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Abstract

Wind power has been one of the fastest growing and most campetnew-
able sources in the past decade. After the massive ingtallat new wind power
generation systems (WPGSSs), efficient and reliable operati them has become
one main concern of the wind power industry. This thesis$eswon improving the
generation efficiency of WPGSs. The study is carried outdasgpermanent mag-
net synchronous generator (PMSG)-WPGS, which is one m&arstWPGS due to
the merits such as high reliability, high efficiency, low s®jfast dynamic response
and self-excitation on the rotor. A PMSG based wind turbimenects to the power
grid via back to back full-rate power electronic convertansl can be controlled to
rotate at a varying speed in variable wind power to achiegh kfficiency.

Chapter 1 starts an overview of typical WPGSs, includinfgdiint types of wind
turbines, generators and power electronic devices. Treethtiee typical operation
regions of a variable speed variable pitch wind turbine aesgnted, i.e. the first one
variable speed operation region, the second one fixed ratation speed operation
region, and the third one rated power operation region. érfitst operation region,
the control objective is achieving maximum power extrattioom the wind, so
called maximum power point tracking (MPPT). Methods for W&o achieve
MPPT are reviewed.

Areliable and efficient operation of a WPGS requires smowitching between
three operation regions when the wind speed changes betWweemt-in and the
cut-out speed. As different region has different controhtegy, thus the switch-
ing between different operation regions is required. Nomsth and excessive
switching between different control strategies will irduze fatigue loads during
the transitions period thus damage the mechanical part dP& 8/ Thus a smooth
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region switching logic is proposed in Chapter 2 to minimigéden changes during
switching. The proposed method is verified via simulatioradsth-order nonlin-
ear variable-speed wind turbine model and by hardwaréerkdop test based on
Speedflo and dSPACE platform.

Among all the MPPT methods, perturbation&observation (F&&so called
hill-climb-search (HCS) method, is commonly used in indpgtr small-scale wind
turbine as it does not require wind speed measurement andikmowledge of the
wind turbine characteristics. However, it may fail to trabk optimal power points,
or even lose its trackability in variable wind speed envin@mt. To tackle this chal-
lenge, a wind speed variation detection method is propasedgdrove performance
of the HCS method. With the wind speed variation detectiba wind turbine can
change its rotational speed according to the changes in syipdd. The proposed
method is verified in simulation and hardware-in-the-loegts with a PMSG based
WPGS. The simulation results show the proposed method ¢antdkee wind speed
variation during the operation such that the misleading@©8Hiuring variable wind
speed can be avoided. Results of hardware-in-the-loop $bstw that compared
with the conventional HCS method, the developed method ltgeehMPPT effi-
ciency. It can generate 4% more power than the conventio6& method with the
same wind speed input.

Besides HCS method, power signal feedback (PSF) is anathsible MPPT
method. PSF method needs the wind turbine’s optimal popeed curve as the
reference to control the rotational speed to track maximewep points. In in-
dustry, the wind turbine manufacturers need additionabdgramic experiments
to obtain the accurate optimal power-speed curve of winkiines. However, the
optimal power-speed curve of each type of wind turbines fferdint. Even for
the same wind turbine, the optimal curve may change afteéallason, due to the
change of operation environment such as temperature ieariand dust pollution.
To avoid those special tests, a method is proposed in Chépoemvind turbines to
on-site detect the optimal power-speed curve. With an atewptimal power-speed
curve, the WPGS can efficiently achieve MPPT by PSF controlh Bimulation and
hardware-in-the-loop tests show that the proposed metaodletect the wind tur-



bine optimal power-speed curve in variable wind speed. rtleaused to calibrate
PSF reference and improve the MPPT efficiency.

To verify the proposed MPPT algorithm, in Chapter 5, a desigmower elec-
tronics hardware is tested with a PMSG based WPGS and fimaftfemented in
a small scale prototype WPGS. The small scale prototypesimehtation and field
tests are given in Chapter 6. In Chapter 5, a diode rectifir C-DC boost con-
verter is designed and implemented as the generator-sideiter in a PMSG based
WPGS. The operation and model of DC-DC boost converter aengiDue to the
low cost and high reliability of diode rectifier, it is widelysed in PMSG based
WPGSs. A boost converter controls the dc-side voltage amgrufor MPPT and
steps up the voltage for grid connection.
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Chapter 1
Introduction and Literature Review

wind is a clean and environmentally friendly renewable gneesource that
can reduce our dependency on fossil fuels and has develapgtlyrin recent years
[1]. Over the past few years, wind power has shown the faséstof growth of
any form of electricity generation with its developmentratiated by concerns of
national policy makers over climate change, energy ditseesid security of supply
[2]. Figure 1.1 shows the global wind power capacity inslbetween 2000 to
2015. It indicates that at the end of 2015, the world’s winérgg installation
capacity reached 63013 MW, a 22% increase over 2014 [3].

This research is sponsored by European Regional Develdptuad. The project
is supported by the Centre for Global Eco-Innovation anthbolrated with Gencoa
Ltd. This project aims to develop a controller to improve #ffciency of wind
turbines. With literature review, models building, simiga and hardware exper-
iments, an advanced wind turbine controller was designédested in prototype
experiments.

This chapter presents a brief review of wind power genenatistem (WPGS).
It contains the configuration of WPGSs, including wind tuds, generators and
power electronics, and operation and control of WPGSs. édiure review of
maximum power point tracking (MPPT) is given in Section 1Motivations and
objectives, thesis outline and contributions are given.



1.1 Wind Power Generation Systems 2

1.1 Wind Power Generation Systems

1.1.1 Typical configurations

A WPGS consists of a wind turbine, a generator and relatecepelectronics.
There are a large number of choices of architecture availebthe designer of a
wind power generation system [2, 4, 5]. Typically, there tare well-known types
of WPGSs: fixed-speed and variable-speed wind power génesatstems.

Fixed-speed wind power generation system

Fixed-speed wind turbines basically operate at consta#dpThere are rela-
tively simple devices in a fixed-speed wind power generasigstem. It normally
consists of an aerodynamic rotor driving a low-speed shajgarbox, a high-speed
shaft and an induction generator. From the electrical sysiewpoint, they are per-
haps best considered as large fan drives with torque apialitte low-speed shaft
from the wind flow [2].

Figure 1.2 illustrates the schematic of a fixed-speed winvdgp@eneration sys-
tem. A fixed-speed wind power generation system consistsgfiarel-cage induc-
tion generator coupled to the power system through a tutibamsformer [6]. The
generator operating slip changes slightly as the operaiinger level changes and
the rotational speed is therefore not entirely constantcaBse the operating slip
variation is generally less than 1%, this type of wind powenegyation system is
normally referred to as fixed speed [7].

Squirrel-cage induction machines consume reactive pamet so it is conven-
tional to provide power factor correction capacitors ateamd turbine. The func-
tion of the soft-starter unit is to build up the magnetic fllovdy and so minimise
transient currents during energization of the generatdso Ay applying the net-
work voltage slowly to the generator, once energised, itdwithe drive train slowly
to its operating rotational speed [8].

For fixed-speed wind power generation systems, connedtmgntiuction gen-
erators to power system produces transients that are slnati@h with very high
inrush currents, thus causing disturbances to both theagdchigh torque spikes in
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Figure 1.1: Global wind energy installation capacity [3]
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Figure 1.2: Schematic of a fixed-speed wind power generaiistem [2]
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the drive train of wind turbines with a directly connectedution generator. Such
a transient disturbs the grid and limits the acceptable rurabwind turbines. The
high starting currents of induction generators are usuiatiged by a thyristor soft-
starter. The current limiter or soft-starter, based onighgr technology, typically
limits the RMS value of the inrush current to a level below timees of the generator
rated current. The soft-starter has a limited thermal agpand it is short-circuited
by a contactor, which carries the full-load current whendbenection to the grid
has been completed. In addition to reducing the impact ogtide the soft-starter
also effectively dampens the torque peaks associated hétlpeak currents, and
hence reduces the loads on the gearbox.

A fixed-speed wind power generation system, even thoughlsierm reliable,
severely limits the energy output of a wind turbine. Sinagé¢hs no torque control
loop, fluctuations in generated power are larger.

Variable-speed wind power generation system

Variable-speed technologies are widely used in wind poweegation systems
recently as the variable-speed operation of a wind turbyseesn has many advan-
tages. For instance, the wind turbine can increase or deeitsaspeed if the wind
speed and torque vary. This means less wear and tear on tke gwarbox, and
other components in the drive train. Also, variable-spegetiesns can increase the
production of the energy and reduce the fluctuation of thegoamjected into the
grid. In variable-speed systems, the generator is norntalhnected to the grid
through a power electronic system [9]. Currently, the mostimon variable-speed
wind power generation systems configurations are doublyrfddction generator
(DFIG) based WPGS and fully rated converter WPGS based om@hsynous or
induction generator.

A typical configuration of a DFIG based wind power generatigstem consists
of a wound rotor induction generator, a power converter aogba&bar as shown in
Figure 1.3. The wound-rotor induction generator has shgsito take current into
or out of the rotor winding, and the variable-speed opendsmbtained by injecting
a controllable voltage into the rotor at slip frequency [@, 1
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DFIG Transformer Grid

Power converter

1#1

Figure 1.3: Schematic of a DFIG WPGS with a back-to-back pa@eaverter [2]

Induction/Synchronous
generator Power converter Transformer Grid

1

Figure 1.4: Schematic of WPGS with a fully rated back-toko@anverter [2]

The typical configuration of a fully rated converter WPGShswn in Figure
1.4. This type of wind power generation system may or maymatide a gearbox.
A wide range of electrical generator types can be employea¥ample, induction,
wound-rotor synchronous or permanent magnet synchronous.

Generators

Doubly fed induction generator (DFIG)

The DFIG based WPGS use a wound-rotor induction generatosvistator
winding connected to the grid through a transformer and netoding fed through
a variable-frequency power converter [11]. The power caevelecouples the grid
electrical frequency from the rotor mechanical frequergbling variable-speed
operation of the wind turbine. The generator and conveaerprotected by voltage
limits and an over-current ‘crowbar’ [2].
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A DFIG based WPGS can deliver power to grid through the stamat rotor,
while the rotor can also absorb power. This depends on tlatiootl speed of the
generator. If the generator operates above synchronoes spewer will be deliv-
ered from the rotor through the converters to the grid, anldgfgenerator operates
below synchronous speed, then the rotor will absorb povesn fthe grid through
the converters. By controlling the active power of the cotere it is possible to
vary the rotational speed of the generator, and thus thelsydeke rotor of the wind
turbine [9].

Permanent magnetic synchronous generator (PMSG)

PMSG has the property of self-excitation, which allows aeragion at a high
power and a high efficiency. This makes it widely employed iR®@Es [4]. PMSG
avoids the field current supply or reactive power compeosd#cilities needed by
wound-rotor synchronous generators and induction gemarand it also removes
the need for slip rings [2]. The efficiency of PMSG is highearthn the induction
generator, as the excitation is provided without any enstgpply.

The synchronous machine can provide its own excitation emdgtor. Such ex-
citation may be obtained using either a current-carryinggivig or permanent mag-
nets. The wound-rotor synchronous machine has a very bésieature compared
with its permanent magnets counterpart, namely an adjlesexdzitation current
and, consequently, control of its output voltage indepahdé load current. This
feature explains why most constant-speed generators usedwotors instead of
permanent magnets excited rotors. The synchronous genérawind turbines is
in most cases connected to the network via an electronicectenw Therefore, the
advantage of controllable no-load voltage is not as cfitica

Wound rotors are heavier than permanent magnet rotors gmchtly bulkier
(particularly in short pole-pitch synchronous genergtofdso, electrically excited
synchronous generators have higher losses in the rotorivgsd Although there
will be some losses in the magnets caused by the circulatieddy currents in the
permanent magnets volume, they will usually be much lowan the copper losses
of electrically excited rotors. This increase in coppesswill also increase on
increasing the number of poles [2].
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In a conventional wind turbine, a gearbox is used betweenutiene and the
generator as the turbine speed is much lower than the geneted. An alter-
native is to use a generator for very low speed. The genetatothen be directly
connected to the turbine shaft.There are two main reasonssfog direct-driven
generators in wind turbine systems. Direct-driven gewoesadre favoured for some
applications due to the reduction in losses in the driventaaid less noise [2]. The
most important difference between conventional and dideiwen wind turbine gen-
erators is that the low speed of the direct-driven generatikes a very high-rated
torque necessary. This is an important difference becgssize and the losses of
a low-speed generator depend on the rated torque ratheoth#re rated power.
A direct-driven generator for a 500 kW, 30 RPM wind turbines ltlae same rated
torque as a 50 MW, 3000 RPM steam-turbine generator [2].

Wind turbines

A wind turbine is a device for extracting kinetic energy frohe wind. There
is a variety of wind turbine types. It can be divided by stawetinto horizontal and
vertical wind turbine types. Practical horizontal axis ditrbine designs use air-
foils to transform the kinetic energy in the wind into mecicahenergy. Depending
on the design of the pitch in wind turbines, there are fixedrp#nd variable pitch
blades wind turbines. And also there are different typesiaofiiturbines depends
on the yaw systems [5].

Wind turbine characteristics

Wind turbines produce electricity by using the power of thedivto drive an
electrical generator. The wind passes over the bladesrafenglift and exerting a
turning force. The rotating blades turn a shaft inside theehe, which goes into a
gearbox. The gearbox increases the rotational speed twlhtett is appropriate for
the generator, which uses magnetic fields to convert théoatd energy into elec-
trical energy. The power output goes to a transformer, wbiciverts the electricity
from the generator to the appropriate voltage level for th&gy collection system.

A wind turbine extracts kinetic energy from the swept areghefblades. The

power in the airflow is given by [12,13]:
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1
Puir = 50A Vi (1.1.1)

wherep = air density (approximately 1.225 kg3 )
A, = swept area of rotor,
V., = upwind free wind speed, m/s.
Although Equation 1.1.1 gives the power available in thedvifihe power trans-
ferred to the wind turbine rotor is reduced by the power coieffit, C,,:
b,

Cy =5 (1.1.2)

1
P, = CyPuir = Cy x 5pA V) (1.1.3)

A maximum value ofC, is defined by the Betz limit [5, 12], which states that
a turbine can never extract more than 59.3% of the power frorairastream. In
reality, wind turbine rotors have maximu@), values in the range 25-45%.

A is a defined tip-speed ratio, as

W Rb

A
Vi

(1.1.4)

where

w, = rotational speed of rotor, rad/s

Ry, = radius to tip of rotor, m

The tip-speed ratio) and the power coefficient;,, are dimensionless and so
can be used to describe the performance of any size of wilheirotor. The
maximum power coefficient is only achieved at a single tipespratio. For a fixed
rotational speed of the wind turbine, this only occurs anglsi wind speed. Hence,
one argument for operating a wind turbine at variable roteti speed is that it is
possible to operate at maximutfy over a range of wind speeds.

The power output of a wind turbine at various wind speeds r/entionally
described by its power curve. The power curve gives the gtetade electrical
power output as a function of the wind speed at the hub heihtexample of a
power curve is given in Figure 1.5.

Liuying Li



1.1 Wind Power Generation Systems 9

[ ¥}

Electrical power [MW]

Cut in wind speed
0.5

T

1} 1

= i

: .

1 H

: i

E Rated wind speed E

L} .

! Cut out wind speed —\:

v i

0 T T T T T

0 5 10 15 20 25 30
Wind speed [m/s]

Figure 1.5: Power curve for a 2MW wind turbine

The power curve has three key points on the velocity scale:

e Cut-in wind speed - the minimum wind speed at which the maehiill de-
liver useful power.

e Rated wind speed - the wind speed at which rated power isragtgrated
power is generally the maximum power output of the eledtgeaerator).

e Cut-outwind speed - the maximum wind speed at which theerisi allowed
to deliver power (usually limited by engineering loads aafiy constraints).

Below the cut-in wind speed speed, the wind turbine remaing down as the
speed of the wind is too low for useful energy production. lence in operation,
the power output increases following a broadly cubic refahip with wind speed
until rated wind speed is reached. Above rated wind speeddtwmdynamic rotor is
arranged to limit the mechanical power extracted from thedwind so reduce the

mechanical loads on the drive train. Then at very high wineesis the turbine is
shut down.
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Power electronics

Power electronics is a key component of a wind power germeratistem. With-
in the wind turbine generator, power electronics converége used to control the
steady-state and dynamic active and reactive power flowddram the electrical
generator.

As all of the power from the turbine goes through the powerveaers, the
dynamic operation of the electrical generator is effetyivgolated from the power
grid [14]. The electrical frequency of the generator mayyvas the wind speed
changes, while the grid frequency remains unchanged, tlovgireg variable-speed
operation of the wind turbine [15].

The power converters can be arranged in various ways. Whéreagenerator-
side converter can be a diode rectifier ora PMW voltage saooeerter (VSC), the
grid-side converter is typically a PWM-VSC. The strategytmtrol the operation
of the generator and the power flows to the network dependsmerch on the
type of power converter arrangement employed. The grid-s@hverter can be
controlled to maintain the DC bus voltage constant. Actiegevgr is transmitted
through the converters with very little energy stored inEt@link capacitor. Hence
the torque applied to the generator can be controlled byeh&ark-side converter.
Each converter can generate or absorb reactive power indepty [16, 17].

The variable-speed operation can be achieved by using @aypkucombination
of generator, synchronous or asynchronous, and a poweraéacinterface. Table
1.1 summarizes the application of VSCs for different getoereonfigurations [2].

Diode bridge-VSC with DC-DC boost converter

Figure 1.6 shows an arrangement of a diode bridge-VSC witlCeDI@ boost
converter. In this configuration, power can only flow from gemerator to the grid.
The generated AC voltage and current are converted into @ tise diode bridge
and then inverted back to AC using the PWM-VSC. This arrareggrdecouples the
wind turbine from the AC grid, thus allowing variable-spesgkration of the wind
turbine. The PWM-VSC is generally controlled to maintaie C link capacitor
at a constant voltage. This will ensure the power transfexden the DC link and
the grid. The active power of the generator is controlleddjysting the duty cycle
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Generator Power electronic conversion used
DFIG Back-to-back VSCs
connected to the rotor
PMSG Diode bridge-VSC and back-to-back VSCs

connected to the armature
Wound rotor Diode bridge-VSC and back-to-back VSCs
synchronous generator  connected to the armature and field

Table 1.1: Generated energy comparison of power transferage the batteries

D of the DC-DC boost converter through a controller, whetbageactive power is
adjusted by the grid side inverter.

A DC/DC boost converter with a three-phase diode rectifiedus a wind power
generation system could simplify the control and potelyti@duce the cost of the
system. There are two distinctive characteristics of §pe tof wind energy system
[18]:

1. The rotor flux of the synchronous generator is produceddsgnpnent mag-
nets or rotor field winding, and, therefore, the generat@sdwot require the
rectifier to provide magnetization as it does for the induttjenerators.

2. The output DC voltage of the boost converter can be regaif@creased) to a
level required by the inverter. This is especially impottrow wind speeds,
when the output voltage of the diode rectifier is too low foe thverter to
operate properly.

Back-to-back VSCs

The back-to-back VSC is a bi-direction power converter ciimg) of two volt-
age source converters as shown in Figure 1.7.

