ta l installations. O u t o f  the to ta l installed w ind  

turbines 80% were variable speed, 15% were fixed speed, and 5%  were tw o  fixed ro to r 

speeds [28].

In  a constant speed scheme the w in d  turb ine speed is contro lled  to  remain at a 

predeterm ined constant ro ta tiona l speed. Th is implies that the op tim um  TSR value w ill only 

occur at one w ind  speed (referring to  equation 2.3), w h ich  in  tu rn  indicates that m axim um  

turbine efficiency w ill only transpire at a single w in d  speed. The inab ility  to  capture 

m axim um  pow er over a w ide range o f  w ind  speeds is a m ajor drawback fo r constant speed 

turb ine designs. The w ind  energy is wasted when the w ind  speed is h igher o r low er than the 

value selected as the optim um . The use o f  pitchable ro tors does im prove  efficiency over a 

range o f  w in d  speeds, however variable p itch  turb ine designs add significant cost to  the w ind  

energy system.

The two-speed design captures m ore energy, reduces losses in  the ro to r and reduces 

gear noise [29], Two-speed generation may be accomplished by varying the gear ratio 

between the turb ine and generator. The system is designed to have the peak pow er points, at 

each o f  tw o  gear ratios, on either side o f  the annual average w in d  speed o f  the installation 

site. Two-speed generation may also be achieved through pole changing by varying the 

connection o f  the single stator pole w inding. The stator connection w h ich  produces a higher 

pole num ber fo r  low-speed operation is changed to  one-ha lf as many poles fo r  high-speed 

operation [29].
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Variable speed turbines may be contro lled o r le ft uncontro llable, w ith  the la tter 

having the benefit o f  low  cost and easy im plem entation. However uncontro llable variable 

speed turbines suffer as they seldom capture m axim um  efficiency. C ontro lled  variable speed 

w ind  systems force the turb ine to  operate at the op tim um  TSR over a range o f  w in d  speeds. 

They are able to  adapt to  the inconsistent force o f  the w ind  and begin power generation at 

low  w ind  speeds. Variable speed operation may also reduce mechanical stresses and absorb 

the effects o f  w in d  gusts, creating an “ elasticity”  that reduces torque pulsations [13]. These 

advantages explain the dominance o f  variable speed turb ine operation in  the Germ an m arket 

and are crucial factors in  keeping w ind  energy com petitive w ith  trad itiona l form s o f  energy 

production.

2.4 Chapter Summary

G rid  connected w ind  energy systems are comprised o f  a turb ine, generator and pow er 

electronic converter. A l l  aspects o f  design m ust be tailored to  the w in d  conditions o f  the 

specific location o f  installation. Various converter topologies may be im plem ented, each w ith  

numerous con tro l possibilities. U ltim ate ly a balance o f  con tro llab ility  and cost effectiveness 

m ust be reached to  achieve m axim um  generating efficiency along w ith  econom ic v iab ility . 

The process o f  energy conversion and the outlined w in d  energy conversion components aid 

in  the selection o f  the generator and converter fo r  the experimental design. Since the scope 

o f  this research is based on small-scale design, fu rthe r background is explained in  the next 

chapter.
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C h ap te r 3 

S m all-S cale  W in d  E n e rg y  System s

Small-scale grid  connected w ind  energy systems are the focus o f  this research. Details o f  

small-scale designs are outlined in  the firs t section o f  this chapter. M ore  specifically, designs 

invo lv ing  permanent magnet synchronous generators w ill be studied, ou tlin ing  possible 

converter and con tro l schemes available. Cost effectiveness is an im po rtan t issue and a 

balance m ust be achieved between system cost and efficiency. Three possible intermediate 

stage boost converters are examined, each having the ability to  increase con tro llab ility  at a 

reduced cost. T w o  con tro lle r schemes, M axim um  Power P o in t T racking (MPPT) and fixed 

relationship contro l, are presented as possible con tro l options. A  fina l design fo r sim ulation 

and im plem entation is chosen through investigation o f  the advantages and disadvantages o f  

the possible converter systems and con tro l schemes. The proposed system to  be used in  the 

experimental test rig  is described in  detail. The generator, power electronic converter and 

con tro l scheme fo r bo th  the inverte r and flyback converter are described.

3.1 Power Converters and Controllers

The use o f  perm anent magnet synchronous generator widens the range o f  the available 

power electronic converters. Since these generators do n o t require reactive pow er fro m  the 

system fo r operation, diode rectifiers may be used fo r the variable A C -D C  conversion. Some 

researchers have chosen to  fo rgo this cost benefit and choose a contro lled  rec tifie r fo r  the 

firs t stage o f  power electronic conversion. A lthough  contro lled rectifiers increase the overall 

cost they also enhance the con tro llab ility  o f  the system. M ost com m only, an inverte r is used 

to  pe rfo rm  the D C -A C  conversion before grid  connection and an optiona l intermediate D C - 

D C  boost stage may also be applied. The converter schemes varying con tro llab ility  and cost 

effectiveness are fu rthe r analyzed w ith  hopes o f  choosing the m ost cost effective scheme fo r 

experimental application.
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3.1.1 Power Converter Topologies and Cost Effectiveness

Cost effectiveness is im portan t in  w ind  energy conversion as i t  competes w ith  trad itiona l 

generation methods in  the h igh ly com petitive power industry. Large w ind  energy systems 

com m only include a contro llable A C -D C  converter in  the in itia l stage o f  energy conversion. 

T o  achieve a precise and sm ooth A C -D C  conversion, position  sensors are needed to  detect 

the phase o f  the synchronous generator. These sensors are relatively expensive fo r  small 

systems, typically below  10 kW  [11]. S im ilarly, i f  sensorless con tro l is employed along w ith  

m axim um  pow er tracking, the system becomes increasing com plicated and w ill m ost like ly 

need an expensive DSP (D ig ita l Signal Processor) to  achieve its objective [14,30].

A  controllable A C -D C  converter does have advantages as m ore con tro l options 

become available fo r the rest o f  the systems. M ethods o f  M P P T  con tro l can be perform ed 

by the controllable rectifie r a llow ing fo r  a reduction o f  con tro l responsibilities fo r the 

inverter stage. As an alternative, the inverter may be chosen to  con tro l real and reactive 

power flo w  to  the grid. Conversely, the addition o f  six controllable switches increases the 

cost o f  the overall system and is uneconom ical fo r small-scale systems. I t  is due to  the cost 

drawbacks m entioned that small-scale systems com m only utilize a diode rectifie r in  the ir 

design. The diode rectifie r is cost e ffic ien t and allows fo r a high in p u t pow er factor.

A  diode rectifie r used as the firs t stage o f  conversion hinders the con tro llab ility  o f  

the design and leaves all con tro l demands to  be dealt w ith  by the inverter. Furtherm ore, 

during lo w  w ind  speeds the generator tends to  spin at a fa irly  slow rate and may n o t induce a 

voltage large enough to  overcome the reverse bias created by the D C -lin k  and the diode 

rectifier. Even at high w ind  speeds the D C -lin k  voltage can be w e ll below  the lim it needed to  

ensure sinusoidal P W M  sw itching fo r  the inverter stage. The inverter conversion equations 

fo r  bo th  a half-bridge single phase and fu ll bridge inverter are given in  equations 3.1 and 3.2 

respectively [31].

(3.1)

(3.2)
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As an example, a w in d  energy system may be connected to  a single phase 120 V  grid 

using a half-bridge inverter. In  this case, through equation 3.1, i t  can be shown that a 

m in im um  D C -lin k  voltage o f  340 V  is needed fo r sinusoidal P W M  con tro l o f  the inverter. 

This 340 V  value is found fo r a m odula tion  index o f  one, the m axim um  it  can be fo r 

sinusoidal PW M . Sinusoidal P W M  is defined fo r all m odula tion  index values between zero 

and one. Th is scheme offers the benefit o f  an inexpensive design w ith  the least am ount o f  

complexity.

In  order to  achieve a balance between cost effectiveness and system performance, 

one solution is to  insert the D C  boost stage in  between the diode rectifie r and inverter. This 

allows the converter to  increase the D C -lin k  voltage to  the required level fo r  sinusoidal 

P W M  sw itching o f  the inverter. The D C -D C  converter controls the diode rectifie r D C -lin k  

voltage and therefore controls the generator term inal voltage and current. The D C -lin k  

con tro l is com m only achieved though m anipulation o f  the duty ratio o f  the sw itching device 

w ith in  the converter. Through  the governing torque equation o f  a permanent magnet D C  

generator,

T  =  K<t>Ia, (3.3)

con tro lling  the generator current w ill produce generator torque and speed contro l. Therefore 

con tro l o f  the D C -lin k  voltage subsequendy allows fo r  m axim um  pow er transfer over a w ide 

w ind  speed range.

3.1.2 Possible Options for DC-DC Boost Stage

A lthough  there are many options to  choose fro m  fo r  an intermediate D C -lin k  boost stage, 

three options w ill be discussed in  detail. The converters that w ill be discussed are the boost, 

buck-boost and flyback converter (Figure 3.1). I t  is also noted that each converter adds a 

controllable sw itch to  the converter a llow ing fo r con tro l o f  the D C -lin k . In  addition the 

variab ility  o f  these converters in  w ind  energy systems w ill be analyzed and addressed. The 

analysis o f  these possible converters proves the v iab ility  o f  an intermediate D C -lin k  boost 

stage fo r w in d  energy systems.
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Figure 3.1: Three Possible D C -D C  Converters For D C -L in k  Boost

The boost converter allows fo r  con tro l by varying the duty ra tio  o f  the sw itch to  

manipulate the rectifie r D C -lin k  voltage. A t  lo w  w ind  speeds the voltage can be reduced to 

ensure some power flow ; effectively reducing, and in  some cases, e lim inating the cu t-in  w ind  

speed o f  the system. The use o f  a boost converter has been researched and proven w o rthy  in  

stand-alone w ind  applications [32, 33]. However, since grid  connection is the focus, the 

ou tpu t voltage is required to  be 340 V . A  single stage boost converter, w ith  an in p u t voltage 

ranging fro m  10 to  50 V , is n o t practically capable o f  boosting to  this high 340 V  level, 

especially on the inpu t voltage range. Instead, the use o f  m ultip le  boost converters, in  a 

cascade fo rm , w ou ld  be able to  boost up to  the required voltage level.

The buck-boost converter has tw o modes o f  operation, depending on the desired 

outcome. I t  is able to  step the D C -lin k  voltage dow n (buck), o r increase the D C -lin k  voltage 

(boost). S im ilar to  the boost converter, the buck-boost converter is able to  adjust the ou tpu t 

voltage based on the duty cycle o f  the sw itching transistor. The d riv ing  c ircu itry  fo r  the 

sw itch is slightly m ore complicated since the switch does no t have a term inal ground. The 

buck-boost converter has been proven useful fo r  g rid  applications [11], and fo r  stand-alone 

battery charging applications [34]. I t  is advantageous to  have iso la tion from  the grid  fo r  the 

w ind  energy system in  order to  p ro tect the w ind  generator. This electrical iso lation is usually
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perform ed via a transform er. The boost and buck-boost converter topologies do n o t supply 

electrical iso la tion fo r  the grid. Therefore i t  is recommended that a transform er be included 

in  the overall converter design to  ensure generator protection.

U n like  the previous tw o  converters, the flyback converter has a transform er b u ilt 

in to  its c ircu it design, p rov id ing  electrical isolation. The transformers magnetizing inductance 

is used to  store energy fro m  the prim ary and transfer the energy to  the secondary when the 

switch is o ff. S im ilarly the ou tpu t voltage is contro lled by changing the duty ra tio  o f  the 

sw itching transistor. The  h igh frequency transform er w ith in  the flyback converter induces 

less cost than using a 60 H z  transform er at the ou tpu t o f  the inverter. Th is decrease in  cost is 

attributed to  the reduction  o f  transform er size fo r h igh frequency applications. The flyback 

also contains just one switch, fu rthe r heightening the cost effectiveness in  con tro lling  and 

boosting the rec tifie r D C -lin k  voltage. The use o f  this flyback converter is restricted to  small 

scale designs that do n o t exceed 1 kW . D ue to  the transform er turns ratio, this topology has 

the ability to  boost the voltage in  a single stage. The addition o f  a center tap on the 

secondary w ind ing  allows fo r the use o f  a tw o-sw itch inverter fo r  grid  power transfer. 

Therefore, the converter may potentia lly  contain just 3 switches, a great cost advantage.

3.1.3 Controller Complexity Issues

Turb ine  effic iency depends on the ra tio  between ro ta tiona l speed and w ind  speed, know n as 

the turb ine TSR. The goal o f  speed con tro l is to  keep the TSR constant at its optim al p o in t 

over a w ide w in d  speed range. The constant variab ility  o f  the w in d  creates the need fo r 

con tro l o f  the generator electrical load. C on tro lling  the generator electrical load to  achieve 

m axim um  efficiency may be perform ed through many d iffe ren t means. The con tro l 

strategies that have been researched and im plem ented he w ith in  tw o  categories: those w ith  

direct w in d  speed determ ination and those excluding this measurement.

A n  ideal con tro l o f  w in d  turbines encompasses a direct measurement o f  the w ind  

ve locity th rough an anemometer. By directly measuring the w ind , the desired ro tational 

speed is easily extracted and compared w ith  the current mechanical speed o f  the generator. 

In  attem pt to  m ainta in m axim um  pow er extraction, the contro lle r uses the discrepancy 

between the desired and actual speed to  adjust the electrical load and therefore, the velocity 

o f  the generator. The con tro lle r may become imprecise since the anemometer measurement
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may n o t be accurate due to  the w ind  turb ine tow er shadowing, w h ich  inherently affects 

speed measurement. T w o  m ain con tro l concepts that do no t require speed measurements are 

m axim um  pow er p o in t tracking schemes and systems that use a predefined fixed relationship 

con tro l approach. The tw o  con tro l schemes are fu rthe r analyzed in  the fo llow ing  sections.

M aximum Power Point Tracking

As is shown in  Figure 2.3, the pow er versus ro ta tiona l speed curve has a single m axim um  

po in t located in  a relatively fla t section o f  the curve. In  m axim um  pow er po in t tracking, 

depicted in  Figure 3.2, the generator load is incrementally increased o r decreased causing a 

change in  generator speed. I f  the change in  speed results in  an increase in  generated power, 

load change continues in  the same d irection u n til m axim um  pow er capture is achieved. This 

m ethod is insensitive to  errors in  w ind  speed measurements and w ind  tu rb ine design [29].

