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Abstract

Smallscale standalone wind turbines provide a very attractive renewable energy source for
off-grid remotecommunities. Taking advantage \adriablespeed turbine technology, which
requires a partialor full-scale power converter, and through integrating an energy storage
system, smooth and fast power flow control, maximum power point tracking, and-a high

qudity power is ensured.

Due to high reliability and efficiency, permanent magnet synchronous generator seems to be
the dominating generator type in gearless wind turbines, employed fgriadfipplications.
However, wind turbines using gearagluirretcageinduction generataiSCIG)are still widely
accepted due to their robustness, simplicity, light weight and low cost. Permanent magnet
induction generator, a relatively new inductioasedmachine, has recently been recognized
in the wind energy market @ alternative for permanent magnet synchronous generator. A
thorough comparative study, among these three generator types, is conducted in this research
in order to enable selection of the most appropriate generator fgridfivind energy
conversion syem (WECS) subject to a set of given conditions. The system basgeéaned
SCIG hadeen shown to be the most appropriate scheme for a-soaddl standalone WECS,

supplying a remote area.

Different topologies of power electronic converters, employaWHCSs, are overviewed.
Among the converters considered, current source convisrtelentified to have a great

potential for offgrid wind turbines.

Three currensource invertebased topologies, validated in the literature fogad WECS,
are compare for off-grid WECS application. Feasibility study and performance evaluation are
conducted through analysis and simulation. Amonglal topology composed of thrphase
diode bridge rectifierDC/DC buck converterand plsewidth-modulated currersouce
inverter (PWMCSI) is identified as a simple and las@st configuration, offering satisfactory

performance for a lovpower oftgrid WECS.

A smallscale standalone wind energy conversion system featuring SCIG, CSI and a novel
energystorage integratioscheme is proposed and a systematic approach for thekdc

inductor design is presented.



In developing the overall dynamic model of the proposed wind turbine system, detailed
models of the system components degived A reduceedorder generic load med| that is
suitable for both balanced and unbalanced load conditions, is developed and combined with
the system components in order to enable ststatg and transient simulations of the overall
system. A lineasmallsignalmodel of the system is develedaroundthree operating points
to investigatestability, controllability, and observability of the systéFhe eigenvalue analysis
of the smaklsignal model shows that the oplep system is locally stable around operating
points 1 and 3, but not Zramian matrices of the linearized system show that the system is
completely controllable at the three operating points and completely observable at operating
points 1 and 3, but nak.

The closedoop control systenfor the proposed wind turbine systasndeveloped. An
effective power management algorithm is employed to maintain the sdepignd power
balance through direct control oftici nk current . The generator 6s
the buck converter to extract maximum available wind pawenormal mode of operation
The exceswvind power is dumped when it is not possible to absorb maximum available power
by the storage system and the IoEge current source inverter is used to control posianel
negativesequence voltage componergparatelyThe feasibility of the proposed WECS and
performance of the control system under variable wind and balanced/unbalanced load

conditions are analyzed and demonstrated through simulation.

Finally, the proposed WECS is modified by removing the duogadl and avoiding the
surplus power generation by curtailment of wind power. The operation of the modified system

is investigated and verified under variable wind and load conditions.
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Chapter 1

|l ntroducti on

Recently,utilization ofwind energy has achieved a rapid growth in Europe, North America
and Asia. Global Wind Energy Council reported that the total capacity oftigddwind
energy, installed in 2015 alone, exceeded 63GW worldylile Smaltscale wind turbines
(WTs), mainly employed in offirid applications, have also received a lot of demand
worldwide [2] . In 2014,the U.S. department of energy (DOE) reported installed capacity of
2.8 MW for small WTdn the United States and exported capacitylo®2 MW to the global
market[3]. In 2015, Canada installed around 1.5 GW of new wind capac8§ projects, 23
of which were deployed to serveff-grid communities as well as municipal or local
ownership[4] . Asia is still the largest regional market for wind energy. In China alone, the
target is to reach 200GW of wind power capacity by 2B20A considerable perctage of
this target capacity is expected to begfl, dueto grid connection issues.

1.1 Research Motivations

According to Global OHGr i d Li ghti ng Associati on, over
mostly in developing countries, has no access to aigt6]. Even in modern countries, there
are remote communities where connection to the main grid is either too expensive or
impractical. For example, there are around 175gatt communities throughout Canaffg.
Employing renewable energy sources is the most suitable solution-gnicb&pplications, if
intermittency is compensated for. ptesent, standalone small WTanging in power rating
from a few hundred watts to a hundred kilowatts, provide a \talctve renewable energy
source for remote communities. These WTs help in reducing the stress on byesuiglying
part of the demand without involving the graiminish the air pollutioi8] and save on fuel
cost by reducing or even eliminating the need for diesel generators, which consume a lot of
air-polluting fossil fuels, have high operating and maintenance costs, and may require
significant additional costs if installed in a rematea, where fuel transportation and refueling
is a complicated missiof9]. Moreover, standalone WTs can be installed wherever wind
resource is adequate and there is no access to the grid, or connectiorgtid tkevery

costly [10], not permitted or difficult due to official approval requirements. In addition to
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remote communities, standalone small WTs can be used to supply pdwatdprecreational

vehicles, ottages, local schools, farms, and small manufacturing facilities.

Although the main principles of operation are the same {griwhand offgrid wind energy
conversion systems, the absence of grid in the latter case adds to the hardware and control
requirementsin spite of the fact that wind energy is intermittent aadnot be dispatched to
meet the assigned commitment, connection to the grid allows for extracting the maximum
available power from wind resources at any moment of time. In contrast, déf-gmnd Wind
Energy Conversion System (WECS) to satisfy the taug/ing power demand and maintain
balance of power, an energy storage unit is required to compensate for the power deficit and
absorb the excess power generated from wind. Another issueoffdgnid WECS is the
reactive power required by some generator types that has to be supplied by a reactive power
source such as a capacitor bank, synchronous condenser, SVC or STATCOM

To date, voltagesource inverter (VSI) is the dominant topology in both large and stailk
WECS. Currensource inverter (CSl), on the other hand, has been adopted mainly in medium
voltage, high power applications. The advantages reporteceititéature for CSI, when
substantiated, can make CSl a promising option and possibly a preferred choice fscalaall
standalone WECS. Motivated by the huge demand fegradfsmallscalewind turbines and
potential of CSI to be employed in such tmds, the research presented in this thesis intends

to investigate the feasibility of C®lased WECS for offjrid applications.

1.2 Literature Review

Compared to fixegpeed WTs, variablspeed WTs produce more energy from the same

wind resource, with s power fluctuations and lower mechanical stress.

Fixedspeed WTs, in general, use squhtafje induction generator, with no power
electronic interfacg12]-[14]. On the contrary, variablepeed wind turbines enjoy a rather
wide range of options for appropriate generator and power converter fypessection
provides a review on variabkpeed WECSs from generator and converter viewpoints. The

section starts \h a brief historical data.



1.2.1 History of Wind Energy

Wind is a renewable energy source that has been used for a long time in water pumps, wheat
mills and sailing ships. Sincel980s, wind has been recognized as an efficient and reliable
source for generatindeetricity [15]. In the recent years, the utilization of small wind turbines
(SWTs), mainly adopted in offrid projects, has grown all over the world and is expected to
become more desirable in the future, ezsally with the development of energy storage
technologiesvith the required capabilitiekig. 1.1 illustrates the global annual installed SWT
since 2009 and forecasts the annual growth rate until )20According to the figure, the
market of SWT could subsequently feature a steady growth rate of 20% from 2015 to 2020.
By 2020, a cumulative installed capacity of approximately 2 GW is expected to be achieved.

SWT Installed Capacity World Market Forecast 2009 - 2020
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Fig. 1.1: Global annual installed Small Wind turbine (SW2T)
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1.2.2 Conventional and Potential Generator Types used in WECS

The following generator types have been erpgttin the existing wind energy conversion

systems or have been reported in the literature:
1. WoundRotor Induction Generator (WRIG)
2. DoublyFed Induction Generator (DFIG)
3. Brushless Doubled Induction Generator (BDFIG)
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4. Brushless Doublred Relictance Generator (BDFRG)
5. SquirrelCage Induction Generator (SCIG)

6. WoundRotor Synchronous Generator (WRSG)

7. PermanenMagnet Synchronous Generator (PMSG)
8. PermanenMagnet Induction Generator (PMIG)

9. SwitchedReluctance Generator (SRG)

Fig. 1.2 showsa simplfied configuration for a staradone, variablespeed WRIGbased
WECS. The stator is connected to the PCC (point of common coupling), while the rotor is
connected t@ combination of fixed resisance(’Y ) anda power electronic convertérat
emulates an adjustable resistanBg varying the valuef the resistance seen by the rotor
windings the generator can run at different operating poitsoft starter is needed in order
to reducdhe inrush current at stanp [12]. Standalone WRIG is simply controlled to produce
stable voltages with constant amplitude and frequency even though rotor speed is varied by
several percerjiLl6]-[17] . Due to limited range of speed variation, WRIG has been used for a
long time in fixed speed WTs, rather than variatsipeed WT$18] .

External variable rotor resistance

NEET

ﬂ
A

T |+ k

g
Battery 3
Voltage Source g’
Converter VAR a
Compensator

Fig. 1.2 WRIG-based standalone WECS.
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A DFIG-based standalone WECS is constructed by connecting the stator directly, and the
rotor via a power electronic conver, to he PCC as shown irFig. 1.3. The flow of power
through the stator is unidirectional, while the direction of power flow through rotor depends
on the operational mode of generator. If the generator is operatmg sghchronous speed,
the power is received by the rotor. If the generator is operating abogkregious speedhe
rotor delivers powefThe main advantage offered by DFIG is that its rotor power converter is
rated only at 30% of the stator poVj&5]. This feature makes DFIG a preferred choice in-igh
power gridconnected WECSSs, due to the huge economic gains resulting from reduced sizes
of power converters and filtef&9]. Moreover, different contt strategies, developed and
investigated in[20]-[22], have demonstrated ease of control of DFIG in standalone wind
energy applications, especially from the vo#iaggulation point of view. However, the rotor
voltage and current need to be carefully controlled during the initial transients, as they can be
too high to be handled by the reduesre converterf23].

PCC

DFIG Transformer

| Gear
box

Rotor-Side Load-Side

Converter ] Converter
DC Link

_| Vch—
_|_
ey

DC/DC Buck-Boost
Converter

-

Filter

[\ g

Dump Load

Fig. 1.3: DFIG-based standalone WECS.

BDFIG consists of two cascaded wounador induction machines, one fpowergeneration
and the other one for contrf##4]. BDFIG has two groups of statwindingsreferred to as
power winding (PW) and control winding (CW). As shownFig. 1.4, the PW is directly



connected to the PCC, while the CW is connedtethe PCC through two badt&-back
reducedsize power converters, i.anachineside converter (MSC) and loaside converter
(LSC).BDFI G6s benefits ar g24]s Navdrthekess, it sizs larden s e
and the complexity of its assembly and control is hidiét, for the same power rating.
Despite these disadvantages, BDFIG is still attractive for largecgridected WTs, especially

for off-shore applications, where WTs have to be very reliable and nearly maintenance
free[25],[26].

: Transformer
| Gear | 4 W !
i i N\

PCC

-
8
Dump Load

4

Batter
Y DC/DC Buck-Boost
Converter

Fig. 1.4: BDFIG-based standalone WECS.

BDFRG is a different design featuring a reluctance rotor instead of a wound rotoFi@BD
Although BDFRG is more efficient and reliable than BDFIG, it still has a complex rotor design
and a large size due to a dl@atorquevolume ratio[27]. However, recent improvements in
reluctance rotor design may result in higher future interest in the BERG

Amongst the traditional induction generat@€§1G is the smallest in size, lowest in cast
most robust in structurl?9],[30]. As a mature machine in wind energy applications, SCIG
based WT systems have been of interest in many research projéatsnmsimulator design,
emulator seup, novel power converters as well as control schesasxcitation and voltage

build up techniques in standalone applicatif@E|-[37]. Since SCIG is one of the highly
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recommended generatdiar off-grid WTSs its possible configurations will be discussed in
detail inchapter Asubsectior2.1.]).

WRSG requires a dc excitationhigh can be provided by either an external dc source
through slip rings and brushes or a brushless exciter, involving power electronics and an
auxiliary ac generatofrig. 1.5 presentsa typicd standglone WECS bsed on WRSGThe
generatosside converter (GSC) is responsible fdaximum Power Point TrackingMPPT),
while the loadside converter (LSC) controls the voltage and frequext PCC provided that
the DC link voltage is regulated by implementing a powenagament strategy that controls
the power transactions of battery and dump load under different load and wind speed
conditions. WRSGbased standalone WECS has been mentiond@8has a promising
alternative for serving remote load demands. Different control schemes for stator voltage
regulation in standalone WRSG are describd@).

DC Excitation
and Control PCC
G DCLink L Transformer
— Veee | | Filter LOAD
\
WRSG Y

F-

Battery

V

Dump Load

DC/DC Buck-Boost
Converter

Fig. 1.5: WRSGhbased direetlrive standalone WECS.

Unlike WRSG, PMSG is a brushless seicited synchronous machine. Since 1996, PMSG
has become more attractive than WRSG due to a decrease in the costs of permanent magnets
and power converterglO]. At present, PMSG is known to be the prominent solution in direct
drive, smalscale standalone WT&2],[41]-[49]. Therefore, itgpossible configurations will
be discussed in detail achapter Asubsectior?.1.1).



By adding improved power factor and leetperformance to the advantages of the SCIG,
PMIG, a relatively new induction generadmsised machine, has a very good potential to serve
as a directrive generator in gridonnected50],[51] and isolated WEC$52]. Although
PMIG has been considered for dirgicive WTs since 199953], it has just recently been
recognizedn wind energy marketDue to its improved power factor and efficiencgnme
manufacturerg54],[55] have started considering PMIG as a good alternativéhihidh-
efficiency PMSG, especially for smaficale WECSsTherefore, itspossible configurations
will be discussed in detail ichapter 2 (subsectidhl.2).

SRG is a structurally simple and robust machine. &tstand rotor are usually made of
steel laminations. The stator consists of a number of salient poles with windings concentrated
around them. The rotor consists of a number of salient poles and has neither windings nor
permanent magnetgig. 1.6 shows a typical stamtbne WECS using diredrive SRG The
machine isnormally driven byan Asymmetric Half Bridge Converter (AHB(%6][57]. As a
simple, robust, reliable and inexpensimachine with flexible control, SRG has shown a good
potential to serve as a diredtive generator in standalone WE(35],[57] as well as grid
connected WECS$8]-[60].
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Converter PCC
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Fig. 1.6: Standalone WECS using diredttive SRG.



1.2.3 Power Electronic Converter Topologies for Standalone WECS

Currently, voltagesource converter (VSC) is the prominent converter type in WECSSs.
However, there are other power electronic configaratideployed in WECSs. This sdation
gives an overview of the power electronic converdgologies that are commonly used, or

have the potential to be used, in standalone WECSs.

A) Diode Rectifier Bridge + DC/DC Boost Converter + VSI

A threephase diode bridge rectifier and a voltageirce inverter (VSI) with dc link
capacitor in betwen, is shown iffrig. 1.7. Since the diode rectifier is an uncontrolled converter,
a dc booster is used to achieve maximum power point tracking (MPPT). Abbosk dc/dc
converter may also be used to handle theaegpower available under high wind speed
conditions [61]. Diode rectifier is a simple and cesffective solution, especially for a
permanent magnet generatased WEC$62],[63]. The same topology can also be used in
an induction generatdrased WECS, but it is less attractive due to the need fextannal
source of VAR Employing semicontrolled rectifiers is also possibility[64]. One problem
with using a diode rectifier as the generatmle converter is the resulting distortion in the
stator current waveforms, leading to higher losses and torque ripples in theajenera

Diode Bridge DC Booster

Rectifier '™ 7~~~ mg ' DC-Link Vs
|t | P | |l A

7, . N, ! —
: Sboost_ll: !

Generation L | —1
Side 1T Cd | —— Load Side

: :
! ]
! 1
: :

CEE

Fig. 1.7: Diode rectifier + dc/dc boost converter + VSI.

B) Two-Level Backto-Back VoltageSource Converter (2iBTB-VSC)

The drawbacks of using a diode rectifier as the ggaeside converter are avoided in the
2L-BTB-VSC system illustrated ifig. 1.8, where rectification is done by a voltageurce
rectifier (VSR). Compared to the system showrFig. 1.7, 2L-BTB-VSC provides more



efficient MPPT control, but at a higher cost and control compl¢&ity, Indeed, the 2iBTB
VSC is a weHestablished technology for WECE],[63], especially in lowvoltage, small

power WT systems, and thus a mature solution for standalone WECSSs.

VSR DC-Link VSl

_IK% _IK% 1 1 _IK% _IK%
Generation —_l Load
Side h Side

_IK% _IK% _l’igg 4’5} _IK% _IK%

Fig. 1.8: Two-level, backto-back voltagesource converter topology.

C) Multi-Level Converter

As the power and voltage levels increase, reaitel (ML) converters are preferred.
Compared to the 2BTB, ML converters, especially thréevel converters, practe much
lower switching losses, as well as lower switch stress, harmonic distortio affd cstress
on the generator and transforn@s],[66]. However, due to higher number of switches, higher
cost and control complexity are associated with Mhvasters. In a standalone WECS, the use
of ML converters may not be justified as the levels of voltage and power are generally low.
The details of classical and advanced converter topologies have been covered in the
literature[67]-[69].

D) Current-Source Converter

Although VSCs dominate the present WECS market, due totb#idevelopedechnology
and fast dynamic response, curreatirce converter (CSC) can also be a goodatiee. CSC
can be constructed as BTB and ML converters. A BI8C is shown irrig. 1.9. CSC offers
some advantages over V$],[71]. However, CSC has a number of drawbacks that need to
be taken care of in order to make CSC an effective sol[idrj72].

CSC is welestablished fohigh power applications such as mediuaitage industrial
drives. Therefore, referencp&3],[74] have proposed the employment of CSC in Mé¢mtts
ongrid WECSs.However, the use of CSC for a smsdlale offgrid WECS has not been
proposed yet, although CSC can also offer some advantages in such an application.

10



DC-Link
CSR Csl

] JSJNW\ Sy

i
™~

Generation
Side

Load Side

& &
_IK' _1}/\" _

Fig. 1.9: Backto-back wirrentsource converter topology.

E) Diode Rectifier Bridge + Impedane8ource Inverter

Impedancesource inverter or Bdource inverter (ZSl) was first proposed in 2(003]. A
converter system composed othaeephase diode bridge rectifier and a ZSI is shown in
Fig. 1.10. Unlike traditional VSI or CSI, ZSI provides the bdo#ost feature without an extra
dc/dc buckboost converter. Moreoveattead times and overldimes, required to prevent short

and open circuit conditions in VSI and CSI, respectivelynateoncerns in ZSlI.

Compared to the threstage conversion system shownHig. 1.7, number of switches is

reducedoy one in the twestage conversion system showrfig. 1.10.

Reference$76],[77] have shown the potential of ZSI to l&ge the conventional VSI with
dc booster in standalone WECSs[18], a buckboost dc/dc converter was used to integrate

a storage battery unitwithaZz8lased WECS t hrough one of the 2
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Fig. 1.10: Diode Rectifier Bridge + ZSource inverter.
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F) Matrix Converter

The presence of bulky dmk capacitor and inductor in VSC and CSC topologies reduces
their efficiency andshortens their overall lifetime. On the contrary, matrix converter (MC),
which is a direct aac converter, has a higher efficiency, longer life and reduced size due to
the absence of dink energy storage devicg¢g9]. The configuration o& matrix converter,
using nine bidirectional switches, is shown Fig. 1.11. The btdirectional switches allow
voltage blocking and current conduction, irrespective of voltage po&ard current direction.

The switches are controlled in order to produce the desired output voltage magnitude and
frequency on the load side. The output frequency of MC is unrestricted (limited only by the
switching frequency), but its output voltage migge is limited to 0.866 of that of the input

voltage.

One of the challenges in MCs is safe commutation in the absence of freewheeling paths.
Connecting two input lines to the same output line causes a short circuit on the input side (i.e.,
generation sle), whilst disconnecting one of the output lines causes an open circuit on the
output side (i.e., load side), causing eveltage spikes. Therefore, safe commutation of MC

has triggered a good deal of research act[@@y,[81].

In 2001, a novel MC topology, free of the commutation problems, was propo¥eel apd
Lipo [82]. Such a converter is known as indirect matrix coter§IMC). The idea of this two
stage converter is based on a fictitious dc link, although no energy storage element exists

between the supplynd loadside converters.

The employment of MC in an egrid SCIGbased WECS has been proposedd3}. IMC
has been used in an-gnd DFIG-based WECS if84]. Although the use of MC and IMC in
a smaliscale offgrid WECS can be a possibility, the commutation problems in MC need to
be carefully addressedand the absence of dc link component, in both configurations,

complicates the integration of an electrical energy storage system.
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Fig. 1.11: Matrix converter.

Amongst the poweconverters which have been employed or have the potential to be
employed in WECSs (i.e., VSC, CSC, ZSI, MC and IMZ3C is the dominate topology in
both large and sma#icale WECS$63]. The potential of ammpedancesource inverter, as a
replacement for the conventional V&t booster combination in standalone WECSSs, has been
demonstrated ifi76]-[78]. Although the usef MC and IMC, in a smalécale offgrid WECS,
Is a possibility, the commutation problems in MC need to be carefully addressed, and the
absence of dc link component, in both configurations, complicates the integration of an
electrical energy storage systeCSCis a reliable technology, but has been mainly proposed
and validated foMegaWattslevel ongrid WECSs[73],[74]. However, he advantageous
features reported in the literature for CSC, when substantiated, can make CSC a promising
option for smalscale standalone WECSSs.

In the following subectionthe advardges of pulsevidth modulated currergource inverter
(PWM-CSI) over pulsevidth modulated voltagsource inverter (PWM/SI), for a smak
scale WT, are highlighted.

1.2.4 PWM-CSI versus PWMVSI for Standalone WECS

This sulsection conducts a comparison baseddaiability, cost, efficiency, and protection
requirements, between PWEISI and PWMVSI for smaltscale standalone WECS, assuming
that the inverters use six IGBT switches with six antiparallel diodes (VSI) or series diodes

(CSI), feed the same thrpba® load at the same voltage and frequency, have comparable
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ratings and operate at the same switching frequency and under the same environmental

conditions.

A) Reliability

Reliability of a power electronic converter is usually measured in terms of tlod faileres
leading to converter malfunctiof85]. These failures are mainly related to the switching
semiconductor devices, capacitors, inductors and transformers. According to a study reported
in [86], 34% of power electronic system failures are egldb semiconductor devices. These
results are consistent with those of another study repor{8dJincarried out by 295 different
industrial sectors, showing that semiconductor power devices are the rgidstdoaponents

of power electronic converters.

Failures of an IGBT are classified into two classes: egeitch fault (OSF) and shestwvitch
fault (SSF). OSF can be caused by bond wire lift or rug&8gand gate drive failurg89].
SSF, on the other hand, can be caused by bond wire rupture, impact ionization, collector
overcurrent, and gate circuit degradat[8A]. Moreover, dynamic avalanche of antiparallel
diode can cause SSF in IGB[Ed]. In VSI, SSF is fatal and can lead to potential destruction
of the failed IGBT, the remaining IGBTSs, and other components. On ttieacyg SSF is not
a serious issue iIin CSI, but it can degrade
is not fatal for VSI, while it is a critical issue in CSI, because it can lead-ialdcurrent
interruption, producing high overvoltage tsants, and destruction of the failed IGBT as well

as the remaining IGBTS.

Similar to IGBT, a power diode can fail as opmitch or shorswitch. The opefswitch
failure mode is mainly caused by bond wire lift or rupture, while the siwatth failure node
can take place as a result of static high voltage breakdown, rise of leakage current, snappy

recovery, reverse recovery dynamic avalanche, andgogler dissipatiof92].

Considering the number of causé$aults mentioned above, one can conclude thatin IGBTs
and diodes, the probability of shawitch failure mode is higher than that of ofsmtch
failure mode. SSF in IGBT or its antiparallel diode is fatal in VSI, thus diminishing its
reliability significantly. On the contrary, SSF does not adversely affect the reliability of CSI

unless it lasts for a long period of time.
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The second most fragile component in a power electronic converter is cafégjtarhe
results of the study reported [i87] suggest that capacitors are responsible for 18% of power
electronic converter failures, while only 5% of failures are related to inductors. Therefore, the
impad of high failure rate of déink capacitor on the reliability of VSI is much higher than

that of low failure rate of dink inductor on the reliability of CSI.

Based on the above analysis, one can conclude that-b@Bdd CSI is potentially more

reliablethan its counterpart, IGBbased VSI.

B) Cost

Due to the use of series diodes in IGB3sed CSI, it is expected that the cost of the system
be higher than that of IGBIbased VSI. For cost comparisdrgble1.1 shows the prices for
two 30kW-PMSGWECSSs, designed for grid connected applications, using VSI and CSI,
respectively{93]. Even though the capital cost of G&lsed system is higher than that of the
VSI-based system, the difference in the cost is not significant due to lower filtering
requirements of CSI. Unlike PWAMSI, which requires an4C or L-C-L filter, only a capacitor
filter is required in CSI. Moreover, the lifetime of theldk inductor in CSI$ much longer
than that of the dtink capacitor in VSI[71]. This can result in lower operation and
maintenance (O&M) costs for G8ased WECS. Overall, capital cost of CSl is slightly higher
than that of VSI, but its O&M costs are lower.

Tablel1.1: Cost Compason of 30kW PMSGhased Wind Turbines with VSI and C[SB].

Component IGBT -based PWMVSI IGBT -based PWM-CSI
US$ Uss$

Blades (3, Horizontal axis 2,145 2,145
Generator 18,015 18,015
Controller + rectifer 3,204 3,204
Inverter (including filter) 10,987 11,583
Total 34,351 34,947

C) Efficiency

In a VSI, the ddink capacitor has a small Equivalent Series Resistance (ESR) and carries

only the ripplecomponents of current at steatste, wheresain a CSl the déink inductor has
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a larger ESR and carries both dc and ripple components of-thk dcirrent. Moreover, since

there are always four devices (i.e., two IGBTs and two diodes) conducting in a CSI, its
conduction energy losses are expetteble higher than that of VSI over a specified period of
time. Quantitative analysis performed [9¢] has shown that conduction losses of CSI can be
more than 2 times higher than those of VSI. It is notewdttht conduction losses in CSI can

be reduced if the diink current is reduced according to reduction in demand or if reverse
blocking (nompunchthrough) IGBTSs, that do not need series diodes, are employesd. T
guantitative analysig [94] shows that switching losses of a CSI are only 30% of those of a
VSI of comparable ratings. This can be justified by the high commutation voltages experienced
by the VSI switches during twon and turroff processes. Overall, compared to CSl, VSI

features a higher efficiency.