The IGBTs on the generator-side VSC are controlled using &R&é¢hnique.
The classical PWM is carrier-based PWM where a referenaeakidy,..;, which
varies sinusoidally, is compared with a fixed-frequencgrgular carrier wavefor-
m, V,,.;, to create a switching pattern. If a single-phase two-I&&C is consid-
ered with the waveforms shown in Figure 1.8, then signal & BT is 1 when
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Figure 1.6: VSC with a three-phase diode bridge and DC/DGboanverter [2]
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Figure 1.7: Back-to-back VSCs [2]
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Vier > Vii. The signal is -1 wheW,.; < Vi, The PWM switching pattern is
shown in Figure 1.9. In variable-speed wind turbines, tiegdency of the sinu-
soidal reference waveforni{. ; in Figure 1.8) is locked to the frequency of the gen-
erated voltage. Therefore, the frequency of the outpuagelobf the VSC contains a
component at the frequency of the generated voltage, eeféoras the fundamental
and also higher-order harmonics. The magnitude of the VS@ubwoltage can
be controlled by changing the amplitude modulation index thie phase angle can
be controlled by controlling the phase anglelof; with respect to the generated
voltage [2].

The main advantages of using back-back VSCs include thewolh: (a) it has
been applied in industry for many years; (b) many manufacsuproduce compo-
nents specially designed for this type of converter; anth@decoupling of the two
VSCs through a capacitor allows separate control of the mverters [17].

1.1.2 Operation and control

A wind turbine is essentially a device that captures parhefwind energy and
converts it into useful work. In particular, WPGS connectedhe grid must be
designed to minimise the cost of supplied energy ensurifggggzeration as well as
acoustic emission and power quality standards [19].

The minimisation of the energy cost involves a series ofiglarbjectives. These
objectives are actually closely related and sometimesictnff. Therefore, they
should not be pursued separately. Conversely, the questiofind a well-balanced
compromise among them. These partial goals can be arranggx ifollowing
topics [19]:

e Energy capture: Maximization of energy capture taking aotof safe op-
eration restrictions such as rated power, rated speed daralitwind speed,

etc.

e Mechanical loads: Preventing the WECS from excessive dimamchan-
ical loads. This general goal encompasses transient Idegation, high
frequency loads mitigation and resonance avoidance.
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Figure 1.10: Wind turbine operation regions division

e Power quality: Conditioning the generated power to compithintercon-

nection standards.

Operation regions

The ideal power curve exhibits three different regions wli#ftinctive generation
objectives (Figure 1.10). At low wind speeds (Region 1), @kailable power is
lower than rated power. The available power is defined as ¢inepin the wind
passing through the rotor area multiplied by the maximumeraeefficientC,, ..

So, the generation objective in region 1 is to extract all dkailable power.
Therefore, the ideal power curve in this region follows aicygarabola defined by
Equation 1.1.1 [19].

On the other side, the generation goal in the high wind spegidm (Region 3) is
to limit the generated power below its rated value to avorrimading. In this region
the available power exceeds rated power, therefore thatunbust be operated with
efficiency lower thart’, ... Finally, there is region 2, which is actually a transition
between the optimum power curve of Region 1 and the constavedine of region
3. In this region, the rotational speed is limited to maim@coustic noise emission
within admissible levels and to keep centrifugal force®belalues tolerated by the
rotor. Eventually, in the case that such a speed limit is eathed, Region 2 may
not exist, and the optimum power curve (i.e. Region 1) mayinae until getting

to rated power [19].
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Mechanical load

To minimise of the energy cost, the control system shouldmextely be de-
signed to track as tightly as possible the ideal power curnv&act, the other control
objectives must not be ignored. For instance, the mechidoads of wind turbines
are exposed to must also be considered [20] [21]. Mechatveals may cause
fatigue damage on several devices, thereby reducing tHal lise of the system.
Since the overall cost of the WPGS is spread over a shortexdoef time, the cost
of energy will rise.

There are basically two types of mechanical loads, namelycsand dynam-
ic ones. Static loads result from the interaction of the inetwith the mean wind
speed. Much more important from the control viewpoint are diynamic load-
s, which are induced by the spatial and temporal distribugbthe wind speed
field over the area swept by the rotor. Dynamic loads compssations in the
net aerodynamic torque that propagate down the drive-gadhvariations in the
aerodynamic loads that impact on the mechanical strucfiurey are the so-called
drive-train and structural loads, respectively.

There is also another common classification of dynamic lo@asthe one hand,
there are the transient loads, which are induced by turbaland gusts. They are
predominantly of low frequency. Transient loads have vargartant implications
in high wind speeds, particularly for the determination fué tomponents rating.
The transition between maximum power tracking (Region 1)) @ower regulation
(Region 3) and the way power is limited in above rated wincegigehave a direc-
t impact on transient loads. Unsuitable control strategiey inevitably lead to
strong transient loads. Therefore, the planning of therobstrategy must also take
them into consideration. In addition, controller setup dedign also influence the
transient loads. In fact, the tighter the closed-loop sysialows the steady-state
control strategy curve after a wind gust, the heavier thesiemt loads will be [19].

On the other hand, rotational sampling induces high-fraqueyclic loads con-
centrated around spectral peaks at multiples of rotor speedan N-bladed wind
turbine, the spectral peak at NP predominates in cyclicemigin loads whereas the
energy of cyclic structural loads is mainly concentratesiad 1P and NP. When
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propagated down the drive-train and structure, cyclic $oady excite some of the
poorly damped vibration modes of the system. In this respexcttrol systems are
increasingly important as the wind turbines are larger &meit tomponents more
flexible [22]. Cyclic loads are highly influenced by the cahtstrategy as well as
by the controller setup and design. For instance, the cbotrie electric gener-

ator affects the propagation of drive-train loads wheréaspitch control impact-

s directly on the structural loads. Therefore, inapprdpr@ontrol designs might
accentuate the vibration modes, potentially leading todésruction of some me-
chanical devices such as gearbox or blades. The controllet provide damping

at the vibration modes whenever possible in order to mitiiggh frequency loads
and reduce the risk of fatigue breakdown. On the other hdr&¢control strategy
must avoid operation at points where those vibration mddgsdannot be damped
by the controller are likely to be excited [23].

Wind turbines control

Stall control

Many turbines are stall-regulated, which means that thédslare designed to
stall in high winds without any pitch action being requiré€this means that pitch
actuators are not required, although some means of aenmilybsaking is likely to
be required, if only for emergencies [13].

In order to achieve stall-regulation at reasonable winetdpethe turbine must
operate closer to stall than its pitch-regulated countérpasulting in lower aero-
dynamic efficiency below rated. This disadvantage may beyatéd in a variable-
speed turbine when the rotor speed can be varied below matedier to maintain
peak power coefficient.

For the turbine to stall rather than accelerate in high wittts rotor speed must
be restrained. In a fixed speed turbine, the rotor speedtraiesd by the generator,
which is governed by the network frequency, as long as tlgioremains below the
pull-out torque. In a variable speed turbine, the speed iataiaed by ensuring that
the generator torque is varied to match the aerodynamici¢oré variable-speed
turbine offers the possibility to slow the rotor down in higinds in order to bring
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it into stall. This means that the turbine can operate furtien the stall point in
low winds, resulting in higher aerodynamic efficiency. Hoee this strategy means
that when a gust hits the turbine, the load torque not onlythaise to match the
wind torque but also has to increase further in order to skmvdtor down into stall.
This removes one of the main advantaged of variable-speedtpn, namely that
it allows very smooth control of torque and power above rated

Yaw control

Horizontal axis wind turbines need some means to directuharte towards
the wind. The entire nacelle is rotated about the tower to trewotor out of the
wind [7]. Usually, this is accomplished actively with an@técal or hydraulic servo.
A wind vane placed on top of the nacelle senses the wind dbrecHowever, the
nacelle is mechanically parked most of the time. The serattivated only when
the mean relative wind direction exceeds some predefinats|ja].

If the yaw parking mechanism is stiff, then large dynamicd®appear in its
components and the tower. It may be better to make it flexfbleinstance, with
mechanical suspension devices. An alternative is to usgthienotor continuously,
instead of parking the nacelle. The same dynamic behavewith a spring and
damper suspension can theoretically be obtained with tegddbf the yaw angle
[24].

The disadvantage of this concept is the increased demantsoraw servo.
Continuous operation leads to increased wear. The ratirtge anotor, for example,
the maximum torque and speed, may have to be improved. Forthe, additional
or improved measurements may be required [24].

Pitch control

Pitch angle regulation is required in conditions above #ted wind speed when
the rotational speed is kept constant. The blades are filysiotated about their
longitudinal axis. Small changes in pitch angle can haveamadtic effect on the
power output. The purpose of the pitch angle control migHebé:

1. Optimizing the power output of the wind turbine. Belowegtwind speed,
the pitch setting should be at its optimum value to give maxmpower.

2. Preventing input mechanical power to exceed the desigitsli Above rated
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wind speed, pitch angle control provides a very effectivanseof regulating
the aerodynamic power and loads produced by the rotor.

3. Minimizing fatigue loads of the turbine mechanical comemot. It is clear
that the action of the control system can have a major impadhe loads
experienced by the turbine. The design of the controllerttake into account
the effect on loads, and the controller should ensure thagsstve loads will
not result from the control action. It is possible to go ferthhan this, and
explicitly design the controller with the reduction of cart fatigue loads as
an additional objective.

One advantage of blade pitch control is that aerodynamidsi@ae controlled
directly without undesirable transmission through theeltrain and turbine struc-
ture [26].

In some commercial wind turbines, pitch control in Regiors érformed us-
ing the proportional-integral-derivative (PID) collegtipitch control law [27]. The
output signal of the pitch angle controller can be eithedélaitch angle or rate
of change. While collective blade pitch requires only a krgput, single-output
controller, many utility-scale turbines allow the bladesbe pitched independent-
ly. If additional sensors and measurements, such as staaigeg measuring tow-
er or blade bending moments, are available for feedback, nindti-input, multi-
output individual blade pitch controllers can be desigraedrhproved performance
[27,28].

Generation and power electronics control

The power converter can be arranged in various ways. Whalgémerator-side
converter can be a diode-based rectifier or a PWM voltageceotwnverter, the
strategy to control the operation of the generator and pdhess to the network
depends very much on the type of power converter arrangesngpibyed.

Control of the generator side converter

The operation of the generator and the power transferred fh@ generator to
the DC link are controlled by adjusting the magnitude andexafithe voltage at the

Liuying Li



1.1 Wind Power Generation Systems 20

4
E,Z0 Vi La,

P
ref N P, ,x“ Xy Network
LA a,= PWM

E TV
> I:L,\,

o1
El
T

E, —e—» Xy V,(=E,)
V=E,—

Figure 1.11: Load angle control of the generator-side cdeve

AC terminals of the generator-side converter. This can Iéesed using the load
angle control technique or vector control techniques.

Load angle control

The load angle control strategy employs steady-state pa@requations to
determine the transfer of active and reactive power betweemgenerator and the
DC link. The implementation of the load angle control schesnghown in Figure
1.11. The major advantage of the load angle control is itpkoity. However,
as in this technique, the dynamics of the generator are ntidered, it may not
be very effective in controlling the generator during a siant operating condition
[7]. Hence an alternative way to control the generator ismpley vector control
techniques.

In Figure 1.11,F, is the magnitude of the generator internal voltadg,the
synchronous reactancg, the voltage at the converter terminats, the phase dif-
ference between the voltagés andV;, P, . and@, . are the reference value of
the active and reactive power.

Vector control

Vector control techniques are implemented based on thendignaodel of the
synchronous generator expressed in the dq frame. The dg fsadefined as the d
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Figure 1.12: Vector control of the generator-side converte

axis aligned with the magnetic axis of the rotor (field). A Bhtroller is used to reg-
ulate the error between the reference and actual curramesal’ he implementation
of the vector control technique is shown in Figure 1.12 [2].

In Figure 1.127; andT;,, are electromagnetic and mechanical torgueis field
flux linkage, X s = wsLgs, Xas = wsLgs aNdEq = wsLy,qip WhereL,, andL,, are
the d and g axis inductance,,; is mutual inductance in d axis; is field current.
For the vector control, the reference stator current on sliaxi , is set to zero. The
current referencé,, .. which is the reference stator current on g axis is determined
from the torque equation.

The torque control is exercised in the g axis and the magatetiz of the gener-
ators is controlled in the d axis.
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Control of the grid side converter

Wind turbines deliver the generated power to the electnid through power
converters. A typical grid-side converter for wind powemnggtion systems is
shown in Figure 1.13, where a PWM-VSC is used as an example.c®hverter
is connected to the grid through a line inductahigewhich represents the leakage
inductance of the transformer [18].

The objective of the grid-side converter is to maintain th&IDdk voltage at the
reference value and export active power to the grid. In adithe controller is
designed to enable the exchange of reactive power betweecotiverter and the
grid as required by the application specifications [2, 7]e Tinid side converter is
modulated by the PWM schemes. Both load angle control tecienand vector
control technique can be used to control the grid side coewtr achieve its control

objectives.

1.2 Literature Review of Maximum Power Point Track-
ing Methods

From Figure 1.10, there are three different operationaioresy Regionl is
bounded by the cut-in speed and the rated rotational spedtiouh the speed
of the wind turbine could be fixed or variable, maximisatidmh® extracted energy
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is achievable with variable speed wind turbines only. Theskines can change
their rotational speed to follow instantaneous changedia \speed.

In order to determine the optimal operating point of the wimdbine, inclusion
of an MPPT algorithm in the system is essential. Much has begten on the topic
of MPPT algorithms, especially of wind energy systems. Biipumar et al. [29]
presented a comprehensive review and discussion of thexetff MPPT algorithm
used in the WPGS, with three categories: indirect powerrotiat, direct power
controller and hybrid controller. Studies [30] reviewedmpg@ublished wind MPP-
T algorithms and compared some of the wind MPPT algorithrastiqularly for
PMSG driven wind turbines. The authors in [31] reported thate is an increasing
trend of MPPT algorithm use among researchers over the paatid.

This section summaries the main methods for PMSG based vowedipgenera-
tion system to achieve MPPT.

1.2.1 Tip speed ratio (TSR) MPPT algorithm

In the TSR MPPT algorithm, it is required to keep up the TSRrt@ptimum
value at which extracted energy is maximised by regulatwegrotational speed of
the generator. The block diagram of this method is showngaiéi 1.14 [29,32]. In
this method, the optimum rotational speed is compared Wetattual value and the
difference is then given to the controller, which changessibeed of the generator to
reduce this error. Thus the mechanical power of the genmesatontrolled to track
its maximum value. The optimum rotational speed in Equati@l is determined
from Equation 1.1.4 as:

Win_opt = Aopt Vaw/ R (1.2.1)

wherew,, ., IS the optimum mechanical rotation speed,; is the optimum tip-
speed-ratio},, is wind speed an,, is rotor radius.

This method requires an anemometer for the wind speed mesasut and also
the pre-known value of the optimal TSR to convert the wincesji@easurement into
the corresponding reference for optimal rotational spédtthough TSR algorithm
is simple and efficient, additional experiments are requfce getting the optimal
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Figure 1.14: The block diagram of TSR MPPT algorithm [29]

TSR value and a precise measurement of wind speed causesthenayore costly
[30-32].

1.2.2 Optimal torque (OT) MPPT algorithm

The principle of this method is to adjust the mechanicaldergccording to a
maximum power reference torque of the wind turbine at a giviewl speed [33, 34].
The generator torque is determined as a functiokh afdw,,. If the turbine’s rotor
is running at\ = A, it will also run atC,, = C,, ... Thus from Equation 1.1.1, it
can be obtained:

1 Cpomaz 3

Pm_opt = §p7TR5Twm (122)

opt
In the OT algorithm, the torque of the generator is contrbiteobtain optimum
torque reference curve according to the maximum power ofvine turbine at a
given wind speed. A%®,, = w,,T},, the expression for optimum mechanical torque

of the turbine can be written as:

1 C mazx
Tm_opt == §p7TR5§_TW72n (123)

opt
The block diagram of OT algorithm is shown in Figure 1.15. sltai torque-
control-based algorithm, where the analytical expressibthe optimum torque
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Figure 1.15: The block diagram of OT MPPT algorithm [29]

curve, represented by Equation 1.2.3 and Figure 1.16, egig a reference torque
for the controller that is connected to the wind turbine. sTbptimum reference
torque is subtracted with actual torque to give the contigna to the controller,
which then minimises the difference between them.

This MPPT algorithm has the advantage of simple and fast. édewy it needs
the actual torque value for feedback. Besides, the OT curvieh affects the MPPT
efficiency, need to be obtained via experimental tests [3p—3

1.2.3 Power signal feedback (PSF) MPPT algorithm

Classically the most popular approach of MPPT is PSF algorif32]. The
block diagram of PSF algorithm is shown in Figure 1.17. InR&¥ algorithm, the
controller reduces the error between optimum powgr,,; and actual power. The
optimum powerF,, ., iS generated either using a pre-obtained power-speed curve
or using the expression of turbine output power as shown urakon 1.2.2.

In this method, the reference optimum power curve of the vimbine should
be obtained before. Then the data points for maximum outparepand the corre-
sponding wind turbine speed in a lookup table or a functiopleging the product
of the cube of measured rotational speed with the optimumpgtmnality constan-
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t [38-40].

According to Raza Kazmi et al. [41], there is no differencensen the PSF and
the OT methods in performance and complexity of implemémah wind power
generation systems. Although this algorithm is widely uisedind power genera-
tion systems, it requires the optimal power-speed curvelhvtequires aerodynamic
tests. Moreover, these characteristics can dramaticadipge with time and factors
such as dirt and ice on the turbine blades [39, 42].

1.2.4 Perturbation and observation (P&O) or called hill climb
search (HCS) MPPT algorithm

The perturbation and observation (P&O) or called hill clisgarch (HCS) MPP-
T algorithm is a mathematical optimisation strategy usesetarch for the local op-
timum point of a given function [29, 30, 43]. This algorithnvolves a perturbation
in the reference signal, generally the generator rotordgspe¢he terminal voltage
or current and observing the change in the power. In thisrithgo, if the operating
point is on the left side of the peak point, the controller trasve it to the right
to be nearer to the peak point, and vice versa if it is on thercttue [44—46]. The

principle is shown in Figure 1.18.
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The P&O or HCS algorithm is widely used in wind power generagystems as
it is independent, simple and flexible. Besides, it does eqgtire prior knowledge
of the wind turbine’s characteristic curve. However, il$ap reach the maximum
power points under rapid wind variations if used for largd aredium inertia wind
turbines. Additionally, one major drawback that can leathtfailure of the track-
ing process is the lack of distinction between the poweedtifices resulting from
the change in the wind with those resulting from the changberprevious pertur-
bation [47].

1.2.5 Other MPPT algorithm
Hybrid MPPT algorithm

One simple and effective solution to overcome the drawbattee conventional
MPPT algorithms is by hybridization of two or more MPPT aligjums [41, 48—
51]. An example of these methods was proposed in [49]. Theréwa modes of
operation: the first one is a P&O mode, in which the convemtidred step P&O
MPPT algorithm is initially activated to search for an MPRaay local wind speed.
Once the MPP is detected and the voltage and current are redasite unknown
parameterk) is easily calculated. Once tlhas extracted, it will be used to calculate
the optimal current curve, and at that time the hybrid MPRjbathm current curve,
and at that time the hybrid MPPT algorithm switches to thesdenode, which can
track the MPP based on the equation withAnother example was the combining
of PSF control and HCS by Quincy and Liuchen [48] to developreserless and
flexible method that is applicable to all wind turbine levels

Fuzzy-based MPPT algorithm

Many control strategies [52—-56] have been proposed thathes&uzzy Log-
ic Control (FLC) for MPPT applications either independgridt along with other
methods. Fuzzy logic control generally consists of threges: fuzzification, rule
base table lookup, and defuzzification [31]. In the fuzzifma stage, input vari-
ables are converted into linguistic variables based on almeship function. The
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commonly used inputs to an FLC are error and change in eresed@on the input,
a rule base lookup table obtained by prior knowledge of trstesy’s response to
various errors, the FLC generates output, which is typicalthange in duty ratio
or rotor speed. In the defuzzification stage, the FLC outputonverted from a
linguistic variable to a numerical variable using anoth@mmbership function. An
example of fuzzy-based MPPT algorithm is shown in Figuré® I57].