Unfortunate ly w ind  speed changes m uch faster than the turb ine ro ta tiona l speed due 

to  the large inertia o f  the turbine. Since the contro lle r searches fo r the m axim um  pow er 

p o in t every tim e the w ind  speed changes, the slow change in  turb ine speed hinders its ability 

to  reach the op tim um  pow er p o in t quickly. In  fact, there may be instances where the 

op tim um  p o in t is n o t reached before the w in d  speed subsequently changes. T rad itiona l 

M P P T has been substantiated fo r large grid  connected w ind  energy systems by Schiemenz 

and Stiebler [15],
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Figure 3.2: M P P T  Search O peration 
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In  an attem pt to  speed up the conventionally slow M P P T  contro lle r, B hom ik  and 

Spee [16] employed a heuristic m odel o f  bo th  the turb ine and generator in  order to  estimate 

the w ind  speed. In  addition, local M P P T  is u tilized to  attain fine tun ing  o f  the desired TSR 

tracking. Th is contro lle r im proves the response tim e; however i t  is im plem ented using a 

digital signal processor and high level com puter language, w h ich  increases the cost and 

com plexity o f  the overall system. W ith  the focus o f  this research placed on lo w  cost and 

com plexity, an attractive con tro l scheme may be that w h ich  employs the use o f  fixed 

relationships. The details o f  this type o f  con tro l scheme are outlined in  the next section, 

shown below.

Fixed Relationship Controller

Fixed relationship con tro l involves a predefined relationship between generator load and 

generator ro ta tiona l speed. By measuring the generator speed as a con tro l input, the optim al 

generator electrical load is im m ediately determined. The optim al ve locity o f  the generator 

can be easily defined by firs t iden tify ing  the w ind  turb ine pow er as,

P7 = ^ p A C r v l (3.4)

Substituting equation 2.3 fo r  TSR gives a redefined pow er equation in  terms o f  generator 

mechanical speed.

p ' = \ p A C ^ m :  ( 3 ' 5 )

Since the optim a l TSR value is know n and is assumed constant th rough system 

contro l, the peak pow er versus mechanical speed is identified  as a cubic correlation. Past 

researchers, such as D e  Broe et al. [34] used a fixed relationship between generator 

frequency and the sw itch duty ra tio  o f  a D C -D C  converter to achiever turb ine optim ization. 

They have shown that fixed re lationship con tro l is a simple and a cost effective means to 

achieving m axim um  efficiency over a w ide speed range.
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3.2 Proposed Generator and Converter System

As was m entioned, the objectives and goals o f  this research is to  design and im plem ent a 

small scale w in d  energy system that achieves m axim um  power extraction at all w ind  speeds 

above the generator cut in  w in d  speed. Th is system is to  achieve m axim um  performance at 

m in im a l cost. The proposed system uses a brushless permanent magnet D C  generator driven 

by LabV iew  Real-Time software that emulates a w ind  turbine. A  com m on shaft connects the 

A C  permanent magnet synchronous generator to  the D C  generator.

The converter consists o f  a diode rectifier, flyback converter fo r D C -D C  boost and 

contro l, and a single phase inverte r fo r  grid  connection. The flyback contains a transform er 

w ith  a center tapped secondary w ind ing. This allows fo r the use o f  a single phase inverte r 

w ith  just tw o  switches, fu rthe r reducing the cost and con tro l com plexity. The flyback 

converter is contro lled  to  fo llo w  a predefined fixed relationship between the generator 

electrical frequency and rec tifie r D C -lin k  voltage. The con tro l is im plem ented using LabV iew  

Real-Time com puter software and corresponding hardware needed fo r com m unication w ith  

the system devices. The proposed system fo r  this research is shown in  Figure 3.3, w ith  

simple fixed relationship con tro l based on the generator electrical frequency. Th is simple 

open-loop con tro l w il l be used to  con tro l the flyback duty ratio and inverter phase voltage 

phase angle to  achieve op tim a l pow er flow .

► coe to inverter 8

DC DC

DC
Flyback

Converter

AC 
1-Phase 
Inverter

PM Grid

► we to flyback duty

Figure 3.3: Proposed System and C on tro l Topo logy
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3.2.1 Chosen Converter Topology for Wind Conversion

F or a small scale w in d  energy system, a permanent magnet generator is a com m only chosen 

since i t  provides reduced losses in  the ro to r, h igher efficiency, allows fo r a smaller w ind  

turb ine diameter, and requires no external excitation. The generator supplies pow er to  the 

grid  via a pow er electronic converter encompassing a diode bridge rectifier, flyback 

converter and single phase inverter. The flyback converter is chosen since i t  provides 

adequate boost ab ility  to  match the requirements o f  the inverter and con tro llab ility  o f  the 

D C -lin k  voltage, w h ile  p rov id ing  electrical iso lation fo r the grid.

The single phase inverter along w ith  the flyback converter is an attractive choice fo r 

the converter, due to  the lo w  controllable sw itch count. Th is low  sw itch count reduces the 

cost fo r  the overall system. The diode rec tifie r is also essential to  m aking the w in d  energy 

system cost effective. In  using the diode rec tifie r there is no need fo r a contro lled rec tifie r 

since the D C -lin k  con tro l is perform ed by the flyback converter. Using simple con tro l 

methods fo r b o th  the flyback and inverter w ill fu rthe r elevate this systems status as a 

practical and extremely cost e ffic ien t system.

3.2.2 Simple Control Methods

T w o  stages o f  con tro l w ill be applied to  the overall converter system. B o th  the inverter and 

flyback have separate con tro l responsibilities. However, the controllers are integrated in  the ir 

e ffo rt to  transfer pow er fro m  the generator to  the grid. The flyback ensures m axim um  

pow er fro m  the w in d  turb ine through torque con tro l o f  the generator. The inverter ensures 

optim al pow er transfer to  the grid  over the entire w ind  speed range. B o th  con tro lle r schemes 

are designed to  be as simple as possible by em ploying fixed relationships. C on tro lle r 

s im plic ity allows fo r possible im plem entation using discrete analog com ponents that 

m aintain the goal o f  cost m in im ization.

Inverter Control

The inverte r is contro lled  th rough a sinusoidal P W M  sw itching technique, meaning a 

m odula tion  index be low  un ity  m ust be maintained. Since the ou tpu t o f  the inverte r is 

connected to  the grid, its ou tpu t voltage is held to  a constant 120 V . F rom  equation 3.1 i t
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can be shown that the grid  side D C -lin k  voltage m ust be at least 340 V DC. This value is 

achieved righ t at the boundary o f  sinusoidal P W M  operation, where the m odula tion  index is 

one. I f  the m odula tion  index is decreased, where sinusoidal P W M  is still maintained, then 

this voltage w ill increase. I t  is beneficia l to  sustain a m odulation index near un ity  as the 

flyback converter boost capabilities are designed fo r a specific ou tpu t voltage, and a large 

ou tpu t D C -lin k  voltage w ill require increased boost capacity fro m  the converter. The 

inverter con tro lle r w ill continually m o n ito r the electrical frequency o f  the generator and 

adjust the phase angle o f  the reference signal o f  the P W M  switching. This variation o f  the 

phase angle w ill a llow  m axim um  pow er flo w  to  the grid.

Flyback Control

The proposed con tro lle r does n o t require d irect measurement o f  the w ind  speed; instead the 

con tro lle r uses a fixed relationship m ethod to  achieve m axim um  power transfer. O n ly  one 

con tro l in p u t is needed, the electrical ro ta tiona l speed o f  the generator, to  determine the 

sw itching duty ra tio  o f  the flyback that m ust be applied to  achieve m axim um  power. 

Through  a predefined optim al value o f  TSR, a fixed relationship between the electrical 

frequency and duty ra tio  is constructed and employed in  the contro l. Th is change in  duty 

ra tio  w ill u ltim ately result in  an alteration in  the D C -lin k  voltage. Thus, in  tu rn , m anipulation 

o f  the D C -lin k  voltage leads to  the torque con tro l o f  the generator. Since the generator and 

turb ine are connected by a single shaft, the con tro l o f  the w ind  turb ine is therefore achieved 

through simple con tro l o f  the duty ratio. The  predefined fixed relationship is firs t 

determ ined through theoretical analysis o f  the system and later adjusted during experimental 

testing, accounting fo r  any theoretical assumptions that are made.

In  using a fixed-re lationship con tro l m ethod, i t  has already been stated that the 

system is never aware o f  the actual w in d  speed at any tim e o f  operation. A  change in  w ind  

speed w ill subsequently result in  a change in  torque causing the turb ine speed to  change. In  

con tro lle r design, the desired TSR value is set to  extract m axim um  w ind  power fro m  the 

turbine. H owever, the value fo r  m axim um  pow er does no t necessarily correspond to  the 

p o in t o f  m axim um  torque. A n o th e r op tion  is to  select a reference TSR value slightly higher 

than the actual optim al TSR o f  the turb ine to  im prove  the system response during the b r ie f 

periods o f  w in d  gusts. Rapid system response to  fast changing w ind  is h igh ly beneficial and 

allows the system to  quickly re turn to  the ideal operating point.
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In  comparison to  operation at the ideal TSR, a slightly higher TSR w ill result in  a 

slighdy higher generator term inal voltage, a marginally lower generator current and a slight 

increase in  turb ine speed. O perating at this shifted TSR value does no t significandy affect 

the power capture since the coeffic ient o f  performance does no t change significandy in  the 

v ic in ity  o f  the optim al TSR value, shown in  Figure 2.2. The perform ance o f  the contro lle r, 

fo r  bo th  cases described above, is depicted in  Figure 3.4. O n  the graph the p o in t “ a”  

represents the operating p o in t at the ideal TSR value fo r 9 m /s . I f  a sudden w in d  gust 

increases the w ind  speed to  10 m /s , the operating p o in t o f  the system suddenly moves to  

po in t “ b ” .

a
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Figure 3.4: Turb ine  Torque and C on tro l O peration

The change in  torque is indicated by the dotted arrow po in ting  upward. Conversely 

the operating p o in t “ c”  is at a slighdy deviated TSR value, as i t  is to  the righ t o f  p o in t “ a” , at 

a higher ro ta tiona l speed. In  this case the same w in d  gust w ill m ove the operation to  “ d”  also 

causing a change in  torque. I t  is clear from  the figure that the operation from  “ c”  to  “ d”  

induces a greater change in  torque than the ideal progression fro m  “ a”  to  “ b ” . Therefore, 

based on the fo llow ing  equation:

T'M -  Tg„ + j
da__ m
dt

(3.6)
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(the equation describing the torque balance between the turb ine and generator), when the 

system experiences a larger change in  torque due to  an increase in  w in d  speed, than the 

system w ill be able to  accelerate at a faster rate to  reach the next steady state operating po in t.

The system should be designed fo r the ideal situation to  ensure max im um  power 

extraction. H ow ever i f  the designed con tro lle r cannot handle sudden changes in  w ind  speed, 

then the second approach o f  a slightly shifted m odel may be advantageous. Th is  slight sh ift 

does n o t significantly affect power ou tpu t and does n o t jeopardize pow er extraction at low er 

w ind  speeds.

3.3 Chapter Summary

The proposed system has been outlined and includes a permanent magnet generator and 

complete pow er electronic grid  connected converter. A  diode rectifie r, flyback converter and 

single phase inverter are chosen to  reduce cost w ith o u t com prom ising the perform ance o f  

the system. The inverter w ill con tro l the grid  side D C -lin k  voltage through sinusoidal P W M  

contro l. The flyback converter current con tro l is based upon  a fixed relationship between the 

generator electrical speed and D C -lin k  current, e lim inating the need fo r w ind  speed 

measurements and fu rthe r reducing costs and complexity. The system is firs t ver i f ied 

through sim ulation and then experimentally tested to  fu rthe r validate the design and 

determ ine its practicality. S im ulation design and results are given in  Chapter 4 where as the 

experimental design and results are given in  Chapters 5 and 6 respectively.
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C h ap te r 4 

S im u la tio n  o f P roposed  R esearch

The sim ulation o f  the proposed system and the results obtained are presented in  this 

chapter. The va lid ity  o f  the proposed flyback converter design is perform ed using the M atlab 

S im uLink software. This chapter outlines the system setup and parameters, along w ith  the 

derivation o f  the fixed relationships used fo r  the controller. Furtherm ore, the m ethod o f  

im plem entation fo r  all fixed relationships used in  the sim ulation is presented. A  complete 

sim ulation a lgorithm  describes the sim ulation process and all dynamic results, fo r  bo th  fixed 

and variable D C -lin k  operation.

4.1 Sim ulation Setup and Parameters

A ll  simulations are perform ed through S im uLink, a com puter software package provided 

through Matlab. The flyback converter is simulated using a linear transform er, an IG B T  as 

the prim ary side switch, and tw o  diodes. A  snubber c ircu it is used to  lim it the voltage spikes 

that occur during switching. The flyback converter is operated at the desired frequency o f  1 

kH z. Table 4.1 shows a complete lis t o f  the parameters used in  the sim ulation o f  the flyback 

D C -D C  converter.

Table 4.1: Flyback Converter Simulation Parameters

C ircu it Properties Transform er Properties

N om ina l Power 

Switching Frequency 

D iode  Forward Voltage D ro p  

Switch Forward Voltage D ro p  

Snubber Capacitance 

Snubber Resistance 

O u tpu t Capacitance

1 k W  

1 k H z  

0.8 V  

1.0 V  

50 f iF

ioo a

0.3 mF

Turns Ratio («2/» ,)  

Primary Resistance 

Secondary Resistance 

Prim ary Inductance 

Secondary Inductance 

Magnetizing Resistance 

M agnetizing Inductance

14 

3.8 mQ.

0.7056 Q  

11.459 f lH  

2.246 m H  

360 Q. 

5.157 m H
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The fu ll system sim ulation is devised in to  three components that are connected to  

each other. A  w ind  pro file , along w ith  the generator speed, is fed in to  the turb ine model. 

The outputs o f  the turb ine m odel are shaft torque and speed. The mechanical torque is 

applied to  the generator m odel to  determ ine the new generator speed and ro ta tiona l angle. 

The generator m odel outputs a three phase voltage w hich is connected to  the power 

electronic converter beginning w ith  the diode rectifier. A  contro lle r m odel manipulates the 

D C -lin k  voltage during all w in d  speeds in  accordance to  the con tro l signal inputs and the 

predefined fixed relationships. The parameters fo r  the turbine, generator and converter 

sim ulation models are given in  Table 4.2.