D) Protection Requirements

In sinusoidal PWM VSI, the peak value of the fundamental component-gii@dine

voltage carbe expressed as

Wrp — a U (1.1)
wherev is the delink voltage andd the modulation index({ & p). To guarantee a

constanty j, the constraint on the dink voltage is given as

0 f(b h C@h (1.2)

Similarly, in sinusoidal PWM CSI, the peak value of the fundamental componenisafeac

line current carbe expressed as

% — a Q (13
where "Q is the delink current.Thus, tlke constraint on the dk current is given as
QN =17 (14

From (1.2), the ddink voltage in VSI must be at least twice the peak value of the
fundamental component of the-side phase voltage, irrespective of the power demand level.
In case of a fault at the ac terminals, a huge transient current will flow through the switches

that are on at the moment of fault occurrence. Therefore, a current limiter is absolutely
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necessary to protect the switches against overcy@®htin CSI, no current limiter is required
because the current is limited by thelité current controller, giving the topology an inherent
currentlimiting feature.On the other hand, the dc side of CSI acts as a cwsoemte and
hence afast detection and protection during-lddk current interruption is a mugo6].
However, from (1.2) and (1.4), one can notice that unlike tHenKo/oltage in VSI, the dc

link current in CSI can be reduced if the power demand is reduced. This reduces the

consequences of current interruption at low demands.

Based on the comparisons from the viewpoints of capital cost, overall efficiency, and open
circuit fault protection requirements, IGB¥ased PWMVSI is preferred for smakcale off
grid WECS. On the contrary, IGBBased PWMCSI is the winner in terms of reliability,
O&M cost, and shortircuit fault protection requirements. The following advantages offered
by CSI over VSI need to be cadsred as well when choosing the converter topology for a
smallscale offgrid WECS.

1) CSl has an inherent voltag@ost capability, which is an advantage in WECS application,
where the rectified dc voltage is low at low wind speddiss featurewill help in capturing
wind power at low wind speeds, thus providangiider range of operation.
2) In a wind turbine, the gearbox, generator and the associated power converter are usually
installed in the nacelle. If the CSI is installed at the bottom of therfdhe length of the
connecting cable can help reduce the size and thus cost of the reqtlirédiniductor.

Even though based on the above discussions, CSI offers high potentials fescaiea(|
p Tt kW) off-grid WECS, its performance in such an aptiien has never been investigated.

Therefore, this dissertation focuses on employing CSC irplower oftgrid WECS.

1.2.5 Energy Storage in Standalone WECS

For an offgrid WECS to satisfy tim@arying power demand and maintain balance of
power, an energy stage unit is required to compensate for the power deficit and absorb the
excess power generated from wind. Moreover, energy storage improves the quality of power
delivered to the varying load. The energy storage technologies that are feasible for wggd ener
integration areFlywheel Energy Storage (FES), Pumped Hydro Energy Storage (PHES),
Compressed Air Energy Storage (CAES), Stgapacitor Energy storage (SES),
Superconducting Magnetic Energy Storage (SMES), Lead Acid Battery (LAB), Nickel
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Cadmium battey Energy Storage (NCES) , Lithium lon battery Energy Storage (LIES),
Sodium Sulphur battery Energy Storage (NaSES), Sodium Nickel chloride battery energy
storage (ZEBRA), Flow Battery Energy Storage (FBES), and Hydrogen Energy Storage
(HES).The details bthese storage systems have been covered in the litefEd87]-[99].

Tablel.2 summarizes the main advantages and drawbacks of each energy storage technology.

Tablel.2: Advantages and drawbacks of different energy storage technologies.

Class Topology Advantageous Drawbacks

Mechanical FES - High power density - Low energy density
storage - High efficiency - Full seltdischarge/day
systems - Long Lifetime

- Environmentally inert

PHES - Mature technology - Low energy density
- High capacity - Suitable site requirements
- Low capital cost/kWh
- Small selfdischarge/day

CAES - Low capital cost/kWh - Suitable site requirements
- Small Selfdischarge/day - Fuel requirement
- Long lifetime
Electrical SES - High power density - Low energy density
storage - Long cycle life - High selfdischarge/day
systems - Small environmental impact
SMES - High power density - Low energy density
- Fast response - Temperature sensitivity
- Long lifetime - High capital cost/kWh
- High efficiency - High selfdischarge/day
Chemical LAB - Mature techology - Short lifetime
Storage - Low capital cost/kWh - Temperature sensitivity
systems
NCES - High power density - Memory effect
- Longer lifetime and less - High selfdischarge/day
temperature sensitivity compared
LAB
LIES - High efficiency - High capital cost/kWh
- High powerdensity - Special charging requirement

- Lighter and smaller than NCES to keep voltage and current
within safe limits

NaSES - High power & energy densities - High capital cost/kwWh
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- Design safety concerns
- High seltdischage/day
- High temperature requiremen

(320-340C)
ZEBRA - Overcharge and discharge - Lower energy and power
Capability. densities compared to NaSES
- Safer than NaSES - More expensive than NaSES

- High selfdischarge/day
- High temperature requiremet

(250-350°C)

FBES - Decoupled pwer and energy - Low energy density
capacities - Difficult maintenance
- High power density - Complicated design requiring
- Full discharge capability moving parts such as pumps
-Small selfdischarge/day

HES - Higher capacity than batteries - Immature technology
- Negligible seltdischarge/day - Low efficiency

For a standalone WT, installed in a windy location, the storage device is mainly used for
short term power balancing. Such an application requires certain characteristicstofage
device usd. Table1.3 lists the requirements of energy storage system (ESS) to be employed

in smaltscale standalone WECS, supplying a remote area.

In general, PHES and CAES have reduced reliability sloay transient response due to
moving parts. Moreover, they require large areas for installation. Therefore, they are not good
options for smalkcale standalone WECS. On the other hand, they are very viable for energy

management in large power (i.e., htedb of MegaWatts) application§o8].

On the other hand, batteries and sugagyacitors are reliable and fast in response due to the
absence of kinetic components. Among the battekiead Acid Batteries (LABS) feature a
well-established energgtorage technology and thus still regmsa lowcost option for
standalone WECE9]. However, they suffer short cycle life. One option for overcoming this

drawback and improving overall performance is integrating LABs with $H®S.
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Tablel1.3: Energy storage requirements for a srsallle standalone WECS.

Requirement Comments and justification

High reliability Wind power is intermittenand energy storage devi
must be available to compensate for power mismatch

Fast response Storage device should rapidly respond to charge/disct
commands because wind and load are stochasti
fluctuating.

Short ramping time Storage dee should be fagstesponse and able to ran

up and down from no power to rated power and vice v
within a reasonable time.

High power/energy capability Shortterm power balance requires a storage device
high power density, whilst energy nwgement
applications require devices with high energy density.

High efficiency Efficiency of storage device is important, especially w
delivering the whol e po
shutdown.

Low maintenance requiremen Maintenance tends tme very costly in remote areas.

Based on the above discussions, the advantages and drawbacks of storage devices provided
in Tablel.2, and the requirements givenTiablel.3, Tablel.4 assesses the feasibility of each
technology for a smakcale standalone WECS supplying a remote community.rdeapto
the table, LAB and SES seem to have the highest feasibility for low powaridff
applications. An excellent performance can be obtained by combining the two technologies in
a hybrid storage system. However, in order to reduce the initial lodBt,is selected for
storage purposes in this research,wslaestablishedtorage technology, offiag satisfactory
performancelf cost is not an issud,ead acid batteries can be replacedLiium-lon

batteriedeaturinglongercycle lifeand lighte weight
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Tablel.4: Feasibility of Energy Storage Technologies for sraellle standalone WECS.

Technology Feasibility level Comments and justification
FES Medium -Reduced reliability due to mowjrparts
PHES Very Low - Low reliability due to moving parts

CAES

SES

SMES

LAB

NCES

LIES

NaSES

ZEBRA

FBES

HES

- Long response time
- Site requirements may not be met

Very Low - Gas requirement makes it costly
- Low reliability due to moving parts
- Site requirements may not be met
- Long response time

High - High efficiency

Medium - High production cost
- High temperature sensitivity

High - Well-establisheénd lowcost technology

Medium - Undesired memory effect
- High selfdischarge ratio/day

Medium - High production cost
- Special charging requirements

Medium - High production cost
- High temperature requirement

Medium - More expensive than NaSES
- High temperature requirement

Low - Difficult maintenance
- Complicatel design, requiring moving parts

Medium - Immature technology
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1.3 Research Objectives

Based on the assessment of the st&tbe-art in windturbine generators, power electronic

converters, and energy storage technologies, the focus iwahkswill be on developing a

low-power standalone WECS based on cursenirce inverter.

The main objectives of this research are:

T

1.4

Selecting the most promising generator type based on a thorough comparative

evaluation.

Selecting an appropriate CSfasel configuration for standalone WECS.

Introducing a lowcost smaklscale WECS featuring a CSI and a novel integration

system for Lead Acid battedyased energy storage system.

Developing overall dynamic mathematical model for the proposed system.

Investigding the stability, controllability and observability of the proposed system.

Designing closedioop controllers to take care of the following tasks:

1. Maximum power point tracking (MPPT) on the generator side;

2. DC-link current control;

3. Loadside voltage mgnitude and frequency control under both balanced and
unbalanced threphase loads; and

4. Power management among generator, load, dump load and storage battery.

Proposing a dump lodéss version of the proposed system.

Thesis Layout

The rest of this thes is organized as follows:

T

The most promising generator type for snsahle standalone WECS supplying a
remote area is identified in Chapter 2.

Chapter 3 investigates various currsntirce converter topologies for wind power
generation system. Thermoparison between these topologies leads to the selection of
a simple and lowcost converter configuration, offering satisfactory performdoce
low-power low voltage WECS. This chapter introduces the structure of the proposed

system, witha novel schemeof the integration of a battebyased energy storage.

22



1 Chapter 4 carries out tldkerivation of dynamic and steagyate models of the proposed
system in thalqg reference frame. A generic model suitable for balanced/unbalanced
load conditions is proposed this chapter. Based on the overall model, a linearized
model is developed to investigate local stability and system performance.

1 The design of a closddop control system is discussed in Chapter 5. The control
system includes the dmk current cotrol loop, the generator speed control loop, and
the load voltage control loop. The performance of the control system is demonstrated
by simulation.

1 The main contributions and outcomes of the thesis are summarized in Chapter 6,

followed by suggestions fduture research work.
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Chapter 2
Selection of GeneSrcaatloer WEGpSE f or Smal |l

In this chapter, the most promising generator type for sseale standalone WECS,

amongst those mentioned in chaptésubsectiorl.2.2, will be identified.

2.1 Evaluation of Conventional and Evolving Generator Types for Standalone WECS

Selection of the right generator type iskafy importance to successful capturing of wind
energy under different wind speed conditions, especdllgpw wind speeds, where the low
power available has to be processed by a-gffibiency conversion system.

Selection of an electrical generator for standalone turbine has been briefly disc(E8&}] in
where induction and synchronous generators are compared, concluding that the generator for
standalone turbine must be a permanent magnet (PM) machine in order to avoid excitation
requirement. The paper misses to address other issues that need to beecbinsadiglition to
excitation requirements. Referer{é2] has reviewed the key technologies of srsalle off
grid wind turbines. However, among all possible machines, the review has focused on PM
generators only. PM generators, especially dideeste PM synchronous generators, are the
most commonly usedlectric machine for smaficale WT962] and have been of interest to
many researchers as a viable solution for standalone VWEX,£13],[48],[49]. However, the
attraction to direetrive PMSG has been based on the criteria of high power density and
reliability only. On the othehand, indirectdrive SCIGhas been recommended [31]-[35]
as a simple, robust, brushless and-effgctive generator for standalone WECS. However, the

attractveness of such a generator may diminish if efficiency is a main concern.

The above discussion points to the fact that a more comprehensive study should be carried
out leading to selection of the most appropriate generator type for a standalone WECS under
specific conditions. Some principles for generator selection in sffadjrid WTs were listed
in [62]. However, some important factors such as control requirements and construction
complexity were not considered. Furthermore, excitationireepent was not an issue[B2],

since the paper has focusedRiM generators only.
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Motivated by lack of a comprehensive and convincing approach to selection of the right

generator for a standalone wind turbine, a thorough study, considering all possdis,dps

been conducted if102]. The study evaluated the nine generator types considered for WECS
in the literature review covered thapter 1(subsectiorl.2.?); i.e., WRIG, DFIG, BDFIG,
BDFRG, SCIG, WRSG, PMSG, PMIG, and SRG. Thaleation has been conducted on the

basis ofefficiency, reliability, cost, operation and maintenance requirements, construction

complexity, control complexity, excitation requirements and noise level associated with each

generator type.

The main observiains made based on the study are summarized below.

T

WoundRotor Induction Generator (WRIG): Soft starter requirement, limited speed
range and reduced efficiency due to the power loss in the external resistance are the
major drawbacks of WRIased WECS. Meover, the presence of slip rings and
brushes, requiring regular maintenance and replacement, makes WRIG not an attractive
option for remote area applications, where maintenance is difficult and costly.
Doubly-Fed Induction Generator (DFIG): The featurfereduced power converter
rating offered by DFIGased WECS may not be a big attraction in the case of
standalone wind turbine systems, where power level is relatively low (ranging from a
few kilowatts to a few hundred kilowatts). Moreover, DFIG has trewback of
unavoidable use of brushes and slip rings, reducing its reliability and increasing its
maintenance requirements.

Brushless DoublFed Induction Generator (BDFIG): Although brush and slip ring
problems do not exist in BDFIG, giving it an advamtégm efficiency point of view,

large size and construction complexity are issues that can defeat its attractiveness for
small WTs. The same drawbacks are present in Brushless DieethlyReluctance
Generato(BDFRG), despite offering a higher efficiency.

SquirretCage Induction Generator (SCIG): SClGaisimple, robust, brushless and
costeffective generator for standalone WECS.

WoundRotor Synchronous Generator (WRSG): The need for an external dc source to
excite the rotor winding via brushes and siipgs, or a brushless excitation system
featuring higher complexity and cost, is the main obstacle for adopting WRSG option

in off-grid applications.
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1 PermanenMagnet Synchronous Generator (PMSG): Thanks to its-édfigtiency,
PMSG has recently gaineddespread acceptance as a viable option in dihece,
smaltscale standalone WECSSs.

1 PermanenMagnet Induction Generator (PMIG): Adding an improved power factor
and a better performance to the advantages of the SCIG, PMIG has a very good
potential to se/e as a direetlrive generator in isolated WECS.

1 SwitchedReluctance Generator (SRG): SRG has the potential to become a good
solution for directdrive WECS in offgrid applications. Although application of SRG
in wind energy systems was proposed in thdyekd90s, its performance evaluation
has been limited to simulation and some laboratory tests, with no field implementation.
Thus, when compared with PMS@&nd SCIGWECS, SRGWECS is still considered

to be in early stages of development.

Based on the alve remarks, SCIG, PMSG and PMIG seem to be the most suitable generator
types for standalone WECS. However, PMIG is relatively an immature machine, when
compared to PMSG and SCIG. Therefore, the advantages and drawbacks of PMSG and SCIG

will be compared imore details, leaving PMIG to be visited next.

2.1.1 SCIG-WECS versus PMSGWECS

The comparison in this sabction will be on the basis of topology, efficiency, reliability,

control complexity, cogging torque, noise, and cost.

A) Topology

PMSG-based WECS &érs an advantage over SCltased WECS in terms of possibility of
eliminating the need for gearbox. Thus, they are called ged&MSG and geare8CIG,
respectively.Fig. 2.1 and Fig. 2.2 show typical topologiegor SCIG and PMSGbased
stanclone WECS, respectivelySince PMSG is sekxcited, ahreephasediode rectifier can
be used as the generatade converter, as shown fRig. 2.2(a). In contrast, a VAR
compensator, such as a capacitor bank, is required to excite the Sl@eiéphase diode
rectifier is b be used, as Hig. 2.1(a).In both cases, a chopper (e.g., a DC/DC boost converter)
is required to control the speed of the generator shaft in order to achieve MPPT. Alternatively,

full generator control can be obtainedusyngpulsewidth modulated voltage source rectifier

26



(PWM-VSR), as shown irFig. 2.1(b) andFig. 2.2(b). This eliminates the need for self
excitation capacitors for SCIG, as the required reactive power is supplied by the power
electronic converter itselin all topologies show in Fig. 2.1 and Fig. 2.2, two-level pulse

width modulated voltagsource inverters (PWNSI) are used as the loaide converters.
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Fig. 2.1: SCIG-based standalone WEC®&) with generateside diode bridge rectifier, and
(b) with generatosside voltagesource rectifier.
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Fig. 2.2: PMSGhbased direetlrive standalone WEC®a) with generateside diode bridge

rectifier, and (bwith generatosside voltagesource rectifier.

The fact thain the system oFig. 2.2(a) a diode rectifier can be used withdbé need for
self-excitation capacitors, is considered adilyantage for PMSGVECS over SCIGVECS.

Indeed, it is a trend to use a diode rectifier and a boost dc/dc cowithnt&MSGWECS, as
a simple and cosgffective option62],[63].
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B) Efficiency

Due to presence of permanent magnets in PMSG, it is not necessary to supplyzinggne
current to the stator for a constant@ap flux. Therefore, the stator current is only responsible
for producing the torque component and hence PMSG, when compared to SCIG, will operate
at a higher PF, leading to higher efficiency. SCIG, in cehtr@eeds to be connected to an
external VAR source, in order to establish the magnetic field across the air gap. This results in
a low power factor and efficiency. In general, induction generators are less efficient than

synchronous genera®with compaable ratingg103].

C) Reliability

Reliability of a wind turbine can be measured by frequency and duti@ilures in the
system[104]. The gearbox requireggular maintenance and is not immune to failure. If it
fails, the repair required is a major task. Studies have shown that the gearbox has a very long
downtime per failure when compared lwibther components of WECRO05]. Thus, the
elimination of gearbox in direatrive PMSGbased WECS can significantly improve the
reliability of the system. However, diredtive systems feature higher number of failures in
generator andgwer electronic convertefd06] due to direct transfer of wind turbine rotor
torque fluctuations to the generation side; however, the downtime of-direetsystems due
to power electronics or generator failures is definitely much shorter thanahgsarbox in

indirect drive systems.

Although gearless design is an advantage for PM&s&d WECS over SCHzased WECS,
the fact that the reliability of PMSG can be
and change of characteristics under hamstvironmental conditions (such as high
temperatures), is considered a serious disadvantage.

As far as the generator type is concerned, real data has shown that synchronous-generator

based turbines suffer higher failure rates than thes® induction gegratorq107].

D) Control Complexity

In variablespeed WECS, the generator shaft speed is controlled to achieve MPPT, which is

of key importance in wind energy systems.
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SCIG is one of the simplest machinegerms of control requirements. Control techniques
suitable for SCIG, such as direct field oriented, indirect field oriented and direct torque control,
are very weHknown and weklestablished. In contrast, one of the drawbacks of PMSG is its
control conplexity, which is caused by the fact tlla¢ magnet excitation cannot be varied and
hence the output voltage of PMSG will vary with loddhis problem can be solved by
capacitive VAR compensation or an electronic voltage controller, adding to the control
complexity. Zero eaxis current, maximum torque per ampere and unity power factor, are three
common methods of PMSG contrdl5].

E) Cogging Torque and Noise

In PMSG, the interaction between the magnets ofrthier and the slots of the stator
generates an undesirable torque, called cogging torque, which causes fluctuations in torque and
speed of the shaft. Cogging torque results in vibration and noise in the machine, especially at
low speed and hence it cangagively affect the cuin speed of the PMSG turbir{@08].

Unlike PM synchronous machines, the phenomenon of cogging torque is notcargnifi
induction machinefl09]. However, a geare8CIG-based wind turbine has another source of
noise as a result of @ence ofgearbox in the drive traifl10]. In summary, both gearless
PMSG and geare8CIG WECS have a source of noise, which is not so important if the turbine
is installed far away from the community. Howeubg cogging torque of PMSG does always
matter, as it affects the eint speed and hence the total kWh production of the wind turbine,
leading to a lower capacity factor. Nevertheless,rtgpeed for SCihased wind turbine is
also restricted by the gemagor threshold speed, below which the machine excitation is not
possible. Thus, capacity factor is negatively affected by limitation eincgpeed in both
PMSG and SCIG wind turbines.

F) Cost

Compared to the gear&LCIG system, the gearleBMSG systm saves on the cost of
gearbox. However, the muftiole structure adds to the cost of gearllrsse PMSG system.
Moreover, PM generators are generally more expensive than induction generators due to the

high price of magnets.
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The combinatia of a diode rectifier and a fiic convertershown inFig. 1.7, is less
expensive than a switahode voltagesourced rectifier, shown irFig. 1.8. The former
configuration is commonly used in smatlde, standalone PMSG systelj@2]. If the same
configuration is to be used with SCIG, there will be an extra cost due to the need for external
exciter. However, capital cost comparison should be conducted, considering all system

components.

For cost comparison purposas3ORV wind turbine is selected as an example for small wind
turbines in offgrid applications. Such a turbine can supply power to a small village, a large
farm or a small enterprise, when equipped with an energy storage syatda®.1 shows the
prices for a gearlesdrive PMSGWECS and a geareattive SCIGWECS with similar powe
ratings (i.e., 30kWJ111]-[113]. The comparison reveals thest advantage of gear&CIG
turbine with respect to gearleB8SG turbine. The combined cost of SCIG and gearbox is
around 50% of PMSG cost. Although the price difference depends on power rating and varies
from one manufacture to another, and from onenttguo another, the price ratio between
geared SCIG and gearless PMSG systems are currently significant due to the involvement of
PM materials in the latter system.

Operation and maintenance (O&M) cost is another contributor to a WECS overall cost.
O&M cost includes costs of regular inspection, repare parts and insurandd4]. When
comparinggearedSCIG and gearled8MSG systems, the O&M is mainly associated with
gearbox and generator. The O&M cost gearedSCIG is expected to be relatively high due
to the presence of gearbox, which requires regular maintenance and expensivarspéra p
repair is needefll05]. On the other hand, the gearlds$/1S G 6 s c@®&idMlue to high rate
of failures in generator ancbwer electronic convertef406], but it is still much lower than
the gearbox maintenance cost. Insurance of a wind turbine is also counted as a gt of O
expenses. The insurance of a gee€B&G turbine is considerably affected by the gearbox. The
cost of replacing a gearbox can reach 10% of the original construobist of the wind
turbine[115], which defats the advantage of low capital cost in a ge&€Hd5 wind turbine.

On the other hand, the insurance cost is generally proportional to capital cost and hence a
gearlesP MSG turbineds insurance i s negatively
expected to increase further in future due to unreliable supply of permanent magnet material

in the global market. In summary, although the presence of gearbox in a-§€ddurbine
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adds to the O&M expenses, its overall cost, including capital cost iswer than that of a

gearlesPMSG wind turbine.

Table2.1: Cost Comparison of 30kW PMS@nd SCIGBased WECSs.

Component PMSG-WECS [111] SCIG-WECS [112]
US$ Uss$
Blades (3 Horizontal axis) 3,890 2,120
Gearbox None 4,838
Generator 13,400 1,400
Controller 8,500 8,630

(including rectifier,
dump load and inverter)

Lead Acid Batteries (144 kW) 13] 8,400 8,400
Total 34,190 25,388

Based on the comparisoroin the viewpoints of efficiency, reliability (particularly the
length of gearbox downtime), and external excitation requirements, the-dlinectPMSG
system represents the preferred topology for setalle, standalone WECSn the other hand,
based onhe comparison from the viewpoints of reliability (particularly the failure rate of
generator and power converters), machine size and weight, control simplicity, and overall cost,
the indirectdrive SCIG system wins against the dirdove PMSG systenMoreover, PMSG
might face a real problem in future due to shortage and monopoly of permanent magnet supply.
The resources of permanent magnets, especially the Neodymium type, are almost entirely
limited to China. This fact is raising concerns about shortég®/osupply in the near future
as a result of considerable increase in demand that is expected due to proliferation of Hybrid
Electric Vehicles and Electric Vehicles that commonly use PM synchronous macinitiesr

traction motorg116].

The main advantages and drawbacks of the geared-3@t>gearless PMS@ased wind

energy conversion systems are summarizédalrie2.2.
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Table2.2: SCIGWECS versus PMSGVECS.
Topology Indirect -drive SCIG Direct-drive PMSG

Common properties - Brushless machine
- No windings in rotor
- Full active and reactive power control
- Good control bandwidth

Advantages - Robust operation - Gearless
- Low cost - Self excited
- Low generator maintenanc - High PF operation
- Ease of control - High efficiency

- No rotor copper loss

Disadvantages - Gear box losses and - Magnet cost
maintenane - PM Demagnetization
- Need for external excitatior - Large size
- Low efficiency - Complex control

- Cogging torque

2.1.2 PMIG versus SCIG and PMSG for Standalone WECS

As mentioned above, in spite of its advantageous features, SCIG drdfarfow power
factor and low efficiency, as the machine requires magnetizing current from a source of
reactive power. If part of the magnetic flux is supplied within the machine, the magnetizing
current will be reduced and hence the power factor wilifproved. This can be achieved by
incorporating permanémmagnets withina cagerotor IG. Such a configuration is called
permanentnagnet induction generator (PMIG). The stator of the PMIG is sinalgéhat of
the conventiondG, but its rotor design idifferent. PMIG has two rotor parts: a squircalge
rotor and a PM rotor. As the squiredge rotor is partially excited from the PM rotor, the
reactive power required from an external source is reduced. Moreover, PMIG can be directly
driven withaut a garbox. In other words, PMIG, to some extent, combines the advantages of
SCIG and PMSGFig. 2.3 showsthe mssible configurations of staaldne WECS using
PMIG. Compared to SCKBVECS, shown irFig. 2.1, the gearbox is no longer an essential
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componentMoreover, the size of the capacitor bank in PMMECSshown inFig. 2.3(a), is
considerablysmallerthan that in SCIGVECS shown irFig. 2.1(a).
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T Control Control
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o

DC/DC Buck-Boost
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Fig. 2.3: PMIG-based directrive standalone WEC%a) with generateside diode bridg

rectifier, and (bwith generatosside voltagesource rectifier.