Although fuzzy-based MPPT algorithms have been shown topemwell under
varying atmospheric conditions, their effectiveness depeon a lot on the knowl-
edge of the user in choosing the right error, levels of mestbprfunctions, and
selection of rule base table. The memory requirement alsegplmitations in its

implementation [29, 31].

Neural network (NN)-based MPPT algorithm

Both fuzzy logic controller and neural network (NN) have & popular and
expanded with the development of soft computing techno]68y58—63]. A neural
network consists of three layers: input, hidden and outpygrs. The number of
nodes in each layer vary and are user dependent [64].In wometipgeneration
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Input Layer Hidden Layers Ouput Layer

Figure 1.20: The structure of a NN used for estimation ofraptiturbine power and
speed [29]

systems, the input variables of NN based MPPT algorithm eanibd speed, pitch
angle, rotor speed, output torque, terminal voltage, etang combination of these.
The output is generally a reference signal like duty cyctdenence rotor speed,
reference torque, etc. that is used to drive the power ctenvepse to the MPP. An
example of NN used for estimation of optimal turbine poweat apeed are given in
Figure 1.20.

The convergence of operating point to the peak point dependbte weights
assigned to the layers, the type of algorithm used by theehidialyer and the train-
ing given to the neural network for a particular system fdfedent input-output
patterns [29, 31]. NN-based control can be quite effectivé mbust only after it
is sufficiently trained for all kinds of operating condit®nThis is quite a tough
requirement and requires a long offline training. This lofftin@ training makes
NN quite unattractive for the real time practical applioas [32].
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Adaptive MPPT algorithm

Adaptive MPPT algorithm provides optimal response and caasure the un-
certain system parameters. The flow chart of the adaptiveIMiRforithm is shown
in Figure 1.21. It is based on the vector control algorithmallswitches between
multi-operational modes based on the detection of variafolel speed [65]. With
these specially-designed modes, this method is specyfigdiipted to environmen-
tal changes and presents a significantly enhanced trackirigrmance. There are
three operating modes for each control period, as classiii¢dl]. The MPPT
block inputs are measured rotational speed and mechama@rpThe output is the
rotor rotational speed reference [65].

This kind of algorithms usually use HCS to seek for a paransetd then use the
adaptive parameter in TSR, OT or PSF MPPT algorithm. Thu$rhition of the
adaptive MPPT algorithm is that in variable wind speed emnnent, it takes time
to seek for the parameter value and the found value may nagtyeaecurate [66].

Multivariable perturb and observe (MVPO) MPPT algorithm

The aim of this algorithm is to maximise the generated powgpuat of the wind
farm, reducing the requirements of control units and sex{63%,68]. Such a solution
causes the wind power systems economically strong, betaeiseatracted power is
same as compared with power classical wind farms, but theortuof components
required is reduced in MVPO algorithm. To maximise the wiadhf output power,
an extension of the P&O algorithm is adopted to optimiseents of all generators
present in wind farm [29,67]. Such a multivariable P&O altjon, named MVPO,
is designed to optimize each generator operating point mguke P&O principle
as shown in Figure 1.22 [29].

In this algorithm the current of the first generator is pdy&ar meanwhile the
aggregated output power increases, then, when the powecisaked, the current
of the second generator is perturbed in the opposite degtith respect to the last
perturbation performed to that generator. The proceduterigtively performed to
cover all the generators available in the wind farm [29].

Table 1.2 shows a comparison of the described MPPT algasiinnterms of
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Figure 1.22: Flowchart of MVPO MPPT algorithm [29]

complexity, convergence speed, wind speed measuremefifmpance, memory
requirement and prior training. The main aim of the MPPT athm is to track

the optimum power point of variable speed wind turbine. Giog an appropriate
MPPT technique is a tough task and should consider diffesitudtions and condi-
tions.

1.3 Motivation and Objectives

As mentioned previously, WPGS has many advantages and legsdagrow-
ing and development in the past decade. With the increaseetna¢ion into the
power grid and the large number of installation and opematib large-scale W-
PGS and wind farms, high reliability and high efficiency hdexome two main
concerns of the operation and maintenance of WPGSs. Althtmig of technolo-
gies advancement and achievement have been devoted to oviredl mdustry, there
are still some challenges in the context of the reliable dfidient operation and
control of WPGSs. Firstly, the transition between wind tneboperation regions
can be problematic. In fact, for some turbines, significamicsural damage occurs
due to extreme fatigue loads during this transition. SelyoMPPT methods have
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Algorithm Comple | Converg | Memo| Wind Perfor Prior train-
-ry speed -mance | ing/
under
-Xity -ence requireg measu -| varying | knowledge
speed -ment | rement | wind
speed
TSR Simple | Fast No Yes Moderate Not required
oT Simple | Fast No No Moderate Required
PSF Simple | Fast Yes | Yes Moderate Required
HCS Simple | Low No No Moderate Not required
Hybrid | Medium | Fast No No Good Not required
Fuzzy- | High Medium | Yes Depends| Very Required
based good
NN- High Medium | Yes Depends| Very Required
based good
Adaptive | High Medium | Yes Depends| Very Required
good
MVPO | High Low No No Good Not required

Table 1.2: Comparison of described MPPT algorithms
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some limitation in applications, e.g. HCS algorithm maydeats trackability in
variable wind speed; OT and PSF algorithm need optimal ®upower curve
in advance. Thirdly, power generation efficiency decredsemg the wind turbine
lifetime. The wind power industries prefer reliable, simpind advanced control
methods to improve the efficiency of WPGSs, adapt differantiturbine charac-
teristics and extend the wind turbines life cycle. Findlhg design of simple power
electronics converter (e.g. diode rectifier and DC-DC beosterter) and control
methods is still challenging tasks to obtain cost-effegyivand high efficiency.

To tackle those challenges, this thesis aims to achievimépitowing objectives:

e Develop a new algorithm to improve the switching of a WPGSvieen dif-
ferent operation regions with a reduced mechanical load.

e Investigate new MPPT methods for wind turbines with différeharacteris-
tics and parameter, to maximise the output power of a WPGS.

e Investigate hardware implementation and verification foplementing the
proposed algorithm and build up prototype experiment ptatf for monitor-
ing and control system implementation and verification.

1.4 Contributions and Thesis Outline

This thesis is structured as follows:

Chapter 2 presents a method for smoothly switching of cdatedbetween wind
turbine operating regions. As control systems for wind ingb will operate with
different objectives throughout its complete wind speagars: from cut-in speed
to cut-out speed. The controllers designed are based ond®Barivative Feedback
(PDF), which provides smoother dynamic and simpler tunihgasrameters than
general PI controllers. Simulations of the presented ntktre performed with a
non-linear wind turbine model at first, followed by prelirany results of hardware-
in-the-loop simulation. The simulation and hardware impdatation results present
a smooth performance of region switching between diffecentrollers and verify
the effectiveness of the controller proposed.
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In Chapter 3, an advanced hybrid hill climb search (HCS) idlgm is proposed
via combining the conventional HCS and power signal feeklifSF) control with
a novel algorithm to detect the wind speed variation. Dutimg period that the
wind speed is detected as constant, the controller optithisgparameter of the
power curve. The proposed method is verified in simulatioa permanent magnet
synchronous generator (PMSG) based wind turbine. Winddspe®sorless control
methods for wind turbine MPPT are beneficial as they do natirecknowledge
of wind speed or wind turbine characteristics. Simulatieauits show that this
algorithm has better performance in tracking the maximumegraoefficient than
the conventional HCS algorithms, particularly in variabied speed.

In Chapter 4, a new detection method is proposed to obtaiwiie turbine’s
optimal power-speed curve under natural variable wind gpeaditions and then
used for maximum power point tracking (MPPT). The curve okimam power
versus wind turbine rotational speed is detected, whiches tused in the power
signal feedback control of a wind power generation systeme. @roposed detection
method does not require any previous knowledge of the wirldrta, and the en-
vironment. The curve detection process can be undertakeatimal variable wind
speed environment, without requiring additional wind toeatests using wind tun-
nels. The proposed method is verified by MATLAB/Simulink siations and ex-
periment tests of a WPGS with a permanent magnet synchrgemesator (PMSG)
with a VSC.

In industry, diode bridge rectifier with DC-DC boost coneeris widely used
on PMSG based wind power generation systems. As it is low adteasy con-
trol, in Chapter 5, the operation and design of DC-DC booswveder in PMSG
based WPGS is presented. Chapter 5 contains the model of©BeDst converter
and the hardware implementation progress. Field testtseatd given to for the
built hardware. And the hardware is used in prototype expenis in Chapter 6.
The hardware platform implemented can be used for desigmthands and control
system verification.

In Chapter 6, a prototype wind power generation system isgmted. As there
are two small scale wind turbines installed on the departmaof and cable con-
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nected to the laboratory for experiments. It is a used takaihicro-smart network
platform to demonstrate renewable energy generation, toramj and coordination
system. With this prototype, the further green energy cier ideas are enabling
to be developed, tested and validated. Further compariquerienents can be done
with the implemented prototype wind power generation systdhis chapter de-
scribes the prototype settings, experiment design, fisldaied experiments results
with the roof turbines.

Chapter 7 concludes the findings of this thesis and suggedstefresearch work
that can be extended based on results.
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Chapter 2

Wind Turbine Smooth Region
Switching

Control system for wind turbine will operate with differestijectives throughout
its complete wind speed regions: from cut-in speed to ctispaed. This chapter
presents a method for smoothly switching of controllersMeen these operating
regions. The controllers designed in this chapter are basdéseudo Derivative
Feedback (PDF), which provides smoother dynamic and simyohéng of parame-
ters than general PI controllers. Simulations of the priesemethod are performed
with a non-linear wind turbine model at first, followed by lm@&nary results of
hardware-in-the-loop simulation. The simulation and k&g implementation re-
sults present a smooth performance of region switchingdetwdifferent controller-
s and verify the effectiveness of the controller proposed.
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2.1 Introduction

Torque control and pitch angle control are widely used invtired power gen-
eration systems. For variable-speed wind turbines, gera@rque control is used
to capture the maximum energy from wind when rotational dpgéelow the rated
value. The pitch angle control for blades is used to limitgkeerator power when
the power is above the rated power, and to keep the wind tishitnin its designed
limits [69, 70]. Because wind turbine control is often acleie by using these two
different controllers, the transition between differepemating regions can be prob-
lematic. In fact, for some wind turbines, significant stcwat damage occurs due to
extreme fatigue loads during these transitions [71, 72} @chnique is to arrange
switchings which can ensure that only one of the control oispactivated at any
one time. However, there always be occasions when the dlemtiocaught briefly
in the wrong mode. Another approach is to run both contrghétmgether. But they
can be made to interfere constructively when close to thegnadint [22].

This chapter presents a strategy of smooth region switdmétyeen operating
regions. It can minimise sudden changes in control actindsw@echanical loads. A
switching logic is given and simulated on a 5th-order nadinvariable speed wind
turbine model. Besides, practical considerations for en@nting the switching
logic will be discussed in this chapter.

2.2 Variable-Speed Wind Turbine Model

The main components of a wind energy conversion system areotor, the
transmission system and the generator. The scheme of a &ase-mind turbine
model is givenin Figure 2.1 [73]. As an example, for a hortabiaxis wind turbine,
the rotor comprises the blades where the aerodynamic csioneiakes place. The
transmission system transmits the mechanical power aaptoy the rotor to the
electric machine. The gearbox in the transmission systeneases the rotor speed
to values more suitable for driving the generator. The alegenerator is the device
that converts mechanical power into electric power. In thgecof variable-speed
wind power generation systems, electronic converterssed as interface between
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Figure 2.1: The scheme of a 5th-order two-mass state-spamkturbine model
[73]

the AC grid and the stator or rotor windings [19].

In Figure 2.1,T, is the torque transferred from rotor to the gear,the rotor
speed,J, inertia of rotor, K, spring constant of shaff), shaft damping7, genera-
tor torque transferred to rotaN, gear ratio,l;, generator torque transferred to gear
box,w, the generator speed, inertia generator and, is generator load torque.

A model for the entire wind turbine can be structured as sdweterconnected
subsystem models as shown in Figure 2.2. The aerodynamsystein describes
the transformation of the wind speed into forces on the lddtat originate the
rotational movement. The drive-train in the mechanicalsygstem transfers the
aerodynamic torque on the blades to the generator shaftcttnepasses the rotor,
the transmission and the mechanical parts of the genefidierelectrical subsystem
describes the conversion of mechanical power at the gemestaaft into electricity.
Besides, for a variable-pitch wind turbine, there is anattiusubsystem that models
the pitch servo behavior [19].
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Figure 2.2: Interconnection of sub-models describing treacteristics of the wind
turbine

2.2.1 Aerodynamics

The aerodynamics considers the rotating parts of the wirlmrte, including the
rotors and blades, which converts the kinetic energy of thelwnto mechanical
energy. When there is a thrust force from wind to blades, ig¢eé torque on the
rotor is:

7= (2.2.1)

T

where the mechanical power absorbed from the wihas given by the following
equation:

P, = %pAwiCp()\, B) (2.2.2)

wherep is the air densityA, is the area swept by the blades; is the wind speed;
C, is the turbine power coefficient which is determined by thadel pitch angle’
and the tip speed ratid. Groups ofC, — X\ curves obtained by measurement or
by computation can also be approximated in closed form bylmear function.
Following [74], a model can be derived in the form:

116 12.5

Cp(A\, B) = O.22(>\—t —0.68 — 5)exp(—)\—t) (2.2.3)

where
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The tip-speed ratia is given in Equation 1.1.4. For a certain wind speed, there is

At

(2.2.4)

a unique optimal power which exhibits a cubic function of gemerator speed [75].

2.2.2 Mechanics

Figure 2.1 shows the schematic of the two-mass wind turbieehainics model
which separates the mechanics into two parts: the rotorasidehe generator side.

J. and J, are the inertia on the rotor side and generator side respéctiThe
shaft which is modeled as a damped spring connecting thetmtbe transmission
system is subject to immense torques that cause it to twist. damping constant
D, and the spring constaii, can illustrate the dynamic nature of the shaft. The
torques at each side of the transmission have the relatmnsh

TS?"
N!]
whereN, is the gear ratio which is determined by the discs in the neidb! and7,

Tsg =

(2.2.5)

are rotor torque and generator torque respectively. Fromtdies second law for
rotating bodies, the following two equations can be cajpture

wod, =T, — Ty, (2.2.6)

Wody = Tog — T, (2.2.7)

The torque at the rotor side of the transmission can be desthy the twist of
the flexible shafb:

T, = Dy + K0 (2.2.8)

where the twist of the flexible shaft is determined by:

§=Q, — (2.2.9)

Qy
Ny
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. w
§=w, — 2 (2.2.10)
Ng

2, and(2, are the shaft angles at the rotor and the generator.
From Equation (2.2.5) to (2.2.10), the mechanical model lmarconstructed
based on the following two equations:

Wy = Ji/ {Tr — D, (M . ;—i) . Ks/ (M . ;—gg)] (2.2.11)
Wy = Ji/Ni {Ds (M - %) - KS/ (M - %)] —T, (2.2.12)

2.2.3 Generator dynamics

It is assumed that the generator in the model is an asynchsdossless gener-
ator. Hence the generator powercan be calculated by:

P, =Tyw, (2.2.13)

The generator torqug, can be controlled and the dynamic response of the gen-
erator is modeled by a first order linear model with a time tams:

: 1 1
Tg - —;Tg -+ ;Tg_ref (2214)

T, s is the generator torque reference. Combing Equation @.2rid (2.2.14),
there comes:

P —w, / (2 (T, 0f — )] (2.2.15)

2.2.4 Pitch actuator

The pitch angle of the blades is adjusted by a mechanicahtxtuts physical
meaning is that there is a time delay when the controller gbarthe pitch angle
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with a time constants. The following first order linear model is a simplified model

with j,.; representing pitch angle reference:

b=—Lpr s, (2.2.16)
B T8

T

2.2.5 5th-order wind turbine state-space model

From Equation (2.2.1) to Equation (2.2.16), a combineddtler two-mass
state-space model of the wind turbine is System (2.2.17).

&t = f(x)+ Bu

i P,-(q:17:(:4,v) _ x1Ds x2Ds _ x3Ks T [ O O T
x1Jr Jr Nng- Jr
z1Ds _ x2Ds z3Ks x5
Ng J.‘] N(? J.‘] + Nf] Jg J.‘] O O
— Ty — &2 +( 0 0 |u (2.2.17)
Ng
1 1
754 % Y
1 1
L TTx5 . L 0 T

where

r=lw wy 0 B T,7

U= [Brey Tyres]”

P, = 3mpR}v3 Cplxs, \)

)\ = @l

The wind turbine dynamic model is given in Equation (2.2.1%)and u in
Equation (2.2.17) represent the states vector and theatamputs respectively. The
five states ofr are: the rotor speed,, the generator speeg, the twist angle), the
pitch angles, and the generator torqu€,. The two control inputs of: are pitch
angle referencg,, and generator torque referertg,. .
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2.2.6 Control objectives
Operating regions

To control a wind turbine in a varying wind speed, the windotoe operation
range can be divided into three regions shown in Figure B377).

The solid curve in Figure 2.3(a) illustrates the desired @of#,.) versus wind
speed,) relationship for a specified power coefficiefi},. Once the wind speed is
sufficient to rotate the rotor and to generate the electgoaler output, the turbine
is operating in Region 1. When the wind turbine reaches ttegl natational speed,
it enters Region 2, which is a transition region. CompariagMeen Figure 2.3(a)
and Figure 2.3(b), it shows that the turbines rotationaédpe at its rated value in
Region 2, but it is operating below its rated power. The dijeof Region 2 is
to have a smooth transition between the controllers usece@dR 1 and Region
3. When the wind turbine is operating at both the rated raaii speed and rated
power, itis in Region 3. Once the wind speed achieves thdfageed, the turbine
will be stopped to protect the generator from over curredt@her components in
the wind power generation system.

Control methods in different regions

1) Region 1:Maximum Power Point Tracking Control

When the wind speed is sufficient to make the wind turbinetirggabut not
enough to reach the rated rotational speed, the controtiigen this region is to
maximise the energy captured from the wind. So the controlléhis region is to
make the turbine operating at the peak point of its efficiecwgfficientC,, curve.
The blade pitch angle is a fixed value in this region. One nektbotracking the
maximumcC, is to vary the rotor rotational speed and keep the tip-spatd-at the
optimum value. The tip-speed-ratlas defined as Equation (1.1.4).

If the optimum tip speed ratio,,,,, is to be maintained, the rotor speed reference
can be set as follows

w . )\optvw
r_opt — R
b

(2.2.18)
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Figure 2.3: lllustrative curves in three regions. (a) Syesite power curves. (b)
Rotor angular speed curve.
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Figure 2.4: Torque control in low wind speed region
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Figure 2.5: Torgue control in middle wind speed region

The control scheme in Region 1 is shown in Figure 2.4. Thereafe rotor
speed is tracked by control the generator torque.