Table 4.2: W ind  Energy System Simulation Parameters

Turb ine  Radius 1.0 m

System Inertia 0.4 kg ■ m2

System D am ping 0.16 N m j kK P M

A ir  D ensity 1.266 kg /'rtf’

Fric tion 0.1 N m

Poles 8

Phase to  Phase W ind ing  Inductance 3.3 m H

Phase to  Phase W ind ing  Resistance 0.51 Q

Peak Phase to  Phase Voltage Constant (K E) 86 V /k K P M

Peak Per Phase Torque Constant (K T) 0.71 N m j A

D iode  Bridge Forw ard Voltage D ro p 1.0 V

4.2 Verification o f Flyback Converter

The flyback converter in  its purest fo rm , shown in  Figure 3.1, is firs t simulated to  ve rify  its 

sw itching and voltage boosting capabilities. However, i t  is immediately noted that a resistor- 

capacitor-diode (RCD) snubber c ircu it is necessary to  suppress voltage spikes across the 

sw itching device. Voltage spikes can be caused by any stray inductance w ith in  the c ircu it o r 

from  the transform er leakage inductance. In  addition to  voltage pro tection , the snubber 

c ircu it lim its  the rate o f  rise o f  current flow ing  through the sw itching device. Figure 4.1 

shows the simulated flyback converter c ircu it w ith  the insertion o f  the snubber circuit.
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Snubber C ircu it
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+

R l <  V  DC,o

Figure 4.1: Simulated Flyback C onverter w ith  Snubber C ircuit

The magnetizing inductance o f  the transform er is set above a critica l value to  ensure 

fu ll transfer o f  current fro m  the prim ary w ind ing  to  the secondary w ind ing  during sw itch o f f  

time. F u ll transfer o f  current between the tw o w indings is essential in  the operation o f  the 

flyback converter, because i t  guarantees the ou tpu t voltage reaches the necessary level fo r  the 

grid  side inverter. The critica l m agnetizing inductance is calculated using equation 4.1, given 

below. I t  is noted that the effective resistance and sw itch duty ra tio  are bo th  dependant on 

the w ind  speed. The resistance is lowest at the m in im um  w ind  speed, therefore the critica l 

magnetizing inductance is calculated fo r  the m in im um  w ind  speed (2 m /s ) used in  the fu ll 

system simulation.

i  ( i - T R ,„
Cril 2 0  r

n 2 L ,

R ,r — •4
V ,DC ,o

(4.1)

(4.2)
Gen

The flyback is tested at bo th  the high and low  voltage extremes that are expected 

fro m  the w in d  generator during operation over the entire w ind  range. In  addition, the load 

resistance is varied to  con firm  the flyback operation under a varying load. The flyback is firs t 

simulated at the high voltage lim it o f  60 V ; this voltage is slightly h igher than the voltage 

generated at the m axim um  w ind  speed o f  10 m /s  used in  the fu ll system sim ulation. The 

results in  Figure 4.2 show the load voltage and the magnetizing current in  the transform er. 

The magnetizing current is fu rthe r looked at by reducing the tim e scale on the w aveform  and 

is displayed in  Figure 4.3. Accom panying the magnetizing current in  this figure are detailed 

depictions o f  bo th  the prim ary and sw itch voltages.

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



XI
O

600

450

300

150

0
0 0.5 1 1.5 2

<

c<uH

u
tsb

100

75

50

25 IM lM ilT O iW

0
0 0.5 1 1.5 2

o>
u

100
80
60
40
20

£ n m 0
1.9975

1.9975

T im e (s)

Figure 4.2: Results fo r  a Flyback In p u t o f 60 V

1.998 1.9985 1.999 1.9995

T im e (s)

Figure 4.3: Detailed W aveform s fo r a Flyback In p u t o f 60 Y

r-1 (1

-

-
/ I / ....

.1.
...

..1
.

26

24

22 ------
1.9975 1.998 1.9985 1.999 1.9995 2

37

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In  Figure 4.2 d ie load voltage reaches the expected voltage o f  340V. H owever, the 

duty ra tio  is set to  a value higher than the theoretical value calculated using the ideal equation 

4.3. The ideal equation does n o t take in to  account the snubber c ircu it and diode voltage 

drops therefore justify ing  this necessary increase in  duty ratio.

V DC = V DC- ~ —  (4.3)
’ N \ \ - d

There is a short transient due to  the in itia l charging o f  the capacitance, however the 

voltage setties o f f  quickly. The magnetizing current remains quite constant w ith  a small 

ripp le  shown in  Figure 4.3. The triangular wave shape shows that w h ile  the sw itch is on, the 

magnetizing current increases, then decreases during switch o f f  time. Th is im plies that the 

current stored in  the magnetizing branch is indeed transferred to  the secondary w ind ing  

during the switch o f f  time. The switch voltage reaches the expected levels w ith  very small 

voltage spikes, ind icating that the snubber c ircu it is pe rfo rm ing  optim ally. The sw itch voltage 

during o f f  tim e is equal to  the addition o f  the in p u t D C -lin k  voltage and the prim ary w ind ing  

voltage, shown below.

C „ = C dc , + - N v „ c . (4.4)
^ 2

The prim ary w ind ing  voltage is equivalent to  the inpu t D C -lin k  voltage w hile  the sw itch is 

on and also shows no large spikes during switching. These sim ulation results show that the 

flyback is operating as expected.

N ext, the results fo r  the other extreme case (at low  voltages, co incid ing w ith  low  

w ind  speeds o f  approximately 2 m /s ) are examined. Figure 4.4 shows that once again the 

flyback is able to  produce the necessary ou tpu t voltage. The magnetizing current shows a 

sim ilar triangular w aveform  that is characteristic o f  transferring energy from  the prim ary 

w ind ing  to  the secondary w ind ing  w hile  the switch is no  longer conducting. S light voltage 

spikes are evident on the sw itch and prim ary w inding. However, the snubber c ircu it does

lim it the spikes to  a respectable value (well w ith in  the range o f  typical ratings fo r

sem iconductor sw itching devices), preventing i t  fro m  breaking down. I t  is noted tha t as the 

w ind  speed increases these spikes reduce and become v irtua lly  nonexistent.
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4.3 Determination of Fixed Relationships

Fixed relationships described through mathematical functions are used throughout the fu ll 

system simulation. The firs t function  describes the relationship between the coeffic ient o f  

performance and TSR. Using M ic ro so ft Excel, the relationship shown in  Figure 2.2, is 

approximated by a f if th  order po lynom ia l equation to  provide the best f i t  fo r  the curve. 

Figure 4.6 shows the mathematical process taken in  developing the fixed relationships fo r 

the current controller.

T  = ----
co

P  =  — C co.
TSR-

V

/  = &  ‘ vc y j 2 ‘ „ ^  = > / 3 ^ U 2 - { l piX s f  - I p/lR  j

FT
3 ^2 1 ',

71

^  Ph

- u  -  2F",com m  a

dV'DC t _  -3V<5
/  \

3 X f
d lP,, n

"
tr 10 i

s

to F r

dVDC [2  d V VCp

d IDC V3 d lph

Figure 4.6: A lg o rith m  fo r F ind ing  the Fixed Relationships fo r  C urrent C ontro l
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The process shown in  Figure 4.6 is repeated fo r  all w ind  speeds ranging fro m  1 m /s  

to  11 m /s  by stepping through this a lgorithm  in  0.5 m /s  increments. W ith  bo th  the 

coeffic ient o f  perform ance and TSR values fixed at the ir op tim a l levels o f  0.414 and 7.8 

respectively, the generated pow er and mechanical speed can be calculated. The torque, 

generator reactance and induced voltage are calculated next, w h ich  allows fo r the 

determ ination o f  the generator phase current. The D C -lin k  current is resolved by using the 

form ula describing the current conversion through a diode rectifier. F rom  this, a fixed 

relationship between the D C -lin k  current and mechanical speed over all w ind  speeds is 

defined and shown in  Figure 4.7. Finally, the line-to-line  voltage is established, w h ich  gives 

way to  the calculation o f  the D C -lin k  voltage through the diode rectifie r voltage conversion 

calculation. By taking the derivative o f  the D C -lin k  voltage, w ith  respect to  the phase 

current, a ratio  describing the change in  D C -lin k  voltage to  the varia tion in  D C -lin k  current 

is found. This establishes the second fixed relationship fo r the current contro ller. The 

change in  D C -lin k  voltage, needed to  m aintain optim a l power extraction at all w ind  speeds, 

is determ ined via this second predefined relationship.
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F igure  4.7: Id ea l D C -L in k  C u rre n t vs. M echan ica l F req u en cy

The data obtained fro m  the a lgorithm  used to  create the above curve can be entered 

in to  the software program  LabF it. The program  than uses the data po in ts to  search fo r an 

equation that best fits the curve w ith  m in im a l error over the entire range. The equation
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obtained is therefore a very close approxim ation to  the curve displayed and does no t 

comprom ise the accuracy o f  the simulation. Using this software, the mathematical equation 

obtained fo r this curve is given in  equation 4.5 and is used in  the simulation.

5.72 X l(T 3
* d c = ----------------- 1---------------  (4-5)

—2.77x10 —1.25<3)

The same software program  is also used to  create a fixed equation fo r  the 

d V DC)/ d I DC ratio, as i t  changes w ith  varying mechanical speed due to  the fluctuating  w ind  

speed. The fixed relationship between this ra tio  and mechanical speed used in  the current 

contro lle r is given in  equation 4.6. I t  is im portan t to  note that these equations a llow  fo r  the 

use o f  simple mathematical func tion  blocks in  the M atlab simulations rather than using lo o k 

up tables.

d V DC„ _  50.1 +  0 .6 3 7 ^

d lnc -102 .32  +  3 .31x10~3afm
(4.6)

4.4 W ind Energy System Sim ulation

The va lid ity  o f  the con tro l scheme is tested by incorpora ting  the con tro lle r w ith  a sim ulation 

that m odelled the w ind  turb ine, perm anent magnet synchronous generator and diode 

rectifier. Th is system is subjected to  a varying w ind  p ro file  that ranged fro m  2 m /s  to  10 

m /s . The flyback converter and g rid  side inverte r are no t simulated at this p o in t as the main 

objective is to  ensure the con tro lle r incorporated the correct fixed relationships that 

m axim ized power extraction fro m  the w ind  turbine.

4.4.1 Simulation Algorithm

The sim ulation continually evaluates the calculations shown in  the a lgorithm  in  Figure 4.7. 

O ver each sim ulation tim e step, all system parameters are calculated and updated as the 

software steps through a varying w ind  speed. The sim ulation a lgorithm  depicts the 

calculations perform ed fo r  the turb ine, generator, diode rectifie r and con tro l models.
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In  the sim ulation m odel, a w ind  speed p ro file  is generated and received by the 

turb ine model. The TSR is calculated based on the mechanical speed o f  the previous 

sim ulation cycle and the current w ind  speed. Turb ine  m odeling is fu rthe r carried ou t w ith  

the calculation o f  the coeffic ien t o f  perform ance, power and torque. The sim ulation then 

moves in to  the generator modeling; in  w h ich  the generator, turb ine and fr ic tio n  torques are 

com bined to  determ ine the updated mechanical speed. The generator torque is based on the 

previous state o f  the outputted three phase currents. The quadrature axis transform ation 

(equation 4.7) is perform ed on the three phase currents to obta in the quadrature current 

needed fo r  the torque calculation.

I  = ~
J 3

cos (0 .)+h
(

COS ft 2jre , - - + 1 cos e , +
2n

(4.7)

N ext, the electrom otive force fo r each phase o f  the generator is calculated based on 

the new mechanical speed and electrical phase angle. The differences between the per-phase 

induced voltages are determ ined and the greatest difference (Edlff) is compared w ith  the D C - 

lin k  voltage. I f  the induced voltage in  the machine results in  an E djff w h ich  is greater than the 

D C -lin k  voltage then conduction occurs through the diode rectifier. O therw ise the diodes 

are reversed biased resulting in  zero line current and pow er extraction from  the generator.

A  closer lo o k  at the interaction between the generator and diode rectifie r shows that 

the difference between E dlff and the D C -lin k  voltage results in  V dlff. The sim ulation uses this 

voltage difference in  determ ining the generator line current during diode conduction. Th is 

voltage can be described as the voltage drop across the impedances o f  the tw o  connecting 

phases o f  the generator during the conduction period (equation 4.8). The effect o f  

com m utation overlap, equation 4.9, is also included since in  practical systems this transfer o f  

current from  one phase to  another is n o t instantaneous and causes the current in  the system 

to  lag the voltage.

VW = E ,f f - V comm-2 V d- V DC

y _ LGIph
comm 4 1

(4.8)

(4.9)
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Figure 4.8: S im ulation A lg o rith m  Inc lud ing  C ontro lle r
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Figure 4.8 depicts the process in  w h ich  energy is transferred to  the D C -lin k  fro m  the 

generator via the diode rectifier. As can be seen from  the figure, during conduction, tw o 

diodes are fo rw ard  biased allow ing current to  flow  to  the D C -lin k  through tw o  generator 

phases. In  the example shown, phases ‘a’ and ‘b ’ are conducting since the difference between 

the ir induced voltages is greatest. The conduction o f  energy through the generator and diode 

rec tifie r is fu rthe r s im plified  in  Figure 4.9. The D C  current in  this figure varies w ith  time, a 

sharp com parison to  the nature o f  the current in  the com puter simulation. The tw o 

generator phases are represented by the ir equal resistances and inductances, and a sw itch is 

added to  portray the beginning o f  conduction at zero time.

N ote : = V a+ V t

E « = E . - E t I d cR g

Va

i [ vdi t

Y
D iode  R ectifier

I d c

Y
Generator M odel

Figure 4.9: Generator C onduction through a D iode  Rectifier

t  =  0 +2Va -  2Lg 2Rg
— -----------------

+ Vdiff -

E d i f f Q  Q V d c

Figure 4.10: S im plified Generator Conduction C ircu it
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F rom  Figure 4.10 another equation fo r  V Jjff can be iden tified  that provides a means 

to  iden tify ing  a so lu tion fo r  the D C -lin k  current. The voltage across the generator resistance 

and inductance is represented by equation 4.10.

(4.10)

The com m on and w e ll recognized solution fo r  the current th rough a resistor-inductor 

netw ork has been established (equation 4.11).

The constants are derived by firs t substituting equation 4.11 in to  equation 4.10 and 

easily determ ining K a and x. Since the current th rough the induc to r is in itia lly  zero, the 

second constant, K b is also determ ined. The solutions fo r  K a, K b, and x are revealed in

Finally, the con tro lle r m odel uses the measured D C -lin k  current to  determ ine the

fixed relationship. W ith  this D C -lin k  current error, a corresponding sh ift in  D C -lin k  voltage 

is determ ined via the second predeterm ined relationship. In  conclusion the result is a new 

D C -lin k  voltage that guarantees m axim um  pow er extraction. The simulations resulting data 

points are recorded at a lim ited  tim e intervals due to  large sim ulation times and m em ory 

storage restrictions.

- /

(4.11)

equations 4.12, 4.13, and 4.14 respectively, g iv ing a fina l solution fo r  the reference D C -lin k  

current.

Rc
(4.12)

(4.13)

(4.14)

error between the measured value and the reference D C -lin k  current obtained through the
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4.4.2 Fixed DC-Link Dynamic Results

The system is simulated under fixed D C -lin k  conditions, under the influence o f  a variable 

w ind  speed pro file . The results obtained are compared w ith  the results fro m  the contro lled  

D C -lin k  cases, p rov id ing  justifica tion  fo r  the use o f  a variable speed contro ller. The w ind  

p ro file  used in  all system simulations is given by

Ssm
36

+  0.8 sin f L

V 4 /

+ 2. (4.15)

The sim ulation is tested w ith  a constant D C -lin k  voltage o f  36 V . I f  this were a 

practical system w ith  a turb ine that has a coeffic ient o f  pow er curve given in  Figure 2.2, 

corresponding to  an optim al w ind  speed o f  7.19 m /s . Ideally, this system may be placed in  a 

region that historically depicts an average w ind  speed m atching this w ind  speed. The results 

fo r  the mechanical speed, turb ine TSR, D C  voltage and D C  pow er are given in  Figure 4.11.