In recent years, some manufacturgs4],[55] have started considering PMIG as a good
alternativefor PMSG, especially for smadicale wind turbines. However, the construction of
PMIG is complex due to its doubtetor design which also increases the effect of cogging
torque in the machine. Another drawback of PMIG is the increase in cost due tot magne
installation. Table 2.3 shows the cost information for a 30kW PMIRECS. Based on &
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information given inTable2.1, PMIG is slightly less expensive than PMSG, but much more

costly than SCIG of the same power rating.

Table2.3: Cost of 30kwW PMIGBased WECS.

Component PMIG -WECS[54]
US$

Blades ( 3 Horizontal) 3,709

Gearbox None

Generator 12,516

Controller 8,225

(including rectifier, dump load and inverter)

Lead Acid Batteries (144 kWHL13] 8,400

Total 32,850

2.1.3 Indices for Selecting the Preferred Generator

Based on the discussions in the previous subsections, three wind generator configurations,
namely geare®CIG, gearlesPMSG and gearle®BMIG, were selected among all
configurations for comparison purposes. Compared to SCIG and PMSG, PMIG is relatively
new to the wind energy market. The focus of the comparison is on the generator and the
associated drive train. Therefore, the three configurations are assumed to:

1. have identical rotor blades;

2. have similar generategide rectifiers (i.e., a thrgghase diod bridge rectifier in
addition to a dc/dc converter);

have similar thregphase inverters;

have similar types and ratings of energy storage units;

be subjected to the same environmental conditions;

have comparable kW ratings;

be designed for offjrid application over their entire life time; and

© N o g &~ W

be landbased wind turbines.
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According to the discussions made in the previous subsecliable2.4 compares the three
recommended systems in terms of different indices. The indices are set up in order, starting
with the most important index for a smatlale, offgrid WECS supplying a remote
community wherefailure in the supply system a critcal issueThereforethe top priority is
given to the reliability of the system, followed by its continuous O&M cost, while the lowest
priority is given to construction complexjty h a t is reflected in topo
(increasingransportatn and installation cogtsand noise level, assuming that the turbine is
not very close to the community that is suppliBdie to difficulties in giving an accurate
guantitative analysis (i.e., in terms of humbers or percentagag)alitative comparisois
performed based on the discussions conducted in the previous subsections. For each index,
each system is assigned a number (1, 2 or 3) to show its rank for that index with respect to the
other two systems. If two systems are assigned the same numaepiecific index, they are
at the same level for that index. As shown in the table, g&x@¢@ system is prominent in
58.3% of the indices whilst gearleBMSG system dominates in 41.7% of the indices. Also,
gearles€PMIG is similar to the gearlesaMSGin 60% of its advantages. Therefore, geared
SCIG system prevails in terms of number of indices. However, ge®MS& dominates in
three of the togpriority indices, namely duration of failure, gearbox O&M cost and generation
efficiency. Nevertheless, geedSCIG is also dominant in three of the top priority indices,
namely frequency of failure, generator O&M cost, and capital cost. In order to achieve more
accurate results, the weight of an index, according to its order, should be included in the
comparson. Considering the order of each indgxafd rank of each generat®) (provided

in Table2.4, the credit of each generatd€ () is obtained from (2.1).

6 —— (2.1)

It has keen found that SCIG scores the highest credit, while the lowest credit is gained by
PMIG. Taking SCIG as base, the relative credit of PMSG and PMIG are 89% and 74%,
respectively. Therefore, the geat®€1G proves to be the most suitable for srsalle off

grid WECS, provided that its reliability and efficiency can be improved, while maintaining the

advantage of lowest overall cost.
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Table2.4: Comparison of the geareltive SCIG, gearlesdrive PMSG and gearlesBive
PMIG-WECS configurations.

Order Index Detalils of Geared | Gearless | Gearless| Best | Comments and justifications
of name index -SCIG -PMSG -PMIG option
index
Duration of 2 1 1 PMSG | GearedSCIG suffersa very
1 failure & long downtime per gearbox
Reliability PMIG | failure
Frequency of 1 2 2 SCIG | Direct-drive WT suffers
2 failure higher failure rate
PMSG
3 Gearbox 2 1 1 & No gearbox in direetlrive
O&M Cost PMIG | WT
Generator 1 2 2 SCIG | Generator failures are costly
4 in directdrive WTSs.
Cost of PM machines are expensive
5 Capital Cost generator and 1 3 2 SCIG | due to magnets.
gearbox
Accouwnts for Gearless PMSG has neither
6 Efficiency gearbox and 3 1 2 PMSG | gearbox nor rotor copper
Generator loss losses. It also operates at hig
PF.
SCIG is fully externally
excited.
7 Excitation Reactive power 3 1 2 PMSG | PMIG ispartially externally
requirements source excited.
PMSG is fully internally
excited.
Demagnetiza
8 Magnet problems | tion & security 1 2 2 SCIG | SCIG has no magnets.
SCIG is simple in control
9 Control simplicity 1 2 3 SCIG | while fixed magnet excitation
in PM machines complicates
their controls.
Number of Directdrive PMSG is large
poles, diameter and heavy due to multiple
10 Construction size, and rotor 1 2 3 SCIG | pole construction.
simplicity design PMIG is complicated due to
double rotor design.
PMSG
11 Drive train 2 1 1 & PMSG & PMIG have no
Noise level PMIG | gearbox noise.
12 Generator 1 2 2 SCIG | SCIG has no significant

cogging torque.

ORDER OFINDEX (1 TO 12) DENOTES DEGREE OSIGNIFICANCE/PRIORITY (1: HIGHEST PRIORITY).
RANK OF SYSTEM FOR ANINDEX (1,2 OR 3) DENOTES SUPERIORITY1: THE BEST OPTION.
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2.2  Summary

This chapter gave an analytical evaluation of nine generator types available in wind market

and reported in the literature, for smstlale standalone wind turbine applioas.

Gearlesgdrive PMSGbased and gearattive SCIGbased systems were concluded to be
the most desirable solutions among different configurations considered. These two preferred
generator types were compared with each other. Construction, efficrehaljlity, control
complexity, cogging torque and cost including capital cost as well as operation and
maintenance cost of the topology were the criteria for comparison. In terms of efficiency and
reliability, the directdrive PMSG system was found to thee best option. In particular, the
directdrive PMSG with diode rectifier was found to be currently the most prefeopatbgy
for smallscale, starmlone WECS, as it is less expensive compared to diree PMSG with
back to back converter. Howevar,terms of construction, cogging torque, control simplicity

and overall cost, gearesiCIG WECS prevails.

The candidacy of PMIG to replace PMSG in a dheirote wind turbine was discussed. As
an induction machine with improved performance, PMIG has g geod potential to be
another alternative for PMSG in smattale WECS. However, similar to PMSG, PMIG is
suffering from issues regarding magnet cost, PM demagnetization, and insecurity of future PM
supply.

Finally, the three generation systems, namelgrgd SCIG, gearless PMSG and gearless
PMIG systems were compared with one another, as they are suggested by the discussion to be
the top candidates in todayds market. A gr o
comparison. The system basedgearedSCIG was shown to be the most approprsateeme

for a smalscale stanalone WECS, supplying a remote area.

The materiabf this chgterhasappeared in thpublishedournal papef102].
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Chapter 3

Proposed Wind Energy Conversion Syster

Based on the objectives stated in Chaptand evaluation of wind generators conducted in
Chapter 2, a wind energy conversion system composed of a gbamredsquirrelcage
induction generator and a centsour@ converter, integrated with a Leadid battery storage
unit, is proposed in this chapter. The block diagram of the proposed standalone WECS is shown
in Fig. 3.1 .In order to assess the feasibility bétproposed system, a number of possible-CSC
based configurations that have beeoposed for griecconnected WECSHill be investigated
in this chapter.

MPPT Algorithmé&
Controllers

Squirrel

Wind

Rotor

\
. Shaft& Cage CSCbased Power
Turbine @ Induction ::>[ Converters )

Generator

Lead Acid Battenbase
Energy Storage Syste

Fig. 3.1: Block diagram othe proposed standalone WECS.

3.1 Configurations of CSC for Standalone WECS

In the following subkections, three CS@ased configurations, perted in the
literature[73],[74] for grid-connected WECS, will be invagated for standalone WECS. For
simulation purposes, the systems are built in Matlab/Simulink environment. In all Simulink
models, the currergource inverter is controlled by Sinusoidal PWM techniqueti@doad
side voltage is regulated in the leside orienteddq synchronous frame; i.e., the reference of

d-axis andg-axis load voltages afe ppuandyL TT, respectively.
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3.1.1 Topology 1: Diode Rectifier- PWM CSI

Fig. 3.2 showsa geareeself-excited SCIG-based WECS using a diode rectifier and a PWM
CSI. The generator is excited by a thp®se capacitor bank. The variable generated ac
voltage is rectified by the thrgghase dioderidge rectifier. The dc capacitor filted ( ) assists
in smoothing the rectifier output voltagehe delink reactor { ) acts as a current source for
the PWMCSI. The size ob is selected to reduce ripple in thelddk current (Q to an
acceptable levelTypically, 0 is designed to have size between 0.6 and 1p2i [15]. In
topology 1, the rectification is performed through a Josenmutated bridge rectifier.
Thereforethe switching frequency is the line frequency and hence a bulkyg requiredThe
goal of the PWMCSI is to produce threghase line currents at a fixed frequency. The output
Cfilter (6 ) absorbs the switching harmonics produced by the iewand defines the output
voltage required at the load bus. Theombined with cable/load inductance forms a seeond
order LC filter improving the quality of voltagdelivered to the load. The-fdter design
depends on the inverter switching foeqcy, the LC filter resonance frequency, the allowable
line current Total Harmonic Distoain (THD), and the load tydé5]. Typically,0 is in range
of 0.3 to 0.6 pu for a switching fregocy of a fev hundred hert415], assuming that the
frequency of the lowest harmonic injected by the PMEBI is higher than the resonant
frequencyQ pAcp D § of the Loadside LC filter.For switching frequenciesnahe order
of kilo Hertz,0 is considerably reduced. The PW®&SI, controlled by synchronouksraxis
reference frame PI regulatorggulates the outpwioltageby varying the modulation index
(& ), while the frequency is set at the desired edlie., 50 or 60 Hz) in opdnop control It
has to be noted that the minimum value ofidk current’Q is given by (1.4). Since the CSI
controls the loagide voltage and frequenciQ is left without control. Therefore, the

minimum’Q cannot be guaranteed alMdPPT cannot be achieved in this configuration.
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Fig. 3.2.A SCIG-WECS composed of a diode rectifier and a P\ESII.

Simulation of this system arried out on a 30kW/320V standalone WECS feeding a-three
phase balanced RL load at 380V/220Vie load is assumed to have a constant impedance Z,
determined from the nominal phasephase voltage (i.e., 1pu), as well as the specified active
(P) and redive (Q) power values. In the process of finding load flow solution, the load
impedance is kept constant. The effective P and Q are, therefore, varying proportionally to the
square of the bus voltagE.h e sy st embs p anrApperaik ATableA. H.Mee gi ven
rated wind speed is 12m/s. The didant@ge provides no control over the generator torque or
speed. The CSiontrolsthe loadside voltage and frequency. Due to the lack of control over
the delink currentor generator, the dink current rises uncontrollably, resulting in high
reactive power absorbed from the generati on
building up and causes the generator voltage to collapse in 40 milliseconds, as shown in
Fig. 3.3. At this moment, the generator produces zero torque and the shaft over speeds. The
minimum™Q is reached at t = 0.01s aifd keeps increasing until t = 0.84 The stored energy
in dc reactor feds the CSI. Howevetheloads i de vol tage coll apses on
energy is fully depleted at t = 0.07 s.
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Fig. 3.3: Simulation responses for topology 1.

3.1.2 Topology 2: Diode Rectifier- Buck Converter - PWM CSI

In order to control the generator, the systerigf 3.2 hasto be modified by inserting a €c
dc buck converter between the diode rectifier and the CSI, as shéwmn 84. Compared to
topology 1, a smaller diink choked can be used due to the high switching frequency of the
buck converterThe buck converter serves as a current booster that provides decoupling
between the generation sicand the CSI. Hence, the generaole dc currentQ ) is
decoupled from the CSide dc current’Q) . Based on opti mapeedval ue
ratio (_ ), the buck converter is used to achieve MPPT by regulating the gensaft
speed]( ) at the corresponding optimum value { ) at each wind spee@ () [73]. In the
speedcontrol loop, € and i denote the gear box ratio and radius of the tearbin

respectively. Details of this control loop will be discussed in chapfgulisectiorb.4.]).
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Fig. 3.4: A SCIGWECS composed of a diode rectifiarbuck converter and a PWEHSI.

Although the buck converter adds a degree of freedom to the system control, it increases the
systembébs power | oss. All the power transferrtr
the buck converter, resulting ihigh conduction losses. In fact, the buck switch needs to
withstand a higher stress, compared to those in the CSI. Thus, special care should be practiced

in the selection process, from the viewpoints of proper sizing and reliability.

The PWMCSI regul&es the output voltage by varying the modulation index provided that
the minimum'Q is guaranteed. However, the inversgae delink current’Q is not controlled
in this configuration. Therefore, it may fall below its minimum value underdavd speed
and/or heavy load conditions.

To evaluate the performance of this configuration, simulation of a 30kW/320V standalone
WECS, feeding a threghaseRL balanced load at 380V/220V6 carried outT he sy st e mo ¢
parameters are given Appendix ATable A.1).The system is run under variable wind speed
and rated load. The buck converter is controlled by a PI regulator in order to adjust the rotor
speed to the reference speedi{ ) where maximum power, available at each wind speed, is
captured. Simulation results are showrfig. 3.5. Except for responses aftert =1 s, MPPT
controller works successfully by tracking the refaece speed. At rated wind speed (12m/s)
and with balanced excitatipthe SCIG produces the rated power (30 kW) at rated line voltage
(320V) and frequency (60HZBecause no effort is made to control the inverter input dc current
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("Q), it varies aghe generator output does. Until t = 0.3 s, the mininf@nmequired for the

rated active load of 30kW, is guaranteed at the rated wind speed (12m/s). A unity modulation
index produces the rated voltage (380V/220Vrms) at the load bus. At t =tle3x8nd speed

goes below the rated value; hen€g, falls below its minimum value and@ saturates at its

upper limit of 1. As a result, the output voltage cannot be maintained at the desired level. At t
=1 s, the wind speed goes above thedaalue. The MPPT controller is trying to extract the
optimum wind power which exceeds the demand of the system. Because this topology has no
mechanism to store or dump the excess power, the entire generated power will be transferred
to the load irrespeive of the demand. However, the CSl is trying to keep rated voltage across
the constanimpendence load, which requires only rated current to flow in the load. In other
words, the CSI works against the MPPT controller. As a result of this contradibBaxcess

power is temporarily stored in the dc link reactor causing théinkccurrent to rise
uncontrollably, resulting in generator loss of excitation, as well as overvoltage and overcurrent
at the load. In fact, with no mechanism of energy storagéoaudclink current control, the
systembs behaviour under high wind speeds
unsafe. On the contrarif,generated power is less than the demand, the load voltage will be

lower than the desired value, which aso be harmful to the load.

One problem with using a diode rectifier as the genesatie converter is the resulting
distortion in the stator current waveforms, leading to higher harmonic losses and torque ripples
in the generatoFig. 3.6 shows the generator stator current and electromagnetic torque at rated
operating speed. It is noteworthy that harmonic distortion varies with generated frequency. The
THD of the generator current at different wind speed is giveéralile 3.1. The table shows
high THDs in the generator current, especially at low wind speed corresponding-to low
frequency operation. In order to reduce the harmonic distortion, an L filter is typically installed

on the generatoide.
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Fig. 3.6: Effect of diode bridge rectifier on generator characteristicated speed

Table3.1: THD of SCIG stator current in Topology 2.

Wind Speed (m/s) %THD
11 56.3
12 45.2
13 32.7
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3.1.3 Topology 3: Backto-Back CSC

The drawbacks of using a diode bridge rectifier has been significantly reduced in the system
illustrated inFig. 3.7, where rectification is performed by a PWBArrentSource Rectifier
(PWM-CSR). Such a topology eliminates the need for the excitation capacitor bank because
the reactive power, required by the SCIG, can be supplied from the-e8R1 However,
capacitor bankd s still required at the ac side of the P\AAG&R in ordetto filter out the
switching harmonics in the line current and assist in the commutation of the rectifier switching
devices. Nevertheless, sizedofis much smaller than that required for generator excitation in
diode bridge rectifier configuratio , combined with cable/generator inductance, forms a
seconedorder LC filter, reducing the harmonic injected to the generétdr.s desi gn dep.
on PWM-CSR switching frequency, LC resonance, permitted lineeatifHD, and generator
type[15]. Similar to6 , 6 is designed under the assumption that the frequency of the lowest
harmonic injected by the PWH@SR is higher than the resonant frequency of the generator
side LC filter. The PWMCSR is sed to harvest the maximum power available from the wind,
through regulating the generator torque or speed. The higher the CSR switching frequency is,
the smaller the dc choke that is requit@dmpared with the case where a diode bridge rectifier
is usedthe dynamic performance of the generator is greatly improved by employing a PWM
rectifier. The induction generator can be controlled by direct field oriented, indirect field
oriented or direct torque control schemes. Direct rotor flux oriented controFQQIR
implemented irFig. 3.7, is one of the most common schemes used in WECS. The idea is to
control the rotor flux{ ) and electromagnetic torqé€y) independentlys is regulated to
align with the d-axis rotor flux (i.e.e = e 1t , while "Y is regulated to trace the
gener ator 6 s “p )at eachwind speed leaging(to active power flow control.
The referenceg-axis stator currentf@y ), required to produce optimum torque, is obtained
based on equations (4.7) and (4.29 (c)) presented in Chapteto# flux estimator block uses
stator voltagel{ ) and current’Q ) to solve for stator flux, which cahen be used along
with stator current to calculate the rotor flux magnitude and angle. Furthes aetddRFOC
can be found ifl117].
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Fig. 3.7: A SCIGWECS using backo-back CSC.

To demonstrate the high performance of this topolayulation of a 30kW/320V
standalone WECS, feeding a tmaeaseRL balanced load at 380V/2206 carried outThe
p ar a mé&ppendis A(TableeA.)gHRigv 3Brshowsthat MPPT is
achieved successfully by tracking the optimum electromagnetic torque at different wind

systemos

speeds. As noticed Fig. 3.9,

the quality

of

generator 6s

st at

(i.e., the current is nearly sinusoidal) when compared to topologies using a diode bridge

rectifier as the generataside converter. This will considerably reduce the generator harmonic

losses and improve quality of generator torque. However, the advafitémyeer generator

harmonic contents is diminished by the losses of CSR switches. Sincedinkpévides an

energy buffer between the generagate and loadside converters, allowing for separate

control of the converters on the two sides, the4gded characteristics, for this topology, are

similar to those of topology 2. TH@

is regulated by the PWMNLSR; however, th& is still

uncontrolled and hence it varies as the generator output does. As a result, mirsunot

guaranteed for the rated load at wind speeds below the rated value, legubsgibility of de

link current collapse and failure to supply the load.
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Fig. 3.8: MPPT for backio-back CSGbased WECS.
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Fig. 3.9: Stator current and generator electromagnetic torque at rated speed.
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3.2  Comparison of Different CSGWECS Topologies

Since it implements a diode bridge rectifier as the genesaterconverter, the firtbpology
(Fig. 3.2) provides no control over the generator, making MPPT impossible. Moreover, the
two control degrees of freedom eféd by CSI are used to conttbé voltage magnitude and
frequency at the lodaus. Thus, the diink current is left without control and hence the system
behaviour is not predictable. This makes the first topology not applicable for standalone
WECS. However, this configuration can be used for-gadnected WECS because the
frequeng is set by the grid and hence CSI can be used to control power factor at grid interface
(through reactive power compensation, providing voltage support to the grid that might be
weak at the point of connection) andld current, according to a referexdictated by MPPT

controller[74].

Adding a dc/dc buck converter to the output of genersitter diode bridge rectifier in the
second topologyFig. 3.4), introducesan additional control degree of freedom. It makes
generatoiside dc current controllable and MPPT achievable as long as the generated power
doesnét exceed the demand of -sidedccaremis iln. Hov
not guaranteed at allimd speeds. Another problem associated with this topology is the
nonlinear characteristics of the diode bridge rectifier, introducing high harmonic distortion to
the generator winding currents, leading to high harmonic losses and torque ripples in the
geneator. Nevertheless, this harmonic distortion can be attenuated by installing an ik filte
series with generator.

The backto-back CSC configurationFig. 3.7) improves the generator performance
significantly, lut with a complex control, as well as higher cost and converter losses due to
higher number of switching devices. Moreover, although the MPPT is achievable, the
minimum value of the inverter input dc current, required to maintain the output voltage, is not
guaranteed.

A brief comparison of the three topologies described above, is givEabie 3.2. As a
simple and lowcost configuration, offering satisfactory performance, topology 2 (i.e., diode
bridge rectifier- buck convertet PWM CSI) is selected as the base for detailed studies in this

thesis.
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Table3.2: Comparison of the three standalone @#&Sed WECS topologies.

Comparison item

Diode Rectifier + Diode Rectifier + Back-to-back

PWM CSI Buck Converter CSC
+ PWM CSI
Converter cost Lowest Low High
Control Degrees of freedor 2 3 4
Generatorside harmonics High High Low
Excitation Capacitor Required Required Not required
MPPT Not applicable Achievable Achievable

Minimum™Q requirement Not applicable

Dynamic performance Not applicable

Not guaranteed

Medium

Not guaranteed

High

3.3

Integration of Energy Storage with the CSI

Storage integration within V&iased WECS has received a great deal of atteintionbch
researcherg32],[47],[65] and manufacturefd13]. However, since #tnCStbased WECSs are
usually employed for ogrid applications, storage integration has not been a real concern,

neither in the literature nor ithe wind market. Referend@0] designed a simple energy

storag circuit to be added to a standalone stsedlle generation system. The purpose of the

circuit was to handle the twon transient events in the load fed through a CSI. This is done

by temporarily increasing the system input power as loading increasegpaditor was used

as the temporary storage device. To evaluate the feasibility of such a circuit for a permanent

storage purposes, it was implemented in topology 2, as shokig.iB.10, but the capacitor

bank was replaced by a storage battery. The idea is to charge the battery during zero states of

the CSI. This is done by modifying the gating pattern of PX¥$1 in order to open all the

switches during the zero states only, sunat the ddink current is forced to flow through the

diode’© andcharge the battery. To ensure thatw i | |

the battery nominal voltage
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which is equal to the peak line voltage at unity modulation index. This condition can be stated
asu W .

A Lead Acid Battery (LAB) is used in this simulatio@Gonsidering a daily demand &f
kWh for 6 backup dayswith no wind power determined based on the wind profile at the
installation site and the load profijd)attery rated voltage ab , depth of discharge of

00 ‘@nd temperature factor &, the required Amperhour (Ah) capacit of battery bank
can be found as

8Q (3.1)

ForO omMudQo6 p, o @uarO0 O v mpandQ p (at25C), the Ah
capacity of the battery bank is arou8@d Ah. Thus, 54 standard commercial 12V, 92Ah

batteries are connected in series to produce a total storage capacity of 59.6 kWh.
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Fig. 3.10: Integration of the energy storage system psagl in[70] with the CS{ based
WECS of topology 2.

Simulation responses are showrfig. 3.11. The system starts running at rated wind speed
(12m/s), feeding tad RL load. The demand is reduced to 70%, 50% and 20% of the rated load
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att=1s, 1.5s, and 3 s, respectively. At t = 3.3 s, the rated load is applied again. The wind
speed is changed to 13 and 14 att = 2 s and 2.5 s, respectively. MPPT contri@visdach
successfully, as illustrated kig. 3.11. The figure also demonstrates a good power distribution
among wind generator, battery anddaduring transients and steastgte conditionsIf wind

power is lower than the power demand, as in thespaperiod (t =0 sto t =0.16 s), the batter
compensates th&hortage in power through switc¥ and hence the dmk current(Q) is
guaranteed not to fall below its reference. Although the diddsfers no control over the dc

link current, the fact that the battery is periadlig charged during zero states of the CSI can
help in reducing ddink current if it exceeds its reference, when the available wind power is
higher than the load demand. This can be seen in the period from t= 1 s to 2 s. Since wind
power is higher thanedmand during most of the simulatio
low value (i.e., 25%) initially so that the battery has enough room for chaAgrbe excess

of wind power increases during the period t = 2 s to 3.5 tlean get much higher than the
reference and the storage circuit will not be able to maintain it. Even if a controlled switch is
used instead of the dio@®, the maximum value & is still unregulated because the charging
process caonly take place during the zero states of the inveleeen thoughQ exceeds its
referencethis case is still accepted for the leale because the modulation index will adjust

the CSI output current. However, 8 increases further, logv values ofi (< 0.5)results in
distortion of the output voltage waveform, as can be noticed fromt=3 stot = 3.3 s. Moreover,
high "“Q produces higheiQ Y and inverter losses. Therefore, this storage circuit may be
usedin a standalone WECS only if the load demand and wind speed ranges are restricted to
produce small value of extra power that can be handled by the frequent battery charging, taking
place during zero states the inverter However, restricting wind poweionflicts with the

MPPT objective. To overcome the shortcomings of the energy storage system propd3ed in

a novel scheme for integration of a battery energy storage system with tha<e8IWECS

of topology 2 is proposed in the following section.
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Fig. 3.11: Simulation reslts for the CSbased WECS with energy storage system proposed
in [70].
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3.4  The Structure of the Proposed WECS

In this work the duality of CSI and VSI topologies has been taken advantage of to come up
with a novel scheme for the integration of a batesmged energy storage system with the
proposedCSkbasedWECS. In standalone V&lased WECS, the voltage across thdimc
capacitor is regulated bgonnecting a battery bank across thdidk filter capactor via a
bidirectionalbuck-boost dc/dc convertgd9], with bidirectionalcurrent and unipolavoltage
capabilities, and controlling the converter to manage the power exchange between the battery
and the déous. In CSibased WECS to exchange power between the battery and the, dc bus
an interfacing corerter with bipolaivoltage and unidirectionadurrent capabilities is
required. As shown iRig. 3.12, this requirement has been fulfilled by employing alwitige
dc/dc converter (Hbridge) with reduced numbef switches, which is simply referred to as

reduced Hboridge.
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Fig. 3.12: Structure of the proposed WECS.
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As shown inFig. 3.12, the propsed SClGbased WECS employing a PWM CSI consists of

the following components:

- Rotor blades,

- Geareddrive, seltexcited squirretage induction generator,

- Threephase diode bridge rectifier,

- DC/DC buck converter,

- DC-Link inductor,

- IGBT PWM threepha® currentsource inverter,

- C-Filter (0),

- Delta/star ¥7& 9 transformer, providing a path for zero sequence current, isolating
the load from the system, and protecting the motoring load from common mode
voltage,

- Y-connected threphase load,

- Storagebattery integrated with the dmk via a reduced Hbridge dc/dc converter,
and

- Dump load.