2) Region 2: Rated Rotational Speed Torque Control

In Region 2, the control objective is to keep the rotatioqedex] constant at its
rated value for a smooth transition to Region 3 when the rptmuder is reached.
This is usually achieved by varying the generator torquee ddntrol loop can be
similar to that in Region 1, as shown in Figure 2.5.

3) Region 3: Rated Generated Power Pitch Control

When wind speed is sufficiently high that the wind turbinecress its rated
power output then it is in Region 3. The control objectivehistregion is to keep
the rotor rotational speed constant and produce a constaverpoutput. In this
region, the generator torque is constant at its rated VBJug. Blade pitch angle
control is used to limit the rotational speed and the gerdrabwer to keep the
power output constant at its rated value. The control scheineFigure 2.6.

In Region 3 the torque controller can be regarded as inalbéeause the gener-

ator torque referencé,, ., is held at its rated value.
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Figure 2.6: Pitch control in high wind speed region

2.3 Switching Design

2.3.1 Switching between different regions

To smoothly switch the controller between the three regighge minimising
any sudden control actions and loads on the system, a seiggétrcriteria are
initiated.

(1) Region 1 to Region 2w, ref > Wy rat

In Region 1 the rotor speed is below its rated value. When wped increases,
rotor speed will increase to capture the maximum energy tr@wind. When rotor
speedw,, reachesv, .., it will switch from Region 1 to Region 2. However, this
may cause a significant jump in generator torque as the diantadtempts to bring
the rotor speed back down after it passes,;. A smoother transition is to switch
the present control loop based on the valueyof, ; instead ofv,. Since there is a
lag between, ,..; andw,, there is a degree of prediction built into the switching. In
this way, any overshoot of the rated rotor speed and subsegggressive control
actions should be minimised. When the rotor speed reference,, reaches the
rated valuew, ..., itis simply held at that value and the region switches froegi@n
1 to Region 2.

(2) Region 2 to Region 31, > T .4

The relationship between generator povfrand generator torqug, is in E-
guation (2.2.13). When consider about the losses in thergamgit becomes:

P.=w, xT; xn (2.3.1)

Liuying Li



2.3 Switching Design 50

R ‘ < > < Oropt > Or _>——true—| [I;k:; (2) —
(initial =1) h ~_ "
A T
false———» R i ! —
Bref* 0
m<am Re1
2—> o——true—p Brr=0 —
< o> Tora ——true—» —
< TL 2 Tes ‘ true Ty = To
’—false—) Ri=2 —
Brer=0
Rk=2
L < ref < (. S —
3 ;‘ “B r<0.1 true—> Ber= 0
Rk=3
false > Ty=Tem
Or _ref = Or_opt F—truc— Rk=1 <

Finish
Or_ref = r_rat F—fals

Figure 2.7: Flowchart of the regions switching logic

wherer is the generator efficiency.

In Region 2, the rotational speed is controlled to track its rated value...;.
When wind speed rises, to restrict increasing of rotatiepalked, generator torque
will increase and lead to the increasing in generator powéhen the generator
power reaches its rated value, the generator torque wilbbé&ralled to keep in its
rated valu€l ,..,. Thus, wherlly, > T, ., T, ,.; is controlled in constarif , ;.
The region switches from Region 2 to Region 3.

(3) Region 3 to Region 23,.; =0
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Essentially, when the region switches from Region 2 to Re@pthe torque
controller has reached the limit of its ability to keep theorspeed at the rated value
and the pitch controller then takes over. The transitiomfi®egion 3 to Region 2
is the opposite of this, i.e. the pitch controller is no longeguired in order to keep
the rotor speed at the rated value and the torque contralfetake over. This can be
summarized as switching from Region 3 to 2 when the pitchegnglequals zero.
However, due to mechanical and electrical limitations tleasured pitch angle may
never reach absolute zero, therefore, it is better pratgisgvitch regions when the
pitch angle references,. s, reaches zero.

(4) Region 2 to Region 1w, ;e < wy_rqt — dead_band

A dead band must be considered for the switching from RegitmRegion 1
in order to prevent rapid cycling between these two regi&agid changes in wind
speed could cause the rotor speed reference rapidly go amavbelow the rated
value, causing rapid cycling between the regions. Introdpa dead band to act as
a buffer will decrease the switching frequency in this ditna The value of this
dead band is a trade-off between switching frequency anekpextraction.

The flowchart shown in Figure 2.7 illustrates the region skitg logic, as de-
scribed above. In this flowcharE,_; is the region in the last sampl&,. is the
region in the current samplg,.; is the pitch angle reference, . is the rotation-
al speed required to achieve optimum tip speed ratjg, is the rotational speed
reference.

2.3.2 Control algorithm

The control algorithm used in this chapter is PDF (PseuddvBire Feedback)
control method. The PDF controller appears similar to ttid&lqProportional In-
tegral) but a subtle change in the controller structure mé¢hat PDF performs in
a manner more similar to PID (Proportional Integral Deiixgt This is advanta-
geous as improved damping and a smoother controller pesfozencan be achieved
without noisy derivation and only two parameters to tuneghé&ligh not as popular
as PID, the PDF controller has been proposed and used in sipheagions and has
demonstrated a good regulation performance. According&h fhe PDF controller
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Figure 2.8: PDF controller configurations [78]

can be expressed in the time domain form as:

u(t) = z(t)K; — Kpy(t) (2.3.2)

At) = r(t) — y(t) (2.3.3)

Or alternatively in the Laplace domain as:

u(s) = —e(s) — Kpy(s)+d (2.3.4)

e(s) =r(s) —y(s) (2.3.5)

whereu is the control signal (either the demanded torque or pitaiegny is the
feedback (rotor speedy, is the error,r is the set-point (rotor speed reference),
is the system disturbance (typically the wind), and K, are controller gains and
G(s) is the system to be controlled (in this case the wind turbiRijure 2.8 shows
the s-domain block diagram of the controller [78].

From the block diagram, the Pl and PDF controller can be egeckin the form:

PI :u(s) = (&)e(s) + Kpe(s) (2.3.6)
S
K;
PDF :u(s) = (?)e(s) — K,y(s) (2.3.7)
AssumeG(s) = (ST*’G) thus the transfer functions of the Pl and PDF controllers

become:
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Figure 2.9: Step response comparison of Pl and PDF

b(KpS + Kz)
2+ (a + bK,)s + bK;
bK;
PDF :TF = - 2.3.9
2+ (a+bK,)s + bK; ( )

Following the block diagram set up the controllers in Simklwith a step source

PI:TF = (2.3.8)

as input. The performance of Pl and PDF step response isrpeelse Figure 2.9.
It shows the PI controller has faster response but has higregshoot while PDF
avoids overshooting but slower dynamic response. For tinegge of the smooth
switching between different operation regions with vaoiabf wind speed, the PDF
can be more qualified to this target.

2.4 Simulation Results

The described full wind speed range control system was sirediiwith a 5th-
order nonlinear variable speed wind turbine model [79, &0%imulink. The pa-
rameters used in the model are taken from a Vestas v29 225 ki?/twibine. The
rotor RadiusR, is 29 m; rated rotor speed. ,..; is 4.3 rad/s; rated generator torque
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Figure 2.10: A slope changing wind speed between the cutithcat-out wind
speed of the wind turbine.

T, rqt 1S 2130 Nm; rated generator powet. .., is 225 KW (generator efficiency
was regard as 100% in the simulation).

The simulation test uses a slope changing wind speed betilieetut-in and
cut-out wind speed (Figure 2.10) as the input to the WPGS.sithalation results
are shown in Figure 2.11 and 2.12. Figure 2.12(c) shows tlggoRe. Att = 52
S, it switches from Region 1 to Region 2. In Figure 2.11(agam be found that
at this time rotational speed changes smoothly from inanga® a constant value
which is the wind turbine’s rated rotational speed. As thadvpeed increasing,
att = 58 s, the region switches from Region 2 to Region 3. The genetatque
shown in Figure 2.12(a) changes smoothly to a constant vAlne the pitch angle
beta shown in Figure 2.11(b) starts increasing. After this shiitg, the generated
power P, shown in Figure 2.12(b) is controlled to at its rated valuéeAthe wind
speed decreases, tat= 145 s, region switches from Region 3 to Region 2; and at
t = 157, region switches from 2 to 1. The progress reverses. Frongeéherator
torque results shown in Figure 2.12(a), it can be seen tbat ik no sudden change
during every switching. This indicates the proposed metted smoothly switch
the WPGS between different control objectives over a largyel\wpeed range.
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Figure 2.11: Wind speed, rotational speed and pitch angleearsimulation of the
wind turbine switching in the whole operating wind speedj@ana) Rotor rotational
speed and reference rotational speed.(b) Pitch angle tarémee pitch angle.
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Figure 2.12: Generator torque, power and regions in the laiion of the wind
turbine switching in the whole operating wind speed ranggGenerator torque.(b)
Generated power.(c) Region.
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2.5 Hardware Implementation

2.5.1 Experiments with Speedflo

The wind turbine controllers with the designed region skitg logic were cod-
ed onto an industrial controller named Speedflo. Speedflanisié-channel feed-
back controller product. It was used for high speed adjustiia reactive gas dur-
ing magnetron sputter processes. Its advanced digitata@ystem automatically
regulates gas flow to meet reactive sputtering requiremedpeedflo’s advanced
variable structure control algorithm offers significantfpemance improvements
over conventional PID control techniques during magnesqmutter processes, both
in terms of speed and robustness.

Speedflo has both hardware and software evolved based omdsméareal
processes and it comes with a range of current and voltagsduaers, inputs and
outputs, and communication options to meet the demandsd@&gssimultaneous
control of multiple inputs can be achieved with Speedflo. tiremr more, several
sensor and monitoring options give a complete picture ofptleeess when using
Speedflo. These make Speedflo a robust and reliable contamite suitable for
being developed into wind power generation system condl [

2.5.2 Hardware-in-the-loop test results

Hardware-in-the-loop is carried out when the controlletended for use in the
real system, is implemented in hardware controller via apoocessor based system
and interacts in real-time with other parts of WPGS in theusation, replacing the
controller simulation block in the original simulation. i§hs illustrated in Figure
2.13.

For this study the torque and pitch controllers, along whig tegion switching
logic, were coded onto the Speedflo industrial controller.d2PACE controller
board was used to interface the Speedflo voltage inputs apditsiwith Simulink
wind turbine simulation. The simulation was then run in rig@e with an step of
0.001 seconds and a turbulent wind profile. The experimesatialp is shown in
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Figure 2.13: The schematic diagram of hardware-in-thg-test
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Figure 2.14: Experimental setup of hardware-in-the-lazg t

Figure 2.14.

And the test results are shown in Figure 2.15. Figure 2.1&{ajvs the wind
speed profile which is generated using Turbsim [82].

As the wind speed changes, the rotor speed is shown on Fidisé2 blue line.
The initial rotor speed is 4 rad/s in this simulation. Theggréine in Figure 2.15(b)
is the rotor speed reference which is calculated by the @btiip speed ratio and
wind speed. From the figure, the rotor spegds trackingw, ..., in Region 1 while
trackingw,_.; in Region 2 and Region 3. Figure 2.15(c) is the pitch anglectvhi
is controlled only in Region3. As shown in Figure 2.15(dY, fidigh wind speeds,
the generator torque is set to be constant. The electriegipoutput is shown in
Figure 2.15(e) and it roughly matches the rated power in &e8i Figure 2.15(f)
shows the Region.
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Figure 2.15: Hardware-in-the-loop test results of the wuntbine operating in tur-
bulent wind peed between cut-in and cut-out wind speed ofvihd turbine
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As shown in Figure 2.15, the wind turbine controller openais generally good
over a large wind speed range. There are, however, some eveasihoots in rotor
speed. This is due to rapid changes in wind speed at the smgtbloundary, where
because of the system inertia, the pitch controller caresgond rapidly enough to
keep the rotor speed at its rated value. Overall, the emglsy&ching logic works
to make smoothly transfer between different regions.
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2.6 Conclusions

This chapter has presented a method for controlling a Verseed wind tur-
bine over its complete operating wind speed regions. Th&a@omethod attempts
to minimize structure and mechanical loading whilst maxzing energy conver-
sion from the wind. This involved designing a switching logo enable smooth
switching between different control objectives of torquairollers and pitch con-
trollers. All these controllers used PDF control algoritfimn smoothing perfor-
mance and simplifying parameter tuning process. The sioualaf a wind turbine
with a hardware-in-the-loop industrial controller, thaes the presented switching
logic, demonstrates good results; the switching is smoetwéen different control
objectives over a large wind speed range.
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Chapter 3

An Improved Hybrid Hill Climb
Searching Algorithm for MPPT of
Wind Power Generation Systems

Hill climb searching (HCS) or called perturbation and olbaéion (P&O) con-
trol methods are beneficial for wind turbine maximum powenptracking as they
do not require measurement of wind speed and in fact, it fcdif to measure
wind speed in a real wind farm due to the fast changing anditenb feature of the
wind. In this chapter, an improved hybrid HCS algorithm iegpysed based on the
conventional HCS and power signal feedback (PSF) algorithith an additional
algorithm to detect the wind speed variation. During theqaethat the wind speed
is detected constant, the controller optimizes the parnoéthe power curve. The
proposed method is verified in simulation on a permanent etagymchronous gen-
erator (PMSG) based wind turbine. Simulation results sh@w this algorithm has
better performance in tracking the maximum power coeffidiean the convention-
al algorithms, particularly during variable wind speedsth® same wind speed, the
proposed method can generate 4% more energy thatn the ¢amaitiCS method.

62



3.1 Introduction 63

3.1 Introduction

Maximum power point tracking (MPPT) control is designed Wand turbines
operated below the rate rotor speed [83, 84]. In the revieMBPT algorithm-
s, there are several methods in wind turbine generatioreisgstsuch as optimal
torque control algorithm, perturbation and observatigqgoathm and power signal
feedback algorithm.

The optimal torque control (OTC) has been found to be the pastilar MPPT
method for wind energy systems due to its simplicity [30]céuding to [32], there
is no difference between the power signal feedback (PSRyaamd the OTC in
terms of performance and the complexity of implementatidrese two methods are
both lookup table based. They require a cubic mapping fantt provide reference
signal for optimal turbine power (torque) at the operatiegerator speed and wind
speed. Reference [85] gives a method to estimate the povaeactbristic with a
Kalman-like estimator and the adjustment of the power cygnomial with a
Recursive Least-Square Algorithm. In reference [86],¢hsra method based on a
dual Kalman filter to estimate wind turbine states and patarseReferences [87]
and [88] are about estimation of turbines power coefficiéh) Curve.

In these methods, the perturbation and observation (P&Qhade or the so-
called hill climb searching (HCS) method, is flexible and gienin implementation
due to not requiring wind speed sensors and prior knowlefitfeeowind turbine’s
characteristics [30]. However, conventional HCS algonshhave problems with
a speed vs. efficiency trade-off and wrong directionalitdemrapid wind change
[41]. Being unable to sense wind speed, the HCS algorithmbeamisleading as
the sign at the next iteration might be dictated by the changand speed rather
than the applied rotor speed perturbation. This wrong detigeads to the failure
in keeping track of MPP and the HCS control moves downhill [y combining
HCS and PSF, performance can be improved and some of thelgsstaund in the
current methods can be overcome [30]. There are severalrobss on modified or
hybrid HCS algorithm, such as references [32,41], and f6B]ethod of combined
the advantages of the PSF method and HCS method is propa$eapitmal current
given MPPT control in [89].According to [90], Hybrid HCS algthm shows its
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advantages in terms of efficiency and response speed.

This chapter presents a method to combine HCS and PSF methdgsoposes
a simple method to estimate the power curve parameter dthegiCS progress.
In this chapter, section 2 describes the wind turbine powptuwe system and the
conventional HCS algorithm. Section 3 describes the metlogy of the hybrid
control method. Algorithms for judging the wind speed vaoia and optimizing
the power curve parameter are presented. Results fromationg of the hybrid
control algorithm with a wind turbine generation system elate given in section
4. Finally, this chapter concludes in Section 5.

3.2 Introduction of Conventional Hill-Climb-Search

Algorithm

In a wind energy conversion system (WECS), MPPT optimizesgianerator
speed relative to the wind speed intercepted by the windrteduch that the power
output is maximized [32]. The wind turbine model is the sam&action 2.2. As
shown in Figure 3.1, the power output for a certain wind spieeshaximum at
a certain value of generator speed. Combining Equation2AR&hd (1.1.4), the
optimal power output of the generator can be given by

Ry

Py = SpA,C <—)3 3 (3.2.1)
opt — 2p r~p-maxr )\opt w (=

Popt = kgpit? (3.2.2)

wherePF,,; is the optimal power output of the generatot, ... is the power coef-
ficient maximum value,, is the tip-speed ratio when power output is maximum;
kopt 1S @ unique constant of one type of wind turbine which depeamdthe aerody-
namics of the wind turbine.

A simple discrete time HCS control is to perturb the contianiable (generator
speed or control of duty cycle) and observe the results (powtput) in terms of
increase or decrease. If it results in a power increase,ame erturbation will
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Optimal power curve

Turbine Power (kW)

Generator Speed (rad/sec)

Figure 3.1: Characteristics of turbine power as a functibthe rotor speed for a
series of wind speeds

be applied for the next step. Otherwise the perturbatioh aiteversed sign will be
applied to increase the power output. The perturbing cowareable will be applied
in the same direction until the output power is decreasethcipte of the HCS is
shown in Figure 3.2.

HCS algorithms with fixed step-size exhibit a tracking speedus control effi-
ciency trade-off [41]. Variable step-size based HCS atbors are designed to give
a larger step-size when the operating point is far away fleerMPP and will takes
to a smaller step-size when it approaches very near the MRBnIbe achieved
by setting the variable step-size proportional to the sloftbe power-speed curve
shown in Figure 3.2 as:

Ap(n)

(3.2.3)

where( is a positive coefficient in order to have appropriate step and achieve
steady tracking. Through Equation (3.2.3) it can be knowemtlagnitude oA P/ Aw

is much large when the turbine is far from optimum point whiodans it could track
the wind rapidly, and the value is near O when achieve steiady.sThus, the HCS
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Figure 3.2: Principle of conventional HCS method

step size is variable and updated according to the operpbing position. If the
system is working on a certain point that is far from the peh&,step size should
be increased to speed up the tracking process. Convergelgction is reversed
to decrease the step-size when the operating point nealk4RReThe coefficient
obtained by experiment can accelerates the speed to reantattimum, and lowers
the time needed for tracking. A large value of coefficiémtan enlarge the step size.
A small value off3 will take less perturbation and not miss the MPP. An appsadpri

value of 5 can be obtained by experiment.

3.3 Proposed Hybrid Hill-Climb-Search

The conversional HCS only works well under a constant or lsiakanging
wind condition [41]. As it will lose the tractability of the FIP under a rapidly
changing wind speed conditions as tﬁﬁ used in Equation (3.2.3) will not give a
correct measurement of the distance from the current ppthetMPP. The proposed
control method in this chapter is formulated by identifyaanditions when the wind
speed is rapidly changing. If it is detected the wind speeshging rapidly then the
wind turbine will track its optimal power curve. When the wiis deemed constant,

the control strategy changes to optimise the valuke,pf
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< Logic 1 to judge vc(n) >

Al"’(n) < Pthershold

Wind remains constant Wind changes
ve(n)=0 ve(n)=1

YES NO

Figure 3.3: Logic flowchart of wind speed variation when tihevpus step is HCS
method

3.3.1 Wind speed variation detection algorithm

This chapter proposes a new wind speed variation deteclkymmitam for the
PSF method. For different operation modes, the wind speedlizm is judged via
different logic, Logic 0 for mode 0 and Logic 1 for mode 1, restively. For Logic
1, at previous step, the optimal speed referencg is calculated based on PSF.
If the incremental of power output in response to the pedtio in rotor speed
is smaller than a predefined threshdbgd,......q, then wind speed is not changed
(ve(n) = 0), otherwise it is changed{(n) = 1). The flow chart Logic 1 is shown
inin Figure 3.3.