>  fi.

u<uO-i cn
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Figure 4.11: S im ulation Results w ith  a Constant D C -L in k  o f 36 V
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The pow er curve is fu rthe r analyzed and the average pow er over 250 s o f  sim ulation 

tim e is determ ined to  be 233.8 W . The m axim um  pow er transferred by the system at the 

m axim um  w ind  speed o f  10 m /s  is also iden tified  as 554 W . A lthough  these pow er results 

are respectable, the system very rarely operates at the optim um  TSR and coeffic ien t o f  

perform ance. Th is is evident by the TSR curve as i t  deviates above and below  the ideal TSR 

value o f  7.8 during w ind  speeds above 5 m /s . D u rin g  times o f  extreme low  w ind  speeds the 

system no  longer transfers pow er as the TSR continues to  rise. Th is indicates that the 

mechanical speed o f  the generator has n o t slowed enough in  coordinance w ith  the 

decreasing w in d  speed.

The system is again run  w ith  a fixed D C -link , however in  this case the value is 

increased to  42 V . Once again re ferring  to  a turb ine w ith  a coeffic ient o f  pow er curve in  

Figure 2.2, a system operating at this voltage is best suited fo r a region w ith  an average w ind  

speed o f  8.93 m /s . As can be seen fro m  the figure below , at a w ind  speed o f  approxim ately 9 

m /s , the TSR nears the op tim a l value o f  7.8. The results fo r  this constant D C -lin k  case are 

given in  the same manner as the previous and are depicted in  Figure 4.12.

100 150 200 250

100 150 200 250

100 150 200 250

r : £  4 2

100 150 200 250
1000

500

150100 200 250
T im e (s)

Figure 4.12: S im ulation Results w ith  a Constant D C -L in k  o f 42 V
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In  this higher voltage case, the m axim um  and average D C  pow er show an increase to  

756.4 W  and 268.7 W  respectively. The higher D C -lin k  voltage allows the mechanical speed 

to  reach higher speeds. A ccord ing  to  Figure 2.3, this results in  higher pow er ou tpu t during 

high w ind  speeds. F o r example, at m axim um  w in d  speed o f  10 m /s , the mechanical speed in  

the 42 V  D C -lin k  case is higher than that in  the previous case. Lo o k in g  at Figure 2.3, the 

h igher the mechanical speed the m ore pow er extracted fro m  the tu rb ine as long  as the 

system is operating upon the le ft side o f  the TSR curve, (which i t  is during high w ind  

speeds). I t  is also noted that the low er D C -lin k  voltage case has a slighdy low er cu t-in  w ind  

speed. Thus the system extracts pow er over a w ide r range o f  w ind  speeds.

As the w ind  speed increases in  bo th  cases the generator speed change is fa irly  slow 

and small. Due to  a constant D C -lin k , the generator attempts to  m atch its generator voltage 

w ith  the value o f  the D C -lin k  voltage. As the w ind  speed increases above the cut-in  value, 

the generator speed increases. This increase in  generator speed causes an increase in  the 

generated voltage. H ow ever the generator term inal voltage is fixed, due to  the fixed D C -link 

voltage, resulting in  an increase in  generator current. As a result, equation 4.16 shows an 

electrical torque is produced w hich  lim its  the generator speed, no t a llow ing i t  to  vary m uch 

during h igh w ind  speeds.

T  =  K<pIa (4.16)

A t  low  w ind  speeds, typically below  5 m /s , the generator term inal voltage dips below 

that o f  the D C -lin k  voltage. Once this occurs, the diode bridge rectifie r becomes reversed 

bias, cu tting o f f  current to  the D C -lin k  resulting in  zero power extraction. Since the D C -lin k  

voltage is low er in  the firs t case, the generator is able to  operate at low er speeds before the 

term inal voltage falls below  the D C -lin k  voltage. This explains the low er power extraction 

cut-in  w in d  speed fo r  the firs t case.

The constant D C -lin k  sim ulation results show that the system rarely operates at the 

optim al p o in t over the w ide range o f  w ind  Speeds. Th is is a m ajor drawback in  using a 

constant D C -lin k , as the fu ll system potentia l is no t exploited. Therefore, in  order fo r  a w ind  

energy system to  compete w ith  trad itiona l methods o f  power generation, i t  m ust em ploy an 

optim al pow er contro ller. The system is next tested w ith  the proposed contro lle r, and 

results, along w ith  comparisons are given in  the next section.
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4.4.3 Variable DC-Link Dynamic Results

The proposed current con tro lle r is injected in to  the system, allow ing fo r con tro l o f  the D C - 

lin k  voltage. In itia lly , the entire system is run  at a specified time step used fo r  evaluating all 

system models over the sim ulation time. However, results pertaining to  the D C -lin k  voltage 

and pow er experienced high ripple, and are deemed unacceptable. Since the mechanical 

speed o f  the generator change is slow, w ith  respect to  the change in  w in d  speed, i t  is no t 

necessary to  have the con tro lle r update the D C -lin k  voltage at every tim e step. The Matlab 

sim ulation software allows d iffe ren t components o f  the sim ulation to  be perform ed at 

d iffe ren t rates. The global system, excluding the contro ller, is m odelled w ith  a sim ulation 

tim e step o f  lp s . However, the current con tro lle r is m odelled w ith  a step size o f  1ms, 

co incid ing w ith  the sw itching frequency o f  the flyback converter. The same variables p lo tted 

in  the constant D C -lin k  case are again evaluated fo r  the contro lled case, and a com parison is 

made between bo th  form s o f  operation.
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Figure 4.13: S im ulation Results w ith  Proposed C on tro l -  1 ms T im e Step
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In  Figure 4.13 i t  is imm ediately evident that the current con tro lle r is pe rfo rm ing  

extremely well. The TSR remains fa irly  constant at its optim a l value th roughou t m uch o f  the 

w ind  speed range. The average pow er extracted fro m  the turb ine is 324 W , a sharp increase 

from  the constant D C -lin k  m ethod. The m axim um  pow er also increases to  953.8 W  at 10 

m /s , showing that the system operates at its optim a l p o in t at this m axim um  w ind  speed. The 

generator term inal voltage is no  longer lim ited  since the D C -lin k  voltage is now  variable. 

Th is allows the mechanical speed to  track the w ind  speed and keep the turb ine operating at 

the highest coeffic ient o f  perform ance possible. Th is lowers the cut-in  w in d  speed, g iv ing 

way to power extraction at w in d  speeds be low  5 m /s . I t  is clear that over tim e, m ore power 

is extracted from  the contro lled w ind  energy system.

The con tro lle r tim e step is increased to  determ ine i f  the ripp le  in  the D C -lin k  fu rthe r 

subsides. However, i t  became evident as the con tro lle r tim e step is increased to  5 ms and 10 

ms the ripp le in  the D C  pow er grew. A lthough  all three sets o f  results gave roughly the same 

average power output, the m axim um  pow er increased due to  the increase in  w aveform  ripp le  

(results are shown in  Figure 4.14 and Figure 4.15).

T im e (s)

Figure 4.14: S im ulation Results w ith  Proposed C on tro l — 5 ms T im e Step
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Figure 4.15: S im ulation Results w ith  Proposed C on tro l — 10 ms T im e Step

4.4.4 Controller Step Response Results

The proposed con tro lle r is tested fo r  its ab ility  to  respond to  a step change in  w in d  speed. 

The w in d  is firs t stepped down fro m  the m axim um  10 m /s  to  5 m /s  and the D C -lin k  

voltage, D C  power, TSR and generator mechanical speed are recorded. As can be observed 

in  Figure 4.16, a sudden decrease in  w ind  speed causes an increase in  TSR, w h ich  is expected 

according to  equation 2.3. D ue to  the high inertia  o f  the system, the generator speed 

gradually decelerates during a sh ift in  w ind  speed and the contro lle r settles the machine to  

the optim al speed. As the figure shows the TSR reaches the optim a l operating p o in t a fter a 

transient tim e o f  0.5 s.

Sim ilarly the con tro lle r is also tested under the cond ition  o f  a step-up in  w in d  speed. 

In  this case the w in d  speed is stepped fro m  an in itia l w ind  speed o f  5 m /s  to  the m axim um  

w ind  speed o f  10 m /s . This cond ition  slightly resembles a sudden w ind  gust that a practical 

system may endure. Once again the TSR shows a sudden change, decreasing be low  5, 

depicted in  Figure 4.17. The con tro lle r perform s w ell as the new op tim um  p o in t fo r 

generator speed and voltage are reached w ith in  approxim ately 0.6 s.
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4.5 Chapter Summary

The flyback converter is simulated and tested w ith  a snubber c ircu it and shows i t  is capable 

o f  p rov id ing  the demanded voltage boost at a 1 kH z  sw itching frequency. The w ind  energy 

system is also simulated under bo th  constant D C -lin k  voltage and variable D C -lin k  voltage 

conditions. Results have shown that the current con tro lle r is capable o f  tracking the optim al 

TSR through fixed relationships w ith o u t the costly use o f  a speed encoder. The contro lled  

system proves to  be superior as i t  extracts m ore average power, and reaches the highest 

m axim um  power. These results paved the way fo r  the design o f  an experimental test rig  and 

verifica tion  o f  turb ine contro l.
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Chapter 5 

Experimental Design

The design and experimental verifica tion  o f  the proposed w ind  energy system are presented 

in  this chapter. The experimental test rig  is shown in  Figure 5.1 in  w h ich  a LabV iew  P X I 

chassis w ith  real-time software is employed fo r w ind  turb ine emulation. A  brushless 

permanent magnet synchronous generator is coupled w ith  a D C  m otor. The D C  m o to r is 

connected to  a D C  power supply w ith  controllable voltage and current lim its. The generator 

supplies optim al power to  the grid  via the proposed pow er electronic converter. LabV iew  

data acquisition hardware and the real-time software are again used to pe rfo rm  the 

theoretical current con tro l o f  the flyback converter sw itching ra tio  fo r m axim um  power 

transfer.

Variable V oltage & Frequency
Constant 
Voltage &

Proposed FrequencyBrushless
PMSG

10) 120V 
G rid

D C  M o to r A C -D C -A CEncoder

Switch
Control/  AC/DC 

DataPowei

■ 1 ,a b \ lCurrent Control
Data Transfer

D C  Power 
Supply

2 <P Phase Input 
AC Power

Real-Time 
PXI Chassis

Host
Computer

Figure 5.1: Experim ental Test R ig Design Schematic
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5.1 W ind Turb ine Em ulator

The test rig  does n o t incorporate an actual w in d  turb ine and the shaft characteristics o f  a 

w ind  turb ine are emulated. The w in d  turb ine emulation is perform ed w ith  a LabV iew  based 

data acquisition and contro l, a contro llable D C  power supply, a permanent magnet D C  

m o to r and a generator encoder. The mechanical speed is obtained fro m  the encoder and fed 

to  the LabV iew  contro l, w h ich  in  tu rn  outputs a current con tro l signal to  the D C  supply. 

Th is current con tro l signal produces a D C  m o to r torque corresponding to  the emulation 

w ind  speed.

5.1.1 Permanent M agnet DC Motor
(

A  permanent magnet D C  m o to r is chosen due to  the distinct advantages over shunt D C  

m otors. A  perm anent magnet D C  m o to r does n o t require an external fie ld circuit, and 

because no fie ld  w indings are needed, they can be smaller. Since the poles are made o f  

permanent magnets, the flu x  in  the m o to r remains fixed. This allows fo r a linear relationship 

between the induced torque and armature current, shown in  equation 5.1.

(5 .i)

Since the torque and current are directly proportiona l, con tro lling  the current w ill 

con tro l the torque. The desired turb ine torque fo r a given w ind  speed can be set by using a 

controllable D C  pow er supply that alters the in p u t current to  the m otor. The m o to r 

specifications and perform ance are given in  Table 5.1 and Table 5.2 respectively.

Table 5.1: Permanent Magnet D C  M o to r Properties

F u ll Load Rotational Speed 1750 1pm

F u ll Load Current 14.0 A

A rm ature  Voltage 180 V DC

E ffic iency 88.8%

Torque 12.202 N m

Power 3.0 H P

D u ty Continuous
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Table 5.2: Permanent Magnet D C  M o to r Performance Specifications (at 1800 rpm )

Torque C urrent E ffic iency
(Nm ) (A) (%)

0 0.56 0

4.75 5.53 89.3

11.86 13 91.0

5.1.2 DC Power Supply

The contro llable D C  pow er supply allows fo r  easy im plem entation o f  the w in d  em ulator 

through the LabV iew  Real-Time software. The pow er supply integrates w ell w ith  the data 

acquisition hardware in  the LabV iew  P X I chassis, and allows fo r bo th  voltage lim it  and 

current lim it contro l. By varying the current lim it  value, the current ou tpu t to  the perm anent 

magnet D C  m o to r is adjusted. Th is change in  current directly affects the D C  m o to r torque 

and allows the m o to r speed to  fo llo w  the w in d  p ro file , successfully emulating the w ind  

turbine.

Remote con tro l o f  the voltage and current may be perform ed via either resistive o r 

voltage program m ing. Voltage program m ing is chosen fo r  this test rig. The voltage and 

current lim its  may be contro lled  via a 0-5 V DC signal o r a 0-10 V DC signal depending on the 

switch configuration on the rear o f  the pow er supply. The electrical specifications and 

perform ance o f  the contro llable D C  power supply are outlined in  Table 5.3.

Table 5.3: D C  Power Supply E lectrica l Specifications

O u tpu t Ratings:

O u tp u t Voltage 300 V

O u tp u t Current 20 A

O u tp u t Power 6000 W

O utpu t Ripple:

Voltage 30 m V

C urrent 50 mA.

Performance:

E ffic iency 91%
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5.1.3 Speed Encoder

I t  is im portan t to  firs t note that the encoder is only used fo r  the w in d  tu rb ine sim ulation and 

n o t the flyback converter contro l, w h ich  w ou ld  result in  an increase in  the con tro l cost. The 

encoder outputs the speed in fo rm a tion  o f  the generator in  the fo rm  o f  a square wave signal 

that steps fro m  0 V  to  5 V  at rate o f  2000 lines/rev. The speed signal is interfaced w ith  the 

LabV iew  software th rough the data acquisition hardware. The software counts the num ber 

o f  pulsed 5 V  lines over one second g iv ing the speed in  lines per second. Than a conversion 

is perform ed to  extract the speed in  radians per second, a value needed fo r the rest o f  the 

w in d  turb ine emulation. The conversion is shown in  equation 5.2.