The main objectives of the controller design are:
1. To achieve maximum power point tracking (MPPT),
2. To achieve effective control coordination among the wind generator, battery, and
dump load to raintain the ddink current at the desired value, and
3. To maintain balanced voltages, with constant magnitude and frequency, at the load

bus.

A standalone WECS, employing a diode rectifier, a dc/dc boost converter, a VSI and a
bidirectional buckboost dc/d converter as the interface of the storage battery with the system
requires two inductors (one for the boost converter and one for thebbosk converter), and
a delink capacitor. In the proposé€SFWECS, in contrasthe delink inductor ( ) is shared
by the buck converter, reducedidddge and CSI, resulting in reduction of the system size,
weight and cost. A systemic procedure for designiof is introduced in the following

subsection.
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3.4.1 Systematic Design of the D€Link Inductor

DC-link inductor {0 ) is sized according to the specified upper limit for the rippkbé de
link current at steadgtate. The study of the voltage that is placed across thekdaductor
(0 ), under different operating conditions, is the ke the design ob . Applying KVL to

dc-link loop inFig. 3.12, 0 can be expressed as

O UL U 0 (3.2
where0 is the buck converter unfiltered output vokag the voltage inserted by the
reduced Hbridge in the ddink and0 t h e C Sitledvsltagé.cThe instantaneous values
assumedby b andy depend on the operating conditions of buck converter, reduced H
bridge and CSlI, respectively, and are giveiable3.3, whereb ,0 andu represent the
rectified dc voltage, the battery voltage, and the dgidd line voltage, respectively. For
simplicity, the instantaneous value of the rectified voltage has beaoxapated by its

average value.

Table3.3: Possible values ob i) handy

Voltage Value Operation condition
0 0 Y isON
0 Y  is OFF

0 0 Battery is discharging
0 Battery is charging
T Battery is neither charging nor
discharging (freewheeling state)

0 0 CSl is in one of the aieke states
T CSlis in one of zero (shotiirough)
states

The maximum instantaneous voltage that is applied adrogso; ) is

W 0 | 0 W (3.3)
where
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0 f A Wr (34)

andwpy ;  is the maximum rms value of SCIG line voltage.

On the other hand, the minimum instantaneous voltage that is applied acrosdinke dc
inductor b, ) is
@ T U @ (35)

As shown inFig. 3.13, the delink inductor current rises and falls in response to application of
positive and negative voltages across thdirdcinductor, respectively. The extreme cése

the range of variation ad corresponds to the rare condition wherg andwj are
applied across diink inductor successively. Under this condition, the maximum rise, during
Y0 , and maximum fall, durinif , of the delink current can be obtained from§3and (3.7,

respectively, as

YQir i Vo (3.6)
YQr L5 1y (3.7)
v,
hoe Iy
° G a2 t

Fig. 3.13. DC-link inductor voltage and current.

At steadystate, the inductor current is repetitive and the values of inductor current rise and fall

are equal. Therefore,
YQr i YQr i yQ (3.8
Assuming the same switching frequend§) for the buck converter, reducedidddge and

CSI, one can write
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Yo Yo - (3.9

Based on (&) - (3.9), the worsicase steadgtate ripple in ddink inductor current can be

expressed as

o 5|
yQ T (3.10)

h

The inductor current ripple is normally expressed relative to the average value of the inductor

current. Thus,

y | h |
L h | (3.11)

Typically, dc-link current ripge in CSl is limited to 15%15]. From (3.1), the minimum

inductance required to satisfy this limit is

p=x

0 ] (3.12)

It can be noticed from (32} that the size of diink inductor can be reduced by increasing the
switching frequency. Moreover, the higher thelihk current is, the smaller the inductance
required to guarantee not exceeding the specified current ripple limit will be. However, it is
useful to minimize the dbnk current so as to reduce tbemic losgs of the ddink inductor

as well as the losses of the current source inverter. The minimiimkdmrrent based on
which the delink inductor is designed will be specified in Chapter 5 whesirdc current

control system is designed.
3.5 Summary

In this chapterthe feasibility of employing CSI in offfrid WECS was investigated. The
three CSC topologies, validated in the literature fegod WECS, were evaluated for affid
WECS application. Since the first topolo@ye., diode bridge rectifier PWM CSI) provides
no control over generator and-lileck current, it is not applicable for an effid WECS. Adding
an intermediate dc/dc buck converter to the first topology, the second togotgyiode
bridge rectifier- buck converteri PWM CSI) makes MPPT achievable. One problem
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associated with diode bridge rectifieased topologies is the high harmonic distortion in the
generator winding current. This problem was overcome by employing 28Rlin the third
topology(i.e., Backto-back PWM CSC)leading to significant improvement in the generator
performance, but with complex control and at higher cést.a simple and loveost
configuration, offering satisfactory performance, the second topology was selected as the base

for further study in this resarch.

Although the feasibility of the selected topology was demonstrated, the minimum value of
the CSI input dc current, required to maintain desired output voltage, was not guaranteed at
wind speeds below rated value. Moreover, a storage unit wasagdaibe integrated within
the structure of the system in order to achieve effective power balance. A simple storage circuit,
proposed in the literature for temporary storage purpegas,implemented in the second
topology, but the capacitor bank waslesmed by a storage batteffhe validity of such a
simple storage circuit, for standalone turbine, was demonstrated only when the load and wind
speed ranges are restricted to produce small value of extra power; this implies restricting wind
power and conitts with the MPPT objective. Therefore, a novel scheme for integration of a
battery energy storage system with the 6&ed WECS of the second topology, was

proposed. The dlink inductor, shared by three converters, was systematically designed.
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Chapter 4
Dynamic Modeling and SmatWECSi gnal Anal

Fig. 4.1 shows the block diagram of the proposed system. In this chapter, detailed models of

mechanical and electrical components are developedandined to form an overall model.

Balanced
Unbalanced
Load

DC-Link

3-phase
Current
Source
Inverter

Self-
Excited
SCIG

DeltaStar
Isolation
Transformer

—

Shaft&
Gearbo

Rotor
Blades

)
_\E

Load Model
Fig. 4.1: Block diagram of the proposed Clgdsed WECS.

Forcedcommutated power converter devices operate at high frequencies and hence a very
small simulation time step is required to produce a sufficiently accurate simulation of switching
transients. Therefore, simulating the entire system using a real switching model will demand a
long simulation time and a large memory size. Moreover, gwdtinuities and nonlinearities
associated with the switching action of the power converters make it complicated to apply
classical control methods for system analysis.

When switching ripples are of interest or detailed transient information is needaitedl
switching models are unavoidable; otherwise, average models can provide adequate
information in a low frequency rangE18]. High-frequency switching harmonics are not
presented in the average model; the dynamics of the system is preserved. Average model,
which predicts lowfrequency behaviour of the actual switching model, can be simulated much
faster than switching model. Assuming that the smallest time constant of a converter system is
larger thanthe switching period”Y) by at least an order of magnitydeis a very good
approximation to average the converter variable quantities"¥vas a resultthe switching

action is eliminated from the model and henc
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In other words, the average model is continuous and hence can be linearized around an
operating point. The linearized model is used to investigate local stability, observability and
controllability of the system. The linearized model also provides the frasdosedloop

control system design in the following chapter.

Typically, the process of modeling starts with deriving tiphase equations for electrical
circuits inabcframe. These relations are then transformed into their correspalgirgme
equations.The transformation matrix is given in (4.1)herewcan be any system variable
such as threphase voltage, current, and flux linkage, andis the angular position of the
rotating’Q rframe in radians.

‘ Ai1066 Ai10o — Ai100 — @
PO 0 (4.)
OEIl 6 OBlo — OEBIO0 —

Since the proposed WECS has some passive components, which can be described using

differential equations, an additial term is brought to the transformation, as seen in (4.2),

wherg is the angular speed of terframe.

w

—Yea—g |
w

e e

(4.2)

5 —

In this chapter:

1) The models of system components are derived and combined to develop a nonlinear
dynamic model of the proposed standalone-led WECS iif ryeference frame. Detailed
models of the aerodynamic conversion, drive trairi;esatited induction generatoread Acid

battery, and poweelectronic converters are presented and combined with a redrobed

generic load model to enable transient and stetatg analyses of the overall system;

2) The behavior of the system is investigated by simulating its tipera starup and in

response to a step change in the input;

3) A smaltsignal linear model is developed by linearizing the nonlinear dynamic equations

around steadgtate selected operating points; and
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4) The linearized model is employed to investeythe local stability of the system at the
steadystate operating point. Also, some of the system properties, such as controllability and

observability are investigated.

4.1 Wind Turbine System

The mechanical power captured by a wind turbtne canbe obtained from

~ ~

b —0 0 _h 4.3

where” is the air densityd® ¢ @Th at15Candatsealevel)t he t ur bi neds sw
ina (0 “i ,withi the radius of blades i), 0 the wind sped ina i, 6 the wind

turbine performance coefficient,the tip speed ratio, afdthe blade pitch angle in degrees.

_, defined ashe ratio of rotor blade tip speed to wind speed, is

- — (4.4)
wherg is the anglar speed of the turbine in &2
0 is a function of_andf , as given in (4.p[119].
6 _f Mpxe T ULV'Q mEIneoY (4.5)
In (4.5),
- 2 (4.6)

8

According to Betz law, the theoretical limit of is 0.59. Practically) varies between 0.2
and 05 in the modern turbingd5]. Thed  _ characteriscs for differentf valuesare
illustratedin Fig. 4.2 for a threeblade horizontahxis WT. The maximund (0 , forf
T, is obtained at Y. This particular_is known as optimal _ . For a variablespeed
WT, with the pitch angle fixed at zero, the target is to maintait its optimal value

corresponding to maximum power capture.
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Cp-1 Curves at differenet Pitch Angles b
[ [

Maximum power coefficient (Cpmax) at zerob

Power coefficient Cp

Tip-speed ratiol

Fig. 4.2: Performance coefficient versup 8peed ratio for various blade pitch angles.

Fig. 4.3 shows the steadstate mechanical powspeed curves for a variabdpeed, fixed
pitch WT in per unit. The curves show the nonlinear relationship betweemdebanical
power and wind speed. The red dashed line links the optimum power points at different wind
speeds. The rotor speed corresponding to the maximum power at each wind speed can be found
based on the optimal tip speed ratio from (4HQ. 4.3 is obtained for base wind speed of 12

a 7t and rated power of 1 pu at 1 pu rotational speed.
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Fig. 4.3: Turbine power characteristics at zero pitch angle.
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Alternative to speed regulation, torque regian can be applied in order to achieve MPPT

for a WT. Considering (4.3) and (4.4), the optimum mechanical torque can be expressed by

(4.7), provided thatY — -" & 60 T_.
Y 0 ] 4.7

In (4.7),0 Y —

As can be seen from (4.3), calculation of wind power requires knowledge of instantaneous
wind speed. Wind speed is a stochastic variable signal and its behavioucistdifpredict,
especially over shotime period (i.e., seconds, minutes or few hours). Different Statistic wind
speedmodels were summarized jh20]. One of commonly used wind speed models is the
spectral ensitybased model, which describes the variation of wind speed as an overlapping
of different frequency components. The basic model of the turbulent component, used in the

Von-Karman power spectrum mod&R1]is given in (4.8).

8 7

Y] — (4.8)

In (4.8),] is the circular frequency obtained by multiplyibgpwi t h t he spati al
(rad/m), O the mean wind speed (typicallgetermined over éninute period),, the
turbulence intensity, analthe turbulence length scale in feet. Fordaltude malel (altitude

< 1000 feet]122],

— - (4.9)

where'Qis the height in feet at which the wind speed signal is of interest.
The turbulence intensity is found from (4.10), wheré is the wind speed at 20 feet (6

meters). Typicallyp is 7.72 m/s, 15.43 m/s, and 23.15 m/s for lightderate, and severe
turbulence, repectively[122].

(4.10)
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The amplitude @ ) of wind speed fluctuation (Amplitude of tf@ harmonic), at discret

frequency of"Q'Q phfoted) , whered is the number of samgs, is expressed by
(4.11)[121].

01 - T Y Y] ] 1 (4.11)

The instantane@uwalue of wind speedl 0 can be described as a sum of average wind speed

and fluctuation of the wind, as given by (4.12), wheras a uniformlydistributed random
phase angle in the domaihf “].

b 6 Of B 6AT OO T (4.12
Based on (4.8), a spectral density function is showmgm.4(a). The figure is obtained for

M uvdo[ pafiho X& @1 7i,andQ p yit .The lowpasdiltered fluctuation of
wind speed is shown fRig. 4.4(b).
(a) Turhule_nce Spectral Den_sit_\- [mzlsz)

1 (b) Wind Speed (m/s)
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Fig. 4.4: Wind speed model basedonVEmlar manod6s met hod.
4.2 Drive Train System

The drive train is essently represented by a thr@eass model which is composed of three
masses accounting
linked by two shafts. The moments of inertialad gearbox and the shafts are assumed to have
small influence on the system behaviour compared to moment of inertia of the turbine rotor
and generator. As a result, the threass model can be reduced to a-twass model, shown

in Fig. 4.5. It consists of two masses linked by an equivalent shaft. In this model, only the gear

ratio € of the gearbox is considered.Fig. 4.5, "Y ) and  are theturbine torque in
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0 @, moment of inertia iQ'@ and angular speed in (M respectively; YA) and  the
generator torque i @ , moment of inertia i@ and angular speedin G respectively,
0 andO the shaft equivalent stiffness iD @71 @ @nd damping factor i @ Fi I

respectivelyand— and— theturbine and generator shaft angles i, @espectively.

Jm

2
K ”gearjg
se
Tm ngearTe
:@ 2 | :?
Wm mg}/ngear
Dse
Fig.45: Two mass model of turbineds drive

The dynamics of the drive train can be described by the foltpdifferential equationgl23],

wherdg — — —J¢ and 1 ] 1 e
— —Y 0911 0 ] — (413
—] - —0117 —0 1 =7 (4.14)
— 17 (4.15

4.3 Self-Excited Induction Machine

Induction machine operates based on induction or transformer action between the stator and
the rotor conductors An electromagnetitorque is produced due to the interaction between
stator and rotor magneticefds. The difference between the rotor speed and the speed of
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rotating magnetic field of stator (synchronous speed), normalized to synchronous speed,

defines slip (s) as:

o (4.16)

wherg isthe synchronous angular speed idjf2] the stator electrical angular frequency

ini Q1 0] ), 0 the number of pole paifs, the rotor shaft angular speed init,

and| the rotor electrical angular speed i W (| o ).

An induction generator needs to be continuously excited by a source of reactive power in
order to generate voltage and supply active power. Inogmtchected wind turbines, this
reactive power is typically supplied by thedy In standalone wind turbines, it can be supplied
by either a power electronic converter or an external source of reactive power, such as switched
capacitors. In this case, the generator is calledeseited induction generator (SEIG). In
SEIG, the mahine should operate in saturation region at the intersection point between the
magnetization curve of the machine and the impedance of the excitation cgpadidtither
initial capacitor voltage or machineds resi
and the machine to operate as a generator. A
excitation level, and loading condition determirteg generated voltage magnitude and
frequency. The minimum capacitor needed to generate the rated voltage at rated speed and no
load condtion is obtained by (4.1729] where0 is the magnetizing inductance

before saturation.

0 (4.17)

Amongst various models developed to analyze the transient and-staselperformances
of selfexcited induction machingd25], the weltknown dq model, shown at no load in
Fig. 4.6, is used in this workin the figure,’Y is the stator resistance, the stator leakage
inductance) the magnetizing inductanced, the rotor resistance refereed to the staior,

the rotor leakage inductance refereed to the statoihe excitation capacitanc& and™Q
the'Qaxis andj-axis stator currents, resgtively,"Q the magnetizing currenQ andQ the
‘Qaxis andn-axis rotor currents referred to the stator, respectively,and0  the Qaxis

andr)-axis voltage of the excitation capacitor, respectively,ands theQaxis andj-axis
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stator flux, respectivelyy ande the Qaxis andi-axis rotor flux referred to the stator,

respectively, and the derivative operatokKQ h

(a) d-axiscircuit
R, Ly L, (w—wr)wérR;

(b) g-axiscircuit
R, @Pas 4 L, (0-w)oy R’

Fig. 4.6: Dg model of SeHlexcited squirrel cage induction machine.

The mathematical model of SEIG in an arbitrdgyeference frame is described by the set of
differential equations (4.18)(4.21). All electricavariables and parameters indicated by the

prime signs are referred to the stator.

0 YQ — - (4.19)
b  YQ — - (4.19)
TYQ — 1 ] . (4.20)
mTYQ — 1 7] - (4.21)

Equations (4.22)i (4.25) give the air gap flux linkagesyith 0 0 0 and

b 0 0.
. 0Q b (4.22)
. 00 b0 (4.23)
- 0Q 00 (4.24)
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- b b (4.25)

Equations (4.18§4.21) can be adapted fstationary, rotor and stator angular frequency
reference framegy substituting),] , and , respectivelyfor] . Thedqequations in stator

reference framd.€.;] 1 )aregiven by (4.26), wheréQ 0 00 .

r;Ql’l
_|l:|§2I-’I
127y
iQ U
YU 7 LU )] 7 U Y0 7 0O

~o - N " . s b Ul
T 0 00 10 Y 0 1 00 Y 0 182
o YO ) YO 1T 00 0 0071 K0
u 1 00 YO 1 0 00 001 YO wiQ U

0 T 0 m v
T 0 m 0 V]

0 T 0 T Il

m 0 b 0 T

(4.26)

The reactive power, required to excite the machine, is provided by@ostaected capacitor

bank. The capacitatq currents are given by (4.27) and (4.28).
Q 0 —0 01 0 (4.27)
Q 0 —U 01 U (4.28)

The electromagnetic torquéY] generated by SCIG can be obtained by the relations given

in (4.29).
— Qe Qe ®
Yo .— 'R0 Q0 & (4.29)
Qe Qe &
W
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4.4 Three-Phase Diode Bridge with DCSide Capacitive Filter
In the proposed WECS, shownkig. 3.12, the SEIG generates a variable ac voltage which

is converted into dc voltage throughathpeb as e di ode bri dge recti fi
voltage is smoothed by a capacitor of finite capacitahlcerefore, the dside voltage is not

ripple free. The output dc current of the rectifi&® () is boosted by a buck converter.
Therefore,”Q alternates between zero aifdl depending on the state of the buck switch

(Y ). In other words, the dc side of the bridge rectifier is equivalent to a current source when

the buckswitch,”Y  , is on, and an open circuit whén s off. Equivalent circuit diagram

of the topology is shown iRig. 4.7.

idcg.( idc;"
D1 |(Ds | Ds
7. N
Cd(,' I vdc @) Sbuck idch
D2 |Da |Ds
N QN N )
Three-Phase SEIG

Fig. 4.7: Threephase diode bridge rectifier with a variable dc current.

In Fig. 4.7, the SEIG is represented by a thptese ac voltage supply, with the following time
functions:

0 w OFBT o
v ® OBTo ¢'To (4.30)
)

w 0BT O ¢'To

Depending on the values of theside inductord and deside capacitod , and/or loading
conditions, thetopology shown inFig. 4.7 can operate in one of the two different modes:
DiscontinuegConductionMode (DCM) and ContmousConductionMode (CCM)[126].

In order to derive the average model of diode bridge rectifidtign4.7, the following

assumptions are made:
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1. The seHexcited IG generates thrphase balanced sinusoidal voltages.

2. The series induatage 0 is negligible. This assumption is justifiable for lpewer
induction generatebased turbines) represents the cable and generatde L filter. Real

data show that the stator inductance in -\mitage, lowpower induction generator (

p Tt R, is relatively high(i.e., 0.1- 0.25 pu)[127],[128] compared with those in Meg&/att

IGs. The combination of the stator inductance and the excitatjpacicance can provide
acceptable harmonic attenuation to the generator current. Therefore, no external L filter is

required to be added in the generator side and hence some cost is saved. Tisunainly

attributed to the cable inductance. Reaceof lowvoltage cables (up to 1kV) is in the range
of 0.11 0. 75 Y/ mi(leg0.27it2 m6l/nite}{129]. In a wind turbine, the generator
and its converter are placed in the nacelle and hence thih lehcable connection between
the generator and the dicbedge is very short (around2 meters) and cable inductance is

too small (< 2.51H) and can be neglected.

3. The deside filter capacitor is large (015 pu), but not significant enough filorce the
bridge into DCM operation. When thé is turned off, the diode bridge output curréfi ()

flows throughd . Hence,Q never falls to zero. In other words, the bridge is always

operating at CCM with instantaneous commutation (i.e., the commutation angly Emall

and hence approximated to zero).

4. The voltage across the-ditle capacitor ) has very slow dynamics and hence may
be considered constant with respect to state variables that vary under the influence of high

switching freqency of the converters.
5. All harmonics are neglected.

6. As noticed fronfig. 3.12, the reduced Hbridge terminals are connected in series with the
dc link inductor during nomlumping periods (i.e’Q Q). Thus, the average value of the
rectifier output currenfQ is equal to the average value@f which depends on the duty
ratio of buck converte , i.e.,"Q Q Q Q ‘Q "Q. For certain values ofQ and

‘Q , the average output current of the rectifier is constant.
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Based on the assumptions made above, the circtigofl.7 can be approximated by that

. ZISDl ZISDS ZISDS
Lo
1

shown inFig. 4.8.

+
Three- ipr
Phase A . ]
SE'G I , de - db id(.'
{!“.
D2 Da De
AN AN AN

Fig. 4.8: Threephase diode bridge rectifier with a constant dc current.

In Fig. 4.8, the aerage output voltage is found from (4.31), wh@reis the peak of generator
phase voltage.

v — Tvoe A®al o Lo (4.31)

The rms value of the fundamental componehttiee ac line currentan be found by
(4.32)[130].

o Tow (4:32)

From (4.31) and (4.32), diode bridge rectifier is represented by its average output, as shown in

Fig. 4.9. In the figure, the supply voltages andsade currents are approximated by their
fundamental components, assuming negligible harmonic conterissphase angle between
fundamental component ofugent and supply voltage. In the switching modthe
fundamental current is slightly leading the supply voltage due 4siddc capacitor effect.

Hence, a small part of the reactive power absorbed by the induction generator is supported by

thed . For the average model, however, the effedi ofis neglected and the reactive power

required for generator excitation is completely supplied by the capacitor bank. Under this

assumption, the fundamental component of line current is in phase wigupply voltage

(.e.,— ™).
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In Fig. 4.9, the effect of load side on the dc average voltage) is neglected. This

assumption is valid as is mainly dependent on the-aitle applied voltag

243 . . .
i, \T dp ige sin (wet + 6;) dp igc
nga — &\
+
243 . . 2
iy \T dp ige sin (wet — ?Tr + 6;)
: +\ 343
v
vf:gb — /‘?\ _ T‘/E.g Vic
Iy
[, % dyp i4. Sin (wet+2§—l—8i)
— . -
Vege /?\

Fig. 4.9: Averaged model of CCM diode bridge rectifier with instantaneous commutation.

By transforming the threphase supply voltages and currents idtpframe rotating at
angular electrical speed of the generator,theabcbased average model, showrfig. 4.9,
is redrawn irdgframe inFig. 4.10. Assuming that thd-axis is initally aligned with the stator

terminal phase voltage and diode bridge rectifier input current is in phase with that voltage,

0 » TiQ T Thus, from (4.31) and (4.33), 20 andQ "qoq.

iy = 2324q,
) a= b ldc ;
—igs. ki3 dp fgc
Y n
+
+\3v3
C, w 2V2
Vega Cg L g Pe Veg, _ — Vega Ve

Y N7

Fig. 4.10. Dg average model of diode bridge rectifier supplied by SEIG.
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Applying KCL toFig. 4.10, the dynamics of capacitor voltage is described by (4.33) and (4.34).

—0 o —Y91q9 1 0 (433

—0 —Q 10 (4.39)

45 DC/DC Buck Converter

In the proposed systenkif. 3.12), the dc/dc buck converter is placed between the diode
bridge rectifier and the PWMSI. As mentioned in the previous section, except during
dumping periods, the converter output curréht is equal to the déink currentQ which is
kept continuous and regulated via the largdimicreactor and the control implemented by the
H-bridge interfacing the storage battery bank. Henlke, duck converter is operating in
Continuous Conduction Mode (CCM). The buck converter employed in the proposed system
is shown inFig. 4.11.

Fig. 4.11. Buck converter circuit.

In Fig. 4.11, the average values @ and'Q are related through the duty cycle of the buck

switch,Q .
QN Q0 (4.35)
The converter is boosting the current and hence bucking the voltage. Thus,
0 QU (4.36)

Based on (4.35) and (4.36), the equivalent circuit of the converter is sh&ign 4l 2.
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Vde db Ve g

Fig. 4.12: Largesignal nonlinear averaged model of CCM buck converter.

4.6 Lead Acid Battery

Fig. 4.13 shows one of the common models of leaitl batteries reported in the
literature[131],[132]. As shown in the figure, the voltagerrent characteristics of a battery is
modelled by a controlled voltage soea’O and series resistanté . Asgiven in (4.37)

and (4.38]132], 0 and'Y are functions of batteryos

ibat

AR —
Rsen’es (SUC) +
Eoc (SDC) Upat

+

Fig. 4.13: Electrical model of a battery cell.

O O U p YEO (4.37)
Y Y p & p YES (4.39)

where
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YEbp — (4.39)

0 . Q Qo (4.40)

In (4.37)(4.40),0 is theopencircuit voltage at 100% So®, andd constantsy the series
resistancat 100% SoC) and0 the battery rated Ampeteour (Ah) capacity and extracted

Ah, respectively, an®Q the battery current. It is assumed that the battery packs are kept in a
temperatureontrolled environment and hence the effect of temperature variation is not
modelled. Fronfig. 4.13, the battery terminal voltage is given by (4.41), where a podiive
impliesbattery isbeingdischarged.

0 O Y Q (441

In the proposed WECE-ig. 3.12), the educed Hbridge terminals are connected in series
with the dc link inductor. Thus, the battesigle currentQ is composed of pulses of magnitude
‘Q (discharging) or “Q (charging), separated by zerarrent periods (freewheeling). AW-
pass LC filter is used to smooth out the battery current (8ge4.14). Design of LC filter is

based on a specified eaff frequency and damping ratio, as explainedppendix B

L, ‘in
— Y Y Y
lb{IE>- i.‘_’,‘b -<<:
+
Ybar = Cp, —— v, Reduced

b H- Bridge

Fig. 4.14: LC filter on battery side.
Based orfig. 4.14, the dynamic of the battesside filter is described by (2% and (4.43).
—Q — 0 0 (442

—0 -0 0 (4.43)
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4.7 DC/DC Reduced H Bridge Converter

Fig. 4.15shows the ddc Hbridge converter, with reduced number of switches and diodes,
employed as the interface between the storage battery bank and the dc link. The terminal
current of the Fbridgeis equal t6Q ; hence, the load of the-bridge can be represented a

dc current source.

iin-'/
+ S ’5' DBZIS
Battery

with LC Ve,
filter

Fig. 4.15. Reduced Fbridge for storage integration.