If at the previous step, the optimal speed reference is bddry the HCS | the
way to judging wind speed variation is dependent on theivelalistance between
the operating point position & — 1)** step and the peak. This logic is defined as
Logic 0. Two regions are defined based on the relative distaascshown in Figure
3.4.

Region( is the region at the left side of curke and the right side of the curve
k2, in which the points are far away from the peak point. Withirstregion, if
the wind speed does not change, wind turbine will operateeasame power-rotor
speed curve and the value | P, /Aw,)| will decrease. If this value increases,
then there is a wind speed change. Redi®ms the region between two curvés
andk,, in which the operation point is close to the MPP. If wind rémsaconstant,
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Figure 3.4: Division of the operation region

then the following-on operation point should be close toNtiP. The flow chart of

Logic 1 is shown in Figure 3.5.

3.3.2 Hybrid hill-climb-search design

The proposed hybrid HCS control method is based on the dmteaftthe wind
speed variation. If wind speed is not changed, conventigarghble step-size HCS
method will be applied to obtain the reference speed at tkestep to seek for the
MPP. If wind speed has changed, the optimal rotor speedaraderwill be calculated

P
w* = ‘B/k <t(>) (3.3.1)
opt(n

wherek,,») is the last step value. This method is a kind of power sigredifack

control (PSF).
The flowchart of operation modes is shown in Figure 3.6. Twerapon modes

from Equation (3.2.2) as:
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< Logic_0 to judge vc(n) >
v
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Pin-1)
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Compare K, 1) and kg

ki1 <k
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UpIi" Down hill
YES YES
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\ 4
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Figure 3.5: Logic flowchart of wind speed variation when thevipous step is PSF
method
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Speed loop vector control

Figure 3.6: Logic flowchart of the proposed developed HC Shoubt

are defined based on the previous step’s methadie(n)= 0 when the previous
step uses HCS andode(n)=1 when the previous uses the PSF. Two different speed
variation logics are proposed fotode 0 andmode 1 and will be described in Sec-
tion 3.2.

Formode 0, when wind speed is detected as unchangedyd(e.)=0, the opti-
mal speed reference value will be calculated based on HC&qumtion (3.2.3).
If [|[APn)/Awn)| < Appreshoiar 1N Which Agyreanoa is @ small slope threshold,
the wind turbine reaches the MPP and the system has reachexptimal power
point. Then the optimal rotation speed reference keepsamnydd and the rotor
speed reaches its optimal value. Moreover, the maximumrgweoutput power
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obtained is used to calculate a real-time optimiggd,,) which does not require the
wind turbine characteristics and remove the impact of patarmuncertainties.

Formode 0, when wind speed changes has been detected¢{:¢)=1, the speed
reference value is calculated by PSF via Equation (3.3.d tla& current optimised
Eopt(n)- FOrmode 1, if the wind speed is changed, i.ec(n)=1,the optimal speed
reference is calculated as the samenage 0, based on the PSF. Fotode 1, when
wind speed is judged as un-changed, .e(n)=0, the control method will switch
back to HCS method. As the previous step the wind speed isgeldarthe wind
turbine operates at a different power/generator speecgdanthe new wind speed
and has a different slope of the power/generator speed. & heigtive bigger step
size is calculated by using the threshold slope value

Ap(n)

 S— 3.3.2
Athreshold ( )

AWref(n—l—l) =

3.4 Simulation Results

The wind power generation system was simulated in MATLABY&ink. Fig-
ure 3.7 shows the advanced hybrid HCS control method unéestép and slope
change wind speed.

In reality, the changes in wind speed in a short time, can barceas a step
change or a slope change. Thus, in the HCS step period, tlespied variation
degree can be quantified a8/, /At which is the variation gradient. To test the
wind speed variation algorithm, wind speed changes in stepséope are used in
the simulation test as shown in Figure 3.7(a).

In Figure 3.7(a), there is a step increase in wind spegd-at10s and a step
decrease in wind speediat 20s. Figure 3.7(c) shows the controller mode, which
in 1 means the wind speed changed and PSF control is used aadriine wind
speed is not changed and the HCS control is used. It can bérsewhen the wind
speed suddenly increase or decrease, the proposed aigoethsuccessfully detect
the changing in wind speed and give an appropriate rotdtspesed reference to the
controller (Figure 3.7(b)).
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Figure 3.7: Wind speed, rotational speed and operation rotlee simulation of
the proposed hybrid HCS control. (a) Wind speed. (b) Ratalispeed controlled
by the conventional HCS method. (c) Operation mode of thérober.
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Figure 3.8: Generator power and power coefficient in the Kitian of the proposed
hybrid HCS control. (a) Generator power. (b) Power coefficie
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Figure 3.9: Schematic block diagram of the experimentaisahd controller

Fromt = 25s tot = 30s and fromt = 40s tot = 50s, the wind speed changes
in a ramp as shown in Figure 3.7(a). In this situation, theg@ment of the wind
variation determined by the variation gradient and can eséeld by changing the
parametern in Section 3.3. When it is judged the wind speed changed, tthen
controller will set to mode 1. Appropriate rotational speefierence will be given
as shown in Figure 3.7(b). This makes the generator outpxitnuen power (Figure
3.8(a)) and make the power coeffici€rf remains high (Figure 3.8(b)).

3.5 Hardware-In-The-Loop Test

The schematics of the WPGS controller and the experimesgatig is illustrat-
ed in Figure 3.9 and Figure 3.10 respectively. The experiisemplemented in the
dSPACE 1104 environment. A DC motor is controlled as a wimditwe to produce
a mechanical torque corresponding to the turbine modelruwrat@ble wind condi-
tions. A PMSG is driven by the DC motor to provide output elieel power. An
IGBT based power electronics board is used as the PMSG siteiter to control
the WPGS with the PWM signals from the dSPACE control board.
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Figure 3.10: Experiment platform of the hard-ware-in-tbep test
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Figure 3.11: Variable wind speed used in hard-ware-inlbiog-test

3.5.1 Results and discussion

Under the variable wind speed as shown in Figure 3.11, trediooial speed
controlled by the conventional HCS and the proposed adwhhgbrid HCS are
given in Figure 3.12(a) and 3.12(b). The two results are gtit the same WPGS
and in the same wind speed, only changed MPPT method. Camgptre two
rotational speed results, it can be found that, the propbl€&8 method can always
tracking up the MPPs even during variable wind speed as itlegect the variation
in wind speed. The rotor power curves of the wind turbine i@d by the two
control methods are given in Figure 3.13(a). It can be catedithat the generated
power by using the hybrid HCS can generate more power thasotheentional HCS
method. And by comparing the total energy captured from \oigitveen using the
two methods, it is found that the proposed method increasgdsdérated energy
than the conventional method. The power coefficient corsparin Figure 3.13(b)
illustrates the better performance of the proposed metbhaekd.

Therefore, these results confirm that the proposed methsdétier perfor-
mance in tracking the maximum power coefficient as compairiad tve conven-
tional HCS method.
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Figure 3.12: The comparison of wind turbine rotational sbeentrolled by the
conventional HCS method and the developed HCS method imaaedin-the-loop
test. (a) Generator speed controlled by conventional HC®ade (b) Generator
speed controlled by advanced HCS method.
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Figure 3.13: The comparison of output power and power caoeffién hard-ware-

in-the-loop test. (a) Output power comparison between tarrol methods. (b)
Power coefficient comparison.
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3.6 Conclusion

This chapter proposed a new hybrid HCS algorithm for windespgensorless
maximum power point tracking of wind turbine generationteyss under varying
wind speeds. The proposed algorithm introduces a new datetethod of wind
speed variation and combine it with the conventional HC®rélgm. It can ob-
tain a real-time optimal power curve coefficient based onogitamal power under
constant wind condition. The simulation compares the pseddybrid HCS algo-
rithm and the conventional HCS algorithm method on a PMS@dasnd turbine.
Under rapidly changing wind speeds, the proposed hybrid EIG&ithm performs
much better in tracking the maximum power coefficient withttve requirement of
directly sensing wind speed and knowing wind turbine charsstics.
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Chapter 4

Wind Turbine Optimal Power-Speed
Curve Detection under Natural
Variable Wind Speed

A new detection method is proposed to obtain the wind tutbioygtimal power-
speed curve under natural variable wind speed conditioddlan used for max-
imum power point tracking (MPPT). The curve of power versusdaturbine ro-
tational speed is detected, which is then used in the powaakfeedback control
of a wind power generation system. The proposed detectidghadealoes not re-
quire any previous knowledge of the wind turbine, and theewletection process
is undertaken in natural variable wind speed environmeithout requiring addi-
tional wind turbine tests using wind tunnels. The proposethad is verified by
MATLAB/Simulink simulations and experiment tests of a WP®ith a permanent
magnet synchronous generator (PMSG) and a three-phasedsbekk converter.
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4.1 Introduction

There has been an increasing number of wind turbine instaikgin recent years
and currently wind power has become one of the main renevpaler sources. By
the end of 2015, the total wind power generation capacitiallesl worldwide has
reached 435 GW. As the increase of the share of wind powerggme, wind power
generation systems (WPGSs) are desirable to operate witreffficiency [91]. For
this purpose, in moderate wind speed region, a WPGS is niyrroahtrolled to
achieve MPPT, which enables the WPGS to extract the maximwepfrom the
wind source [30].

MPPT algorithms have been widely used in the control systém WPGS.
There are many different methods for WPGS to achieve MPPT3B®9, 92, 93].
Among these methods, the perturbation and observation jR#Ged strategy is
one of the most popular strategies as it does not require kmawnd turbine char-
acteristics and wind speed [30]. However, it has the drawilaat it may fail to
track the optimal power points, or even lose its trackabihtvariable wind speed
environment. Besides P&O, the WECS can also be controllethéypower sig-
nal feedback (PSF) strategy to achieve MPPT [30, 39, 49].MRET efficiency of
PSF depends on the accuracy of the pre-obtained optimalrgspeed curve [39].
However, different turbines’ optimal power-speed curvesdifferent. Even for the
same wind turbine, the optimal power-speed curve may chdingeg the change of
the environment or the operation of wind turbine, becauskefging and structure
deformation at their lifelong operation period and the exdéfactors, such as dirt
and ice on the turbine blades [39, 94]. Thus, the optimal pespeed curve should
ideally be independent of local conditions of the instadlasite and adjusted during
its lifetime to ensure the MPPT efficiency.

Several methods have been proposed for improving the anycafdahe optimal
power-speed curve or the energy conversion coefficignsuch as wind tunnel test
method [48, 95-98], P&O method [48, 49, 99] and artificiakligence method-
s [59, 92, 93]. Although the wind tunnel test method can aobtaicurate optimal
power-speed curve [48,95-98], it cannot take into accdwnaging of the structure
and the external disturbances during the operation. P&Maodetan estimate the
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optimal power-speed curve via continuously searchinghfferpeak output power of
a wind turbine without requiring any prior knowledge of thend/turbine’s charac-
teristics [48,49,99]. The P&O is suitable for small-scal& ¥ it may fail to reach
the maximum power points under rapid wind variations, eslgdor medium and
large inertia wind turbines. Small-scale wind turbinesenfass response time to
react the perturbation in rotor speed than medium and largeia wind turbines.
Besides, the perturbation given by P&O methods may bringudiances into the
system. As the difficulties to obtain the optimal power-gpeerve lie in the uncer-
tainties of wind turbines’ power coefficient,, the optimal power-speed curve can
be estimated from the physical modeling of the wind turlsiig’ curve [100-102].
Artificial intelligence based methods, such as neural ndtware proposed to es-
timate the optimal power-speed curve or power coeffic@@nturve, based on the
learning of input/output measurements of the wind turbte 92, 93]. Those meth-
ods mentioned above require either additional experinhéesés or may interrupt
the operation of the wind turbines.

A method which is capable of obtaining the optimal powerespeurve with-
out aerodynamic tests and prior knowledge of the wind twlénproposed in this
chapter. This method can be applied in control of an universal turbine as it can
be used with different types of wind turbine generators. AS®4based WPGS is
discussed in this chapter as an example to test the propastaddn In the condition
that the wind turbine’s optimal power-speed curve is unkmowthe given optimal
power-speed curve is not accurate as the changing in emvenot) the proposed
method can be applied on the wind turbines’ controller t@dethe on-site optimal
power-speed curve and used to capture maximum power fromititein MPPT.

The accurate optimal power-speed curve is obtained by tipgridne wind tur-
bine at specified rotational speed and recording the winbinais output power
under variable wind speed and recording. This procedurerepkat for different
pre-set rotational speed to obtain the whole relationshipoaver and speed. The
rotational speed, wind turbine power and wind speed areedisured and recorded.
By analyzing all the recorded operating data, the optimelgrespeed curve are ob-
tained. Then the detected optimal power-speed curve casdikinthe PSF control
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of the wind turbine to achieve MPPT or calibrating inaccermptimal power-speed
curve in PSF control to improve MPPT performance. Simutasitudies are carried
out to verify the proposed method at first, followed by expemtal tests based on
a WPGS test rig consisting of a PMSG and a DC motor which is lealyith the
PMSG to imitate the wind turbine profile.

In the sections that follow, the WPGS model and PMSG vectotrobare pre-
sented in Section 4.2. Then, Section 4.3 presents the prdmmimal power-speed
curve detection method. The simulation studies are coeduict Section 4.4 to
examine the proposed method in different cases. Experahgnplementation to
verify the proposed method is presented in Section 4.5. llifir@nclusions are
given in Section 4.6.

4.2 PMSG Based WPGS

A WPGS consists of a wind turbine, a generator, a drive tiaigenerator side
converter and a grid side converter [93,103]. The genesatlar converter is used
to control wind turbine’s rotational speed in order to extehe active power or
keep in the rated value. The grid side converter maintainenatant DC-link ca-
pacitor voltage and transfers active power [104]. In a WPGBPT is achieved by
controlling the generator side converter to adjust the wimtdine rotational speed
corresponding to the wind speed so as to maximize the povweureal from the
wind [32].

The power-speed curves of a WPGS at different wind speechdfegure 4.1.
It shows that, for each wind speed, there is a specific poittieroutput power
versus rotational speedcharacteristic where the output power is maximized [29].
The MPPT control of the wind turbine results in a variableespeperation, such
that maximum power is extracted continuously from the wiitherefore, MPPT
can be achieved by controlling the wind turbine to followofstimal power-speed
curve as shown in Figure 4.1 [38].
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Figure 4.1: Power-speed curves of a WPGS

4.2.1 Permanent magnet synchronous generator model

The mathematical model of a PMSG can be described in d-gemfersystem
as [103, 105]:

d 1 R L, .

—dtld = _Ld Vd — _Ld 1d -+ L:]lpwrlq (421)
d . 1 R . L, . )y

N R R 422
at' = L, LT T, T L (4.2.2)

The electromagnetic torque equation is given by:

T, = 1.5P[bsiq + (La — Ly)iqiy) (4.2.3)

where L, and L; areq andd axis inductancef is the resistance of the stator
windings, v,, v4 andi,, iq are theq andd axis voltages and currents. is the

rotational speed of the rotor, and is the magnitude flux of the permanent magnet.
The electrical rotating speed of the generaiors:
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We = Pwy (4.2.4)

wherep is the number of pole pairs. The mechanical equation is dien

d 1

%wT = j(Te — Bwr — Tm) (425)
d
—0=w, 4.2.6
/= (4.2.6)

where.J is the combined inertia of rotor and loal,is the friction coefficientd
is the rotor angular position, and, is the mechanical torque.

4.2.2 PMSG vector control

The generator side converter in a WPGS is used to regulateutipeit power
of the generator. Vector control (VC) is normally used. As ffenerator is excited
by permanent magnets, there is no exchange of reactive gmtween the gener-
ator and the machine side power converter [105]. dHagis loop in vector control
is used for wind turbine speed or torque control [106]. Cdesng the surface-
mounted PMSG, the inductance ®fndq axis are equal, that id,; = L,, then it
can be obtained [107]:

Kiar, . . :
va = (kiap + ;”)(Zd — iq) — weLi, (4.2.7)
kiq[ .5 . .
vg = (kigp + ——) iy — iq) — welLiq + wetby (4.2.8)

S

wherek;,p andk;y; are the parameters in Pl controller for controlling &,
andk;,; are the parameters in Pl controller for controllipgThe current controllers
Pli, and PLi, are used to regulatg-axis andd-axis stator current to follow the
command, whereas a speed controlletr.H$ speed in order to follow the reference
valuew,.; and produces corresponding g-axis curigi07]. The equation of the
speed controller Pb can be summarized as:
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" k.,
it = (kup + ?f)(w — Wrey) (4.2.9)

wherek,p and k,; are the parameters in the PI controller for controlling ro-
tational speedv. Therefore, the WPGS is able to achieve MPPT through vector
control with a provided rotational speed referengg;. And the MPPT efficiency
would be better if they,.; is according to a more accurate optimal power-speed

curve.

4.3 Proposed Optimal Power-Speed Curve Detection

Algorithm

The proposed method requires pre-set rotational speeene Assume the
wind speed is variable, and the pre-set parameters valapprepriate for the wind
turbine generation system. The optimal power-speed cleiertion method can be
obtained through the following five steps:

(i) Give the rotational speed referencg ; a specified constant value to control
the wind turbine operating at a constant rotational speed.

(i) Measure the wind speed and the output power. When thd gpeed is at the
pre-set values, record the operating data (wind speediaqoshspeed and power).

(iif) When enough operating data is recorded for the curretdtional speed
reference, change to a new rotational speed reference amatlieepeat the first two
steps.

(iv) When all the pre-set rotational speed reference vdlage been used and all
the operating data has been recorded, stop recording thatmgedata. Compare
the values of all recorded power under each wind speed amdtdbe maximum
power points.

(v) Calculate the parametéy,, in (iii) for each maximum power points. Obtain
the mean value of all calculatdd,; as the overall optimal power-speed curve pa-
rameter. These five steps can be classified as two main apeptcesses: record-
ing of operating data and detection of optimal power-spegdecandk,,;, which
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will be described in details as follows.

4.3.1 Recording of operating data

Figure 4.2 shows the wind turbine power-speed curves uhdee tifferent wind
speedwy is the rotational speed referenog ; at the beginning. By controlling the
wind turbine’s rotational speed, when the rotational speesimeasured close to its
reference value,., it will satisfy the Equation (4.3.1).

|wref —w| < &y (4.3.1)

wheree,, is a small constant to judge whether the rotational speednsalled
at the reference value. As shown in Figure 4121, 1) is the measured power
in the situation that the wind speedds, and the rotational speed ig. When
wind speed changes from to vy, P(1,2) will be measured and recorded under
the same rotational speed referenge Thus, there are n operating data recorded
from P(1,1) to P(1,n) by varying wind speed between andv,, under the same
rotational speed reference. Then the rotational speederefe changes froma;]
to w3, wherew; = wj + Aw. Aw is a constant step size between two reference
rotational speeds. The operating data fréf2, 1) to P(2,n) underw; will be
recorded in the same way asdrj. By control the wind turbine rotational speed
varying fromw;j to w’,, there aren x n recorded operating points. Compare the
recorded power value under each wind speed, the recordednapower points
can be obtained, shown as red points in Figure 4.2.