. , . CO {lines!r )
(0 [rad s) = -----  ) '  \  2 n  [rad rev) (5.2)

*  V  2000 ( lines/rev) V '  ’  V '

5.1.4 LabView Real-Time DC Current Control

As is shown in  Figure 5.1, the Real-Time P X I chassis communicates w ith  the host com puter 

through E thernet connection. In fo rm a tio n  is sent back and fo rth  over this connection, 

g iv ing complete con tro l o f  the Real-Time system through an external com puter. LabV iew  

files that access all the in p u t and ou tpu t capabilities o f  the modules on the P X I are w ritten  

on the host com puter and downloaded to  the chassis fo r  use. The F P G A  m odule is used to  

pe rfo rm  all the con tro l applications in  the proposed system, inc lud ing  the w ind  turb ine 

emulation.

The encoder data is inpu tted  to  the F P G A  as a digital signal, and a counter is set up 

to  decipher the speed fro m  the encoder. Using the speed and the current w ind  speed from  

the generated w ind  p ro file , bo th  the TSR and coeffic ien t o f  perform ance are calculated. The 

TSR curve is approxim ated w ith  a high order po lynom ia l and lim ited  to  a m axim um  o f  15 to 

avoid false occurrences o f  positive Cp values above this lim it. The coeffic ien t o f  perform ance 

is lim ited  between values o f  0 and 0.6 as, theoretically, i t  w il l never be outside o f  these 

boundaries. F rom  this, the power, torque and current are calculated. The calculation o f  the 

current is based on a best f i t  linear curve fo r the data in  Table 5.2, shown in  equation 5.3.

V = l - 0 4 9 7 : , „ ,  (5.3)
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The calculated current is firs t pu t th rough a threshold b lock  ensuring the current does n o t go 

below  1.4 A . Th is m in im um  current level is used as i t  is the p o in t at w h ich  no torque is 

produced in  the m o to r; this is shown in  Table 5.2.

The calculations described above are firs t perform ed on the Real-Time P X I chassis 

and the resulting current value is transferred to  the FP G A . The F P G A  subsequently outputs 

the current value to  the D C  pow er supply fo r  D C  m o to r contro l. Th is current value alters 

the torque in  the D C  m oto r, therefore changing the speed to  a value pertaining to  the 

current w ind  speed. The fu ll w ind  tu rb ine emulation a lgorithm  is given in  Figure 5.2, visually 

describing the m ethod used in  the D C  m o to r current control.

N o YesTSR' >15
Yes N o

TSR = TSR I

Yes No

DC

T  =1  049T

Tmb

TSR' = (0„r

Cp = Fixed Relationship with TSR

O utput Channel to DC 
Power Supply

G) {linesIs)
 ;--------— -27V [rad rev)
2000 ( linesjrev)

Generator Speed Encoder 
Input to Real-Time PXI

Figure 5.2: A lg o rith m  fo r  the LabV iew  W ind  Turb ine Em ula tor
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5.2 Brushless Perm anent M agnet Generator

A  brushless servo m o to r w ith  an attached speed encoder is chosen to  func tion  as the electric 

generator fo r  the w ind  energy system. This generator features a high pole num ber in  its ro to r 

construction w h ich  is a typical feature o f  permanent magnet generators employed in  w ind  

generation. The high pole num ber allows fo r an increase in  electrical frequency despite low  

rotational speeds. Since the system is d irect drive and has a high pole num ber, the w ind  

speed does n o t force the generator to  spin at h igh speeds. U nder the created w in d  pro file , 

the w ind  speeds reach a m axim um  speed o f  10 m /s . Therefore i f  the system is operating at 

the ideal TSR o f  7.9, the generator is predicted to  spin at approximately 80 rad /s . G iven the 

machines continuous stall torque o f  13 N m , the am ount o f  pow er generated at this 

m axim um  w ind  speed w ill be 1024 W , as desired.

H ig h  torque capability at low  speeds is an ideal characteristic in  choosing a suitable 

generator fo r  the test rig. The generator is rated fo r 3.5 kW  at a m axim um  speed o f  3000 

rpm  and is clearly oversized fo r this application. H ow ever due to  this oversize, this generator 

provides the required torque capability at the expected lo w  mechanical speeds. The generator 

also has a high system inertia  g iv ing a slower tim e response m uch like practical w in d  energy 

systems. A  key feature is the addition o f  a m ounted 2000 line optical encoder that is used fo r 

the w ind  em ulator contro l. The electrical generator is rugged and can w ithstand heavy duty 

continuous operation; traits that are sought after fo r  w ind  generation. Several generator 

properties are outlined in  Table 5.4.

Table 5.4: Brushless Servo M o to r Specifications

Peak Phase to  Phase Torque Constant 0.71 ^

Peak per Phase Voltage Constant K6 F  00 kklM

Phase to  Phase W ind ing  Inductance 3.3 m H

Phase to  Phase W ind ing  Resistance 0.51 Q

R oto r M om ent o f  Inertia 0.064 kgm2

Continuous Stall Torque 13 N m

Fric tion  Torque 0.17 N m

M axim um  Speed 3000 rpm

Poles 8
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5.3 Power E lectronic Converter

The pow er electronic converter is comprised o f  a three phase diode rectifie r fo llow ed by the 

flyback D C -D C  converter and fina lly the single phase inverter. The in p u t o f  the diode 

rectifie r is connected to  the ou tpu t o f  the brushless permanent magnet generator, essentially 

rectify ing  the variable A C  voltage to  a variable D C  voltage. Capacitive D C -links  are used to  

connect bo th  the in p u t o f  the flyback to  the diode rectifie r and the ou tpu t o f  the flyback to  

the single phase inverter. F inally, the ou tpu t o f  the inverter is connected to  the single phase 

grid  th rough a large line inductance. A  standard three phase diode rec tifie r m odule is used 

fo r  generator A C  rectification. However, the flyback and its components are custom 

designed fo r this application.

5.3.1 Flyback Converter D esign

The flyback converter receives a lo w  D C  in p u t voltage and outputs a m agnified D C  voltage 

to  the inverter. The converter contains a single high pow er m etal-oxide-sem iconductor fie ld- 

e ffect transistor (M O SFET) on the prim ary side o f  the circuit. W hen the M O S F E T  is in  the 

on-state, energy is stored w ith in  the prim ary w ind ing  o f  the transformer. The energy is later 

transferred to  the secondary w ind ing  when the M O S F E T  is in  the off-state. A  snubber 

c ircu it is used to  m itigate the voltage spikes affecting the M O S F E T  during the transition 

fro m  on-state to  off-state. The fina l flyback converter schematic, used fo r the experimental 

test rig, is p rovided in  Figure 5.3.

Snubber Circuit

220nF r s >  300D

V Dc, C j=p28.5m F L

MOSFET
Gate

lp F

C o ^  2mF

Figure 5.3: F inal Flyback D C -D C  Converter w ith  Snubber
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Flyback Transformer D esign

The transform er design is an im portan t factor in  the overall com position  o f  the flyback 

converter. In  order to  operate w ith in  a suitable duty cycle range fo r the M O S F E T , a nom inal 

transform er turns ra tio  o f  14 is selected. In  do ing so, the duty ratio ranges fro m  0.343 to 

0.819, avoiding the extremes o f  zero and unity. R efraining fro m  these extremes, the flyback 

efficiency is optim ized and the voltage boost and energy transfer is enhanced. The in itia l 

design step is to  choose a core size in  order to  obtain the transform er core m agnetizing and 

w ind ing  geometric properties. F rom  the M icrom etals transform er core specifications, a flux  

density o f  1.0 T  is chosen since this value was slightly below  the saturation level on the 

material B -H  curve [35]. The goal o f  the a lgorithm  is to  ensure the core operates near the 

chosen flux  density under the predicted w ind ing  current conditions. I t  is also im portan t to  

calculate the predicted w ind ing  losses to  ensure adequate transform er efficiency.

The calculation a lgorithm  fo r the transform er design is shown in  Figure 5.4. The firs t 

step is to  determine the num ber o f  prim ary and secondary w ind ing  turns, w h ich  depends on 

the m axim um  in p u t D C  voltage and flux  density, the core m agnetizing area and the 

M O S F E T  on-tim e. N ext, by sp litting  the w ind ing  w indow  area in  h a lf and m u ltip ly ing  by a 

packing factor o f  0.6, the necessary cross sectional areas and diameters o f  each w ind ing  w ire 

are determined. Look ing  up dimensions fo r  various copper w ire  gauges, actual w ire  

diameters are chosen nearest to  the previously calculated values. A n  im portan t note in  

choosing w ire  gauges is the diameters m ust be less than the calculated values to  ensure the 

w indings w ill f i t  w ith in  the given core w indow  area. F rom  the actual w ire  diameters, the 

resistances o f  each w ind ing  are com puted based on the resistivity o f  copper. Lastly the 

power losses through each w ind ing  are estimated using the predicted D C  prim ary and 

secondary currents, ensuring acceptable efficiency.

In  order to  establish the actual flu x  density achieved through the chosen core, 

calculation o f  the amp-turns per length o f  the prim ary w ind ing  is essential. Carrying over the 

w ind ing  turns (determ ined in  the in itia l a lgorithm  step), the amp-turns per length is evaluated 

by using the estimated peak prim ary current o f  37 A . Th is selected peak prim ary current is 

based on the simulations perform ed fo r  flyback converter c ircu it verifica tion . F ina lly the flux  

density is easily ascertained by sim ply look ing  at the flux  density versus am p-turns curve (B- 

H  curve) provided fo r the particular core material.
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Small core sizes are in itia lly  used w ith in  this algorithm , bu t i t  is quickly iden tified  that 

a larger core is necessary to  obta in the required energy and power transfer. A  M icrom etals E - 

core, m ore specifically the E305-26A core, deems to  be suitable after increasing the 

recommended prim ary and secondary w ind ing  turns to  20 and 280 respectively. W ith  20 

prim ary w ind ing  turns, an actual flu x  density o f  approxim ately 0.8T is achieved. Increasing 

the turns causes a reduction in  the w ind ing  w ire  dimensions ensuring the w indings f it  w ith in  

the core w indow  area.

The transform er is hand w ound w ith  the th inner secondary w ind ing  placed firs t 

since, because its increased flex ib ility  around the core square comers maximizes the use o f  

the w indow  area. The transform er secondary center tap is created by w ind ing  the firs t 140 

turns, cu tting  the w ire , and then con tinu ing  the next 140 turns in  the same direction. The 

prim ary w ind ing  is w ound directly on top  o f  the secondary w inding.

Snubber Circuit D esign

The snubber c ircu it has the sole responsib ility to  pro tect the flyback M O S F E T  fro m  

excessive voltage spikes due to  leakage inductance in  the transform er prim ary w inding. 

Excess energy stored in  the leakage inductance drives current th rough the transistor, 

in flic tin g  a surge voltage at the instant the M O S F E T  is turned o ff. Consequently, the leakage 

inductance is an im po rtan t variable in  the design o f  the snubber circuit. The flyback 

converter is tested at a lo w  voltage o f  15 V  w ith o u t a snubber c ircu it, in  order to  iden tify  the 

magnetizing inductance. The current th rough the prim ary w ind ing  is then observed and is 

depicted in  Figure 5.5. U tiliz in g  the change in  current observed in  Figure 5.4 and applying 

equation 5.4, a calculated m agnetizing inductance o f  L m =  321.43 pH  is obtained.

14A

300ps

► -T im e

Figure 5.5: Observed Prim ary C urrent th rough the Flyback T ransform er
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For a carefully w ound transformer, the leakage inductance may be approxim ated as 

3.0% o f  the m agnetizing inductance [36], resulting in  a leakage inductance o f  8.04 pH . 

Equation 5.5 gives the energy stored in  the leakage inductance as a result o f  the previously 

mentioned 37 A  peak current expected. Through this calculation a to ta l energy o f  5.50 m j is 

expected.

I C , (5.5)

Equating the to ta l energy in  the inducto r to  the energy dissipated in  the snubber capacitance, 

results in  a simple calculation fo r  an appropriate capacitor value. F irstly, however, the 

m axim um  allowable transistor voltage m ust be set to  a value o f  300V. This voltage is w e ll 

below  the M O S F E T  voltage rating and w e ll above the voltage ou tpu t expected from  the 

generator and diode rectifier. Th is m axim um  transistor voltage gives a relationship fo r  the 

snubber capacitor voltage in  equation 5.6 and the capacitor value is determ ined using 

equation 5.7. In  this case a capacitance o f  220 nF  is chosen fo r the snubber design.

V S = V T - V „  (5.6)

w t , = w c, (5.7)

W ith  the snubber capacitance accounted fo r, only the snubber resistor calculation 

remains. The goal o f  the snubber is to  accumulate the excess energy fro m  the leakage 

inductance and dissipate this energy faster than the single sw itching period  o f  the flyback 

M O SFET. The flyback sw itching period is set to  100 ps, thus the dissipation tim e o f  the 

snubber is set to  50 ps. This dissipation tim e is also know n as the resistor-capacitor time

constant, t RC, shown in  equation 5.8. Using this equation, a value fo r the resistor is

determ ined to  be 227.27 Q  (fo r this design a standard 300 Q, resistor is used).

R s = ~ -  (5.8)
c s
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A n  ultrafast, so ft recovery diode, specifically suitable fo r  use in  snubber circu itry, is 

selected fo r  this design. In  addition the lp F  capacitor, connected fro m  the cathode o f  the 

snubber diode to  the source o f  the M O S F E T , aids in  the in itia l snubber response to  the 

in flu x  o f  current at the instant the transistor is switched o ff. W ith  the com pletion o f  the 

snubber c ircu it design, the flyback converter becomes fu lly  operational w ith in  the overall 

experimental setup.

5.3.2 Single-Phase Inverter

The design o f  a single-phase inverter is n o t necessary since a m ulti-configurab le 3-phase 

power electronic inverte r was readily available. The inverte r u n it was designed and assembled 

w ith in  the power research group, and is suitable fo r  this pro ject since i t  can handle a 

m axim um  o f  600 V  and 15 A . The inverte r m odule allows bo th  the im plem entation o f  a 

single-phase inverter th rough alternate connections, and the use o f  fewer insulated gate 

b ipo lar transistors (IG B T ). The six-sw itch device is connected in  the m anner shown in  

Figure 5.6, u tiliz ing  only the firs t tw o  transistors in  the firs t inverter leg.

The gate drive and isolation c ircu itry  are also included in  the inverter box design. 

The circu itry includes overcurrent p ro tection  w h ich  opens all IG B T  switches and generates a 

shut dow n situation when above rated current conditions occur. The design uses digital 

optocouplers to  create the optical iso lation between the switch con tro l logic signals and the 

inverter circuit. This iso la tion is absolutely essential fo r the pro tection  o f  the N ationa l 

Instrum ents interfacing hardware used to  relay the con tro l signals to  the inverte r transistors.