The reduced Hbridge can be controlled by either PWM bipolar voltage or PWM unipolar
voltage switchig scheme. Unipolar voltage switching scheme provides frequency doubling
effect, resulting in highequality waveforms. In this switching scheme, the two switéhes

and 3 of the converter are controlled independently. The switch and diode iregachn

never conduct at the same time; hence, short circuiting of the dc source (i.e., the battery) is
always avoidedTable4.1 shows the possible output voltage values at different states of the

two switches.

Table4.1: Reduced Foridge converter operating modes.

= % - Mode

0 0 0 Q Charging throughO and O

0 1 T T Freewheeling state throug¥ and’O
1 0 L1 LS Freewheeling state throu@ and™Y
1 1 0 Q Discharging througRY and Y
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Let Q bethe duty ratio of switchY. The average values of output voltage and inpu

currentQ can be expressed by (4.44) and (4.45), respectively.
0 cQ pu (4449
N Q pQ (4.45)

Based on (4.44) and (4.45), the equivalent circuit diagram of the converter is shown in

Fig. 4.16.

(ZdA o l)idc i
7 ldc.
+ +
Ve, (2d, — Vv, Vyy

Fig. 4.16: Largesignal nonlinear averaged model of CCM Haitildge Converter.

Substituting (4.41) and (4.45) in (4.42) and (4,48spectively, the dynamic of storagjele

LC filter is described by the following differential equations.

Q
Q P
V]

o O 0 p YEOYp O p YEOQ U (4.46)

-0 -0 dQ pQ (4.47)
From (4.39) and (4.40), the dynamic of SoC is described by
—YEd —0 (4.48)

The dynamic of SoC is very slow with respect to other states. Therefore, fotysaimlysis,

carried out around an operating steathte point, SoC is assumed constant.
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4.8 Current Source Inverter

In this section, the current source inverter is modelled under balanced and unbalanced load

conditions.

In the proposed WECS, shown kiig. 3.12, the inverter dc side is supplied by the power
received from a wind turbine, augmented by a storage system. This combination can represent
a dispatchable distributed energy resounti¢, producing a controllable current (i.€,), and
hencecan be represented by a dc current so@sshown irFig. 4.17. In the figure, the three
phase currersourced inverter is feeding a thyplkase load. The relationship between the ac
side and deside voltagesrad currents of CSl are determined by the switching functions of the
three legs of the inverter. The switching constraints and states in the operation of CSI are
explained inAppendix C The switching actions of éhinverter generate highequency
harmonics, which are significantly reduced by thél€r (6 ), and hence can be neglected, as

far as the fundamental components of oudé currents are concerned.

Extended Generic Load Model(Fig. 4.21)
S S S
+ jl_ jl_ jl_

. i &/Yn
Y ¥ ¥ 1{? Veiq {E;/:
1 I V.. L Balanced
[ vi.nv b {)ﬁ Cib \l}p Unbalanced
dc fl [' load
ae UC[C \G
¢ 1 1
S S S T T TCGi
L L L
C-Filter n

Fig. 4.17. Threephase currersourced inverter feeding a thrpbase load.

4.8.1 ABC-Frame Equations

Under thregphase balanced load condition, the inverter supplies the load withpthase
balanced voltages and currents. Under a PWM scheme, the fundamental components of the ac
side currents are related to thegilde curent as in (4.49).

Ko 04 Q (4.49)
In (4.49),
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G a a OBT o6 | ¢“To (450
a a 0glo | ¢'To

where @ and| are the modulation indext( & p) and delay angle of the inverter,

respectively;Othe ac gain of the corresponding PWM schei@e (V'—_ for sinusoidal PWNI

and the fundamental frequency of the leside voltage (i.ep m“torp ¢“ni  cfQfor 50Hz
or 60Hz, respectively). Ignoring the inverter losses, the power balance ofsideand dc

side of the inverter gives:

b Q Q U (4.51)
where0 is the average dinput voltage andv the threephase capacitor voltages,
defined as

wOBT 0 —
0 w OBl o — ¢'To (452
© 0BT o6 — c¢“To

Substituting (4.49) into (4.51), yields
0 oXo 0 (453
Applying KCL on the asside of the inverter, the dynamics offiter is described by:
— 0 -0 - Q (454)

where 'Q s the transformer thregghase primargide current. Based on (4.49) and (4.53),

the equivalent circuit diagram of the inverterh®wn inFig. 4.18.
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Fig. 4.18. Largesignal nonlinear averaged model of current source inverter.

Under thregphase unbalanced load comalit, the three phase currents on the transformer
secondary side are unbalanced, vatsitive (+ve), negative(-ve), and zero sequence (seq)
componentsSince the zero seq component is trapped ia-thending of the transformer, the
primary-side thregphase currents (i.e.)Q AQ and Q) contain only +ve andve seq
components. Now, every thrpbase quantity in the aide of the inverter is divided into
threephase +ve antive seq symmetrical components, rotating at the fundameataldncy
( ), but with opposite phase sequence. In other woéds, h'Q , 0 ,and 'Q
are divided into& and & hQ and'Q ho and 0 ,and Q
and 'Q | respectively, where the +ve aink seq components can be defined by (4.55) and

(4.56), respectively, by replacing the variatieith the quantity under consideration.

» 0BT o —
&) » 0glo — ¢“fo (4.55)
® 0Bl o — <c¢“¥o
» 0Bl o —
) » OBl o — ¢“fo (4.56)
o 0T o6 — ¢“To
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4.8.2 DQ-Frame Equations

For balanced load, where only +ve seq, tipkase voltages and currents exist, the control
design of the CSI is based on a synchronetsigting dq frame. By transforming thabc

voltages and currents intly frame rotating at , thedg-axis equations of the inverter are
obtained as

Q  a
o Og © (457)
0 PR®0O G U a v (458
V) Q m ] V)
) o m 0 T (459

whered anda are the equivalenf> and rj-axis modulation indices of the inverter,
respectivelyd and0 thed- andg-axis capacitor voltages, respectively, &2dandQ
the’Q andn-axis primaryside transformer currents, respectively.

For unbalanced load, the +ve aihk segabc components are transformed irdq axis
frames rotating at and 7 , respectively. The resulting equations are given in (4.60)

(4.62).Note that the sequence of a quantity is identified by the sign in its superscript.

r:Q 1’ r\g I
Q. L
1) 2 “O ! .’.‘Q 460
1 Q ) |g 1 ( )
QU oW U
b p®0a 0 & 0 & U A& O (4:61)
r\l:) 1 r:Q 1 Lt 1 n n nl;) I ’_:Q I
o |"(2 2 ‘| TT T T ! N 2 I'Q >
—11 —1) 2 11 2 — 1, > 462
W . o, moom 11 S N S o I (4.62)
w r Jgou ™o o™ Tw o gou

4.9 Generic Load Model

In a standalone energy system, #ioearity andvariability (including frequent switching)
of the | oad have significant adverse i mpact

the stability of voltage/frequency control. Therefore, load modeling is an essential part of
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stability analysis and comtiler design for a standalone system. The statalnalysis carried

out in[133] has been based on an RL load. Similarlyjtad schemes developed [h34]
and[135] have assumed RL and RLC loads, respectively. A nonlinear load hagrbsered

by acurrentsourceii36]. The effect of inductltybasbemot or
discussed in137]. However, due to the diversity of réential loads, a genierload model,
proposed by138], is used in this thesis. The model is, in essence, capable of emulating actual
loads of different transient and steagtgte characteristics and is apprafe for simulation

studies of stability and dynamic performance of a standalone system. The model has been
successfully used to emulate RL anduction motor load§138],[139]. However, the model

has been mainly developed and validated for balanced load conditions. In the next subsections,
the gendc load model proposed [138] will be described first. Then, the ordef the model

will be reduced by minimal realization. Finally, the reduceder model will be extended to

include unbalanced load condition.

4.9.1 Gengic Load Model Proposed in[138]

The structure of the modelilistrated inFig. 4.19. The load is modeled by three dependent
current sources. The control signals for this model are obtainedify@atnc transformation of
the loadd- and g-axis currents,”Q and™Q, that are dynamically determined based on load

voltagedq componentsp andu . As shown inFig. 4.19, the angle of transformatior~)

and angular velocity ( ) of the Iad voltage vector are obtained by implementing a phase
lockedloop (PLL).In this model, the dynamics of the load is described by a set okgate

equations as:

W aon . . L O
® 0Wwo 0 4y o (4.63

. v on s Q o
WO O0woO 0 o (4.69)

where® is the vector of state variables,the vector of outputsy andv thed- andg-axis
components of load voltage (as input§), and"Q the d- and g-axis components of load

current (as outputs), andl v M time-invariant matrices determining the dynamic and

steadystate characteristics of the load.
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Fig. 4.19: Block diagram of thgeneric load model proposed[i88].

By solving (4.63) and (4.64), the load currents are obtained, as given By hérek® T
denotes the initial state variables vector.
Q0 , 0

0 o 6 Q omn | Q OUIQT (4.65)

o O

From (4.63) and (4.64), the steashate currents are:

Q v v

66 060 (4.66)

Q
With a loadside voltageoriented synchronous reference frame, . The steadystate
real and reactive powers of the load are given by:

\ 2 46
-v 0 ( . 7)

C Ca

Substituting (4.66) in (4.67), yields

AR 506 & (4.69)
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Assuming the productd & & to be a function of loadide frequency, , 0 and0 can

be expressed as:
0 0 — — (4.69)
0o 0 — — (4.70)

whered and0 stand for ral and reactive power at nominal load voltage énd nominal

load frequencyl (). The parametefs andf characterize the dependence of load powers
on frequency, while the parametersand| characterize the dependerafeload powers on
voltage magnitude depending tad type, as given iffable 4.2. In this model, constant
impedance load type is assumed, i.e., | ¢. The matricesd 5 i are givenin
Table4.3. In the tableQdenotes damping of natural modes of the load model i(Qis
inversely proportional to the settling time),] the oscillation frequency in &, and®

and® , given in (4.71) and (4.72), the real and reactive power indices of the load, respectively.
The dynamic characteristics of the load is determinéQdxyd]  which, in turn, are equal to

the real and imaginary parts of the eigenvaluésmatrix 6 . On the other hand,

O h h B B ,wand  determine the steaestate characteristics of the load.

d -— — O (4.71)

O -— — 0 472

Table4.2: Dependence of load on voltage magnitude.

Load type LN ). Examples
Constant Impedance 2 2 Incandescent Ligting, electric stoves, and
water heaters
Constant Current 1 1 Controlledcurrent motor drives
Constant Power 0 0 Induction motor drives and controlled powe
supplies
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4.9.2 ReducedOrder Load Model

As shown inTable4.3, the model proposed j¥38] is a 4" -order statespace system with
two uncontrollable modes (i.e., the controllability matrix is not full rank). By appliyimgmnal
realization techniquethematricesd h® andé are modified intdd h andd and the
model order is reduced to 2. The properties of the redobet model versus thé"brder
model are given iTable4.3. The stateso andw in the reduceérder model are fictitious
states resulting from the minimal realization process. The reearcded model has the same
inputs and outputs as th& 4rder modelln the 4" -order model,® assume a negative
value[138]. In the reducearder model, in order to comply with the common sign convention
for load reactive powety has been assumed to be positive and hence multiplied b\sing
both nodels,Fig. 4.20 gives the responses of load currents to connection of a balanced load at
t = 0.1 s for the lad parameters given fable4.3. The figure shows that theharacteristics

of the reducedrder model are identical to those of the origirlatder model.

80 T T T T

Jll \l 4th -order Model
60 — | |'| J.'f \ - - - Reduced-order Model _|
Pt | \ !
R B A ' i
L AR AN \ ! Ld
[ N A (SN N N o~ — e ]
I \l ; l'L .rf \/ :
: jl L v I —
20+ : f \ f.f : d=35s -
A%
| \ l w, =75 rad/s
I wn |
0 1 : —
I
1 I
1 I . | .
b /\ -~ I I
L VA0 S A - I q |
=20 | lll ; N A R A N \\ SN T
: | \ flf v S :
| 't\ ff \J |
I I
-40 |- ts =47d > —
I | 1 1 I
0.1 03 0.6 0.9 1.2

Time (s)

Fig. 4.20: Reduceebrder model versus the original 4trder model.
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Table4.3: Characteristics of the generic load models.

4" - order Model [138] Reducedorder Model
W QQTQly QQTQO
Inputs : Y 0 U
Outputs : o Q0
L1 p LS L1
5 Q cQ Tt Tt 5 - Q 7
T 1S 1S p 0 cQ
. m n Q 1 5 8 Eigenvalues. 'Q 0 h
Eigenvalues;_ = Q 0 h Qw0
- - Q9
T T
w Q T
0 Tt T ) p T
w Q 7 T m T
& p T T T . T ®Q ]
0 .
mTTmnepepT T o9
q Q @0 Q QU
Steadystate outputs...Q o0 0 &0
Parameters foFig. 4.20. Q vi h X U o o panton
oXX O ¢MdD pMRodd 1™ o fwlo K 18 @ wrdio
| I ch 1 m

4.9.3 Generic Load Model including Unbalanced Load Condition

In Fig. 3.12, the proposed WECS supplies the load vi&lé étransformer As mentioned
in subsectiod.8.1, under thregohase unbalanced load condition, the prirsdg threephase
currents (i.e.;Q HQ and Q) contain only +ve andve seq components; hence, each
component can be described by the redwarélér model ofTable 4.3. In otherwords, the
combindion of unbalanced load and th#o étransformer, placed inside the dashed rectangle
in Fig. 4.17, can be replaced by six dependent current sources (3 for each sequence), as shown
in Fig. 4.21.
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Fig. 4.21: Generic load model including unbalanced case.

In the presence of load imbalance, the function of the-binase inverter is to maintain the
symmetry of the threphase output voltage applied to the load; hencéyaseq voltage is to
be presendcross the capacitor in steastgte, i.e.p 0 T In other words, the CSI

with capacitor filter represent areephase voltage source that supplies balanced voltages to
an unbalanced thrgghase load.

Based on (4.66(4.72), the steadgtate active and reactive powers and power indices
associated with +ve seq voltage and +ve seq current are given by-(@.75).

0 “ 473

6 Y Q (4.73)

@ -—— 0 (4.74)

@ -—— 0 (4.75)
Sincev T, steadystate active and reactive powers produced by the multiplication of

i ve seq voltage aridve seq currents will be equal to zero.
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The interference between +ve seq voltageiaredseq current produces a power conmgrd
oscillating at twice the loadide frequency. This oscillating power is referred to as negative

seq reactive power( ) and is given by (4.76)140], where® , — h"O and— present

magnitudes and phase angles of +ve seq capacitor voltagévandeq load current,
respectively.

0 cw OAT § o — — (4.76)

In this thesis, the pealalue of0 (i.e.,0 ¢ "0), denoted by , will be adopted to obtain

expressions for power indices, allowing to extend the redamdet load model to unbalanced

load case. Iisynchronouslq reference framd) is expresseds:

~ ~ ~ ~~

0 -0 QM ¥ ‘D 4.77)
In (4.77),0 and0 represent the reactive powers associated withtbeseq currents and
are counterparts ob and0 |, resgctively, that are associated with the +ve seq currents.

In parallel with (4.73)X4.75), the steadgtated-axis andg-axis powers and power indices
associated with +ve seq voltage awd seq currents are given by (4-{8)80).

- -0 Q (4.78)
» -— — 0 (4.79
® -— — 0 (4.80)

Based on the above equations, the reduacder model introduced imable4.3 is extended,
as shown irnTable4.4, to describe the dynamics of the loadrents under unbalaed load
conditions. InTable4.4, Qand] determine the dynamics of both +ve dwe& seq currents,
while0 W 0 M /K R ,wand] correspond to the steadyate currents. sing the
extended modekFig. 4.22 gives the responses of load currents to connection of an unbalanced

load to the load bus at t = 0.1 s for thadgarametargiven inTable4.4.
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It can be seen that the extended model is valid for both balanced and unbalanced load
conditions. In case of balanced load, the differential equations associatésenst currents
are eiminated; hence, the system becomes identical to the mduder model shown in
Table43(.e., Q Q@ mQ QHQ Q).

The load unbalance factor (LUF)defined as the ratio of magnitudeiofe seq current to

that of +ve seq current, i.e.,

5 Y0 (4.81)
Table4.4: Characteristics of extended generic load model.
State variables @ 0w 0 0
Inputs Y 0 0
Outputs ) Q Q 1T 10
T Q T T
5 P ¢Q T T
T ] ] Q
Model Matri - . P60
odel Matrices 5 o Tt Tp T T
T W Q 7 T T >
(8% 1l
1 U w Q ] Tt Tt "
0 :flt s n&d® Q1 "
I
T 11 nT ®© Q 1 g
Steady state currents 0 O ,0 OO
Q ® U hQ W U
Parameter foFig. 4.22 Q pr1 h oXXohy opawd ¢ Mah
® T o Yufw p MQOED T8 @ wxiin h
0 L8t Qo dd T8t 0 LA h
0 3t TQw dd TS T puofico
1 ch 1 8
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Fig. 4.22: Load currents and powers using the extended generic load model.

4.10 DC-Link Model
In the proposed system, the generator side combined with storage side is linked with the load

side through the dtink inductor, as showm Fig. 4.23.

Storage side

idc
— Uxy +
Y YN
Generation | + L N
enefra ion dc . CSI-Load
side Va e i
a . side

Fig. 4.23. Configuration of the dc link.
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Basedon Fig. 4.23, thedynamics of ddink current is given by:
—Q — 0 U 0 ) (482

whered i) hand0d  were defined in (4.36), (4.44), and (4.61), respectively.

4.11 Dynamic Model of the Proposed Wind Energy Conversion $fem

In the previous sections, the dynamic equations of different components of the proposed
system were derived. Using these equatidhs, dynamic and steadyate models of the

proposed WECS are developed in this section.

4.11.1 State Space Equations

In geneal, a lineastime invariant system is described by the following set of Spéee

equations:

O 86 87 (4.83)

where® iYhand®arethestate variables vector, inputs vectand output vector of the system,
respectivelyo, 0, 0, andO are the matrices for mulinput, multroutput (MIMO) system. By
combining all tle equations derived in pervious sections, the entire system of the proposed
CSkbased WECS is described by a'"Porder statespace system given in (4.84). The
derivation process of the overall system model is present&gpandix D The dynamics of

the system is described by 20 fistler differential equations: 3 for the wind turbine shaft, 6
for the selfexcited induction gnerator, 2 for the batteside low-pass filter, 4 for the CSI

side capacitor filter, 4or the extended generic load model, and 1 for the dc link. In case of
balanced load condition, the four differential equations associated withdlseq components

of CSktside filter capacitor voltages and transformer prirgidg currents are eliminate

hence, the order of the overall system is reduced to 16.
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The schematic diagram of the proposed

Fig. 4.24. The model is characterized by 7 inp0is20 stte variablegy, and 6 outputsv. The
vectors®and “Yare:
® 1 1 1= 0 0 QU (4.85)
0 0 U U ® O O o Q
Y 0 Q Q a4 4 a a (4.86)
The state variables to be controlled are selected asitpat of the system, i.e.,
“ . NS . 4.8
W ] V] U U v Q (4.87)
The system matricas and6 are provided irAppendix E.
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Fig. 4.24: Inputs, state variables, and outputs of the proposed WECS.

4.11.2 SteadyState Equations

The steadystate equations of the systeme obtained by setting the righénd sides of the
equations given in (4.84) to zero, resulting in (4.88).
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The twenty equations in (4.88) can be used to calculate the sttzddwalues of the system
variables according to an arbitrary set of system inputs. Among the system inputs stated in
(4.86), wind speedv ) is the ony uncontrolled input. The remaining inputspend on the
specific control algorithms employed. Among the state variables stated in (%4.853,equal
to zero in loaeside voltageoriented synchronous frame. Similanly, is equal to ze in
generatoivoltageoriented synchronous framAs mentioned in subsectioh9.3 0 and
L are both equal to zero at steastgte operation, sindbe objective of loadide controkrs
is to compensate for voltage imbalance at Is@@ bus and hence riocve seq voltage

components exist across the outptfilter.
The steadystate values are obtained under the following assumptions:

The wind turbine is operated under maximunwpopoint tracking scheme.

1 The mechanical losses are assumed to be %ot t ur bi n 1@H; hencet e d
they are neglected.

1 Due to the very high efficiency of power electronic devices, their conduction and
switching losses are neglected.

1 The generateside cable losses are neglected.

1 The transformer losses are considered as pénedbad demand.

4.12 Verification of the Overall Model

The purpose of this section is to sihudy
response to variations of the input variables. Due to system complexity, it is decomposed into
three subsystemswWind-Turbine Generation (WTG) subsystem, Energy Storage (ES)
Subsystem, and CurreBourced InverteLoad (CSiLoad) subsystem. The verification is
conducted for each subsystem separately. -Staiee matrices of each subsystem as well as
the entire systa are given irAppendix EThe structure of the three subsystems are described

in the following subsections.

97



4.12.1 Wind Turbine Generation (WTG) Subsystem

The structure of the WTG subsystem is showrfrimn 4.25. The input variables are the
uncontrolled wind speed (), theadjustable control variable of the buck converten (and
the delink current {Q ), which is regulated by the ES subsystem. The dc current required from
the generatofi.e., Q ‘Q "Q) represent the load of the WTG subsystem. The dc voltage
produced by the buck convertér ( 'Q 0 can be taken as the output of the subsystem.
Thus, with respect to the combination of ES and-G&id subsystemshe WTG subsystem
can be looked at asvariable dc power supply.he active power produced by the generator

(i.e.,0 ) can also be considered as output of the subsystem.

idc

;0:;” Gear = dui -<:
N ades o Lder = Qplde
WY !
( AveragedValue —
-~ ey I 5 I vioevtred I
(O Y Rectifier. Vge 1 o= db Ve
| (Fig. 49) - (Fig.412 | -

Excitation — _1_

Capacitor Bank ~ Cg .>

d

Fig. 4.25. WTG Subsystem.

4.12.2 Energy Storage (ES) Subsystem

As illustrated inFig. 4.26, the input variables to ES subsystem are the variable dc voltage
applied by WTG subsysten (), the adjustable control siable of the reduced Hridge
converter'2 ), and the average dide voltage of the curresburced inverten ), which is
reflected from the load side. Since the function of ES subsystem is to regulatelitiie dc
current, this current presents the output of the subsystem. Assuming a lossless system,
and0 can be approximated by 7Q and0 TQ, respectively, wher@ and0 are the

wind turbine mechaical power and the load poweesgectively.
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Fig. 4.26. ES Subsystem.

4.12.3 Current-Sourced Inverteri Load (CSI-Load) Subsystem

Fig. 4.27 illustrates the structure of the GBbad subsystem. The combination of the WTG
and ES subsystems are assumed to be a dispatchable unit, and hence can be represented by a
conditioned energy source, supplying a regulated dc current to tReo@&lsubsystem. The
modulation indices of the cumt source inverter (i.gy, ha hd& hda )arethe adjustable
input variables to the C8load subsystem. The function of the current source inverter is to
control the voltage magnitude and frequency at the load bus under balanced and unbalanced
load. Therefore, thdq capacitor voltages (i.ed, h0 ho h0 ) represent the output of

the CSiLoad subsystem.

+ vcia
Averaged vcib Extended Generig
Value CSI. Load Model.
Lac Viny (Fig. 4.18) vcic (Fig. 4.21)
ST |
[M;]ape Gl L
T I T
C-Filter

Fig. 4.27. CSkLoad Subsystem.
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In the following subsections, the starting operation of the system will be simulated first.
Then, inputs and outputs of average and switching models of power electronic converters will
be compared. Finally, the dynamic characteristics of ystem will be investigated by
examining its step responses. Simulation results are obtained based on switching and average
models of a 20kW wind turbine system. Both models are built in Matlab/Simulink environment
based on the syst e mnd@ppengdbaA(TabeeA.2. rinsthe fotlowingi d e d
simulations, the wind speed is considered as a constant signal. The realistic wahohsgek
described in sectiof.1 will be implementedn chapter 5.

4.12.4 Starting Operation of the Wind Turbine System

The process of se#xcitation in induction machines has been studied for enghtty years
(since 1935) [142] and wellillustrated in the literatuse through simuladn and
experiment$29],[124],[143]. When an induction machine, excited by an appropriate capacitor
across its stator terminals, is driven by an external prime mover, a voltage will appear at its
terminals. The starting operation of the WTG subsystem is investigated with the input

parameters given ihable4.5.

Table4.5: Input parameters for WTG subsystem used for starting simulation.

Wind speed (m/s) Buck duty cycle DC-link current (A)
12 Q 1o Q wvuvp

In Fig. 4.28, two starting scenarios of the generator are simulated. In the first scenario,
simulation starts with zero shaft speed, with no load connected to the generaf@r (i.et).
Once the shaft speed reaches the rated speed of 1 pu, ratedcloageisted to the generator
by switching the buck duty cycle to 0.63. The seltitation process starts att = 1.95 s, after
which the generated voltage builds up until it reaches steiady value, where full excitation
is achieved. This scenario is nefd to as unloaded starting. In the second scenario, simulation
starts with zero shaft speed, with rated load connected to the generatd® (i.eni® .
Compared to the unloaded starting, the loaded starting requires a longer timedgcisaifon
process to start and thereby for full excitation to take place. This scenario is referred to as

loaded starting. From the simulation responses,can notice that the loaded starting scenario
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experiences very high power transients (with a power overshoot of around 90%) compared

with the unloaded starting (with a power overshoot of around 30%).

Rotor Speed (pu) ___ Loaded Starting

L5 T T \ T T
//_\
/

0 0.5 1 L5 2 2.5 3 3.5 4 4.5 5

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

05 ! L L ! L ! | !
0 0.5 1 L5 2 2.5 3 35 4 4.5 5

Time (s)

Fig. 4.28. Starting of the wind turbine under unloaded/loaded conditions.

4.12.5 Average model versus Switching model for Power Electronics Converters

In this subsection, the inputs and outputs of average models of power electronic converters,
namely, diodebridge rectifier, buck converter, reducedhbiddge converter and CSI, are
compared with those of switching models. The system is running at the-statalgpering
point described iTable4.6.