Figure 4.3 shows the recording of operating data flowchagtiaion (4.3.2) is
used to decide whether the operating data should be recorded

v — v < &, (4.3.2)

whereg, is a constant to judge whether the wind speed is close to aqire-
value. Rotational speed changes frafnto w?. When all eligible operating points
of the last rotational speed referengeare recorded, the recording of operating data
process ends. Then the controller will move on to the detedif the optimal power
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Figure 4.2: The recording of operating data on the poweedpearves of the WPGS

curve andk,,. In the recording of operating data flowchart (Figure 4.8Bgré are
two parts marked in blue and green. These two parts in the flaware negative
power rejection and skipping unnecessary data.

Negative power rejection

The wind turbine rotational speed is controlled in specifiedstant values dur-
ing the recording of operating data process. In the sitndkiat wind speed decreas-
es to a low value, it may make the WPGS have negative powerdier @o control
the rotational speed to meet the specified constant referdifgs can decrease the
WPGS efficiency and should be avoided. A negative power tieje@lgorithm is
proposed to avert the above situation. Decrease the notdispeed reference..
to acclimate the decreasing in wind speed when the wind sise®at sufficiently
high for the wind turbine to generate positive power at theg®t rotational speed
reference. Until the wind turbine increase to a value thatiHPGS is able to gen-
erate positive power, the rotational speed reference will switch back to the
pre-set value and continue recording of the operating ddta.blue area in Figure
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Figure 4.3: Flowchart of the recording of operating data
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4.3 shows this algorithm in the method flowchart. When powardgative or the
rotational speed reference of the previous sigp,, is not the pre-set value}, then
the rotation speed reference is given by:

Wref = Wrefp -+ K-T-P (433)

whereK is a parameter andl is the period of the control system. The aim is to
control the rotational speed value in case poWwes negative.

Skipping unnecessary data:

In the recording of operating data flowchart (Figure 4.3gréhis a green area
presenting the logic of skipping unnecessary data. Duramgrolling the wind tur-
bine rotational speed at specified constant values, if tresored poweP (ki) is
less thanP(k — 1,1i), then there is no need to record further operating data under
wind speed;. For example, in Figure 4.2, when it is found tHat3, 1) < P(2,1),
it signifies that it has passed the maximum power point unded speed;,. Then
there is no need to record(4, 1) and further data under wind speed Thus in Fig-
ure 4.3 green area, it recodes 1 to represent skipping thesxessary data. This
skipping unnecessary data process can reduce the time amflneg of operating
data.

4.3.2 Detection of optimal power-speed curve

Figure 4.4 shows the flowchart of the detection of optimal @espeed curve
andk,,;. After the recording of operating data process, the maximowmer points
under each wind speed can be estimated. Then the optimal{speed curve and
ko for each wind speed can be calculated. For example, in wiaddp, the ob-
tained maximum power pointi8; ... WhenP, ... is achievedk; is the calculated
kope under wind speed; by equation:

k=% (4.3.4)
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wherew;, and P, ; represent the rotational speed and power of the MPP in wind
speedv;, respectively. After calculate; for each recorded wind speed, the optimal
power-speed curve parametgy; can be estimated by calculating the average value
of all obtainedk;. Then the wind turbine will operate PSF control with the detd
optimal power-speed curve parametgy; to achieve MPPT.

Based on the pre-set values of wind spegdnd reference rotational spegg,
it is probable that the maximum power points may not be detedirectly. Thus,

a remedy detection algorithm is designed to solve this prabl Implementation
of this algorithm is shown in Figure 4.5. In Figure 4.5(ak thperating points are
recorded at the rotational speegandw,. ;. However, the actual MPP is between
wy andwy 1, shown as the red point. Figure 4.5(b) shows the zoomed tbpfiae
curve in Figure 4.5(a). Under wind speed the point A is the recorded MPP and
point B and C are the two neighbouring recorded operatingtpoiAs point C is
higher than B, then the real MPP must be between point A andh€rdal MPP can
be estimated if we assume the curve is symmetrical aboutdisgpassed through
the real MPP in a small region. Then the approximation MPPhbeaastimated as
follows. Draw a line connecting point A and B. It will create angle /b with
x-axis. Then Make a line pass through point C with angleequal toZb. The
extension of these two lines meet at point D. From geometfiiwiple, point D
would be very close to the central axis of this symmetric eu¥s it was assumed
the curve is symmetrical about the axis pass through thevtB& in a small region,
point D will be recorded as the MPP under wind spegithstead of point A. Thus,
the following formulas are deduced.

If the MPP is below the point A in Figure 4.5(b), itillustratthe MPP is between
wr_1 andwy. In this case, it can be regard as to reverse the Figure 4.9(h¢
proposed method is still be able to detect the MPP. It can berearized as:

If P(k—1,i) > P(k+ 1,4), in Figure 4.5(b) it means the MPP is between the
point A and B. Then the MPP would be calculated by:

_ 1 Ple,iy =Ple—1,0)
Wi.opt = 3 [wk’ + W1 + Pie,iy = Pk+1,4) (@1 = wr) (4.3.5)
Py =Prt1,i e
F)i_mam = P(k,z) + w;—w;iﬂ )(Wi_opt - Wk)
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Figure 4.4: Flowchart of the detection of optimal powerespeurve and,,
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Figure 4.5: Remedy algorithm to estimate the MPP when therded operating
points are not the MPP. (a) The overall recorded operatingt®an a particular
wind speed. (b) Remedy algorithm illustrated on the zooropghrt of the curve.
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If P(k—1,i) < P(k+ 1,7), in Figure 4.5(b) it means the MPP is between the
point A and C. Then the MPP would be calculated by:

P iy—=Pk+1,5)

PP 1ok ~ Wh-1) (4.3.6)
_ P,y = Ple—1,0) e
F)i_mam = P(k,z) + Wh—Wh_1 (Wi_opt - Wk)

Algorithm (4.3.5) and (4.3.6) can obtain a more accurate MR@&n the recorded
operation points are not locate accurately on the real MR tlaus theoretically,

1
Wiopt = 3 [wkz + Wi+ +

there is no restrictions to pre-set the operation pointsdilsenough step sizes are
used. Equation (4.3.4) becomes:

Pi max
by = = (4.3.7)
wi,opt

And the following PSF control will be based on the rotatiospéed reference

wyes Calculated by Equation (4.3.8) to achieve MPPT.

P.\3
Wref = ( Om) (438)
where
1 n
biopt = — ; k; (4.3.9)

4.4 Simulation Test

To verify the proposed detection method, a WPGS includingsMvand wind
turbine is simulated in MATLAB/SIMULINK. The WPGS parameseare given in
Table 4.1. Two simulation cases are carried out. Case ltdatexoptimal power-
speed curve without any preliminary information of the oyl power-speed curve
and operates the WT in MPPT mode. Case 2 is calibration thmajpower-speed
curve and MPPT control of wind turbine based on an inaccurptenal power-
speed curve. In the simulation studies, the value of the wimbine power co-
efficient C,, are given (Figure 4.7(b), Figure 4.9(b) and Figure 4.10)dnfy the
accuracy of the detected optimal power-speed curve.

Case 1: Detection of unknown optimal power-speed curve
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Items Specification
Blade radiusk, 35m
Equivalent inertiaJ, 3 x 10° kg - m?
Rated power 1.5 MW
Rated wind speed 12 m/s
PMSG stator resistande 0.190
PMSG stator inductanck,, L, 0.0005H
Pole pairgp 5
PMSG field flux 0.0127 Wb

Table 4.1: Wind turbine and PMSG parameters in simulati@hexperiment

The simulation test detects the optimal power-speed cumhedeginning (from
0 s to 85 s) and then uses the detected optimal power-speesltourontrol the tur-
bine in MPPT mode (after 85 s). The simulation results of wapdedv, generator
rotational speed,, rotor powerF,, and the power coefficient of wind turbir,
are given in Figure 4.6 and 4.7. The wind speed, shown in Eigué(a), is gen-
erated by TurbSim [82], with an average speed of 8 m/s. FiglBé) shows that
the rotational speed of the wind turbine is controlled incsied constant reference
as mentioned in Section 4.3. Speed control the WT is achibyedector control
with Pl loop. Attimet = 30 s and 60 s in Figure 4.6 and 4.7, wind speed decreases
and causes power drop, the rotation speed is controlledciease to keep positive
output power, which demonstrates the effectiveness of élgative power rejection
function mentioned in Section 4.3.1.

At t = 85 s in Figure 4.6, sufficient number of operating points @r&ined
to calculatek,,,. The calculated,,, value is1.702105 which is very close to the
accuratek,,; value1.729105 (with 2% estimation error). After thg,,; is detected,
the WT is operated in MPPT mode. Figure 4.7(b) shows that aft85 s, the power
coefficientC;, of the wind turbine can achieve its maximum value, which shtivat
the wind turbine is tracking accurate maximum power points.

Case 2: Calibration of inaccurate optimal power-speed cure

Figure 4.8 and 4.9 shows the simulation results that theqaeghscheme is used
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Figure 4.6: Wind speed and wind turbine rotational speetiénsimulation of ini-
tialisation process. (a) Wind speed. (b) Generator ratatispeed and reference
rotational speed.
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Figure 4.7: Wind turbine rotor power and power coefficiesuts in the simulation
of initialisation process. (a) Wind turbine rotor power.) {lvind turbine power
coefficient.
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Error in the optimal power-speed curygseneration energy logs
10% Error 0.28%
20% Error 1.10%
30% Error 2.70%
40% Error 5.24%

Table 4.2: MPPT energy generation comparison

to calibrate an inaccurate optimal power-speed curve. @dwmiof environmental
parameters, such as the air density, and other externargastich as dirt and ice
augmented on the turbine blades, generally happeninggltinm daily operation
of the WT, will change the WT optimal power-speed curve. Taidate this kind
of inaccuracy, the turbine is controlled with,, in 20% error in the first 30 s, as
shown in Figure 4.8 and 4.9. The calibration process takBsXhd ends at 152 s.
Subsequently, the system is controlled in the MPPT mode thircalibrated:,,,
value.

Figure 4.10 compares the power coefficient before and dfeecalibration pro-
cess, which shows that before calibration there is a gapdsstihe power coeffi-
cient and its maximum value. After the calibration processwn in Figure 4.10(b),
C, can almost track its maximum value.

To illustrate the effect of the optimal power-speed curveregenerated in ener-
gy generation, more simulation studies were done and thétsese given in Table
4.2. The results show that 10% error fof,; will cause 0.28% loss of generation
energy. When the error increases, the loss will increaseells Whenk,,; has a
40% error, the generation energy will lose 5.24%.

4.5 Experiment Results

The hardware-in-the-loop experiment platform is the sasi@ &hapter 3. The
schematics of the controller and the experimental tessrilfuistrated in Figure 3.9
and Figure 3.10.The experiment is implemented in the dSPATHE environment.
A DC motor is controlled as a wind turbine to produce a meaterbrque corre-
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Figure 4.8: Wind speed and wind turbine rotational speetiénsimulation of cal-
ibration process. (a) Wind speed. (b) Generator rotatigpakd and reference

rotational speed.
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Figure 4.10: Comparison of power conversation coeffici@ntn the simulation
of calibration process. (a) Before the calibration procé€b¥ After the calibration

process.
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sponding to the turbine model under variable wind condgighPMSG is driven by
the DC motor to provide output electrical power. An IGBT lpewer electron-
ics board is used as the PMSG side converter to control the SUkith the PWM
signals from the dSPACE control board.

The experiment is carried out under a 120 s variable winddspEeure 4.11
and Figure 4.12 present the experimental results of thedawpof operating data
and detection of the optimal power-speed curve (0 s to 60csyalidation in MPPT
mode (60 s to 120 s), respectively. Figure 4.11(a) and Figur&(b) show the wind
speed and rotational speed of the WT-PMSG system. The paptured by the
wind turbine is shown in Figure 4.12. Frotr= 35 s to 50 s, there is a decrease
in rotational speed to adopt the decrease in the wind spéedrifies the negative
power rejection mentioned in Section 4.3.1.

After enough operating points are recorded, the optimalgrespeed curve and
thek,,; is calculated at = 60 s. Then itis used in PSF to control the wind turbine
achieve MPPT. The calculatéd,; in the experiment is 1.787105, which is close
to the accurate value 1.729105. The accuracy is around 9786re=4.15 shows
the comparison between the detected and the real optimatrggpeed curve in
the experiment. It can be seen that the optimal power-speee cletected by the
proposed method is close to the accurate curve. Figurea),l&gure 4.13(b) and
Figure 4.14 show the experiment results in the MPPT valitathode, with wind
speed, wind turbine rotational speed and power coeffigigntrespectively. The
experimental verification results show that the proposeithatkecan obtain the wind
turbine optimal power-speed curve under the variable wpeed condition, which
can improve the performance of WPGS MPPT.
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Figure 4.11: Wind speed and generator speed when the WP@Sesarding of
operating data process in hard-ware-in-the-loop testMayl speed. (b) Generator
rotational speed.
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Figure 4.12: Experiment results of the output power wheMWWREGS is in recording
of operating data process in hard-ware-in-the-loop test.
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Figure 4.13: Wind speed and generator speed when the WP@&ettthe optimal
power-speed curve and in MPPT process in hard-ware-inethe-test. (a) Wind
speed. (b) Generator rotational speed and referenceaméh8peed.
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Figure 4.14: Experiment results of the power coefficient nvtlee WPGS detected
the optimal power-speed curve and in MPPT process in hard-imathe-loop test.
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4.6 Conclusions

A new method to detect the optimal power-speed curve of a wirltine under
natural variable wind speed conditions has been propodee niethod obtains the
maximum power points by controlling the WPGS in specifiedstant rotational
speed and recoding the power and wind speed at the same tiethods to esti-
mate accurate MPP values and accelerate the detection &meproposed. After
the recording of the operating data and calculating thermgdtpower-speed curve,
the WPGS is controlled based on the obtained optimal popeegcurve to achieve
MPPT. The optimal power-speed curve detected by the proposthod can also
improve the MPPT performance and increase the WPGS enengyajen when an
inaccurate optimal power-speed curve was used in PSF. Tép®ped method does
not require the system preknowledge and can obtian accooptiteal power-speed
curve under natural variable wind speed conditions. Theracy of the detected
optimal power-speed curve ahg, is about 97%. MATLAB/Simululink simulation
and practical results confirm the validity and performanicéhe proposed method.
Future work will focus on the design of a wind speed obsergeetnove the re-
guirement of measuring wind speed, and the field test of thpgsed algorithm on
a real wind turbine.
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Chapter 5

DC/DC Boost Converter Based
PMSG Wind Turbine

Power electronics converters are the key and importantqfaatwind power
generation system for controlling its output current ortagé and consequently,
its rotational speed [108]. For a PMSG based wind power @gioer system, due
to the fact that the synchronous generator provides the floto by itself through
permanent magnets or rotor field winding and, thus, diodifiess can be used as
generator-side converters [109]. The configuration of &frecand DC-DC boost
converter in a WPGS is given in Figure 5.1. The diode rectdaverts variable
generator voltage to a DC voltage, which is boosted to a hiBiazvoltage by the
boost converter. It is important that the generator voltagw wind speeds be
boosted to a sufficiently high level for the inverters, whatsures the delivery of
the maximum captured power to the grid in the full wind spesige. Compared
with the back-to-back VSCs, the diode rectifier and boosveder are simpler and
more cost-effective [18].

As the stator current waveform could be distorted due to #8eaf the diode
rectifier, which may increase the losses in the generatocauses torque ripple as
well, the research of DC-DC boost converter operation astdéas necessary. Also
the designed and implemented DC-DC boost converter woulgsbd in prototype

experiments.
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In this chapter, the operation of a DC-DC boost converterésgnted at first,
followed by the modeling of a DC-DC boost converter. Then ¢batroller de-
sign and the simulation test of a WPGS with the DC-DC boosvedar in MAT-
LAB/SIMULINK is given. moreover, the hardware implemerdet of a diode and
DC-DC boost converter is summarized in this chapter. Relladedware-in-the-loop
test results are given to verify the ability of the implenmezhtonverter hardware.
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Figure 5.1: The configuration of a rectifier and DC-DC boostventer in a WPGS

5.1 Operation of a DC-DC Boost Converter

A DC-DC boost converter can produce an output dc voltage avel Qreater
than input dc voltage by employing pulse-width modulati®®(M) control tech-
niques [110]. The standard topology of a DC-DC boost coeverbnsists of a
boost inductor, an output capacitor, a power switch and dedid@ he configuration
is shown in Figure 5.2(a).

In continuous current conduction mode (CCM), the currentifigp continuously
in the inductor during the entire switching cycle. There awe states during a
switching cycle of the operation of a DC-DC boost converteN state and OFF
state. At ON state, the power switch is on and the diode is ®ffe equivalent
circuit is shown in Figure 5.2(b). At OFF state, the powertslwiis off and the
diode is on. The equivalent circuit is shown in Figure 5.2(c)

The state-state equation that describes the dynamics @@BC boost con-
verter is given by Equation (5.1.1).

dldcg 0 _ l—Sdc
dt _ L +
ﬁ 1_Sdc 0
dt C

wherel,,, is the converter input current,, is the converter output voltag&,, is

0

1

C

Vdcg

O =

(5.1.1)

o
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Figure 5.2: A DC-DC boost converter (a) Schematic diagrdthON state. (c) OFF
state
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the converter input voltagé, is the converter output current, agl. is the switch-
ing function of the power converter, defined as follows:

0, for OFF state
Sge = (5.1.2)

1, for ON state
The ratio of time during the power switch is turned on to theiqukof one
complete switching cycle is defined as duty cyfle The discontinuous model in
Equation (5.1.1) can be approximated by a continuous sfzdee averaged model
in Equation (5.1.3).

dldcg _ 1-D
at | _ 0 L
v, 1-D 0

dt C

Idcg ‘/dcg

Vo

(5.1.3)

- r 0
0

1
C

o

Since there is no net change of the inductor current fromedyotycle in steady-
state conditions. Thus, in steady-state conditions, thatio-output voltage con-
version relationship of the boost converter is:

- Vdcg
=10

In the same way, the relationship between the average iodogtrent/; and

(5.1.4)

the DC-DC converter output currehfis as follows:

- Vdcg

o = 5.1.5
b=1"p (5.1.5)

5.2 Modeling of a DC-DC Boost Converter

The steady-state equations of a DC-DC boost converter engiv Equation
(5.1.3). To get the transfer function of the DC-DC boost @ster, perturbation
signals, e.g. the perturbed duty cyd]k{t), the perturbed DC input current of the
converter/,.,(t), and the pertubed DC output voltage of the convelfgt,). Thus,
with the perturbation signals, Equation (5.1.3) can beitéswras [111]:
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A(Igeq+1deq (t ~(D+D( By
[ W ] B 0 —M Idcg + Idcg<t)
d(Vo+V, (¢ - 1— D+D~t 7
Vot V(1) 1-(D+D(t) 0 Vo + Vo(t) (5.2.1)
n % 0 Vdcg
1
o || 1

As d(t)V,(t) is the product of two small perturbation signals, it can beigd
in the linearisation. Substitute Equation (5.1.4) int@(b). Also considering that
in the loading conditions], = V, /R, Then simplify Equation (5.2.1). It can be
rewritten as Equation (5.2.2) and (5.2.3).

ey _ (VD) ~ (1~ D)Vi(1) (5.2.2)
av, 1 - . ztildeV,
dt = 5((1 - D)Idcg(t) - Idch(t) - tTL(w (523)
The Laplace transform equation of (5.2.2) and (5.2.3) afelksvs:
AFieg(5) = 7= (VD(0) ~ (1 = D)Vi(s) (5.2.4)
Vifs) = (1= D)) — Ly D(5) — Y217 (5.2.5)

From Equation (5.2.4) and (5.2.5) the control-to-outpamsfer function,4(s)
can be obtained:

Vo(s) B (1 —= D)V, — Llgeys
D(s) LCs>+ s+ (1—D)?