C0 = p  2mF

Gate
Signals

C0 =±= 2mF

 G r id ___
Connection

Figure 5.6: H a lf-B ridge Connection o f  a 6-Switch Inverte r
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5.4 G rid Connection

This research considers establishing m axim um  w ind  energy capture over a w ide range o f  

w ind  speeds fo r d is tribu tion  to  a pow er grid. The pow er converted by the com bination o f  

the diode rectifie r, flyback converter and inverter m ust than be connected to  the grid  to  

complete the power transfer. A  c ircu it has been developed to  behave in  a m anner consistent 

to  that o f  an actual grid. The circuit, shown in  Figure 5.7, creates an isolated single-phase A C  

voltage through a line voltage regulator and variac. A  large line induc to r is added fo r  current 

filte ring  and a 15 A  fuse is included fo r protection.

The line voltage regulator guarantees an isolated and com pletely constant A C  

voltage, as the line voltage com ing from  the outle t may fluctuate slightly. Th is iso lation is 

on ly necessary because the D C  power supply used to  con tro l the generator fo r  turb ine 

emulation is connected to  the same supply. In  a practical situation this additional iso lation is 

n o t needed since an actual turb ine w ill be d riv ing  the generator. The variac provides an 

adjustable 0-140 V  voltage, g iv ing the system flex ib ility  to  operate at low er pow er levels 

during testing. Lasdy, a large inducto r is placed between the grid  A C  voltage supply and the 

sw itching voltage o f  the inverter. Th is is perform ed to  m in im ize bo th  the supply current 

ripp le  and the rate o f  change in  the current due to  possible inverte r and grid  voltage 

differences. The 15 A  fuse is used simply as added c ircu it and inverter p ro tection  fro m  any 

possible damaging overcurrent conditions. Th is concludes the overall w ind  energy test rig  

construction, leaving just the pow er electronic con tro lle r design.

20m H 15A

Single-Phase 
Pow er O utlet

'S U p

120 V  AC

Voltage
Regulator Variac

A
Inverter

N
D C -L in k

Center Tap O u t

Figure 5.7: G rid  Connection C ircu it Schematic
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5.5 Proposed Converter Controller

The pow er electronic converter con tro l is im plem ented through LabV iew  Real-Time 

software. Th is software allows fo r  com m unication between a host com puter and the P X I 

(PCI extensions fo r  Instrum entation) chassis, used fo r  measurement and autom ation o f  the 

variables w ith in  the experimental setup. The P X I chassis contains an F P G A  data acquisition 

m odule that is p rim arily  used fo r inp u ttin g  and ou tpu tting  con tro l signals. The con tro l 

algorithms fo r  bo th  the flyback converter and inverter are created through the LabV iew  

graphical user interface.

5.5.1 Generator Speed Measurement

M ainta in ing a m in im um  overall system cost is incred ib ly  im portan t, therefore using 

the encoder to  obtain the generator speed as a con tro l in p u t is unacceptable. Practically, the 

use o f  a speed encoder is extremely expensive relative to  the cost o f  pow er electronic 

converter. Instead, a c ircu it can be designed to  accept the generator ou tpu t line-to-line  

voltage and extract the frequency o f  this signal. The designed circuit, shown in  Figure 5.8, 

includes an in itia l resistor d iv ider ne tw ork fo r  voltage magnitude reduction  before entering 

the instrum entation am plifier. Th is resistor d iv ider ne tw ork ensures that the peak o f  the 

variable in p u t voltage does n o t exceed the 1 5 V  pow er supply at the m axim um  w in d  speed. 

The am plifie r is set up to  apply a un ity  gain and provides excellent in p u t noise filtering.

15V./X 15V
Z x

15V
Z X

15VZX LabView Jiy Supply

15V
Z X T o  LabView 

Digital I /O

20UQ
C om paratoi

lOnF ==

X7
-15V

LabView M lO  Digital G round

N /C

+  1N

Instrum entation
Amplifiei
AM I 02

N /C

REF

V+ Vfi-

N /C

N/C

Isolated Digital 
O ptc-C ouple t 
HCLF-2531

G N D

vcc

N /C

Figure 5.8: Pulse Generation C ircu it fo r  Voltage to  Frequency Measurement o f  P M G
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The dig ita l optocoupler used fo r iso lation has a m axim um  reverse breakdown voltage 

o f  5.0V. This specification requires that a single-rail com parator c ircu it drive the 

optocoupler, rather than a dual-rail com parator since i t  w ill create a reverse in p u t o f  15V. 

The com parator is a special type o f  op-am p that compares the voltages at the tw o in p u t pins. 

The com parator c ircu it, expanded upon in  Figure 5.9, receives the instrum entation am plifie r 

ou tpu t signal after i t  has been given a positive offse t o f  7.5 V . The resistor-d ivider netw ork 

o f  11, and R2 are set to  identical 5.361T2 values to  create this voltage o ffse t at exactly h a lf o f  

the 15 V  positive supply, shown in  equation 5.9. Using the same equation, R3and R4are also 

set to  5.36 kQ , creating the reference voltage at the positive term inal o f  the op-am p to  be 7.5 

V . The comparator m ust also source enough current to  tu rn  on the pho to  diode w ith in  the 

optocoupler. E quation 5.10 shows that fo r  a supply o f  15 V , setting R6 to  1.5 kO  creates a 

suffic ient source current o f  10 m A.

15V 15V 15V

Instrum enta tion  ^ 
A m p. O u tp u t

,36kQ
- A A A / ---------

Comparator 
LM311 ,

lOOnF R4 < 5.36kQ

Optocoupler
Input

Figure 5.9: Single-Rail Com parator C ircu it Design

(5.9)

I
15V

(5.10)
"6
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The resistances R3-R6 con tro l the w id th  o f  a hysteresis band that hovers above and 

below  the reference voltage o f  7.5 V . Selecting a 90.90 kQ  resistor fo r  R5, the threshold 

voltages are found to  be 7.71 V  and 7.29 V , respectively. These values are obtained from  

equations 5.11 and 5.12. This hysteresis band fu rthe r nullifies the effect o f  any noise present 

on the comparators in p u t pin. Th is inve rting  com parator outputs a square wave voltage that 

is high (15 V ) whenever the inpu t voltage is below  the low  threshold voltage and is low  (0 V ) 

whenever i t  is above the high threshold voltage. F inally, this ou tpu t is relayed to  the 

optocoupler fo r  iso lation purposes to  p ro tect the con tro l equipm ent from  the power system.

^=)w \) ,r. ( 5 ' n )

R ,+ R 3+ R 4

K h  = 1 5 ------------------------^ ----------------------  (5.12)
r 2r 3+ r 1( r 2 + r 3) v

5.5.2 Flyback Control and Driver Circuitry 

Flyback Fixed Relationship Controller

The theoretical calculation fo r  a flyback converter duty ratio is relatively simple as i t  only 

depends on the presumed constant ou tpu t voltage, set by the inverter, and the in p u t voltage. 

Since the in p u t voltage is variable due to  the changing w ind  speed, the theoretical results fo r 

the optim al in p u t D C -lin k  voltage found in  Figure 4.6 are used instead. The ou tpu t voltage is 

fixed at 353.55 V  by the inverter sw itching and constant m odula tion  index o f  0.96, evaluated 

through equation 5.13. Using the theoretical ideal in p u t and ou tpu t voltages, the duty ra tio  is 

calculated at each w ind  speed using equation 5.14. These calculated duty ra tio  values, Figure 

5.10, became the starting p o in t in  evaluating the experimental test r ig  and determ ining the 

actual experimental optim al duty ratio values.

(5-13)

V nr
d =  —t ^ ---------  (5-14)

» (V dcj) + K ,c..
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Figure 5.10: Theoretical D u ty  Ratio vs. E lectrical Frequency Fixed Relationship

Using the actual duty ratios found in  Chapter 6, a final fixed relationship is found 

and used in  the LabV iew  Real-Time con tro l code. The flyback con tro l code sim ply takes the 

generator speed as the sole con tro l in p u t and calculates the optim al duty ratio based on the 

predeterm ined fixed relationship. The duty ra tio  is used to  set the pulse w id th  o f  the 10 kF L  

square wave sw itching o f  the flyback M O S FE T.

Flyback Driver Circuitry

In  order to  operate the flyback M O S F E T  safely, a proper drive r c ircu it w ith  correct iso lation 

fro m  the LabV iew  con tro l c ircu itry  is developed. The isolation is perform ed through the use 

o f  a digital optocoupler and a dedicated gate driver chip, w h ich  forced the M O S F E T  to  tu rn  

on and o ff. The driver c ircu it also contains a current sensing func tion  that is provided by the 

gate driver chip. The current sensing c ircu it allows the chip to iden tify  high current situations 

that may cause damage to the flyback M O S F E T  module. H ig h  current situations are 

identified  by instances o f  increased voltage across the M O S FE T . B oth  the entire driver 

c ircu it and an expanded look  at the current sensing c ircu it are shown in  Figures 5.11 and 

5.12 respectively.
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VCC VCC

IN O U T

M O SFET  Driver 

ERR IR2121PBF CS

COM Vs

l p F :

22kQ
 W V r —

Ri

U ltra fast D iode
— >------- W----------

R2 | 3 3 k Q

— ->— ©  

R j i  1.36kQ

49.90 t
 k

Rcatt

Figure 5.12: Flyback D riv e r Chip C urrent Sensing C ircuit

P rotection o f  the M O S F E T  is extremely im portant; therefore the current sensing 

design c ircu itry  is an im portan t step in  the d rive r c ircu it construction process. First, R, is 

chosen to  be 22 kO  since the driver chip provides a 15 V  gate-source voltage. Setting R2 to 

33 kO  sim plifies the design leaving just one unknow n resistance. The c ircu it is designed fo r  a 

peak sw itch current o f  50 A , w e ll above the expected value. I t  is determ ined that a drain- 

source voltage o f  4.6 V  w ill occur at this m axim um  current level. Since the ultrafast diode 

on-state voltage is 1.2 V  (the voltage at p o in t ‘x ’ in  Figure 5.12) is 5.8 V , w h ich  is shown by 

equation 5.15. The IR2121 driver chip has a rated current sensing voltage o f  230 m V  

experienced at p o in t ‘y ’. Therefore w ith  the know n values above, equation 5.16 results in  a 

fina l R3 resistance value o f  1.36 kQ , com pleting the current sensing c ircu it design.

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The gate resistance design is also im portan t, as the value affects the M O S F E T  tu rn  

on time, and i t  is critica l to  ensure a fast sw itching time. Using the M O S F E T  specification 

sheet, i t  is determ ined that a gate charge o f  300 nC is necessary fo r  guaranteeing a fast 

sw itching device supplied by a 15 V  gate-source voltage. A  desired sw itching on tim e o f  1 ps 

is chosen as a reasonable am ount since the flyback sw itching period is established as 100 ps. 

A t  the specified gate charge and desired sw itch tu rn -on  time, equation 5.17 results in  a 

required gate current o f  300 m A .

(5-17)
on

The gate resistance can then be calculated to  be 50 Q  fo r the provided 15 V  gate- 

source voltage, shown by equation 5.18. The closest standard value o f  49.9 Q  is chosen fo r 

the experimental c ircu it, concluding the flyback driver c ircu itry design.

V r r
^ , = 7 ^  (5-18)

Gate

5.5.3 Inverter Control and Algorithm  

Inverter Theoretical Control

The purpose o f  the inverte r con tro l is to  m aintain op tim a l power in jection  in to  the grid. This 

inverte r con tro l uses a theoretically defined association invo lv ing  the generated power, 

inverter ou tpu t voltage, grid  voltage and the ou tpu t voltage phase angle. Th is phase angle, 8, 

represents the angle difference between the inverter ou tpu t voltage and grid  line voltage. A  

phasor diagram depicting the magnitudes and directions o f  the inve rte r ou tpu t variables is 

illustrated in  Figure 5.13.
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Figure 5.13: Inverte r and G rid  O u tp u t C ircu it D iagram
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Figure 5.14: Inverte r O u tpu t Phasor D iagram

F rom  the phasor diagram, the formulas fo r the power factor angle, 0, and voltage 

phase angle (8) are defined as fo llows

cos (*)  =

sin ( S) ■ f l c X u

la v

(5.19)

(5.20)

C om bin ing equations 5.19 and 5.20 results in  an equation that relates the pow er factor angle 

to  the inverte r voltage phase angle:

cos W g =
s i n ( 6 ) V Im,

* u -
(5.21)

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The ou tpu t real power fo r  the single phase grid  is calculated using the w e ll know n 

form ula  shown by equation 5.22. Assum ing negligible losses through the converter a 

relationship fo r  the pow er factor angle to  the inpu t D C  power is established.

p „ = p ,x = K i  <;cos(e) (5.22)

Substituting equation 5.22 in to  equation 5.21 gives the fina l equation used to  determ ine the 

theoretical inverter voltage phase angle needed. Th is is the angle needed to  achieve optim al 

pow er flo w  fro m  the w ind  turb ine, equation 5.23.

: sin
V gV * . )

(5.23)

I t  is once again noted that these values are employed as an experimental starting 

po in t. The actual relationship between phase angle and electrical frequency is found 

experimentally. The theoretical re lationship between the inverter voltage phase angle and 

generator electrical frequency is depicted in  Figure 5.14.
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Figure 5.15: Theoretical Phase Angle vs. E lectrica l Frequency Fixed Relationship
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Inverter LabView Control Algorithm

The LabV iew  inverter con tro l a lgorithm , Figure 5.15, receives the single con tro l 

in p u t o f  the instantaneous generator electrical speed. Using this speed inpu t, the a lgorithm  

then computes the required optim a l phase angle. Since the required phase angle data is 

obtained experimentally at various w in d  speeds, a simple second order po lynom ia l curve f it  

is perform ed on the data. The com puter con tro l employs this po lynom ia l equation during  its 

com putation fo r  the required phase angle at the current generator speed. I t  is noted that the 

F P G A  is used fo r convenience since i t  is readily available. In  a practical system the contro lle r 

hardware may be sim pler and m ore cost effective than the FPG A.

Low Pass Filter

Reset Sine Wave
X ^ r o s s m g ? / /

Increm ent Time

II o t  —/ + / , .step

<5(oc)
Fixed Relationship Sine Generation
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Digital O ut 0 - Fligh 
Digital O ut 1 - Low
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Figure 5.16: LabV iew  Inve rte r Phase Angle and.Switching A lg o rith m
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Simultaneously, the LabV iew  code accepts an analog in p u t voltage as the pulse w id th  

m odula tion  reference voltage from  the single-phase grid. A pp ly ing  zero-crossing detection, a 

60Hz sine wave is synchronized to  the grid  voltage at the instance the grid  voltage changes 

from  a negative to  a positive value. U tiliz in g  a LabV iew  sine wave generation b lock, the 

am plitude, hence m odula tion  index, phase sh ift and D C  offse t are controllable. The phase 

sh ift is contro lled  using the calculated phase angle that is achieved through the experimental 

fixed relationship discussed above.