Fig. 4.29illustrates the aside current (phase a) andslide voltage of diode bridge rectifier.
One can notice a very small phase shift between the average model current and fundamental
component of sviching model currenfThis is caused by the effect of the-glde capacitor

(6 ) which was neglected in developing the average model. In other words, the average model
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line current is in phase with the supply phase voltage, while the fundamentabroemh of

switching model current is leading the supply phase voltage.

The waveforms, illustrated ikig. 4.30, Fig. 4.31, and Fig. 4.32, show that theaverage
models of power electronic converterspresent to a very good approximation the
corresponding switching models, with the distinct difference that-tnegiuency switching

harmonics are not present in the average models.

Table4.6: Input, output and parameter values at the operating point for stestdyanalysis.

0 p @i Q ™o Q mny a T WT L
o ™® 00 o T8I T W o T8IL W | ] o X&i
0 ¢ Mw 0 p®QwOI N v 0 p Qw
0 10w 0 cQo®i 0 P8t CQw | O P& PQW M
Q prmim 1 X U i 0 o pAW 0 1

0 0 Tt 0 0 ORI YEOUL TP Qv QO

Recufer Input Currenl (A)- Phase a

kLU ww ‘ ,mew m o
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Fig. 4.29: Average model versus switching model: diode bridge rectifier waveforms.
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Fig. 4.30: Switching and average model waveforms of buck converter.
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Fig. 4.31: Switching and average model waveforms of redddafidge converter.
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Fig. 4.32. Switching and average model waveforms of CSI.

4.12.6 Open-Loop Step Responses of the System
This subsection aims to investigate the dynamic behaviour of the system by simulating its
step response to different input variables. This psgps served by illustrating the following

responses.

- The generator rotor speéd () response to step change in buck converter duty ratio
Q);

- The generated active power ) response to step changeQn

- The delink current (Q ) response to step change in reducebridge duty ratio’Q );

and

- The respaoses of loassidedqvoltagesy H H ,andd )to step changes in +ve

seq modulation indicest( andda ).
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Although wind speedX ) is an uncontrollable disturbance input, the systenadyc response
to L is important. It should be noted that the pitch angle is taken to be a stall control against
wind gusts. In other words, in the system under stpidigh angle is fixed at its optimal value
of zero at and below rated wind speedhoe rated wind speed, the turbioperates under

passivestall control.

Before applying any step change, the system operates at its-statelgperating point given
in Table4.6. In the following figures, atep change to a specific input is applied while the

remaining inputs are maintained fixed.

The responseshownin Fig. 4.33 arerelated to step change in the buck converter duty ratio,
‘Q . The generator vgarunning at optimum rotor speed, and hence capturing the maximum
wind power at rated wind speed (i.e.q1 hand0 are all equal to 1 pu). Att= 0.4 s, a 50%
step decrease i is applied As shown in the figure, the rotor speedreases untit settles
down to a new steaestate value (i.e., 1.2 pu). The generated active power oscillates for 0.1
second before it settles at 0.85 pu. Sincedeviates from its optimum value, the generated

active power decreases.

- - Average Model
Rotor Speed (pu)

0.9 | | |
0.4 0.8 1.2

Generated Active Power (pu)

0.9 -

0.8 -

0.7 - k —

Time (s)
Fig. 4.33: Responses of generator rotor speed and actiwerpio 50% step decrease’@ .
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Wind speed( ) is an uncontrollable input and the system response to a step change in wind
speed shows the systenrfpemance under disturbance variation. The step responses of the
generatorillustrated inFig. 4.34, are obtainetly decreasing by 20% att= 0.4 Asa result
of reduced wind speed, less mechanical pasveroduced by the wind turbine. Since the active
current absorbed from the generator (i&.,Q ) is kept fixed, the rotor slows down and the
generated voltage is reduced in order to balance the generated electrical power with the input
medanical power. The figure shows that a rather small decremént @Gauses a dramatic
decrease iD . This is because of the cubic relationship between these variables @.), ).

As a result of significant reduction in the genedaactive power, the reactive power absorbed

by the generator is significantly reduced.
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Fig. 4.34: Generator respses to 20% step decreas@in

106



In Fig. 4.35, an 80% step increase/decrease is applied to the duty ratio of reduncitlyél

(Q ,att=0.4s. The diink current steps up/down by around 2898 /3% to the new steady
state values, revealing stable operation. A smooth transition betweed @redahe two new
steadystate conditions is noticed.

DC-Link Current (pu)

—_

[
L1 -- - Average Model |
|
| \
1+ ' .
3 I 80% Step increase
= |
____________________________ i
0.9~ 11 80% Step decrease -
| /
|
0.8 \ -
iy Py, M Ay S Py i B g, i S ™, i By W B Py, Sy B
0.7 - - - - - - - - - -
0.3 0.32 0.34 0.36 0.38 0.4 0.42 0.44 0.46 0.48 0.5
Time(s)

Fig. 4.35. Responses of dink current to 80% step changen.

The responses of loaidedq voltages to 50% step changedin andda  are illustrated in
Fig. 4.36 andFig. 4.37, respectively. Before t = 0.4 s, the system operates at its steddy
operating point given iable4.6. At this operating point, the loegide voltages are balanced;
hencep p B Owhiled 0 0 mtin synchronouslqreference frame. When a
step change is applied to a particutewdulation index, while the remaining indices are kept
fixed, voltage imbalance is introduced. As a result, iside currents'Q FQ HQ and'Q)
will change, leading to deviationsin H) ) and0  from the desired values. In all
cases, the frequency experiences transients within5 Hz before it returns to 60 Hz. The
simulation responses shownhiig. 4.36 andFig. 4.37 are obtainethased on the average model.
The switching model responses ddj voltages to 50% step increasedn  are given in
Fig. 4.38.

The figures shown in this subxtion demonstrate that with respect to the switching model,
the average model doesnoét represent switchi

control system and power system interaction are preserved to a high accuracy.
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Fig. 4.36. Loadside responses to 50% step change in
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Fig. 4.37: Loadside responses to 50% step change in
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Fig. 4.38. Average and switching model loadle voltage responses to 50% step increase in

o

4.13 Small-Signal Model and Stability Analysis

The dynamic model developed in subsectiohl.land given in(4.84) consists of twenty
nonlinear firstorder differential equations. In order to study the stability of the system, a small
signal model needs to be developed by linearizing the nonlinear equations around a quiescent
operating point so that the systean be treated as a linear system with regard to very small
disturbances. The stability analysis of the linearized system investigates its capability to return
to a stable operating point after a disturbance, causing a small change in one or more of the
sst emb6s state variabl es. I't should be emphas:s

point is valid only for small perturbations of the system around that operating point.

The smalisignal model of the proposed WECS can be described by:
Y& oYh 6YY (4.89)

where

109



Yo Y ¥ N Y yQ Yo Yo Yu W
yao Yo Yo Yo YW Y Yo Yo Yo Yo VYQ
YY Y Yo Yo Ya Ya Ya Ya (4.97)

In (4.89),0 andd are the Jacobian nmiates, evaluated at the steastate operating point.
These matrices are provided Appendix Efor WTG subsystem, ES subsystem, €C8&ad
subsystem, and the overall system. The symbfillowed by a variable represents small
signal perturbation of the viable. The quiescent (dc) component of a variable at the operating
point, at which the sma#lignal model is derived, is represented with capitalized leTées.
products of small perturbations of quantities are very small, and hence can be neglettgd. Dur

the process of smatlignal derivation, the cross saturation effect of the SEIG is ignored and

hence the mutual inductance of the machine is assumed fixed.

4.13.1 Transfer Function and Eigenvalue Aalysis
The timeinvariant linearized system described 4189) relates the inpdf'Yand the state
variablesY( in the time domain. For a particular output vedds the smalisignal equation
is:
Y& 6#D OXFY (492

The direct transfer function matri®@i from the input to the output mdoman is given as

‘<<

"0i — bad 08  Bee O (4.93

y
where0 i andO i are the equivalent numerator and denominator polynomials of the
transfer function, respectively. For a MIMO systé@®i, is a matrixBased on the output and
input selection, different transfer functiol® i can be obtained corresponding to'therow

and 'Q column of Oi .

The zeros and poles @i aretherootsad i andO i , respectively. The zesmf "Oi
change based on the output variable selection; however, the po@s ofre associated with
matrix® only, regardless of output variable selection. The poles of the linearized system must

satisfy the following equation:
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4§00 o® T (4.99)

Equation (4.94) is referred to as the characteristic equation of the systemdadthia roots
of this equation, namely the eigenvalues of maigxindicate the behaviour of the system at
a steadystate operating point. An eigenvalcan be real or complex number. A complex or
real eigenvalue corresponds to an oscillatory or aasmillatory mode of the system. Every
pole of 'Oi is an eigenvalue diaPole locations or eigenvalues are commonly used to test
the stability of the sstem If every eigenvalue obabas a negative real part, the oscillation
magnitude of zeranput responses (i.e., responses driven by initial conditions) of the linearized
system will decrease exponentially with time and hence the system is asymptstablé
within a small region surrounding the equilibrium point (i.e., locally stalfi@ne or more
distinct (nonrepeated) eigenvalues 0Bbas zero real part and the remaining eigenvalues have
negative real part, the system is not asymptoticadple, but is marginally stable. On the
contrary, one or more eigenvalues with positive real part indicate that the system impulse
response, driven by any finite initial conditions, will blow up exponentially (i.e., increases in
magnitude as time increa3ekven if there is no positive eigenvalue, but there are repeated
eigenvalues with zero real part, the system impulse response will still blow up, although more
slowly. In both cases, the system is considered unstable. It should be noted that eigenvalues
instability results hold true if npole/zero cancellation exists1 bther wordseven if 0ahas
some eigenvalues with zero or positive real part, the system may still be stable if the poles
equivalent to those eigenvalues are cancelled with zeros.

Damping ratio €) of an eigenvalue. , Qi computed as= ,¥ , 1 ,is
another indicator of stability. A negativeindicates an unstable eigenmode, while a stable
eigenmode has a positive If — of an eigenmode approaches unityg thgenmode becomes
less oscillatory and tends to be more stable. On the contrargf @n eigenmode approaches

zero, the eigenmode becomes more oscillatory and tends to be less or critically stable.

4.14 System Controllability and Observability

Beforea closedoop control scheme is designed for a system, it mustdzte sur¢hat the
system is controllable. Controllability is defined as the ability to drive a system from any state

to another desired state in a finite period of time. If a system stat@tcbe influenced by any
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of the system inputs, then the mode associated with that state is uncontrollable. If all the modes

of a system are controllable, the system is called completely controllable.

Before a state estimation/measurement schemeignegedor a system, it must be confirmed
that the system is observable. Observability is defined as the ability to deduce the initial state,
Y& 1, of an unforced system (i.e/;Y 1), by observing the output over a finite period of
time. If a system statdoes not contribute in the system output, then the mode associated with
that state is unobservable. If all the modes of a system are observable, the system is called
completely observable.

In this section, controllabilityand observability of théinearized system ar@vestigated

based orGramian matrices.

4.14.1 Gramian Matrices

Controllability and observability of a continuous, linear, tinmyariant, and asymptotically
stable systenaredeterminecby solving the followhg Lyapunov equationd44], wherew

andw are the controllability and observability Gramian matrices, respectively.

ow woO 066 T (4.95

Ow wWo 00 ™ (4.96)
The system is contralble and observable éd andw are full rank matrices, which can be
checked by applying singularalue decomposition (SVO144]. SVD of @ andw at an
operating point can be used toicate system controllability and observability, respectively.
If all SVDs of @ have norzero values, the system is completely controllable. Similarly, if
all SVDs of w have norzero values, the system is completely observable. The size of the
numerical error which is likely introduced by matrix computation can be found from the
condition number calculated by dividing the maximum SVD over minimum SVD of the

matrix. While a small condition number indicates a welhditioned system, a large catizh

number indicates Htonditioned system.

Even if matrixd has a positive, the Lyapunov equations (4.95) and (4.96) may still have
solutions. In fact, they have unique solutions if and only & _ 60 1 wheredlis a

matrix with ertries equal to complex conjugates @f145].
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4.15 Linearized Model Evaluation

In order to investigate stability, controllability and observability of the system represented

by the developed mathematical modeR0kW wind turbine system is considered. The rating

and parameters of the studied turbine are givekppendix ATable A.2). For linearization,

three operating points are selected based on the operating mdbe ehergy storage

subsystemThe operating points are defined as follows:

a)

b)

Operating point 1(0.p.1): Charging Mode

At this operating point, the system is operated under rated wind speed (i.e.,

¢ TQG) and 20% rated load. Therefore, 20%tloé generated power under MPPT
(0 ; ) is supplied to the load (i.8), T Q) and the remaining 80% ob ; is
stored in the storage battery (i.@., P Q0.

Operating point 2 (0.p.2): Freewheeling mode

At this operating point, the system is operated under rated wind speed fi.e.,

¢ Q0 and rated load condition (i.ed, ¢ TQ¢) . Therefore,0 ; s totally
transferred to the load (assuming a lossless system) and the averagelsmsteed or
delivered by the storage battery is equal to zero.

Operding point 3(0.p.3) Discharging mode.

At this operating point, the system is operated under 66.7% rated wind speed (i.e.,
¢ & P of rated generated power orj, L& TQ6) ard 50% load E&HD
p TQG). The demand is higher than; and hence the storage battery compensates

for the shortage (i.eQ 181 Q0.

The three operating points selected for linearization are givéahite4.7. As mentioned in

section4.13 all variables areepresented by capitalized letters to indicate quiescent (dc)

component of the variable at the selected operating point for linearization.

Based on the analysis described in previous sections, the eigenvalues, damping ratios, and

SVDs of Gramian controllability/observability matrices of the sraghal model linearized
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around each of the three defined operating points are givieabie4.8, Table4.9, Table4.10,

andTable4.11.
Table4.7: Input, state and output variables at the operating points for linearization.
Operating point 1. Rated wind speed and 20% load (Charging Mode)
W paQr O m™o O ™y 0 T WT L
0 ™® 00 0 TIT W 0 T8IV W O uv
W PR p Y WM W oXx& oM 1 —ol ©Q 0 p @0
O o®O0 O 180 O oo W m
w o XHw 0 T 710 @ 0wl Y¢eOuTb
() o PAW W T W T @ 11
O 1T &b 0 ¢ @ Yuoh | © pBJuo | O p@Fuo
® TP o PJgw ® T8 @y ® T8ro fug, | @ 8t T @up
Operating point 2: Rated wind speed and rated load (Freewheeling mode)
W paQ@hn o ™Y 0O ™ 0 ™ wT
0 T O 0 T™® ¢ X 0 ] X TT O uv®do
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W o pAW W L1 @ T W m
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Operating point 3: 66.7% of rated wind speed and 50% load (Dischiging mode)
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Table4.8: Eigenvalues and damping ratios of the linearized system at o.pdlpa2d

Operating point 1 Operating point 2

Eigenvalue Damping ratio Eigenvalue Damping ratio

- WX 0op p8t - WX Cp pat

_ TCmy P38t TCTO P8t
_F TRX @Qyur mrcuu R TR @Qyur T8I C U U
R TBX @ xy T8l ¢ W W _F  T®0 Qruxu T8I ¢ WW
_i_PToQwp ™ XTQ - PITQYY @ QWe

_h pPMMRU T pPMTMTRU )

= pPpPO P8 = ppt P8t
_ F PpPp@pp T X P _ F PPPQpPP X TTX P

C& ¢ p8t - CPT p8t

= C®p P8 = C®o p8t

T8t p @ P8 T8I p @ p8t

= T8t p @ P8 = T8I p @ p8t

_ TBITI TV p8t TBITIPp P P8t

_ T Wp T p8t _ p® WP TT -p8t

X& qQup T p8t T Wp TT p8t

Table4.9: Singular values of Gramian matrices at 0.p.1 and 0.p.2.

Operating point 1 Operating point 2
Singular values of PR @ @p T P8I L P T P W@pP T P T @p T
the matrix PP QWP T | CPpGp T X& Yop T CWwu@p T
oX Ywp T X& L gp T 8mgp T P8 o@p T
PP X Wp T P8I G Gp TT U Yap T B Qap T
PP O Gp T o8 TGp T PX P QP TT CPPpRp T
O® TL@pP TT o® X @p TT X8 T Qp Tt o8 Taip T
P8 C ®p T PH p dip T Ud U wp T 8 w@p T
dYap P8L 0 @p T P Yap T P p @p T
Ve Pap T | CBwWRP T PE wmp T L p @p T
PH T dp T CHpap T pP® X @p T GBryap m
0P p@p T G8U X aip T PB® @ @p T yp T L
o} T @p T ®T10 T wgp T P G p
P& X @p Tt op T Y % C @p T L pwp Tt
PP C Qp T & oy o Yap T P& p @p T
WO P G@p 1T 2o PB ¢ @p T R G @p T
P& wwp T | P TTDP T VP TP T o8t ¢ @p T
P& c@p T | X8 WGP T & wep T P8 @ PP T
O X Gp T | PELY AP T C& pdip T U8 p@p T
o® wwp Tt | LB P RP T G oap T n
T PpPpT | G& O@P T ufp p @p T m
Rank of the matrix 20 20 20 18
Completely Completey Completely Not Completely
Controllable observable Controllable observable
Condition no. CR Pap T T& Cap 1 P& T Qp T -
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Table4.10: Eigenvalues and damping ratios of the linearized systenpzs.

Eigenvalue Damping ratio
= WX op P8t
- Teny P8
—h LBUL QT QU TBIoT P
_h T Qmwp T8I0 Wwo
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- C @Y P8I
o ¢ pat
= T8 p @ pat
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_ ¢® pp 1T 1.0
& Q@p T P8I
X& pp T 1.0

Table4.11: Singular values of Gramian matrices at 0.p.3.
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Condiion no. 081 O (p T P Ywp T
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Based on the results obtained Tiable 4.8, Table 4.9, Table 4.10, and Table 4.11, the
stability, controllability, and observability of the system at the three operating points, defined

in Table4.7, are evaluated as follows:

- Stability

1 Every eigenvale of the smalkignal model linearized at o.p.1 and 0.p.3 has
negative real part and hence the linearized system is asymptotically stable at these
two operating points. However, eigenmodesesponding td ; and! ; are very
oscillatory modes v very small damping ratios (close to zero) and the system
tends to be critically stable. Moreover, eigenvaluestol result in a large
settling time and a slow opdoop system. The speed of responses as well as
stability margins are to be tek care of in the closed loop control design.

1 The real eigenvalue is positive at 0.p.2; thus, its corresponding eigenmode will
blow up exponentially,although very slowly, as_ is almost at the origin. This
indicates an unstable open loggstem around o0.p.2. It is the function of closed

loop controller to stabilize the system at this operating point.

- Controllability
The singular values of controllability matria under the three operating points
have norzero values; therefore, tlsystem is completely controllable. However,
the singular values ab are distributed over a wide range, the indicator of an ill
conditioned system close to rank deficiency. This is shown by the large condition

number ofw for each of the threeperating points.

- Observability
The singular values of observability mateix under 0.p.1 and 0.p.3 have Rpero
values; therefore, the system is completely observable. However, some of the SVDs
are too small (almost zero), the indicator of hgimbservable modes that almost
donodt contribute to anywaobstwolzeso S¥WBss i r ed
hence, the system is not completely observable&ing freewheeling mode of

operation (0.p.2), the average power exchanghdgtorage siystem is zeronl
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ot her wor ds, the energy storage subsys
performance at this operating point. Therefore, the eigenmodes associated with

batteryside LC filter, namelyQ and0 , dondét tocaoyroftthe sybtent e

outputs selected in (4.87); hence, they are unobservable modes. It should be
mentioned thatw and its SVDs depend on the output matrix of the sipsee

system (Matrixd); hence, they chandmsed on the output variable seieat

4.16 Summary

This chapter focused on developing the dynamic mathematical model of the proposed CSI
based wind turbine systeretailed models of the aerodynamic conversion, drive train, self
excited induction generator, Lead cid battery, and powerlextronic converters were
presented. A reducesrder generic load model including balanced/unbalanced load was
developed. By combining the state equations of the system components, the overall model of

the system was described by seven inputs, six ougnudstwenty state variables.

To verify the dynamic model, the starting operation of the system was simulated under no
load and ratedbad scenarios. Then, the behaviour of the system was investigated by
simulating its step response. For comparison pugy@s®ulation results were shown for both
switching and average models. The results demonstrated that with respect to the switching
model , the average model doesnot represent
dynamics resulting from control systeand power system interaction is preserved to a high

degree of accuracy.

A linearized model of the system was developed around three operating points. The
eigenvalue analysis of the linearized model showed that thelopesystem is locally stable
arourd operating points 1 and 3, but not 2. Gramian method was employed to evaluate the
controllability and observability of the system at the three operating points. Based on SVDs,
the system is completely controllable at the three operating points, compleselywable at
operating points 1 and 3, and not completely observable at operating point 2, at which the

eigenmodes of the battesyi de L C f il ter dondt contribute t
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Chapter 5
Control System Desi gi€SBaesd t BR@ECGS oposed

In Chapter 4, amallsignallinear model for the proposed standalone WECS was developed.
The stability analysis showed that the ofp@rp systenwasstable around operating points 1 and
3, but not2; therefore, thelgective of the closetbop controller design is to stabilize the system

and track a class of desired references.

In thischapter:
1) The control objectives of the propostdndalon€€StbasedNVECSaredefined;
2) The structureof the requireccontrol loopsaredesignéd;

3) The proportionaintegral gains of the PI controllemsedesigned by using a tuning tool available
in Matlab/Simulink control toolbox. This tool systematically tunes Pl controllea gpven plant

transfer function oa Simulink model of the plant;
4) Theexpectedgerformance of thproposedVECS will be verified by simulation;
5) The performance of thoposedVECS under faults will be evaluatezhd

5) A dumploadless version of the proped WECS will be presented.

5.1 Overview of the contol system of the proposed WECS

The arrangemenodf thecomponents of th€Skbased WECStogether with the corresponding
control blocks,is shown inFig. 5.1. The system has six control variables, namely, thé& buc
converterduty ratioQ , the reduced Hbridge duty ratid2 , and the equivalemlg-axis modulation
indices in the loagide frequency framé hda ha handa . The state variables required to
be regulatedre the rotor shaft speed or] (| 01 ), the delink current’Q , andthe dg-

axisvoltagesin the loadside synchronous frame h0 h  and0
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Fig. 5.1: Converters and control blocks in the &fslsed WECS.

The main taskassignedo the closed loop control system are:

1) DC-link currentregulation resulting in power managemearnong the windurbinegenerator,

the storagéatterybank, the load, and the dump load;

2) Generator speed control to achieve MPPT; and

3) Loadside voltage magnitude and frequency control under both balanced and unbalaneed three
phase loads.

Since the ddink inductor provigs an energy buffer between the ksadke converter (i.e., CSI)
and the combination of generator andid& current converters (i.e., buck anehbrdge), the load
side converter can be controlled irrespective of dynamic of generator speedlaridoderent.
Moreover,due to the mechanical inertia of the turbine, time constant of the gerspatet
controller is much longer than the electrical time constant of tHenkicurrentcontroller. By
proper design of the dink current controller, the diink current can be regulated at a rate much
faster than that of the generator speed. Therefornldcurrent can be assumed constant when
designing the control loop for the generagpeed.n other words, a fast (high bandwidth) and
stable control of thelc-link current can decouple the controllers of the generator spedidkdc

current, and loadide voltage/frequency; henas, shownin Fig. 5.1, thesystemis decomposed
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into three subsystems (i.e., WTG, ESddDStLoad), allowing the classical controller design

techniques for SISO systems to be applied.

In the following section, a brief description of closed loop control system is dgivem the
structure of the control loops implemented for the prop&@sd- WECSis explained.

5.2 ClosedLoop Control System

Fig. 5.2 showsa general closetbop control systemvherewis the controlled variablgnd -
the error between the reference vadtieand the feedbacto. The CL controlleris composed of
three main blocks: controller transfer functioni , plant transfer functiofOi , and feedback

transfer functionOi .

2 (8) £(s) C(s) G (s) x(s)

f
x'(s) Controller Plant

A 4
v

F(s)

Feedback

Fig. 5.2: Typical control loop diagram.

In Fig. 5.2, 6 i is the PI controller, defined in s domady (5.1), where’Q andQ are the
proportional andntegral gans of the controller, respectively.

0 i T - (5.2
"Oi is the plant transfer function of the linearized system.

"Oi is the feedback transfer function. In this wo®j is assumed to be unitidowever, inan
actual setup, it has a gain that is determimgthe sensor.In addition,”Oi can represent a low

pass filter that might be requiredgoppress the noise of the measured value.

The operdoop transfer functiofOLTF) is defined as
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00"YO— o6i "Oi Oi (5.2)

The closed loop trafer function(CLTF) is

00 YO (5.3)

Setting thedenominatoof thed 0 "¥équal tozero yields
p O0i "Oi "Oi p U0 "Yart (5.4)

Equation (5.4) is equivalent to thiearaceristics equation given in (4.24n this sense, the open

loop transfer function can be used as indicafatability of the system.

The design of the PI controller parameters can be carried out in time or frequency domain.
Matlab/Simulink contrbtoolbox provides PI Tuning tools for such a purpose. In general, the Pl
parameters are tuned to balance performance (response time) and robustness (stability margins) of
the controlled systenit should be mentioned that, in practice, the Pl gains arermaomly tuned
on a triatand-error basig§146].

5.3 DC-link Current Control

This section develops a control algorithm for thelidk current regulationfollowed by the

design of the Rtontroller parameters.

5.3.1 DC-link Current C ontrol Scheme

The operation of CSl requires a regulated current in the dc link which is shared by the generator
storage and loadide convertersDC-link current iscontrolled through power management
betweerthe battery and dump load. The battery guieed to absorkthe excess power generated
from the wind, simply referred to as excess powerming highwind speed and/or lovoad
periods, and compensate for thesage of power during lowvind speed and/or higload periods
or when the wind turbines not operating. If the battery statécharge (SoC) reaches its upper
limit, the excess power generated from the wind should be dissipated in the dump load. To achieve
this objective, the control scheme shoimnFig. 5.3 is implementedThe reduced Fbridge is
controlled by PWM unipolar voltage switching scheribe control is done by comparing the

measuredQ with the dc current referenc&(; ), processing the error by a Pl controller, and

producing two control signals, and U , that are compared with a triangular carrier
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signal to produce the gating signals for the converter switchegudi@ntee longer operating
l' i fe for the bati$ mantined between B58&tanhde75%. d'kis isSdor@ by
multiplying thev signal with a control signabwhich assumes a value @f when SoC is

beyond limits, and a value @f when SoC is within limits

Ia,p,rms

1 b,p,rms

2\Z J—
iu)e
I Limiter de
c,p,rms
(igc + Aige/2)

Pho .
opt EEs
N J_ Lae
) Limiter

Vhat

Maximum
v
8

PWM
Ge nerator SB

PWM — S,
Generator|

Vg

(Ug—> .