Equations (5.1.4) and (5.1.5) are employed to substitytend /,., in (5.2.6).
ThereforeG,4(s) is obtained in (5.2.7).

Goa = (5.2.6)

Vo(s) _ Vaeg(Ry — (1 — D)™*Ls)
D(s)  RpLe,s?+ Ls+ (1— D)2Ry
The derivation ofG;,(s) is similar to the one made above for obtainifig;(s).

Goa = (5.2.7)

Thus, the control-to-input current transfer functiGp(s) is obtained in (5.2.8).
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G- Licg(s) (1= D) "Wiee(RCs +2)
“T D(s)  RLLCs?>+ Ls+ (1— D)2R;
Finally, transfer functions (5.2.7) and (5.2.8) are usedlitain the current-to-

(5.2.8)

output transfer functiol ;._ 4.

Vo(s) (1-D)R,—(1-D)"'Ls
Idcg(s) N RLCS + 2
For stability analysis, Equation (5.2.9) is validated unithe variations of duty

(5.2.9)

Gdc—dc =
cycle D and loadR;..

5.3 Controller Design of a Boost Converter in a W-
PGS

The control algorithm of the dc-dc boost converter in winavpo system con-
tains two PI controllers. The boost converter can be usedntral the dc current
I1,., by adjusting the value of duty cycle and gettind/;., as a feedback. From the
voltage equation in continuous current mode in Equatioh.8), we can get that:

L.
L2 = Vieg = (1= D)V, (5.3.1)

Then Equation (5.3.2) can be obtained from Equation (5.3.1)

Ty = % / (Vieg — (1= DYV,)dt (5.3.2)

Besides, in wind power generation system, curigntis related to the generator
speedv,,. The PMSG model given in Chapter 4 illustrated the relatigmbetween
current and rotational speed. Consequently, the contralith compensation of

feedforward term can be formed as shown in Figure 5.3.

5.4 Prototype Boost Converter

Prior calculations of the minimum and maximum absolute e@galof state vari-
ables are important in order to accurately design compsnaina DC-DC boost
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Figure 5.3: Control diagram of a DC-DC boost converter inadypower generation
system

converter. Table 5.1 lists the state variables, which ataioéd from experimental
characteristics of the PMSG in prototype experiments. detiee maximum output
DC current of a diode rectifier can be calculated at 500 rprmaggiecting the losses
inside the diode rectifier as follows:

P, 640

Lico—mar = ——— = — = 12.31A 4.1
deg Vdcg—ma:c 52 ’ (5 )

Finally, Table 5.2 gives the design results of the DC-DC boosverter used in
this work by employing 5.4.2t0 5.4.5[112].

i ‘/dcg—min

Dpin =1 A (5.4.2)
Do = 1 — ‘@%ﬁf (5.4.3)
Lo > Vdcg-;;zij:xﬂw (5.4.4)
O < (1 = Diaz ) Lacg—maz Tow (5.4.5)

- Vi—min
As shown in Table 5.1 that minimum output voltage ripple iss#n as 0.1V,
which can be decreased by increasing”', or switching frequencyy,,,. However,
there are some disadvantages by increasing these paraneeter (i) if L is chosen
large, the time required faf,., to reach its peak value is increased, (iififor C
are chosen large, the capacity and the cost of a DC-DC camaee increased and
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Description Symbol | Unit | Value
Minimum input DC voltage | Vicgmin | V 5
Maximum input DC voltage | Vicg maz | V 52
Minimum output DC voltage | V, ..in \Y 5
Maximum output DC voltage| V,_naz \Y 220

Minimum output voltage ripple V;_.in \Y 0.1

Table 5.1: The minimum and maximum absolute values of the stiables used
for designing the DC-DC boost converter

Description Symbol| Unit | Value
Minimum duty cycle Amin % 0
Maximum duty cycle 17— % 70

Minimum boost inductor | L .., | mH | 0.32

Maximum output capacitoy C,.,... | #F | 2900

Table 5.2: The design results of the DC-DC boost converter

(i) if f,, is chosen large, the switching loss in a power switch, e.glGBT, is

increased.

5.5 Simulation Test

A PMSG based wind power generation system with diode rectified DC-DC
boost converter based on the given model was simulated inLIMBTISIMULINK.
By varying the power switch duty cycle of the boost convettee rotational speed
of the wind turbine can be controlled. The purpose of simaretiest is to verify the
performance of control rotational speed in a WPGS with diedéfier and DC-DC
boost converter.

Figure 5.4 shows the simulation model in MATLAB/SIMULINK. Nén control
the WPGS rotational speed in constant under a step changespaed, the control
system can change the duty to keep the rotational speedigatkreference value.
The simulation results are shown in Figure 5.5. From thelt®sii can be found

Liuying Li



5.6 Generator-Side Converter Hardware Implementation 117

I

wm
Tm i Tl
Wind »{ Wind speed (m/s) 5k iabc
Wind spe'ec Vabc Vdcg
theta e
Wind Turbine > duty
PMSG
DC-DC Boost
theta (4
Vabc
Vdeg [«
Diode Recffier
n
Duty
vo

DC-DC boost converter Controller

Figure 5.4: Simulation model in Simulink/Matlab

that, when wind speed changes, the controller will changedttty cycle to ensure
the rotational speed keeps tracking its reference values,the designed controller
is able to control the wind turbine rotational speed in a WR@8 diode rectifier
and DC-DC boost converter.

5.6 Generator-Side Converter Hardware Implemen-

tation

The schematic diagram of a diode bridge-VSC with a DC-DC boosverter
in a wind power generation system is as shown in Figure 5. génerator-side
converter contains a diode rectifier and a DC-DC boost coerer

For the hardware implementation of the generator side ctaryéhere are three
parts need to be mentioned. As the PWM control signal is ddtpm dSPACE
control panel, a coupler board need to be installed to teartee PWM signal into
the IGBT driver. Also, a particular IGBT driver should be omated to drive the
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Figure 5.5: Simulation results of control rotational sp@édVPGS with DC-DC
boost converter under step change wind speed
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Figure 5.6: Schematic of the photocoupler

IGBT power switch in the boost converter. Finally, all themqgmonents and boards
are installed together on a heat sink as a build diode recaifid boost converter.

5.6.1 Coupler board connection

As the PWM signal output from dSPACE control pannel is 0 to 5ditage
signal, it should go through a photocoupler for circuit pation and signal voltage
step up. The TOSHIBA TLP250 consists of a light emitting di@hd a integrated
photodetector. It is suitable for gate driving circuit ofB& or power MOSFET. Its
schematic is as Figure 5.6 shows.

On the coupler board, +15 V voltage power supply connectpihd V.. and
pin 5 GND. Pin 2 connects the PWM signal output from dSPACEtrobmpanel.
Pin 3 is connected with the digital ground of dSPACE contianhgd. The voltage
between pin 6/7 and 5 is the output of the board. A @Flbypass capacitor must
be connected between pin 8 and 5 to stabilize the operatitirediigh gain linear
amplifier. Failure to provide the bypassing may impair th&awing property. Thus,
the design of coupler board is as Figure 5.7 shows.

Based on the coupler board circuit design, the solderedleouyerface board
is shown in Figure 5.8. The PWM and Digital Ground pins connéth dSPACE
control panel. The socket is connected with IGBT driver adiapoard.
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Figure 5.7: Coupler board circuit design

Figure 5.8: Coupler interface board
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5.6.2 IGBT modules and driver connection

The SKYPER 32 core constitutes an interface between IGBTubescand the
controller. This core is a half bridge driver. Basic funasdfor driving, potential
separation and protection are integrated in the driversTiaan be used to build up
a driver solution for IGBT modules. There is an adaptor bdardhe driver. The
one used is Board 1 SKYPER 32. The board can be customizesiadj@dapta-
tion and optimization to the used IGBT module. The input algsf the driver is
switching active to +15 V and 0 V. A capacitor is connectedh® input to obtain
high noise immunity. Besides, an external resistor to therodler logic high level
is required. On the output side, the external componé&ptsand C,.. are applied
for adjusting the steady-state threshold the blanking.tideeording to the compo-
nent datasheet, the values we used &@: = 18kQ2 andC.. = 330 pF'. There are
some external boost capacitors connected on the board astéiiegate charge of
the driver may be increase by additional boost capacitodsite IGBT with large
gate capacitance. The whole connection schematic is shewigare 5.9.

R,, and R,;, in Figure 5.9 are gate resistors. The output transistorhi@f t
driver are MOSFETs. The sources of the MOSFETSs are separ@ahected to
external terminals in order to provide setting of the tumamd turn-off speed of
each IGBT by the external resistals,, and R, ;;. The gate resistor influences the
switching time, switching losses, etc. By increasig and R, ; the turn-on and
turn-off speed will decrease. According to the datashégtsand R, used in our
hardware are both 220. Some of the components are not equipped on the adaptor
board. Thus the following steps should be done for completdobard:

R262 R..  18k(}
C260 Cee 332pF
R250 Ryecrp 00

R251, R252, R253  Rgon 22092
R254, R255, R256  Rgopp 2209
After equipped the components, the IGBT driver and its anfdmtard are shown
in Figure 5.10.
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Figure 5.9: Connection schematic of the driver core and I@®Hule
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Figure 5.10: IGBT driver and adaptor board
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Figure 5.11: Wind turbine converter hardware installation

The output of the adaptor board are Emitter output, Gateubugmd Collector
output which can directly connect with IGBT module.

5.7 Hardware-In-The-Loop Test

Combine the above parts together as Figure 1.6 shows. THénéirdware for
the generator-side converter is as Figure 5.11.

The control signal is provided by dSPACE control panel.

To test the installed generator-side converter hardwaaiedware-in-the-loop
tests have been implemented with an experimental PMSG.egtudénch is shown
in Figure 5.12. The constructed test bench consists of a P86 is coupled to a
three-phase induction motor. The measurements are saimpedSPACE DS1104
controller. The constructed teest bench is equipped wiltage transducers (type
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Rated output power W 500

Rated rotation speed| A 20
Phase resistance Q 0.66
Rotor inertia Kg-m? 0.006

Generator configuratio

-

3 phase star connected AC output

Table 5.3: Experimental PMSG specification

Figure 5.12: The experiment bench for generator-side atewviest: (1) a variable-
frequency AC driver, (2) a three-phase induction motora(BMSG, (4) an encoder,
(5) voltage and current sensor boards, (6) a dSPACE cordralp

LV25-p), current transducers (type LA55-p) and an encodangéasure the rotor
speed and position. It is worth noting that all the composesed in the construct-
ed test bench are commercially available. The paprametatedMSG (which
includes a back-EMF observer) are listed in Table 5.3.

The results obtained form the hardware-in-the-loop tespagsented in Figure
5.13 and 5.14. Figure 5.13 is the results in the case thatitigetwrbine is controlled
to tracking a constant rotational speed reference in vi@iaind speed. It shows
that when wind speed changes, the duty cycle of the convehinges keep the
rotational speed stay around 20 rad/s. Figure 5.14 showssds in the case that
controlling the wind turbine rotates in variable rotatibspeed under a constant
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wind speed environment. And it can be seen that, duty cy@agbs to make the
rotational speed varies following the reference value.
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Figure 5.13: Hardware-in-the-loop test of varying wind egpevith constant rota-
tional speed reference
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Figure 5.14: Hardware-in-the-loop test of constant wineespwith changing refer-
ence speed
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5.8 Conclusions

This chapter presents the diode rectifier with DC-DC boostveder as the
generater-side converter in a WPGS. The operation primaipdl model of a DC-DC
boost converter have been given. Then the design of the D®doSt converter and
controller are investigated followed by the simulatiortteehe implementation of
the designed generator-side converter has been testedlindra-in-the-loop exper-
iments. Both simulation and experiment results verifiedddésigned DC-DC boost
converter is reliable, efficient and suitable to be used @RMSG based WPGS.
Thus prototype experiments can use the designed DC-DC boosgerter for wind
turbine control.
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Chapter 6

Small-Scale Prototype
Implementation and Field Test

There are two small scale wind turbines installed on the dieyeant roof and ca-
ble connected to the office for experiment and condition nooimg. It has been used
to build a micro-smart grid platform to demonstrate rende/a@mergy generation,
control and condition monitoring systems. With this prgps, the further green en-
ergy conversion ideas are enable to be developed, testachhdadted. This chapter
describes the prototype settings, experiment design, testdand experiments re-
sults based on the controller designed from previous chapied installed on the
roof turbines. The designed DC-DC boost converter is usdtearprototype ex-
periment WPGS. The comparison experiments results in kigipter illustrate show
with the designed DC-DC boost converter, the WPGS can generare power than

the wind turbine’s original controller.
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Figure 6.1: Configuration of the prototype WPGS

6.1 Prototype Design and Implementation

The configuration of the prototype WPGS is shown in Figure @.he whole
platform includes: WT, PMSG, switch box, diode rectifier, IDC boost converter,
load, battery and inverter connect to the grid.

The power generated by the PMSG transfer to the diode redifié then pass
through the DC-DC boost converter, eventually transfeth grid or load or in
charge battery. There are some sensors installed with th&SVIRe. voltage
transducer (VT) and current transducer (CT) for voltage @mdent measurement,
anemometer to measure wind speed and WebCam to monitorrthieds on the
roof. The measurement results transfer to the data adguisygstem for the condi-
tion monitoring and controller. The controller output PWigrsal through dSPACE
platform to the DC-DC boost converter power electronics.e Tetails are given
below.

6.1.1 Hardware implementation

There are two full-scale vertical-axis wind turbine on thepdrtment roof as
shown in Figure 6.2. The two turbines are in the same size and the same
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Figure 6.2: The two full-scale vertical-axis wind turbinastalled on the building
roof of the EEE department

parameters as Table 6.1 and 6.2 shown below. In this casec#mebe used for
comparison experiments.

Each wind turbine is coupled with a direct drive Three-PlResenanent Magnet
Synchronous Generator (PMSG). The performance parandtdrs wind turbines
with their generators are in Table 6.2.

In Figure 6.3, there are switches on the roof installed betwtbe turbines’ gen-
erators and the Lab A405 to turn the connection. The turbgesserators are con-
nected with the wind turbine control systems which wereaitstl in the Lab as
shown in Figure 6.4.

Relevant parameters of the control system are measureceaddsthe PC for
data analysis. An anemometer was installed on the roof tovget speed. The
returned value send to the PC as well. Besides, a web cameransgtalled for
monitoring the wind turbines.

As shown in Figure 6.1, the wind turbines’ control and moritg systems need
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Axis Vertical
Height 1.80 m
Width 1.38 m
Weight 92 kg
Swept Area 2.36 nt
Blade Materials Carbon Fiber and Fiberglass

Table 6.1: Eddy wind turbine physical information

Rated Power 600 W
Cut-in Wind Speed 3.5m/s
Cut-out Wind Speed 32m/s

Rated RPM 200 RPM
Survival Wind Speed 55 m/s
Rated Wind Speed 12m/s

Annual Energy at 5 m/s 780 kWh
Noise from IEC 61400-11 at 12 m{s 36 dB

Table 6.2: Eddy wind turbine performance information
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Figure 6.3: Switch box on the roof for cables connection
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Figure 6.4: Power electronics of the WPGS in a cabinet
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Figure 6.5: Schematic diagram of control and monitoringesys

to measure voltage, current and wind speed to feedbackdhalgp the pc in the
Lab. The whole monitoring system contains: current tranedsi (CT); voltage
transducers (VT); wind speed sensor (anemometer); WebTéa.VT/CT board

connects with the dSPACE platform and transfer signal té’tbes shown in Figure
6.5.

In Figure 6.5, the sensors board is connected with the v@olad current sources
for measuring and sending the output analogue signals tdSPACE connection
panel. The dSPACE board is able to transfer the analogualsigmdigital signals
and directly display on the connected PC screen. An exanfpilleeoPC screen
monitoring display is shown in Figure 6.6.

Figure 6.7 shows the connection of the VT/CT (voltage transdtype LV25-p,
current transducer type LA55-p) circuit board.

The direct measured voltages are the generator outputgeoWab, Vbc, and
Vca. Besides voltage and current measurement, the windlspe¢so measure by
an anemometer on the department roof (Figure 6.8). It is@smected with the
dSPACE to display the value on the PC screen (Figure 6.6).

Figure 6.8 also shows that there is a webcam installed orotiféad monitor the
condition of the turbines. And the webcam image was sentdartternet. So that
by typing in the password, the webcam image can be monitaneahg PC in the
university.
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Figure 6.6: The monitoring screen through the WebCam andG&P

Figure 6.7: VT/CT circuit board for voltage and current measnent
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Figure 6.8: Anemometer and webcam on the roof for wind spesssorement and
wind turbine monitoring

Liuying Li



6.1 Prototype Design and Implementation 138

6.1.2 Condition monitoring system
Phase voltage calculation

To save the connection pins, not all values need to be mahsBoene of them
can be estimated. For example, as:

Vo + Vie + Vg = 0 (6.1.1)

ThenVca can be calculated by the value Gf, andV,.. The phase voltagg,,
V, andV, have a relation:

Vo+ Ve + V=0 (6.1.2)
From Equation (6.1.1) and (6.1.2), the phase voltdge$’, andV, can be cal-
culated by:

2
V(l — Vab;"/bc

Vy = VeV (6.1.3)

_ = (Vab+2Vhe)
‘/c — a3 c

In this way, by measuring,;, andV;,, the value ofV,., V,, V, andV, can all be
calculated.
Figure 6.9 is the screen shot of the monitoring module in 8&a8imulink.

Wind turbine rotational speed estimation

Both AC and DC generators produce a frequency that is prigmadtand linear
to the rotational speed of the generator shaft. By measthiadrequency it is pos-
sible to measure the rotation speed of the generator witheutse of a conventional
tachometer. This is achieved through the use of a resisfmaustor high pass filter.
The pure AC signal is then fed into a frequency to voltage edrv which outputs
a DC voltage proportional to the input frequency. The vategthen boosted by an
amplifier and high frequency noise is removed by a low passfilt

Liuying Li



6.1 Prototype Design and Implementation 139

aton

D& &« -8+ 12|y m Nomal  ~|| 55 68 () & rEE®

&
o oAC

DST104DAC_C1

’ cotot
DS1104ADC_07 SOt fader Ki2_b Biast Kdas2 DS1104DAC_62

S N N e | I
DEI104ADC 5 ubsstemZ Kades laa_ea Biazz Kdas DS1104DAC_C3
e 5ol :
e Pl P Channel 2
:

P Channel &

ST1045L_DSP_PWM
DS1104DAC_G4

DE1104DAL_C5

©51104DAC_CO '

100% T=0.00 odel

Mux Ao b

DETIDAMUX_ADE Kadeto

Figure 6.9: The monitoring module for long term running aedarding

Turbine Output

HP Filter

ﬂAC Component

F/V Converter

|

LP Filter

Figure 6.10: Rotational speed measurement signal flow aimagr

Liuying Li



6.1 Prototype Design and Implementation 140

RPWMA out

2500 -

2000 -

1500 -

RPM

1000

500 4

F/V Voltage Qut

Figure 6.11: Relationship between RPM and rotation speezsurement voltage
output

The output from the rotational speed measurements wergated by compar-
ing the voltage output to the RPM read by an optical tachonaticreasing wind
speed.