The F P G A  im plem ented P W M  generation b lock uses ticks to  con tro l the sw itching 

period. In  this case 4000 ticks represent 100 ps w hile  using the 40 M H z  interna l F P G A  

clock. The on-tim e o f  the inverter switches are determ ined by the instantaneous amplitude 

o f  the reference signal. The signal is firs t scaled in  a manner that assures the m axim um  

amplitude w ill n o t exceed 2000 fo r a m odula tion  index o f  one. The signal is than shifted 

upwards creating a D C  offset that centers the signal at 2000, making the m axim um  no larger 

than 4000. The complete transition o f  the reference voltage is shown in  Figure 5.16, where 

in  this case a m odula tion  index o f  0.96 is employed.

W hen the reference signal reaches its m axim um  value, the FP G A  correlates this 

value as the high sw itch on-tim e in  ticks and distributes the sw itching signals fo r  bo th  

inverter transistors accordingly. Since the reference amplitude is sampled at an extremely fast 

rate, the F P G A  outputs appropriate sw itching signals th roughout the sinusoidal transition o f  

the reference signal. Fo r pro tection  o f  the inverte r transistors, a 2 ps dead-time is included 

during all state transitions ensuring that bo th  transistors are never on at the same time. 

H aving bo th  switches on together w ill create a path o f  zero resistance across the D C -lin k  

capacitors. Th is path w ill endure a sudden ram p up in  current and w ill undoubtedly destroy 

the inverter IG B T  module. The inverter IG B T ’s are driven by d ig ita l outputs contro lled by 

the LabV iew  real-time F P G A  code.

0.96 1920 3920
x200C +2000

0.96 -1920

Figure 5.17: Sinusoidal Reference T rans ition  F o r LabV iew  F P G A  P W M  Switching
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5.6 Chapter Summary

In  this chapter the details o f  the construction o f  a small scale grid  connected w in d  energy 

test rig  are identified . A  contro llable D C  pow er supply and permanent magnet D C  m o to r are 

used fo r emulation o f  a w in d  tu rb ine d riv ing  the permanent magnet synchronous generator. 

The complete design o f  the flyback converter, includ ing snubber and transform er 

construction, is also provided. Using the LabV iew  P X I chassis and m in im a l analog circuitry, 

con tro l signals fo r  the w ind  turb ine emulation, flyback converter and inverter are easily 

created. The con tro l algorithms fo r bo th  the flyback converter and single-phase inverter are 

given and are later used to  produce the experimental results. Chapter six outlines the 

experiments carried ou t and the results obtained fo r  verifica tion  o f  the w ind  turb ine contro l.
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C h ap te r 6 

E x p e rim e n ta l R esults

The experimental results o f  the proposed grid  connected w ind  turb ine are presented in  th is 

chapter. The firs t results provided verifica tion  that LabV iew  indeed controls the phase angle 

o f  the inverter P W M  sinusoidal reference signal. Actua l experimental fixed relationships fo r  

the duty ra tio  and phase angle are created and compared to the ir ideal fixed relationships 

described in  Chapter 5. The con tro lle r results fo r  the in jection  o f  the variable w ind  speed 

p ro file  are shown, inc lud ing the resulting TSR th roughout the changing w ind. Lastly the 

system is subjected to  1 m /s  and 2 m /s  w in d  speed step changes and the resulting contro lle r 

step response results are given.

6.1 M easurem ent E quipm ent

V alidation  o f  LabV iew  inverter sw itching and voltage phase angle con tro l is obtained 

through an oscilloscope. In  o ther experiments, to  obta in the dynamic w ind  speed results, 

tw o  Yokogawa pow er meters are used. These meters are inserted in to  the generator circuit, 

h igh D C -lin k  c ircu it and grid  circuit. Each Yokogawa contains three measurement elements 

a llow ing fo r three separate single phase connections o r a typical three phase connection. The 

P X I chassis allows fo r the connection o f  bo th  these meters through a single G P IB  port. The 

dynamic results are obtained instantaneously through the LabV iew  com puter con tro l fo r  

fu rther analysis.

In  order to  measure the generator 3-phase voltages and currents, the firs t m eter is 

inserted between the generator ou tpu t term inals and the inpu t o f  the 3-phase diode rectifier. 

The Yokogawa m eter requires a three-phase three-wire connection fo r  th is particular 

generator since the generator does n o t have a neutral connection required fo r the four-w ire  

connection type. The addition o f  the power m eter is depicted in  Figure 6.1, as only tw o  o f  

the three measurement elements on the Yokogawa power m eter are needed.
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Figure 6.1: Generator Side Connection o f  Yokogawa Power Meter

I t  is extremely im portan t to  obtain the resulting currents and voltages through the 

high-side D C -lin k . D eterm in ing  the power at this stage gives an accurate d is tinction  between 

flyback converter losses, and single-phase inverte r losses. Since the flyback transform er has a 

center tapped secondary that is connected at the m id  p o in t o f  tw o  large D C -lin k  capacitors, 

tw o  separate current measurements are required. The tw o  current loops measured are shown 

in  Figure 6.2, and are used in  con junction  w ith  each capacitor voltage to  obta in the high-side 

D C -lin k  power. The fina l measurement element on the power m eter is used fo r grid  power 

measurement, as bo th  grid  voltage and current are obtained. Figure 6.3 outlines how  each 

element is connected to  the corresponding p o rtio n  o f  the circuit, between the flyback 

secondary and inverter connections.

Flyback Secondary

Center Tap

Figure 6.2: H igh  D C -L in k  and G rid  Measurement C ircuit

Inverter 

A

N

B

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Flyback Secondary

A  N—
Center Tap - 

E - j  \____

©

j

©

©V

Inverter 

 A
■N 

E

©
©

©
Elem ent 1 
Terminals

Elem ent 2 
Terminals

Elem ent 3 
Terminals

Figure 6.3: Yokogawa Connection fo r  F ligh D C -L in k  and G rid  Measurement

6.2 Controller Verification

C ontro lle r verifica tion  is com pleted fo r bo th  the flyback and inverter stage o f  the electronic 

converter. The LabV iew  inverter con tro l is firs t verified  since the sinusoidal P W M  sw itching 

technique involves the need fo r  a precise phase angle contro l. I t  is extremely im portan t that 

the commanded angle matches the actual produced angle at the ou tpu t o f  the inverter. 

Flaving the angles match a llow  the inverter to  achieve optim al pow er flow . Once the inverter 

con tro l is verified, the calculated ideal flyback duty ra tio  and inverte r phase angle con tro l 

relationships are investigated.

The experimental fixed relationship are found  by stepping the experimental system 

through steady w in d  speeds o f  increasing value and changing bo th  the duty ra tio  and inverter 

angle u n til the optim a l TSR is reached. The calculated theoretical optim a l values are used as 

a starting p o in t before pe rfo rm ing  the aforem entioned experiment. F rom  the experimental 

verification, actual fixed relationships between the con tro l outputs and in p u t generator 

frequency are created. Using these fixed relationships allows fo r  a simple open-loop con tro l 

that requires just the mechanical speed as the single con tro l input. Th is con tro l technique is 

sim pler than the current con tro lle r investigated during system sim ulation verifica tion  and 

thus m ore cost effective.
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6.2.1 Inverter Phase Angle Control

In itia lly  the P W M  switching, w ith o u t phase angle contro l, is tested by executing the LabV iew  

P W M  sw itching contro l. The inverter ou tpu t voltage and supply voltage are measured 

through an oscilloscope. I t  is expected that the inverter ou tpu t voltage w ill resemble a 10 

kH z  pulsed frequency signal w ith  a peak to  peak voltage equalling the D C -lin k  voltage.

D u rin g  sinusoidal P W M  switching, the top  level H -bridge inverte r sw itch is on a 

m ajority o f  the tim e when the reference signal reaches a positive peak. Likewise during the 

negative peak o f  the sinusoidal reference signal the lo w  side sw itch becomes activated fo r a 

larger po rtio n  o f  the sw itching period than the high side switch. Th is affect can be shown by 

look ing  at the inverter ou tpu t voltage during the period at w h ich  the sinusoidal reference 

voltage is at the positive and negative peak periods. Th is high-side and low-side sw itching 

theory is proven as i t  is shown in  Figure 6.4 and 6.5 respectively. The figure tim e scales are 

lim ited  to  a shortened period to  capture the high sw itching pattern o f  the inverte r ou tpu t 

waveform . This reduced tim e scale better shows the disparity in  sw itching period between 

the high and low  switch o f  the inverter. F o r this particu lar case a m odu la tion  index o f  0.6 is 

used w ith  the D C  power supply com m anding a D C -lin k  voltage o f  approxim ately 300 V , 

evident in  bo th  figures.

Inverter Output Voltage

-200
T im e (s)

Figure 6.4: Inverte r P W M  Switching at Positive Peak o f  Reference Signal

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Inverter Output Voltage

02 .025 0.0260

200 

150 

100

8  50 

0
4-1

’ o  0.
>  -50

-100 

-150

-200
T im e (s)

Figure 6.5: Inve rte r P W M  Switching at Negative Peak o f  Reference Signal

T o  determ ine the phase angle produced at the ou tpu t o f  the inverter, the grid  

voltage, grid  current, ou tpu t inducto r voltage, pow er factor angle, and ou tpu t inverter 

voltage are simultaneously measured. The 60 H z  fundam ental magnitude o f  each variable is 

needed and therefore, a Fourier transform  is perform ed on the recorded data using Madab. 

I t  is noted that the commanded angle fo r  this test experiment is set to  26° and the grid  

voltage is set arb itrarily  (not necessarily 120 V ) th rough a single phase variac. Through 

measurement o f  the grid  current, a 3.1° pow er factor angle, 0, between grid  voltage and 

current is observed.

The Fourier results, shown in  Figure 6.6, display the magnitude o f  the variables at 

frequencies ranging fro m  60 H z  to  500 H z. The results show that that the dom inant 

magnitude o f  each tested voltage occurs at the fundamental frequency o f  60 Hz. The 

magnitudes o f  each o f  the measured voltages are given in  Figure 6.7. The magnitude o f  the 

inverter ou tpu t voltage and grid  voltage are 112.06 V  and 102.86 V  respectively. By applying 

these voltage results to  equations 6.1 and 6.2, the actual phase angle is calculated to  be 

26.67°. The LabV iew  commanded reference angle sh ift and actual resulting angle are 

extremely close, show ing that the inverter angle con tro l perform s excellently.
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Figure 6.7: Inve rte r O u tp u t Phasor D iagram  fo r Angle V er if ication

j v l = v l COS(0) (6.1)

8  =  sin 1 (6.2)
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6.2.2 Fixed Relationship Control

In  leading up to  the im plem entation o f  the simple open-loop con tro lle r fo r  the conversion 

system, the theoretical fixed relationships fo r  the duty ratio and angle are firs t verified. In  

doing so, the experimental test rig  is stepped through a range o f  w in d  speeds. A t  each w ind  

speed the duty ra tio  and inverter angle are changed u n til the optim a l TSR is reached. The 

theoretical values, defined in  Chapter 5, are used as a starting p o in t in  the search fo r the 

perfect operating po in t.

The experimentally defined ideal duty ratio is shown in  Figure 6.8 along w ith  the 

commanded duty ra tio  and aforem entioned theoretical relationship. The experimental 

optim al duty ra tio  and commanded duty ra tio  are almost identical since a 5th order 

po lynom ia l is used to  curve f i t  the results. Th is po lynom ia l com m and relationship is used 

during the dynamic w in d  speed contro l. The large variation between the theoretical and 

experimental profiles is attributed to  assumptions made in  the theoretical flyback 

calculations. The theoretical calculations assume the use o f  an ideal transform er, and do no t 

account fo r  the snubber c ircu it added in  the test rig. The duty ra tio  levels o f f  at the end, 

indicating the need fo r  a m uch larger M O S F E T  on-tim e to  cope w ith  the increasing 

converter losses at the higher pow er levels.

0.58 Experimental Ideal Duty Ratio 
Theoretical Ideal Duty Ratio 
Commanded Duty Ratio

0.55

0.52

2 0.49

0.40

0.37

0.34
100 150 200 250 300 350

E lectrical Frequency (rad/s)

Figure 6.8: Comparison o f  O p tim a l D u ty  Ratio Relationships
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Similarly the inverter phase angle relationships are plotted in Figure 6.9. In this case a

2" order po lynom ia l is used fo r  the commanded phase angle during dynamic contro l. The 

discrepancies occur at the h igher pow er range since the theoretical calculations do n o t take 

in to  account any inverter losses. A  low er inverter phase angle directly results in  an increase in  

the flyback ou tpu t voltage and therefore, counters the effect o f  these inverter losses. 

Together the tw o  commanded relationships result in  optim a l pow er con tro l o f  the test rig.
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Figure 6.9: Com parison o f  O ptim a l Inverte r Angle Relationships
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Figure 6.10: Com parison o f  Theoretical and Experim ental Flyback In p u t D C  Voltage
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Figure 6.11: O p tim a l Power Curves at Various System Stages

D u rin g  the contro lle r verifica tion , the optim al flyback inpu t voltage is also recorded, 

depicted in  Figure 6.10. The plots shown are sim ilar since the theoretical calculations 

account fo r  the experimental diode rec tifie r voltage drops and com m utation overlap. Figure 

6.11 shows that the predicted turb ine power, resulting flyback in p u t and grid  ou tpu t power 

fo llo w  the anticipated relationship w ith  generator speed. The evident flyback and inverter 

losses are fu rthe r investigated during the contro lled  variable w ind  operation.

6.3 Variable W ind Profile Response

The experimental test r ig  is tested under the conditions o f  a variable w in d  p ro file  to  

determine the performance o f  the converter open-loop contro l. Before operating the system 

under any cond ition , an in itia l start up procedure is firs t implemented. The start-up allows 

the system to  enter steady state before the converter con tro l and w in d  p ro file  can be 

activated . The sta rt-u p  p ro c e d u re  is lis ted  as fo llow s:

1. Ensure all pow er supplies, g rid  components and cooling fans are plugged in.

2. Activate LabV iew  code and enable the inverter switching.

3. Set grid  RMS supply voltage to  120 V  using the single phase variac.

4. Enable the flyback sw itching w ith  an in itia l duty ratio o f  0.6.
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5. T u rn  on the w ind  em ulator con tro l at an in itia l constant low  w ind  speed.