Fig.5.3: DCHlink current control scheme.

The reference of the dmk current must satisfy the minimum current requirements for both
generatorand loadside convertersConsidering the loadide converter, it idesired to reduce the
dc-link current as the power demand is reduced, in order to ré@i¥e and CSI losses, and
avoid CSI 6s | iceswhimointredseharmaonit distontidn in the output voltage. As

a result, the ddink currentreferenceQ , is determined as follows:

1) On a peiphase basis, th€ S| 06-side hAne curren(’®,) is equal to the sum of the filter
capacitor current and the primaside line curren('Q; ) of the Y¥é étransformer, which is tated

to thesecondanside line current'Q;) through theY¥é transformation ratid .

2) The fundamental component of the current in tHét€r is considerably smaller than that of
the transbrmer primary-side; hence, it can be neglected. Moreover, the {ogler harmonic
components of the transformprimary-side current can be neglected as they are significantly

reduced by the dlter. Hence, the rms value of transfornpgimary-side currety 'G;; , can be
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assumed to be equal to the rms value offtinelamental component of the-side line current,
Qnrn e,

i Qi (5.5)
From (1.3), whemk P,

(*3; = 0 (5.6)
Based on (5.5) and (5.6), andnsidering the turngatio O of the Y& étransformer;Q can be

obtained for the case of balanced load as
o s-an =G 7

Equaton (5.7) states thal) can be set to different valubased on either measured primaige
current (Q;; ) or secondangide current’@,; ). To account for unbalanced lod®, is set
based a the highestG,; of the three phases so that a hegtough’Q that suits all phases is
guaranteed. The modulatiamdex corresponding to the phase with the largest rms current is 1,
whilst it is less than 1 for the other two phadesen thought is known thatas the load current
decrease®¥) can be decreasethere should be a minimui@ based on which the dmk inductor

is designed (see equation @)L In this work, the minimum demand is assumed to be 20% of
therated load; hence, only 20% of the ratedidk current will be enough to satisfy the load.
However, in order to reduce the size of the bulkylink inductor, it is desired to increase the
minimum limit for the deink current, which, neverthelessnplies higher ddink and inverter
losses. As a tradeff between ddink inductor size reduction and diok efficiency improvement,

the minimum reference fdR is set at 40% of the raté@ in order to avoid modulation indices
below 0.5. Thigurrent is referred to @& . On the other hand, there should be an upper limit
for "Q to avoid exceeding the current limit of power IGBTSs. This current is referred@as .

Load kVA should be managed so tithe requied delink currentwill never exceed this upper

limit. Q  has to be lower than the battery current limit.

As noticedrom Fig. 5.1, thereduced Hbridge terminals are connected in series with thieng
inductor during nordumping periods (i.e’Q ‘Q). Thus, the battergide currentQ2) during
charging or discharging is composed of pulses of magnitude "Q , separated by zemurrent
periods. Therefore, tHeattery average poweb ( ; g can be calculated using (5.8vhered

is the battery terminal voltage, affd ; gandb j gthe average values of the filtered battery

124



current and reduceld-bridge output vltage, respectivelyyith a conversion efficiency of 100%

assumed.
U h 8 l‘) K9] h 8 l‘) h 8 Q (58)

At high wind speeds and levor noload conditions, the excess power to be absorbed by the
battery is high, requiring a higk2 . However,"Q is set by (5.Y according to load demand. Due
to the fact that the maximum of ; gdoes not exceed , the maximum average power that
the battery is allowed to absorbder® is0 Q. This particular power is referred to &5 .
If the excess power exceed$ , the delink current will be forced to go frori€) , which is set
low to reduce inverter and dink losses to a higher value required by the battery to absorb
whatever excess power is available. This implies a conflict between improving inverter-and dc
link efficiencies and MPPT. Because wind power is intermittent, and hence may not be available
when it is neded most, this work gives the priority to achieving maximum power and storing all
excess power as long as the battery bank has free capacity and its current rating allows. However,
the advantage of reduciri@ at low load should be preserved asgona s i t doesnoét
MPPT. In other words, the reference @f is initially set at’Q required by the load. This will
allow the battery to absorb excess power below or equal to If excess power goes beyond
0° , an’Q higher thariQ is required. In this case, the referenc&bfis set as required by the
battery to absorb the entire excess wind power, as long as the battery current limit and SoC upper
limit are not exceeded his current islenoted a¥J . Assumingp lossless system, equation 5.9
can be used to fin€f , whered ; is the steadstate optimum wind power, obtained from wind
powershaft speed lockip table based oFig. 4.3, and0 is the load power. It should be noted

~
g

that excess power will not go beyodd unlessd ; | 0 :then,D 0 0 f

= xi

o i i (5.9)

The mechanism of determining the-ldtk current referenc€Q ) is incorporated in the dc
link current controlscheme ofFig. 5.3 by employing an automatic softveaswitch, which by
default assumes position 1, correspondiri@tolf ‘Q exceed¥) plus permitted ripple, the switch
assumes position 2, correspondinéfio A limiter is used to ensure the-tisk current reference
always remains betwee€@ andQjy . As noticed fromFig. 5.3, ' is prevented from

exceedingQy by engaging the dump load, thus limiting the power absorbed by tieeyi@
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‘Qr L . Moreover, afalling/risingrate limiter block is used in order to changky

gradually to the desiredhlue; this is because the dc choke will not allow fast chand@s.in

5.3.2 Parameters Design of DEink Current PI Controller

As described in subsectidn3.1 the delink current is set based on the load demand (i.e.,
Qr Q) or the optimal wind power (i.€Q j, “(3). In other words, the response time of
the delink currentcontrollershould be fast enough to respond to load variation as well as wind
speed variation. For aggregated residential load, combag@up of houses, a considerable
change in demand can occutle range of minutes. On the other hand, wind speed may vary very
dramatically ina matter offew second4§147]. Therefore, the bandwidth of the-tick current
controller should be higher than the frequency of wind speed iearidn general, the higher the
bandwidth, the better the performance of the controller. In practice, however, rejection error of
high-frequency disturbances and the ripple threshold for control signal set dimihe controller
bandwidth[146].

In order to show the system performance under various wind and load conditions during short
intervals of time, the dtink controlbandwidth is selected in range of tens of hemtabling very
shortrise time as well as response tim&he parameters of Pl controller of-tick current

controller are designed to satisfy the following tidemainspecificatiors:

A The step r e Difesstrme0.05setondt i ng t i me
A T h eesponse gpeadstate erroof zero; and

A The otfundgerstodbiess than 10%.
Thefrequencydomainspecificatiors areas follows

§ Controller Bandwidth t 1t Uc v @ AT@: and

9 Stability Phase Margin ¢ Tt

Based on transfdunctions (providedn Table5.1) derived from the smaBignal model of ES
subsystem (given iMppendix B, Matlab/Simulink Pltuning tools are used to tune the PI
parameters of the dmk controller at the three operating points of linearizatiescribed in
chapter4 (Table4.7). TheTuning function can also be achieved based on the Simulink model of

the ES subsystem.
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Table5.1: Smaltsignal transfer functisof the ESsubsystem.

Operating point Transfer Function (7 ay T:JLLL)
0.p.1 8 8 8
8 8 8
0.p.2 8 8 8
8 8
0.p.3 8 8 8
8 8 8

Fig. 5.4 shows the tuning results of the-filik current {Q ) controller at 0.p.1. The tuning

time/frequency domain results and step responses of the close@|aamtroller show that the

system meets the design conditions specified above. Saceglpres are carried out at o.jpu2d

0.p3, with the tuning results given Fig. 5.5 andFig. 5.6, respectively The resulhg ' Q andQ

aredisplayed inTable5.2.
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Fig. 5.4: Pl tuning of the ddink current controller at 0.p.1.
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Fig. 5.5: PI tuning of the ddink current controller at 0.p.2.
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Fig. 5.6: Pl tuning of the ddink current controller at 0.p.3.
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Based on the smatlignal transfer functions and PI parders given iriTable5.1 andTable5.2,
respectivelyFig. 5.7 shows the smabignal step responses of-liiltck current from one operating
point to a new steadstate value. Irig. 5.7(a), the system was operating at 0.p-Q fss
L @) before a 25% step increase is applied att = 0.5 s. The new-stagglyalue o2 is reached
in about 0.02 s, with an overshoot of about%®.3These values match the thdemain
characteristics obtained from the PI tuning tools [8ge5.4). Because the dc choke will not allow
step change i , the referenc& is applied as ramp sigh as inFig. 5.7(b), resulting in slower
response time and less overshoot. Similar observations are noticdeidr&(c) - (f) where step

change and ramp signal aeplied toQ at 0.p.2 and 0.p.3.

(a) Step response of de-link current under PI gains at 0.p.1 (b) Ramp response of de-link current under PI gains at o.p.1
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Fig. 5.7: Step/Ramp respongé dclink current at the three operating points
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5.4 Generator Speed MPPT Control

This section describes control aighm for the generator speed followed by the design of the

Pl-controller parameters.

5.4.1 MPPT Control Scheme

In a variablespeed wind turbine, the generator is controlle@xtractthe maximum power
available from the wind. Different techniques for masimpower point tracking, reported in the
literature, have been reviewed i[148]. They can be categorizedander perturbation and
observation (P&O) based techniques and lopkeble based techniques. P&®©chnique are
simple and require nagorior knowledgeof the system parameteHowever, due to its slow
operation, P&O technique may not be efficient for wind turbines, where the dynamics of wind is
very fast (ie., wind speed changes quite fash imatterof seconds)147]. On the other hand, the
look-up tablebased techniques, such as power or tomigeal feedback, and tigpeed ratio
(TSR) techniques, are commonly used in wind turbines although they require speed sensors and a
preprogrammed lok-up table of the turbine data. Among the lagk table techniques, TSR
technique can provide the fastest control action because it depends on direct measurement of the
wind speed and sets the control reference instantaneously, resultingor@ energy
production[147],[149]. In this chapter, therefore, the T$&hniqueis implemented to achieve
MPPT.

Fig. 5.8 showsa typical powewind speed curvéor a variablespeed wind turbine. The curve is
divided into three regions. From eatto rated wind speedé.,region 1), the turbine is controlled
at the maximum performance coefficiedt ( ) corresponding to the optimum tip speed ratio
(L ); thus, maximum power available from wind is extrac#&dwind speeds higher than the
rated valudi.e.,region 2)the turbine iserodynamically controlled in order to limit the extracted
power to the rated value. Suchantrol is carried ot either by stall or pitch regulation mechanism.
For a fixedpitch wind turbinethe blades are aerodynamically designeddioieve passive stall.
Moreover,the rotor speedf a fixedpitch turbinecan be adjusted by furling control or electronic
brakes.In order to protecthe turbinein region 3 it must be stoppedt cutout speedFurling
control can significantly reduce the rotor speed, but it may not be able to stop it. Therefore, a

mechanical, electronic or hydraulic brake is used to bring thetmtest after its speed reduced
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by furling. The brake can also be usedamp off the generated wind powaremergency cases
such assuddendisconnection of loadvhile the storage unitis not capable of absorbing the
generated powerEven in the premnce of brake, a dump load is necessary to complete the
protection scheme, especially during transients.

100

. R . s Region 3 :
Region 1: Power Maximizing Region 2: Power Limiting | €

/ :

80
60 —

40 -

Power and Rotor Efficiency (%)

20

| -
Cut-in Rated

Cut-out
Wind Speed (m/s)

Fig. 5.8: Typical turbine power versus wind speed curve.

In the proposed WECS, shown Hig. 5.1, the main function of the generatside converter
(i.e., luck converter) lies in region The converter as shown irfig. 5.9, is controlled to extract
maximum power fromwind by regulating the generator shaft speed at the optimum value
corresponding to the present value of wind sp&bd.same carept has been applied[in3],[74]
to control a direectrive PMSG ina gridconnected WECSThe control is based on keeping the
tip speed ratio at the optimal value. As revealed from equation (4.4), at a fixed tip speed ratio, the
turbinebs rotational speed i §0l)iTheefare bhsyshowre | at e
in Fig. 5.9, thereference signal fogeneratorangular speed (; ) is produced based on the
optimal tip speed ratio (), the measured wind speead , gearbox ratio§ ) to account for
the speed level conversion, and the turbines radj)u$iie error betweén ; and the measured
speed is amplified by a PI controller, leading to the generation of gating pulses for the buck

switch,”Y , through PWM process. As a result, the rectifier output cufi@n), the SCIG stator
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current('Q ), the SCIG counter torquéY) and finally the shaft spedd ) are adjusted to achieve

maximum power.

1 @g,opt : P
Vw —— Aopt-Ngear /T > ——Shuck

Controller Generator

Wg

Fig. 5.9: MPPT Controller.

5.4.2 Parameter Design of Generator Speed Control Loop

As mentioned in sectioB.l, the generator speed ( control loop is designed to bauch
slower than that of the dink current (Q ) control loop. In view of this, the designjof controller

does not take into account thelddk dynamics based on the assumption tais quickly and
robustly regulated by the ESibystem. Accordingly, thePl parameters of generator speed

controller are designed to satisfy the following tid@mainspecificatiors:
A The step response settling time of | ess th
A T h gesponse steasstate error of zero; and
A T h mhoat/undershoot of less than 10%.

The frequencydomainspecificatiors are as follows:

f Controller Bandwidth 1 ( Ug¢ uO ArA (Onetenth of that in ddink current control

loop); and

9 Stability Phase Margin ¢ Tt

By applying a procedure similar tbé&t for delink current controller design, Pl parameters of
the generatespeed controller are tuned by Matlab/Simulink tuning tools based on the Simulink

model of the linearized WTG subsystemeTasuling Q and’Q aredisplayed iriTable5.2.
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5.5 Load-Side Control

This section describeke control algorithm for the loadide voltage/frequencfollowed by the

design of the Rtontroller parameters.

5.5.1 Load-Side Control Scheme

The unbalanced load curretgad to unbalanced line voltages at the load bus. Voltage imbalance
can cause serious problems to thpbase loads, especially motor loads. Therefore, it is
compulsory to compensate for the voltage imbalance at the load bus so that the voltage unbalance
factor (VUF), defined as the ratio of fundamental component of negsdtyevoltage to that of

positiveseq voltage, does not exceabd permissible limit of 1%.

In the proposed WECShown inFig. 5.1, theY& transformer isolates the zeseq component

of load current. Therefore, as showrrig. 5.10, theunbalanced voltage across thdil@r (0 )
is decomposed into symmetrical posits&g(L ) and negativeseq( ) components based

on trangormation matrices given in (5.10) and (5. tespectively.

o b
pp OB
~H p & Y (5.10
% o p U
0 - 0
. P W W
0 L o & U (5.11)
0 %% @ p U

where® Q 7.

The conceptiosequence decompasih has been used [ih50],[151] to control a VSI supplying
an unbalanced load. The big advantage of sequence decomposition is that it allows decoupled
control of the positiveand negative sequence voltage components. However, it delays the
measured voltage by offieurth of the periodat the fundamental frequengds1]. In Fig. 5.10,
the ability of synchwnousdq control to achieve zero steadtate error is utilized for each
symmetrical component. The positiseqd-axis voltage§ ) is compared with the desired value
of 1 pu and the error is processed in a Pl controller. All other voltage(i. v h ) are
kept at zero value. This guarantees achieving a positive seq balanced voltaigefrahe output

signals of the PI controllers are transformed mibcframe and the resulting signals of the same
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phasesare added together to produce the modulasiggals ¢ ) to be applied to the PWM

generator to generate gating pulses for the CSI switGlhesfrequency is set at the desired value
(i.e., 50 or 60 Hz) in opelwop control.

l
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Fig.5.10: Loadside synchronoudq frame control scheme.

5.5.2 Parameter Design of LoadSide Control Loop

As mentionedn sectiorb.1, the delink inductor provides an engy buffer between CSload
subsystem and the combination of WTG and ES subsystems. In addition, with verylfiakt dc
current (Q) control loop,"Q is considered as constant input to the-C&d subsystem. As a
result the loadside voltageand frequency can lmontrolledirrespective of wind speed variation.

Theparameters of Pl controller of loaitde controller are designed to satisfy the following time

domainspecificatiors:
A The step r e Difesstrmel.lseontd;l i ng t i me
A hdstepresponse steaestate erroof zero; and
A The over s hbesdthami®%.er shoo't

Thefrequencydomainspecificatios areas follows

T Controller Bandwidth ¢ 1t Up ¢ O Af@ (Half of that in delink current loop); and
1 Stability Phase Margin ¢ 18
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Employing the same Matlab/Simulink todhat was used fotuning delink current and
generatoispeed controllersQ and 'Q of the loadside controlles are obtained as given in
Table5.2. In the table;Q and™Q are the gains of PI controllers of positive sequettpeoltages

and’Q and'Q the gains of Pl controllersf negative sequenak voltages

Table5.2: Pl gains of the closed loop system controllers at the three operating points.

Generator speed DC-link current Load-Side Controllers
controller controller

0 0

0 0 0 0 o )
0.24761 5.6081
0.p.1 42.7024 | 284.0791| 0.00098308 4.4427 0.01211 5.5194
0.22753 5.1534
0.p.2 39.4928 | 268.823 | 0.0029066| 0.13213| 0.04352 5.0621
0.45507 10.3068
0.p.3 9.3191 | 119.4989, 0.15879 | 11.0886| 0.03541 9.8675

5.6 Simulation Verification

In this section, the closddop control systesior the proposed SCKESFWECS are simulated
in Matlab/Simulink environmenfor a 20kW standalone WECS using a 460Vrms SCIGthad
extended generic load modedquiring a regulated voltage of 380V/220Vrms68 Hz The
syst embs agreqgivea méppendis A(Table A.2). First, the system performance is
examined under variable turbuleAtee wind speed and wellamped thre@hase load
conditions. Next, the effect of system inertia and frequency of speed variation on MPPT is
studied. Finally, the performance of the synchrondg€ontroller under load conditions with

various dynamisand steadystate characteristiagill be evaluated.

In the following simulations, the closddop PI controllers areined based on gascheduling
given inTable5.2 for the three operating points selected for linearization. However, in order to
illustrate the performance of the control schemmedervarious conditions, the siysn is also
simulated at other operating points. At each operating point, Matlab/Simulink tuning tools is used
to linearize the system Simulink model, tune the controller gains, and reconcile the gain values to

provide smooth transition between operatingditions.
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Unless otherwise specified, the simulation results of this section are obtained based on switching
model of the entire CSlased WECS.

In general, loads in remote areas are composed of 80% ceinspeatance and 20% constant
power compones{152]. Since the load is dominantly of constamipedance type, the simulation

results presented in this section are based on the assumption of 100% ¢omstelance loads.

5.6.1 System Performance under VarioudVind Speed and Load Conditions

The performance of the sgsh is examinednder variable wind speed and balanced/unbalanced

threephase load as follows:

A) Variable Balanced Load

The system i®peratedunder variable wind speed and balanced tptegsdoad, according to
the wind speed arldad profiles given iTable5.3. The wind speed is considered a constant signal
at its average valu@ each sulperiod The rated load is 6.67 kW and 3.33 kVar per phase (
threephase powers ar8 ¢ afd  p MQwdand 0 0 1. Throughout the
simulation periodthe load profile has the same dynamic characteridics ¢ tim andj

X U ). The initial SoC of thdattey is 50%.Simulationresults areshown inFig. 5.11.

Table5.3: Wind speed and load conditions for simulation resul&@f5.11 andFig. 5.14.

Time (s) Wind speed (m/s) % of rated load DC-link current reference (A)

0 12 0 G up

0.5 12 20 G up

1.0 12 100 N v

15 11 100 QN uvd

2.0 11 110 Q op

2.5 11 90 M um
3.0 10 90 Q um
35 10 70 QN ow
4.0 9 70 N ow

4.5 9 50 QK
5.0 8 50 Q c¢®vU
5.5 8 20 Q  Qj C ]
6.0 7 20 Q Qp C ]

136



As shown inFig. 5.11(a), MPPT controller behaves as expected by tracking the shaft speed
reference. Generator voltage and frequency vary as wind speed changes. Att = 0 s, the system is
exposed to rated wind speed of 12 mifsder neload condition.The SCIG produces the rated
power of 20 kW at rated voltage of 460 Vrms and frequency 60 Hz. As shokig.i5.11(b),
sinceno load is connected, the-tiok current references initially set to'Q  “Qy , which is
enough for the CIS0o produce the small agidecurrent required by the filter capacitors to define
the load voltage. However, because the wind power exé8edshe’Q surpasses th@ att =
0.03s; hence, the dimk current reference is switched to i required for the battery to absorb
the entire generated power. Att = 0.5 s, 20% of the rated load is to be supplied, but the excess
power still exceeds” ; hence;Q is still regulated at’t¥ . Very low modulation indexd ) is
noticed before t =1 s becau$g is much higher than what is required by the load during this
period. From t = 1 s tb= 7 s, the difference between the wind power and demand is bélow
thus, the ddink current is regulated at tf@ , set according to the load; hence, modulation index
is close to unity excetfter t = 5.5 s, whelf) is maintained at 40% of raté@ even though the
load is only 20% of the rated valugince the ddink inductor provides an energy buffer between
the generateside and loadide converters, loaside voltage and frequency are controlled
irrespectivelyof wind speed variationsThis task is achieved by the CSI controller, which
maintains the loathus voltagemagnitudeat 380 V/220 Vrms and frequency at 60, Math a
maximumdeviationof within & ( Wuring load changéuring simulation periogthe hghest
THD of the line voltage aheload bus is about 4% which is below the common permissible limit
of 5%. Similarly, the THD of line current is about 1% (implying a nearly sinusoidal current).
Thus, a very high waveforrgguality is obtained at the loaide with the help of the outp@-
filter. As shown inFig. 5.11(c), the battery bank either absorbs or delivers power according to the
difference between wind power and load demand. Since the battery SoC ighmelguper limit
during charging, no power needs to be consumed by the dumpHmewlFig. 5.11(b), one can
notice that the dtink current reference is adjusted gradually to the desired value because the dc
choke will not allow a step change in the-litik current.
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One problem with using a diode rectifier as the genesatir converter is the resulting
distortion in thestator current waveforms, leading to higher harmonic losses and torque ripples in
the generato This can be seen iaig. 5.12(a) where a low generator inductance of 0.05 pu is
assumed. However, as ntiemed in chapter 4 (sectiof.4), low-power induction generator
features relatively high inductance (i.e., 625 pu)which helps reducing the harmonics of the
generator cuent as can be seenhig. 5.12(b) where a higher generator inductance of 0.15 pu is
assumed. In this case, the generator experiences torque ripplesl®hirersus 35% for the low
generator inductance. It is worth mentioning that the quality of the generator current can be

significantly improved by adding an external L filter on generator side, but at additional cost.

Stator Current (pu) Stator Current (pu)
1t 1 1t .
0.5t [\ 4 0.5 /J
il L i
0.5 \/ 1 051 ]
. -/ / ] -1 ]
1.36 1.38 14 1.36 1.38 14
Generator Electromagnetic Torque (pu) Generator Electromagnetic Torque (pu)
-0.5 0.5
0.7
[

1t .

-1.1 -1.1

1.36 1.38 1.4 1.36 1.38 1.4

Time (s) Time (s)
(a) Stator inductance = 0.05 pu (b) Stator inductance = 0.15 pu

Fig. 5.12. Effect of generator inductance on stator current and electromagnetic torque.

Fig. 5.13 shows the simulation results for the case where the battery SoC is initially set very
closeto its ypper limit (i.e., 75%), wind is blowing at the rated spekE?ifi/s)and the load is at
90% of its rated value. At start, the battery supplies the load and continues to deliver power until
the wind turbine produces the whole demand at t = 0.16 s. Aftgudhit the battery is charged

due to the availability of excess power. When battery SoC reaches its limit at t = 0.61 s, the battery
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cannot be charged further; hence, the excess power is consumed by the dump loadinkhe dc

current is maintained at tloesired value under all conditions.

o0 DC-Link Current (A)

- - - Reference

10 ' ! .
0.2 0.4 0.6 0.8

Power (kW)

s Dump 1

3
™ Battery

0.2 0.4 0.6 0.8
Time (s)

Fig. 5.13: Power management after battery SoC reaches upper limit.

B) Variable Unbalanced Load

The system is operated under siaene conditions as ifable5.3, but with unbalanced loadhe
rated valueof threephase loadtve seq active power, +ve seq reactive powes,seqd-axis
power, andive seqg-axis power ared ¢ D  p Qo & u8t o & and
0 31 TQw Griespectivelyhencethe load unbalance factor is 35Fbremote communities
the load unbalance factor can mechhigherthan 35%pbutthisd oes n 6t affect t he
theload control schemshown inFig. 5.10. Simulatian results are shown iRig. 5.14. Since the
dc-link current is controlled by the ES subsystem, the effect of unbalanced load on the WTG
subsystem is negligible. Thuthe generateside characteristics, under this case, are similar to
those in the casef balanced load (sdeig. 5.11(a)). Load phase currents are not equal; hence,
different modulation indices are produced foe three phases. Similar to the balarloed case,
the loadbus voltage magnitude is maintained at 380 V/220 Vrms and the frequency at 60 Hz, with
a maximum deviation of within & ( Uduring load changeAs a result of employinglq
synchronous frame Pobatrollers, rms values of line voltages exhibits almost zero imbalance. VUF

is varying with load. The highest value noticed for VUF is 0.2% which is far below the permissible
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limit of 1%. During simulation period, 4.35%, 4.1%, and 2.3% are the highest @etsted in
the line voltage® ,0 , andU |, respectively, which are still below the commgermissible
limit of 5%. Similarly, the highest TH®of load currents arp HT& ¢ Bandr@ p Hor 'Q HQ h

andQ, respetively, implying good sinusoidal currents.

DC-Link Current (A)
|

T0 ! | |
60
- -Reference — Actual
T4 Ti
30
20 |
0 1 2 3 4 s ; ?