The results demonstrate that there is a clear linear andgropal relationship
between the rotational speed measurement voltage outguharactual rotational

speed.

Data acquisition and condition monitoring system

The hardware implementation architecture is shown in Egui2. The wind
turbines and generators are installed on the roof of thelimgl The turbines with
generators are connected to the dSPACE data collectioamyistthe lab for data
measurement and collection, which forms a simple data aitoui system. The
data is collected and then distributed by a data distribusierver. In another lab,
several PCs are set as the server in the same local area ketys®srs can access
the the application for data monitoring using their PCs, ileophones and tablet
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Figure 6.12: Hardware implementation platform with datquasition system

devices by wired or wireless connection with the LAN. The welnmera also con-
nected to the network that works together with web serverdoige the real-time
image display of wind turbines.

The data acquisition system with real-time data publiseeshown in Figure
6.13. The data acquisition and condition monitoring sysitectude data measure-
ment, dSPACE control panel board, and MATLAB/SIMULINK ersiment.

6.1.3 Controller and power electronics

The controller and power electronics in prototype WPGSesstime as in Chap-
ter 5. The schematic diagram of control the prototype WPG&G8&adsvn in Figure 5.3.
The measurement of voltage and current transfers to theadaaisition system.
Then the value otv,,, 1., V;, andV, can be got and transfer in the control sys-
tem. The controller outputs duty cycle to the IGBT switch in the DC-DC boost
converter.
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Figure 6.14: The schematic diagram of control the protoWpGS
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6.2 Experiments Design and Set-Up

6.2.1 The comparison experiment of charging battery

Because there are two wind turbines with their generatalsoae anemometer
to measure wind speed on the roof. For the comparison expstjrine two turbine
generators are connected with different energy convessistems in the lab. One
is with designed conversion system and controller; therathevith the turbine’s
original controller. They both are charging batteries. €kperiments aim to com-
pare the two turbines generation systems performance. difesrstic diagram of
experiment hardware setting is shown in Figure 6.15.
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The variables in red are measured and send to the PC. Thelentalculates
the value of duty based on the inputs and sends to the conteedentrol the turbine.
The control objective is maximum power point tracking. TRperiment is designed
to compare the power charging the batteries from the twartagh

Figure 6.16 is the schematic block diagram of comparing W generation
systems of generating power transferred to charge theriestteThe wind turbine
1 (WT1) is connected with the designed DC/DC converter hardwvhich was
mentioned in Chapter 6. The wind turbine 2 (WT2) is connegtél the original
controller. Both the two turbines are connected to chartjiegsame type of battery.

6.2.2 The comparison experiment of power transfer to the gd

by inverters

Figure 6.17 shows the diagram of the two turbines’ experiraennection. D-
ifferent from Figure 6.16 in Section 2.1, in Figure 6.17 th® tturbines are both
connected with grid side inverter and the generated powetransferred to the
grid.

6.3 Experiments Results

6.3.1 Two wind turbines rotational speed comparison

The experiment of comparing the two wind turbines rotatiepaed is to verify
that when the two turbine are both connected with their nabcontrollers in the
same environment, their operation and generation wouldrbest the same.

Figure 6.18 shows the comparison of the two turbines in 2$odkdrom the re-
sults, it shows that the total rotating time of WT1 is a lith# more than WT2.
By comparing the results in time=3000 to 4000 (Figure 6.1t%),time of turbines
charging batteries are similar. CompariAg= Pe/w? and K, = Pe/v? of the
turbines, their values are very similar. It means when ttetesy are charging the
batteries, the power coefficient of the two turbines are atntioe same. From the
turbine’s datasheet, the estimated optimal valu& @$é 0.072 and the estimated op-
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timal value of K, is 0.38. The experiment results are much lower than the atguin
optimal values.

From the two wind turbines rotational speed comparisonltgstican be seen
that when the two turbines are both connected with theirirmaigcontrollers in the
same environment, their operation are quite similar. Thursher experiments can
be done for one wind turbine with different control and casuen system and com-
pare to the other wind turbine with the original control aewersion system.

6.3.2 PSF control experiment results

The amount of mechanical power captured from wind by a wimdite could
be formulated as:

P, = %pAva?’ (6.3.1)

where, p is the air density,A is the wind turbine swept ared;, is the wind
turbine power coefficienty is the wind speed. Therefore, if the air density, swept
area, and wind speed are constant the output power of theéurkll be a function
of power coefficient of the turbine. As the power coefficier@ximum value and
the C,_rsr curve of the roof turbine is unknown, we assufiigis a constant as
well. Thus from equation(6.3.1) we can get:

P, = K (6.3.2)

Assume there is no loss during the transportation, the ipputer should be
equal to the output power:

P =Vil; =V,1, (6.3.3)
Combine equation(6.3.2) and (6.3.3), it can be deduced that

’U3
Vi
From the equations above, the boost converter control ithgorused in the

L =K (6.3.4)

experiment is shown in Figure 6.20.
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Figure 6.20: PI controller for boost converter in the expemt

Wind Turbine 1 is the one connected with boost converterward. Wind Tur-
bine 2 is connected with its original controller. The expegit results of the Wind
Turbine 1 is shown in Figure 6.21. Figure 6.22 shows the expatt results of
Wind Turbine 2 in the same time.

In Figure 6.21 and 6.22, at t=1.5s, there is a gust wind. Thelwpeed has a
step change. At that moment, WT1 is controlled to increasecthrrent, thus the
rotation speed is decreased. WT2 is dropped to dumper asatterybvoltage is
higher than 28 V. As there is no rotation speed sensor on theuvbines, WT1
Lin measureq CAN represent the tendency of rotor speed.

At t=9s, the gust wind left. The wind speed is slowly decnegsiWT1 is con-
trolled to decrease the current. Thus the generator tojdedreased. The rotor
speed stays at a particular value. While WT2 switches to durapt=14 s and no
generated power when it switches back to controller.

From the experiment results, we can conclude that the dedidiode rectifier
and boost converter hardware is suitable for our experimsat The controller
algorithm could be replaced in the future.

Liuying Li



6.3 Experiments Results 152

10

5/\-—"\1'\\_J-f‘\h

; | s o o oo e o o o e s e s e |
Veut_in B

= 0 2 4 6 & 1012 14 16 18 20

W wind

V wind

40

2] o\

. Vl_mea.sured N)

0.

[ 0 2 4 68 8 1012 14 16 18 2

Pi (W)

nnnnnnnnnnnnnnnnnnnnn

. 0 2 4 B 3 10 12 14 16 18 20
time (s)

Figure 6.21: Experiment results of wind turbine 1 contmliyy PSF method

Liuying Li



6.3 Experiments Results 153

10

. M

. Veut_in 0

W.., 0 246 81012141518 20

Vwind {mfs)

30-
S 281
£ 23:
S ]
24 ‘
= o 5 10 15 20
1.09
_ DS
<
‘gl
g 0.0
05 :
= 0 5 10 15 20
40
g 201
D-‘é -
o 0
=

e e e e e ]
0 2 4 6 81012141618 20

time (s)

X
(=

Figure 6.22: Experiment results of wind turbine 2 contrlt®/ the wind turbine
original controller

Liuying Li



6.3 Experiments Results 154

Z,
= ; i
e e e S Zo
e I e $o.2
= E
=0 ke
0 | | | |
0 10 1 0 0 10 1 0
1 :
o : -;
£ i H
5 3 s
2 ] z
0 i i -
0 10 1 0
30 ‘
— : - 0.9 T
s == —
5 ST W i (— "Wz ogl MR A ]
3
e T o S ) L
5 z
Lo | Y - A S I T
= | | 0.5 i :
10, 0 13 20 0 5 10 15 20
Time (s) Time (s)

Figure 6.23: Comparison results of two wind turbines openain a gust wind.
WT1 is controlled by HCS method

6.3.3 Conventional HCS control experiment results

Experiments of control wind turbine 1 (WT1) with convent@dtiCS method
and wind turbine 2 (WT2) with its original controller weremm Figure 6.23 and
Figure 6.24 are some experiment results. The results shetywwihen the two tur-
bines are under the same wind environment, the generatigvildf is affected by
controlling the duty cycle of the boost converter to gereerabre power than WT2.
Although the results show that the conventional HCS metkable to control the
duty cycle and effect the generating power of WT1. In rapidngding wind speed,
conventional HCS method may lose its traceability.
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Time period Average | WT1 generated WT2 generated E,wr1/E.wr2
wind speed energy (Wh) | energy (Wh)
18:42 to 20:42) 1.82 (m/s) 2.6 0.5 520%
20:42 t0 22:42 2.50 (m/s) 7.3 3.3 221.2%
22:42t0 00:42| 2.66 (m/s) 9.5 5.9 161%
00:42 to 02:42| 2.35 (m/s) 6.8 3.65 186.3%
02:42t0 04:42 2.02 (m/s) 2.9 0.15 /
04:42 t0 06:42| 1.93 (m/s) 3 0.1 /
06:42t0 08:42| 2.44 (m/s) 6.5 3 216.7%
08:421t010:42| 3.28 (m/s) 15.5 4 387.5%
Total 54.1 30.5 177.4%

Table 6.3: Generated energy comparison of power transfgrame the batteries

6.3.4 Long term operating results
The comparison experiment of power transferred to charge bteries

Data was recorded from 18:42 in 10/09/2015 to 10:42 in 12@B3. Final
results shows that WT1 generated electricity 54.1 Wh and gérerated electricity
30.5 Wh. Thus in total WT1 generated 177.4 % electrical gnefgNT2. Table
6.3 shows the comparison of the two turbines generated emergvery 2hrs in
different average wind speed. From Table 6.3, the expetinesalts show that the
designed controller presents better than the turbinegirai controller especially
in lower wind speed. More experiment would be done in thertutliable 6.4 shows
comparison results in every hour on 22 September. From thdtseit can be seen
that sometimes WT2 generated more power than WT1 for a shwt This means
the controller can be improved in the future to be more efiicie

The comparison experiment of power transferred to the grid

Data was recorded every 10 minutes from 04/09/2015 aftert@©7/09/2015
morning. The results shows that in about 67hrs the final geéeérenergy of WT1
is 292.3Wh and WT2 is 129Wh. Thus WT1 generated 226.6% @&atanergy of
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Time period Average | WT1 generated WT2 generated E,wr1/E.wr2
wind speed energy (Wh) | energy (Wh)
10:02 to 11:02 2.24 (m/s) 0.49 0.45 108.9%
11:02to 12:02 2.83 (m/s) 1.76 1.2 146.7%
12:02 to 13:02 3.60 (m/s) 5 5.35 93.5%
13:02to 14:02 4.93 (m/s) 11.3 14.9 75.8%
14:02 to 15:02 4.95 (m/s) 4 4.2 95.2
Total 22.55 25.65 88%

Table 6.4: Generated energy comparison of power transfdramge the batteries in
22/09

WT?2. Table 6.5 shows the comparison of the two turbines geeeérenergy in every
6hrs with different wind speed.

From Table 6.5, it shows that WT1 always generates morergiggthan WT2,
especially in low wind speed.
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Time period Average | WT1 generated WT2 generated E,wr1/E.wr2
wind speed energy (Wh) | energy (Wh)
15:50t0 21:50 4.86 (m/s) 78 50.5 154.5%
21:50t0 9:50| 3.77 (m/s) 52 28.5 182.5%
9:50to 15:50 | 1.40 (m/s) 7 1 700%
15:50 to 21:50, 2.39 (m/s) 10.5 55 190.9%
21:50t0 9:50 | 2.50 (m/s) 24.9 8.6 289.5%
9:50t0 15:50 | 2.27 (m/s) 10.1 1.9 531.6%
15:50 to 21:50 2.72 (m/s) 21.5 4 537.5%
21:50t0 9:50 | 3.24 (m/s) 32 10 320%
9:50t0 15:50 | 3.54 (m/s) 40 15 266.7%
15:50t0 21:50 2.48 (m/s) 24 4 600%
21:50t0 9:50 | 0.64 (m/s) 2 1 200%
Total 302 130 232.3%

Table 6.5: Generated energy comparison of power transtetgrid experiments
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6.4 Conclusions

This chapter has illustrated the prototype experimenfguat and monitoring
system. The experiment results shows the installed hasdwarks well with the
roof turbine. From the long term comparison results, it carcbncluded that the
wind turbine with designed hardware and control system egotuce more power

from wind than the wind turbine with its original controller
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Chapter 7
Conclusions and Future Work

This chapter has summarised the results obtained in thegstaed contributions.
At the end of this chapter, suggestions for future invesitiga are also listed.

7.1 Conclusions

This thesis aims to develop maximum power control for PM&Ged WPGS. In
industry, wind power generation systems require contr®tie@ smoothly switch be-
tween different control objectives in different regionglarapture maximum power
from the wind when the wind speed is low. This thesis disalisise developmen-
t of wind turbine controllers on different aspects: the swihg between different
operating regions and control objectives; the HCS methoactoeve MPPT, the
detection of optimal power-speed curve and experiment#icegion.

At the beginning of this thesis, the overview and typicalfaguration and com-
ponents of wind power generation systems have been presebtferent MPPT
methods have been reviewed. This thesis has focused on ¢hatiom and control
of PMSG based WPGSs.

In Chapter 2, a method for controlling a variable speed wurthihe over it-
s complete operating wind speed regions has been presérttedcontrol method
attempts to minimise structure and mechanical loadingevmaximising energy
conversion from the wind. This involved designing a switchlogic to enable s-
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mooth switching between different control objectives afjtee controllers and pitch
controllers. All these controllers used PDF control altfor for smoothing perfor-
mance and simplifying parameter tuning process. The stioulaf a wind turbine
with a hardware-in-the-loop industrial controller, thaes the presented switching
logic, demonstrates good results; the switching is smoetéen different control
objectives over a large wind speed range. In the three apenagions, Region 1
aims to capture maximum power from the wind. This region heitees the WPGS
generated power in low wind speed. HCS method and PSF metadd@methods
generally used in industry. Chapter 2 and 3 are mainly d@ongshe development
in these two methods.

In Chapter 3, a hybrid HCS algorithm for wind speed senssri@gximum pow-
er point tracking of wind turbine generation systems un@eyimng wind speeds has
been presented. The proposed algorithm introduces a newtibet method of wind
speed variation and combines it with the conventional H@®rehm. It can ob-
tain a real-time optimal power curve coefficient based onojitamal power under
constant wind condition. The simulation compares the pseddybrid HCS algo-
rithm and the conventional HCS algorithm method on a PMS@dasnd turbine.
Under rapidly changing wind speeds, the proposed hybrid BIG&ithm performs
much better in tracking the maximum power coefficient withttve requirement of
directly sensing wind speed and knowing wind turbine charastics.

In Chapter 4, a new method to detect the optimal power-speee of a wind
turbine under natural variable wind speed conditions has peoposed. The method
obtains the maximum power points by controlling the WPG Specsied constant
rotational speed and recording the power and wind speee aatine time. Methods
to estimate accurate MPP values and accelerate the detéotie were proposed.
After the recording of the operating data and calculatirggdptimal power-speed
curve, the WPGS is controlled based on the obtained optiovaépspeed curve to
achieve MPPT. The optimal power-speed curve detected bprihgosed method
can also improve the MPPT performance and increase the WR&8yegenera-
tion when an inaccurate optimal power-speed curve was nse8k. This proposed
method does not require the system pre-knowledge and cama@icurate optimal
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power-speed curve under natural variable wind speed gondit The accuracy of
the detected optimal power-speed curve aggis about 97%. MATLAB/Simulink

simulation and practical results confirm the validity andf@enance of the pro-
posed method. Future work will focus on the design of a wingesipobserver to
remove the requirement of measuring wind speed, and theéisief the proposed
algorithm on a real wind turbine.

Power electronics plays an important role in WPGSs. In Glrapt it repre-
sents the diode rectifier with DC-DC boost converter as timegeor-side converter
in a WPGS. The operation and model of a DC-DC boost conveaes been giv-
en. The implementation of the designed generator-sidescrtanhas been tested in
hardware-in-the-loop experiments. Both simulation angeexnent results verified
the designed DC-DC boost converter is reliable, efficientsuitable to be used in
the PMSG based WPGS.

The proposed wind turbine control methods and power eleicsohardware
need to be verified in hardware experiments. Chapter 6 hasréted the proto-
type experiment platform and monitoring system. The expenit results show the
installed hardware works well with the roof turbine. Frone tbng-term compari-
son results, it can be concluded that the wind turbine wisigieed hardware and
control system can capture more power from the wind than thd turbine with its
original controller.

In conclusion, the study in this thesis contributes on dgyely the control of
PMSG based WPGSs. A switching logic has been proposed toteraadtch be-
tween different control strategies and avoid sudden clemg@/PGS. In the first
operation region, the control objective is to achieve MPHUS, a developed HCS
method has been proposed which can detect wind speed @arfatim the oper-
ating data analysis thus to avoid the misleading of coneeatiHCS method dur-
ing variable wind speed. Besides, a method has been propasednd turbines
to on-site detect the optimal power-speed curve. With anrate optimal power-
speed curve, the WPGS can efficiently achieve MPPT by PSKatonfo verify
the proposed methods, a designed power electronics hardwaarbeen tested with
a PMSG based WPGS and finally implemented in a small scaletgps WPGS.
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Nevertheless, there are some further research can comimiue future.

7.2 Future Work

e The proposed smooth switch method in Chapter 2 can combitfeting dif-
ferent MPPT methods to adapt different WPGSs. Also, somanpaters in
the switching logic need to be set before operating. Thenpai@r values can
affect the switching results and the mechanical load. Essithe twist an-
gle in the wind turbine drive train can be presented and coetpaith other

switching methods.

e In Chapter 3, the developed HCS method can solve the probfemiss-
trackable of conventional HCS method in variable wind speEde setting
of the HCS step size and parameters in the wind speed varidétection
need to be developed more adaptively. Besides, the metimoloecdeveloped
to capture accurate,,, value and calibrate the value during the WPGS normal

operating.

¢ In Chapter 4, the method to detect the optimal power curvdseend speed
as a reference. In the future, a wind speed observer will decadBy detect-
ing the wind speed variation and estimating the wind spekaythe optimal
power curve detection method can be developed sensorless.the method
needs to collect data in different wind speed and the systesdsito wait
for wind speed change. This makes the detection time undéted. In the
future, the method to detect the wind turbine optimal poweve in a fixed
time can be designed and verified.

e The hardware implemented in Chapter 5 can be combined witlidasile
converter together. The grid-side converter can be imptetewith PWM-
VSC and controller for grid-side converter should be destjand combined
with the previous system. Besides, back-to-back convedsfiguration can
be implemented to compare with the diode rectifier and bcwsterter.
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e The prototype implemented in Chapter 6 used to compare thd tirbine
original power electronics and controller with the implertezl power elec-
tronics and PSF control. The developed HCS method can béedppl the
control system thus verifying it in the prototype experigenn the future,
different control methods and power electronics configanstcan be com-
pared by using the prototype wind turbines.
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