6. Activate the power electronic converter duty ratio and angle contro l.

A  variable w in d  p ro file  that begins at 3.75 m /s  and reaches a m axim um  o f  10 m /s  is 

applied to  the experimental test rig  via equation 6.3.

v.. — 5.45 sin
36

+  0.8 sin { L *

V 4 7

+  3.75 (6.3)

Through  the con tro l verifica tion  i t  is iden tified  that the con tro lle r cu t-in  w in d  speed is 3.75 

m /s . D ue to  losses w ith in  the power electronic converter the test rig  requires a higher than 

optim a l generator speed at w ind  speeds below  3.75 m /s . Therefore, at these low er w ind  

speeds, an uncontro lled  case is ideal. V e rifica tion  o f  the open-loop con tro l is o f  the u tm ost 

im portance and therefore, w ind  speeds below  3.75 m /s  are disregarded.

The LabV iew  code records the TSR, mechanical speed, generator line-to-line  ou tpu t 

voltage, and grid  ou tpu t pow er (Figure 6.12) over tw o  w ind  cycles. Figure 6.13 shows the 

con tro lle r angle and duty ra tio  outputs, along w ith  the high-side D C -lin k  voltage.

200

Figure 6.12: D ynam ic System Results w ith  a Variable W ind  Speed
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Figure 6.13: V oc 2: Commanded Angle and D u ty  Ratio w ith  a Variable W ind  Speed

The contro lle r perform ance is shown to  be excellent since the TSR value remains 

near the optim a l value o f  7.8. A lthough  the TSR appears to almost reach 8, this is o f  little  

concern since the coeffic ient o f  perform ance (Cp) does n o t deviate significantly enough to  

result in  a noticeable reduction in  pow er capture. The TSR does slighdy decrease at lo w  w ind  

speeds. However, the converter continues to  draw pow er and h igh w in d  speed perform ance 

is m ore im portant. As expected, the generator ou tpu t voltage and mechanical speed fo llo w  a 

sim ilar fo rm  as the w ind  speed during system contro l. The converter captures pow er 

th roughout the entire w ind  p ro file , reaching a m axim um  o f  approximately 520 W .

The high-side D C -lin k  voltage varies slightly since i t  is in fluenced by b o th  the 

commanded duty ra tio  and angle. The large ou tpu t capacitance allows fo r a relatively 

constant ou tpu t D C -link . The slight d ip  in  the D C -lin k  voltage is attributed to  the less than 

optim al generator speed and low  TSR at low  w in d  speeds. The commanded con tro lle r 

outputs are sm ooth, and show the ab ility  o f  the con tro lle r to  quickly fin d  the next op tim a l 

operating po in t. The pow er levels at m ultip le  stages o f  the test r ig  are recorded, and are 

shown in  Figure 6.14.
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Figure 6.14: Various System Power Results w ith  a Variable W ind  Speed

This figure shows and compares the pow er levels ranging fro m  the expected turb ine 

power, generator ou tpu t power, flyback ou tpu t power and fina lly the grid  ou tpu t power. The 

results show that the flyback converter contributes m ost o f  the loss w ith in  the system. The 

generator efficiency is fa irly  high during the m a jo rity  o f  the w ind  range, w ith  a slight drop o f f  

at the peak power. O n  the o ther hand, the inverte r proves to  pe rfo rm  at the highest 

efficiency w ith  m in im a l losses th roughou t the entire w in d  profile . The losses shown fo r the 

flyback converter also include any losses produced by the three phase diode rectifie r, though 

they are assumed to  be m inim al.

Figure 6.15 depicts the generator and flyback efficiencies and energy transferred by 

the flyback converter. The efficiency o f  the flyback converter reaches a m axim um  o f  

approximately 80% during high w in d  speeds. The dim inished flyback efficiency may be 

caused by the M O S F E T  sw itching losses and snubber losses due to  transform er leakage 

reactance. The flyback converter receives about 72.53 k j o f  energy and is on ly able to 

transfer 56.21 k j o f  energy, resulting in  an overall flyback efficiency o f  77%.
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Figure 6.15: Flyback E ffic iency and Energy Capture w ith  a Variable W in d  Speed

A  powdered iro n  core is used fo r the transform er since i t  is readily available. I t  has 

been discovered that powdered iro n  cores are o f  greater use at h igher frequency above 100 

kH z  and operate at a relatively low  permeability. A llo y  metal cores have the highest 

saturation flux  density and perm eability among ferrites and pow der cores. A llo y  metal cores 

are lim ited  to  applications w ith  sw itching frequencies below  30 kH z  [37]. The flyback 

transform er requires a large am ount o f  energy to  be transferred at a sw itching frequency o f  

10 kH z. The alloy core is a form idable choice in  im prov ing  the flyback transform er 

performance under these experimental conditions.

6.4 Controller Step Response

The open-loop con tro lle r step response is tested by applying a 1 m /s  and 2 m /s  step change 

in  w ind  speed. A  rate lim it is placed upon the contro lled flyback duty ra tio  and inverter 

phase angle. Th is rate lim it is im plem ented fo r p ro tection  o f  the ou tpu t D C -lin k  capacitors 

tha t are rated at 450 V . Since a slight decrease in  the flyback duty ra tio  heavily affects the 

D C -lin k  voltage, i t  is im portan t to  no t a llow  this change to  occur instantaneously. A n
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instantaneous change could cause an over-voltage situation to occur. A  rate lim it o f  0.015/s 

is placed on the duty ratio, and a 5 ° / s rate lim it is placed on the inverter phase angle change.

The system is in itia ted using the startup steps previously m entioned in  order to  set 

the steady state condition. The w ind  speed is manually contro lled and slow ly increased to  a 

starting w in d  speed o f  6 m /s . Recording o f  the data is enabled and a step change o f  1 m /s  

(from  6 m /s  to  7 m /s ) is forced manually th rough LabV iew . The system and con tro lle r step 

response are depicted in  Figure 6.16.

The system response is sw ift after the 1 m /s  (3.6 k m /h )  step change is applied. The 

TSR quickly drops as the w ind  speed is stepped up, and the con tro lle r responds by altering 

the angle and duty ratio u n til the optim al p o in t is reached. The TSR, generator ou tpu t 

voltage and mechanical speed setde back to  the ir op tim al values. In  a sim ilar manner, a step 

dow n o f  1 m /s  is also applied. The system responds sim ilarly however, in  this case the TSR 

suffers a sudden increase. This increase is once again m itigated by the con tro lle r action un til 

the optim al value is reached.
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Figure 6.16: D ynam ic System Results w ith  a 1 m /s  W ind  Step Change
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Figure 6.17: V d c 2; Commanded Angle and D u ty  Ratio w ith  a 1 m /s  W ind  Step Change

The resulting con tro lle r action is also recorded. As shown, the duty ratio and angle 

b o th  under go changes once the step change is employed. A  0.0231 change in  duty ra tio  is 

required, w h ich, w ith  the rate lim it, requires 1.54 s o f  elapsed time. This change in  duty ratio 

is depicted in  the ram p decline and incline shown in  Figure 6.17. The angle change requires 

just 0.638 s, and is a m uch faster change as expected. A n  increase in  angle w ill norm ally 

decrease the D C -lin k  voltage, and a decrease in  duty ra tio  causes an increase in  the same 

voltage. A lthough  the duty ra tio  is changed at a m uch slower rate, i t  s till had a greater affect 

on the D C -lin k  voltage since voltage increase is observed during the step change.

T o  fu rthe r ve rify  the ab ility  o f  the con tro lle r to  handle a step change in  w ind  speed, a 

2 m / s step change is also applied. In  this case the w in d  speed is stepped from  5 m /s  to  7 

m /s  instantaneously. Th is is the equivalent to  a 7.2 k m /h  instantaneous w in d  gust. The 

system response and con tro l com m and signals are displayed in  Figure 6.18 and Figure 6.19 

respectively.
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Figure 6.19: V dc 2.. Commanded Angle and D u ty  Ratio w ith  a 2 m /s  W in d  Step Change
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The con tro lle r shows an excellent response to  the change in  w ind  speed. The 

deviation in  TSR during the step changes is again rectified back to  the optim a l value. The 

optim al values o f  mechanical speed, generator voltage and grid pow er are also achieved, bo th  

during step-up and step-down o f  the w ind  speed. The angle and duty ra tio  also change 

according to  the con tro lle r command, and are once again rate lim ited  fo r  protection. This 

rate lim it is clearly evident in  the figure, w h ich  displays a slight ram p in  the commanded duty 

ratio and angle. The D C -lin k  voltage experiences a slightly higher peak during  the increase in  

w ind  speed. A lthough  i t  does no t reach the m axim um  o f  450 V , this rise is again due to  the 

effect o f  quickly changing the duty ratio.

A  larger step change, fo r  example 3 m /s , may have caused this voltage to  exceed the 

450 V  causing LabV iew  to  abruptly shut the system down. Similarly, a step change at higher 

w ind  speeds w ill also cause a larger increase in  D C -lin k  voltage. F o r example, the 2 m /s  step 

change results in  an ou tpu t pow er change o f  124 W . I f  the change occurs fro m  8 m /s  to  10 

m /s , a power change o f  240 W  w ou ld  have been experienced. This larger change in  pow er 

may result in  the ou tpu t D C -lin k  voltage exceeding the 450 V  lim it.

6.5 Chapter Summary

This chapter provides the experimental results fo r  the w ind  energy converter test rig. The 

variable w ind  dynamic system results are provided, and the va lid ity  o f  the open-loop 

continual con tro lle r is verified. The con tro lle r response to  a subjected 1 m /s  and 2 m /s  w ind  

speed step change have also been proven acceptable.
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C h ap te r 7

C onclusions and F u tu re  W o rk

W ind  energy continues to  grow  w ith , technological advances in  pow er electronic devices 

leading the way. W ind  energy has become a viable source o f  energy th roughout the w orld , 

and competes w ith  trad itiona l means o f  energy p roduction . The goal o f  this research is to  

design a cost e ffic ien t power electronic converter, fo r a small-scale grid  connected w ind  

turbine. The converter con tro l is designed to  achieve m axim um  power transfer from  the 

w ind  turb ine over a w ide speed range. The converter is also low  in  cost as i t  on ly  requires the 

generator speed as an inpu t in  con tro lling  the flyback duty ra tio  and inverter phase angle. 

The proposed system keeps the cost to  a m in im um , w ith  jus t three pow er electronic switches 

and a simple open-loop con tro l scheme. In  addition i t  adds the desirable electrical iso lation 

through the flyback high frequency transformer.

Typically, grid  connected w ind  energy systems are comprised o f  back-to-back 

controllable converters. However, this configuration causes an increase in  cost even though 

contro llab ility  is enhanced. The m ethod o f  M P P T  con tro l has been w ide ly researched, and 

has proven to  provide reasonable performance. However, M P P T  encounters issues in  

reaching the optitna l operating p o in t during situations in  w h ich  the w in d  speed changes 

quickly. O the r systems employ a constant D C -lin k  voltage, usually set fo r  m axim um  

perform ance at the site average w ind  speed. A t  w in d  speeds above and below  the site 

average, these systems do no t operate at the m ost ideal po in t.

The proposed system employs a diode rectifie r fo r  the in itia l A C -D C  conversion, an 

immediate benefit to  the overall cost o f  the system. The system also includes a flyback D C - 

D C  converter in  the D C -link . Th is converter provides the necessary torque con tro l o f  the 

generator. The torque con tro l is perform ed through the m anipulation o f  the commanded 

flyback duty ratio, w h ich  forces an optim a l D C -lin k  voltage. The alteration o f  this voltage, in  

turn, alters the generator mechanical speed and operation o f  the w in d  turbine. In  addition, 

the flyback transform er is designed and constructed to  transfer the captured energy, and 

boost the D C -lin k  voltage fo r inverter conversion. The flyback transform er also provides 

isolation between the generator and grid. O the r systems require the added cost o f  a separate
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transform er since the ir converters do n o t provide the desirable electrical isolation. F o r 

flyback M O S F E T  pro tection , a snubber c ircu it is designed to  handle large voltage spikes 

during sw itch tu rn  o ff. F inally, the converter is concluded by a single phase inverter that uses 

phase angle con tro l to  p rovide m axim um  power transfer to  the grid.

The flyback converter con tro l fo llow s a fixed relationship between the optim al duty 

ra tio  and generator electrical frequency. Likewise, the inverter con tro l tracks a fixed 

relationship between the voltage phase angle and electrical frequency. This open-loop 

m ethod o f  con tro l proves to  fo llo w  the optim a l turb ine TSR excellendy fo r w ind  speeds 

ranging fro m  3.75 m /s  to  10 m /s . The con tro lle r response to  w ind  step changes o f  1 m /s  

and 2 m /s  is exceptional. In  bo th  cases the system returns to  the op tim um  p o in t a fter a b r ie f 

transient.

The benefits o f  a contro lled  system are verified  in  simulations, w ith  a current 

con tro lle r p rov id ing  increased pow er capture over results using a fixed D C -lin k . The 

proposed system is experimentally designed and constructed w ith  the w ind  turb ine emulated 

by a D C  pow er supply and D C  m otor. The w in d  emulation is contro lled  through LabV iew  

real-time contro l. The open-loop con tro l is preferred over the simulated current con tro l due 

to  a reduction in  com plexity. The con tro l relationships may be easily m od ified  fo r  d iffe ren t 

w in d  turbines having d iffe ren t coeffic ient o f  perform ance profiles. LabV iew  real-time 

con tro l also provides the means to  con tro lling  bo th  the flyback and inverter switching. The 

entire system is extremely cost effective, w ith  a to ta l o f  only 3 switches used in  com bination 

w ith  a simple open-loop contro l.

The proposed test rig  and con tro l operate w e ll th roughout the applied w ind  speed 

range. Some im provem ents may be made by firs t examining o ther design methods fo r  the 

flyback transform er. D ue to  tim e constraints, and o ther design obligations, the flyback 

transform er design is no t the main focus o f  this research. Placing m ore emphasis on the 

transform er design may im prove the flyback converter performance. O ver voltage concerns 

fo r  the D C -lin k  capacitors hindered the response o f  the controller. A n  increase in  capacitor 

voltage lim it  may allow  the con tro lle r to  sh ift operating points during w ind  gusts at a faster 

rate, i f  needed.

The use o f  open-loop con tro l on the inverter and flyback were a means to  verify ing  

the ab ility  o f  using the flyback converter as an op tion  fo r  a D C -D C  boost stage. Th is con tro l 

op tion  results in  a simple con tro l a lgorithm  at a reduced cost. I f  the cost o f  current and
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voltage sensors are n o t an issue than fu ture w o rk  may entail the use o f  a current contro l. 

Current con tro l may allow  fo r a reduction  in  the ou tpu t inducto r size and offers m ore 

p ro tection  as over current situations can be easily m onitored. Future w o rk  invo lv ing  the use 

o f  a current con tro l may also require a phase lo ck  loop  (PLL) in  order to  accurately match 

the phase o f  the grid  reference. The P L L  w ill help achieve an accurately contro lled P W M  

sw itching technique fo r  the current con tro l. F inally, a non-com puter contro l, possibly 

through analog components o r a P IC  (Peripheral Interface Contro ller), is an ideal choice fo r 

system practicality and future testing on a real w ind  turbine.
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