Modulation Index

450 RMS Line Voltage at Load Bus (V)
\ \

300 | | | | | |

3 4
Frequency at Laod Bus (Hz)
60.5 T T \ T T \

60.3 — 1

59.7 - -
59,5 | | | | | |

Time(s)

Fig. 5.14: System behavior under variable unbalanced load.
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5.6.2 Effect of System Inertia and Frequency of Wind Speed Variation on MPPT

The simuation results showimn Fig. 5.11(a) were obtained based on a turbulefiee wind
speed profile. As desibed in chapter 4 (sectighl), wind speed is atochastic variable that can
be described as tlsim of average wind speed and the fluctuations about the average value. Wind
speed fluctuations have a significant effect on achieving MPMPPT sped controller, shown
in Fig. 5.9 and described in subsectiém.], the generator speed is controlled to track its optimal
value at a given wind speed. Due to system inertia, there is a transient stage between any two
steadystate generator speeds corresponding to two wind speed . Véltleswind speed varies
rapidly, the MPPT controller may not be able to track the optimum generator speed and hence the
instantaneous maximum power will not be delivered. The effects of wind turbine inertia and rate
of wind speed change on the MPPT @en and average generateower were investigated
in [153]. It was shown that the average of the maximum power lost in a wind turbine increases
with inertia and frequency of wind speed fluctuatiofig}. 5.15 shows the generator responses
when the proposed system is run under two differentdass filtered wind speed profiles
generated by Voiarman model at a height of 18 meters. The wind speed rate of clANJ&YH
in Fig. 5.15(b) is higher than 2 times that kig. 5.15(a). As illustrated in the figure, the MPPT
controller under wind speed profile with low@ 7Q gerforms muclbetter than in the case of
higherQ TQ 0The effect of system inertia is also shown in the figure for the two wind speed
profiles. InFig. 5.15a), the optimum speed is tracked less precisely for® Q@ than for
0 T Q8 . As a result, over the displayed period, the average of the power lost for
™ Q8 is twice that for0 T Q8 . Under a higher rate of wind speed change
(Fig. 5.15(b)), the average power lost becomes worse for both inertia values; in particular,
™ Q'@ results in an average power reduction of 18% versus 4% for a lower rate of wind speed
change Fig. 5.15(a)). It should be mentioned that in order to respond to the fast change of wind

speed irFig. 5.15, the P1 parameters of the MPPT controller are tuned under very high bandwidth.
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Fig. 5.15: Effects of system inertia and frequency of wind speed variation on MPPT.

5.6.3 Performance of the Synchronouslq Controller under Various Dynamics of Load

In subsection5.6.1, the system was examinaghder load profiles with same dynamic
characteristics. In this subsectjdfig. 5.16 illustratesthe performance of the synchronodg
controller under load conditions witharious dynamic (natural dammg (Q and oscillation

frequency]( )) and steadystate characteristicasgiven inTable5.4. The nominal values of +ve
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seq active power, +ve seq reactive powee, seqd-axis power, andve seqg-axis power are:
0 ¢ D p Mo & u8t w @i and 0 3t QW M1 respectively.
Because harmonics are not of interest in this subsection, the simulation responses shown here are

obtainedbased orthe average model ofeéhsystem.

Table5.4: Load parameters for simulation resultd=gj. 5.16.

Time ® o, %of . %of . %of [f_m. %of fe mp_p
(s) v >+ My (A)
0 0 0 0 0 0 0 T oup
0.5 10 37 60 60 0 0 0V o@®
1.5 5 75 30 30 50 50 W um
3.0 15 120 10 10 50 50 O uve

Before connecting any load, the system operates at rated wind splete alglink current is
regulated at(}, required for the battery to absorb the entire generated power. Att = 0.5 s, a
balanced load is connected to the load bus. Thereforieyenseq voltage or current exists. The
+ve seqdq load currents ositate at a frequency of about 37 rad/s before settling down at 0.9 s
(.,e.,06 1@ i . Thedqload voltages experience very small undershoots and overshoots before
settling at the desired valuesof o p&w (1pu) andd mw. Att= 1.5 s, an unbalanced
load is connected to the load bus; adding more +ve seq demand and introdwersgaq reactive
power. At t = 3 s, another unbalanced load is switched on. As can be seen from the figuee, the
seq voltages are compensateg the synchronousiq controller, and therefore the voltage
imbalance caused by the unbalanced load is corrected. Only during transients, a disturbance can
be noticed. Sincé is almost fixed throughout the simulation, the +veiarelseq powerfollow
the patterns of their associated currents. Throughout the simulation interval, except before t = 0.5
s, the ddink current is regulated & , setaccording to théoad.Fig. 5.17 showsthe threephase
load currents and voltage (only peak portion) before and after connecting the unbalanced load at t
= 1.5 s. Thability of synchronouslg control to achieve zero steadtate error can be clearly seen
under balanced (before t = 1.5 s) and unbalasighit before t = 2.4 s) load conditions. During

load change, the voltagxperiences transientgthin -~ 5%.
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Although synchronoudg-framebased controllers, shownhig. 5.10, provide very satfactory
performance due to achieving zero steathte amplitude and phase errors, the intensive
computations, required to extract the symmetrical components from the measured asymmetrical
voltages, complicates the control approach and introduce timesdeldlye feedback signal. A
simpler control scheme with no time delay can be obtained by implementing stationé&nanadc
P1 controllers as shown kig. 5.18. I n this scheme, thehremlegdul at i |
are separately produced to balance the voltage at load bus under unbalanced conditions.
Nevertheless, threghase stationary frame PI controllers, in general, result in sttatdy
amplitude and phase errors whiegulating ac quantitigg¢54]. This can be seen kig.5.19where
a steadystate thregohase load voltage under @atl condition given iMable5.4 is illustrated.
Although the stationary akicame PI controller provides very good voltage regulation under
unbalanced load (seEig. 5.19(a)), the phase voltages still exhibits some imbalance (see
Fig.5.19(b)). The VUF is 0.88%. Moreovefjg. 5.19(c) shows a phase shift between the regulated
voltage and its reference. On the contrargltage responses regulated by the synchrowous
controller are almost identical to the reference in magnitude and phase. The VUF is 0.19% which
is much less than that of stationary frame PI controller and far below the permissible limit of 1%.
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Fig.5.18 Loadside stationarmbcframe control scheme using Pl controllers.
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Fig. 5.19: Performance comparsion of alsame anddg-frame PI controllers.

5.7 Fault Analysis of the CStbased WECS

As highlighted inchapter 1 (seatin 1.2.4, one of the advantages 65Fbased systems over
VSl-based systems is that theldd current is directly regulated; hence, thesae current may
not face a sharp rise during faubts the ac side of the inverter. This section studies the behaviour
of the proposed system under different types of faults in the ac side of the inverter. In order to
conduct this study, protection breakers, which typically open during faults to praenténter
and the loads, are assumed to be deactivated. The neutral ¥fchéransformer is usually
grounded for safety reasons. Three types of fault, i.e., Single Line to Ground (SLG), Line to Line
(LL), and ThreePhase to Ground (TPG) faults aensidered.

In Fig. 5.20, the Wind Turbine Generation (WTG) subsystem, the Energy Storage (ES)
subsystem, anthe CSFLoad subsysterare controlled by the FIPT controller, shown iRig. 5.9,
the delink current controller, shown irrig. 5.3, and thdoad-side controller shown irFig. 5.10,
respectively.

148



DC-link Control
(Fig.5.3)

ide ]
Lo abe
2 DC-Link 3phase
ES- Y'Y Y Current-Source I Unbglanced n

e O A ey

WTG- Load-Side T —

Subsystem control
T (Fig. 5.10)

Ci-Filter

MPPT Control
(Fig. 59

Fig. 5.20: Fault points on the proposed WECS.

Before applying a fault, the system is operating at a steady state operating point corresponding
to rated wind speed and is supplying -pltase unbalanced RL logd0 kW at 380V/220V,
pf=0.89) Theval ues of resistances and inductances f
3.66 Y/ 14.56 mH, and 6.93 Y/ 3. 5Ff. 581k disgays phase
thesystem responses to an SLG fault applied to phasdtee®econdary side of the transformer
(point f1 inFig. 5.20) from t = 0.1 s to 0.2 Pue to the fault, voltage drops to zero. The dc
link current('Q) experiences a small increase in the ripples which does not e8#eed the
current. The ddink current controller tracks theference current in less thanrhS after the fault
is cleared at 0.2 s. Since phase a is short circuited to groarirrent is supplied to phase a of
the | oad during the fault. T h e "@uhdérgoeswwef i | t er
modulation, resulting in low order harmonics. Hence, the currents delivered to the other healthy
load phases are rHonger sinusoidal. This test clearly demonstrates the inherentcoment
protection built in CSI that limits the currents on both dc and ac sides of the inverter. Moreover,
the stable control of the dimk current keeps the WTG subsystem at its noropration,
generating the rated wind power (i.e., J.@uring the fault, the loadide demand is reduced by
70% and hencéhe excess wind power is absorbed by the battery. Similar conclusions are made
for LL and TPG faults, shown iRig. 5.21(b) and(c), respectively. In all types of fault, the-tink
current is limited, resulting in a limited magnitude of the ac current delivered to the load.
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Fig. 5.21:System pgormance during (a) SLG (b) LL (c) TPG faults at secondary side offfe
transformer( : Load threephase voltageQ : DC-link current,’Q : CSI phase unfiltered

output currentQ  : Load threephase currenandd: System powers).

Harmonic spectrums of the CSI terminal unfiltered and filtered curréntarid’Q), before and
during the SLG fault, are shown kig. 5.22. FromFig. 5.22(a) and (b), it is clear that no major
low-order harmonics exists before fault and the CSI output capacitor filters the switching
harmonics ofQ On the other hands shown irFig. 5.22(c) and (d),low-order harmonics are

presented iriQ during fault and cannot be filtered by the CSI output capacitor as it is mainly
designed for higltorder harmonics attenuation.
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Fig.522 Har monic Spectrum of CSIo6s ac terminal
fault.

Due to the linear relationships between the voltages on the primary and secondary sides of the
Delta/Star transformer, system responses to LL fault applied eoprimary side (point 2 in
Fig. 5.20) are similar to those of SLG fault applied on the secondary side of the transformer.
Likewise, system responses to thmse (TP) fault applied on the primary side of taedformer
are similar to those of TPG on the secondary side of the transformer; hence, these responses are

not shown here.

In Fig. 5.23, the performance of a V&®lased standalone WECS and a 6&ed standalone
WECS with comparable ratings (i.e., 20 kW) are compared when an SLG fault is applied at t =
0.1s on the secondary side of the transformer. InB&Sed WECS, the function of the-das
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controller is to regulate the eide voltage, whereas in GBased WECSthe debus controller
regulates the dside current. From the figure, one can observe that tfeddccurrent of VSI
(average value) is allowed to vary in a wide range and reach almost 7 pu (In practice, a current
limiter is employed to limit this currén On the contrary, the ekide current in CSI has very
limited variations fithin 1.08pu).

Average value of DC-Link Current (pu) . DC-Link Current (pu)
T R T . \ ) I?\ I ,‘. AN _' \ #
T [ | 1\/\}\{ \/\\/\ \'.'\\-‘\‘\-'\4 bV "V\V \.J N w\J AR
6F I B
08F
247 | 1 M7
3t | X 1 04+
| e
2r ‘ \‘f \ =
0.2F
1+ e T
‘\\/“
'] 1 1 '] 1
0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2
Time (s) Time (s)
(a) VSI-based WECS (b) CSI-based WECS

Fig.5.23: Inverter deside current of VShnd CSibased WECS during an SLG fault.

5.8 Dump Load-Less Verson of the Proposed CSlbased WECS

In the propsed CSIWECS, shown irFig. 5.1, the delink current is controlled using power
management between the battery and duogu (seeFig. 5.3). The battery is charged or
discharged based on the power mismatch between the wind generation and the demand. If the
battery statef-charge (SoC) reaches its upper limit, the excess power generated from the wind is
dissipatedn the dumgoad (sedrig. 5.13).

In this section, the system Big. 5.1 is modified by removing the dump load antplementing
wind power curtailment through the generaae caverter when the combination of load and
energy storage is not capable of absorbing the extra wind power. To achieve this objective, the
MPPT/curtaiinent control scheme shownhingy. 5.24 is implemented.
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Fig. 5.24: MPPT/Curtailment Control Scheme.

The MPPT/Curtailment control scheme contains two control loops: gensped loop and
dc-link current control loop. The generatgpeed lop controls the generator in order to extract
the maximum power in normal mode of operation (i.e., MPPT mode). This loop is identical with
the MPPT control loop shown irig. 5.9 and described in subsecti@.1 If the wind power,
generated under MPPT mode, exceeds the demand and the battery SoC reaches 78i#k the dc
current controller, shown ifig. 5.3 and described in subsemti5.3.1 will block the charging
mode of the battery and hen€2 will exceedQy , assuming a new value depending on the
level of supplydemand power mismatch. In order to prevent such a scenario, the functiak of bu
converter, as shown iRig. 5.24, is switched from shaft speed controller to current regulator so
that the power absorbed form the generator is adjusted to madtairiQ , . The mechanism
of switching between shaft speed control (MPPT control mode) atidkdcurrent regulation
(curtailment control mode) is carried out by employing an automatic software switch, which by
default assumes position 1, corresponding to MPPT mode. If battergX@e€ds its upper limit,
and 'Q exceedsQyp plus the permitted ripple, the switch assumes position 2, implying

curtailment mode. It should be noted that the SoC condition for transition from speed control to
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current regulation is sebtthe upper limit Y€ 6 x v B assuming a very smathechanical
systeminertia and hence possibility afmostinstantaneous transition. In practice, however, the

system inertia should be considered by setting the SoC condition slightly less thariitsnipp

To study the performance of the MPPT/Curtailment control scHem#ée dumploadless
SCIGCSFWECS the 20kW standalone WECS, describedppendix ATable A.2),s simulated
under variable wind speed and unbalanced thheese loadaccordimg to the wind speed arnolad
profiles given inTable5.5. Theratedvalues ofthreephase load powers abe ¢ QD
p TIQ &N u8t IR dand o @3t Q0 G hencethe loadunbalance factor is 35%.
Simuldion results are shown iRkig. 5.25. In order to verify the successful operation of the
MPPT/Curtailment control scheme, the initial SoC is set very close to the upper limit oA75%.
t = 0 s, the system is exposed to rated wind speed of 12 m/s. Since no load is cotimeedted,
link current reference is set to tl& required for the battery to absorb the entire generated power.
Att=0.5s, 20% of the rated load is® supplied, but the excess power still exc&éds hence,
‘Q is still regulated at’t¥. From t = 1 s to t = 8 s, the difference between the wind power and
demand is below)” ; thus, the ddink current is regulated @he Q. Throughout the entire
simulation interval, except fromt = 4.7 sto t = 6.07 s, battery SoC is below 75%. Therefore, the
generator controller tracks the; in order to achieve MPPThe battery bank either absorbs
or delivergpower according to the difference between wind power and demand. When battery SoC
reaches its upper limit at t = 4.7 s, the battery cannot be charged further; hence, the gaderator
controller is switched to curtailment mode, where the shaft speedatefram  in orderto
limit the generated power to the demand level. Att = 5.5 s, the load is decreased further and the
curtailment controller readjusgenerated power accordingly. The curtailment mode continues
until t = 6.07s when the deand exceeds the generated wind power, forcing the battery to supply
the deficit, and hence battery SoC drops below its upper limit. As a result, the generator controller
reactivates the MPPT control modée delink current is maintained at the desiredueaunder
all conditions with current ripples within the typical limit of 15%. It can be seen that tekdc
current ripple during the curtailment interval is slightly higher than those during MPPT intervals.
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Table5.5: Wind speed and load conditions for simulation resultsigf5.25.

Time (s) Wind speed (m/s) % of rated load DC-link current reference (A)
0 12 0 T up
0.5 12 20 ‘T up
1.0 12 100 QN v
15 11 100 N v
2.0 11 110 Q ep
2.5 11 60 N o&
3.0 10 40 N ]
5.5 10 20 QN Qj C &
6.0 10 70 N ow
< MPPT Interval Battery's State ul'Char;‘;‘:]q{—C“[II‘]t?ei:::ln—t) <«— MPPT Interval
o 5F ' ' ' ' : : : ‘ =
& 74908 | ! .
= 74,99 | | | | | | | | .
0 1 2 3 : 5 6 7 8

ldc

4
Wind Speed (m/s)

Load (P7)

I'Battcry

1

|
2 3 6

4
Time(s)

Fig. 5.25:. System behavior under MPPT/Curtailment control.
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Because thavind powershaft speeaurve s nearly parabolic (se€ig. 4.3), there exists two
operating shaft speeds (one lower and one higher than the optipeeh) st which wind power
curtailment can be achieved. During curtailment interval, the buck converter reglatss
limiting the converter input currenfX "Q ) by reducing buck duty ratidY); hence, increasing
shaft speed. Aa resultas noticed irFig. 5.25, the generataoperates at the speed higher than the
optimum speed. However, in order to reduce the mechanical stress on the shatft, it is desirable for
the turbine shaft to operaat the lower speed that resuttshe targeted power. One way to achieve
this is to use the generatside converter (buck converter) to drive the machine into the low speed
(obtained from wind poweshaft speed lockip table based drig. 4.3) thatresults in generating
power as required by the loaHowever, this requires a prior knowledge of the shemn load

demandwhich istime-varying and difficult to identi.

5.9 Summary

In this chapter, the closddop control system of the proposed &fased WECS was developed.
The opeHroop system is stable around opergtpoints 1 and 3 but n@t therefore, the objective
of the closedoop controlleris to stabilize the system and trazkclass of desireeferences for
the delink current and turbine speed, and control the voltage magnitude and frequency at the load
bus.

Considering a fast and stable contiai the delink current, the loaeide and the generator
side converters areedoupled; therefore, the wind turbine system was decomposed into three

subsystem, allowing the classical control theorieafBISO system to be applied.

An efficient control algorithnfior the reduced Hbridge converter was developed to regulate the
dc-link currentthrough power managemeln¢tweenbattery bank and dump loatihe fact that
C S| &Ik cdrent can be reduced under lidgbdd conditions was utilized teducedc-link and
CSlpower lossesHowever, this advantage could not be benefitesh fomder certain conditions
where a high ddink current was required by the batterynkao absorb high excess pow&he
generatorbd6s shaft speed was controlled by the
power. The loasside voltagemagnitudewas regulatedht the desired valuby controlling the

currentsourced inverter based on concept of positive and negative sequence decomposition. The
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parameters of the system PI controllers were tuned based on certain time and frequency domain

specificatiors.

The performance of the closémbp control system was verified under various wind speed
well as balanced/unbalanced load conditiopnwith different dynamic and steadbjate
characteristics. In all simulation results, a fastlidk current control wa demonstrated.
Irrespective of load dynamic and steadgite characteristics, the synchrondgf&ame controllers
maintained balanced voltage at the load bus, with limited disturbances during transients.
Satisfactoryperformance of the MPPT controllerdar fixed and turbulent wind speed profiles
was demonstrateth the processjegative effects of wind speed rate of change and system inertia

on MPPT were observed.

The performance of the proposed system under fanltee ac sidevas examinedlhebuilt-in
inherent overcurrent protection that limits the currents on both dc and ac sides of the inwager
demonstratedThis is an exclusive feature specific to CSlI, thanks to the direct controtimfkdc

current.

A dumploadless version of the C®lased system was proposed. The dump load was removed
and the generataide converter was used as a sispted controller during MPPT mode and as a
dc-link current regulator during curtailment mode. Successful operation of the MPPT/Curtailment

contrdler underdifferent wind speed and load conditions was demonstrated through simulation.

The core material of this chapter has appeared in the published journgdlia&pand has been
included in theaccepteadonfeence paper[156].
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Chapter 6

Concl usi ons, Contributions, and Future

In this thesis, a sma#icale, standalone wind energy conversion system featuring SCIG, CSI
and a novel storage integration schema@s proposed as an attractive renewable energy solution

for off-grid communities.

In the following sections, the work presented in this thesis is summarized, the main contributions

are highlighted and some items for future work are suggested.

6.1 Summary and Conclusions

This dissertation focuses on smstiale( p 1T kW) wind turbinesas very attractive renewable

energy source for offrid applications, especially in remote communities.

In chapter 1, a revievof variablespeed wind energy conversion syste (WECSs) from
generator and converter viewpoints was providedongst the power converters which have been
employed or have the potential to be employed in WEC&&gesourced inverter (VSihased
power electronic converters are the domirtapology in both large and smahlscale WECSs. On
the otherhand, currensourcedinverter (CSl)based power electronic converters have mainly
been adopted iMegawatt-level ongrid WECSS. In order to assess the possibility of employing a
CSkbased power electranconverter in offgrid low power wind turbines, a comparison between
Pulsewidth modulated CSI and VSI for smaitale standalone WECBased on reliability, cost,
efficiency, and protection requirements was condudisen though based on the comparison,
CSI offers high potentials for smadtale offgrid WECS, its performande such an application
has never been investigatdtherefore, CSbased power converter was selected as the base of this
research. A brief review othe energy storage technologitst are feasible for wind energy
integration was also conducted. As a {oest mature storage technology, offering satisfactory

performance, lead acid battery was selected for storage purposes.

Motivated by lack of a comprehensive and convincing apprdacselection of the right
generator for a standalone wind turbine, a thorough study, considering all possible og@®nNs,
conducted in chapter 2. Amongst the different generator types considered in the study, three wind

generator configurations, namedgareddrive squirrelcage induction generator (geat8€I1G),
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directdrive permeantnagnet synchronous generator (gearlESG) and direetlrive
permanentnagnet induction generators (geart®$d1G) were identified as the most promising
technologies fortandalonewind turbines Therefore, the three configurations were qualitatively
compared with one another in terms of reliability, cost, efficiency, excitation requirements, control
simplicity, construction simplicity, and noise lev€he system based gearedSCIG was shown

to be the most appropriate scheme for a sew@lle standalone WECS, supplying a remote area.

In chapter 3the three CSbasedopologies, validated irhe literature for orgrid WECS,were
evaluated for ofigrid WECS applicationThe first topology(i.e., diode bridge rectifier PWM
CSI) provides no control ovegenerator and dink current; henceit is not applicable for an off
grid WECS The second topolody.e., diode bridge rectifierbuck converter PWM CSl)makes
the geneator control achievable. The main drawback of this topology is that it causes high
harmonic distortion in the generator stator winding current. This drawback is avoided by
employing currensourced rectifier in the third topolodie., backto-back PWM GC), leading
to considerable improvement in the generator performance, but at a higher cost and with higher
complexity in controlAs a simple and loveost configuration, offering safactory performance,
the secondopology(i.e., diode bridge rectifierbuck convertet PWM CSl)was selected as the
base for further study in this researthe duality of CSl and VSI topologies was taken advantage
of to come up with a novel scheme for the integration of a bdb&sgd energy storage system
with the propsed CSibased WECS. An #bridge, with reduced number of switches and diodes,
was employed as the interfacing converter. In the proposed system;lihle idductor is shared
among the generatside, storagside and loagide converters, resulting in nection of the

system size, weight and cost.

Chapter4 focused on developing the dynamic mathematical model of the proposdzh§isl
wind turbine systenDetailed models of theystem components were presenfededucedorder
generic load modeduitable br balanced/unbalanced lcagas developedy combining the state
equations of the system componeris well as the generic load madéle overall model of the
system was described by seven inputs, six outputs, and twenty state vaAasmhesllsignal
model of the system was developed around three operating gdietsigenalue analysis of the
smallsignalmodel showed that the opéyop system is locally stable around operating points 1

and 3, but not Based on Gramian matrices, the system wasdeompletely controllable at the
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three operating points, completely observable at operating points 1 dud r&yt completely

observable at operating point 2

Chapter 5 presented the design of the cldsed control systemAn efficient control algothm
for the reduced Hbridge converter was developed to regulate thienttccurrent considering the
minimum delink current requirements for both generator and load sidesgenerator shaft speed
was controlled to extract maximum available wind powée loadside voltage was regulated
the desired value by synchronadig frame controllersresulting in zeresteadystate error. fie
parameters of the Pl controllers were tunsthg Matlab/Simulink control toolsased on certain
time- and frequencygomain specificatins. The performance of the closémbp control system
was verified under various wind speed and balanced/unbalanced load conditions of different
dynamic and steady state characterisiitge performance of the proposed system undeicec
faults was also examinedh&inherent oveicurrent protectioapability,built in CS| that limits
fault currents on both dc and ac sides of the inventas demonstrateéinally, adumploadless
version of tle CStbased system was proposed and thecessful operationof the

MPPT/Curtailment contter was demonstrated.

6.2 Contributions

The main contributions of this research are as follows:

1) A critical analytical study of standalone wind energy conversion systems from
generator viewpoint was conduted. This study has resulted in a journal publicafitd?]
based orthe review 0f148 referencesandserves as an excellent source of information
and a helpful guide for researchers and practitioners involved in standatahéuvbine
systems.

2) A small-scale standalone wind energy conversion system featuring SCIG, CSl and a
novel energystorage integration scheme was proposedhe delink inductorshared by
three power electronic converters was systematically desi@watthing and average
Simulink modes of the system weredeveloped.

3) An efficient power management algorithm to maintain supplydemand balance
through direct control of the dc-link current was developedThe f act t hat t
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link current can be duced at light load was utilized to improve thelid& and CSI
efficiencies.

4) A reduced-order generic load model suitable for balanced/unbalanced load
conditions was developedThe model ixapable of emulating actual loads of different
transient and teadystate characteristics and is appropriate for simulation studies of
stability and dynamic performance of a standalone system.

5) A dump load-less version of thelevelopedCSl-based WECS was proposed.

The work presented in this thesis has been publishid®2],[155] and[156].

6.3 Future Work

The following items are suggested for future research.

1) Experimental Verification

A laboratory experimental platform of the proposed wind energy conversion system can be

set up and used to verify the validity of the simulation results.

2) A transformer-less version of the propose@Sl-basedWECS.

Although the Delta/Star isolatiorransformer provides a zesequence current path for
unbalanced load, it is bulky and costly. In order to eliminate the need for the transformer, a path
for the load neutral current must be provided by other means. A simple acddosolution was
implemented in[157] for a CStbased grid connected PV system by connecting the neutral
terminal of the grid to the midpoint of the P\éide smoothing dcapacitor.For the proposed
WECS, however, such a configuration will generagmificant voltage ripple in the generator

side dc capacitor, causing more toque ripples and reducing the quality of the generated power.
3) Sensorless control of SCIG in the proposed WECS

The MPPT control loop requires an anemometer to measuresp&edl and a position sensor to
measure the rotor speed. However, mechanical sensors increase the capital cost, as well as
maintenance costs, and reduce the reliability of the turbine system. A-fesssoontrol algorithm
for the SCIGWECS will bring greabenefits to the system.
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Appendi x A

Parameters and Operation Conditiors of the Systems used in Simulation

Table A.1 and Table A.2 give the parameters and operating conditions for the G8&Wased
WECS and the 20k¥CStbased WECS, respectively.

TableA.1: Paraméers and operating condition thfe 30kWCSGSCIG WECS

Requirement Topology 1 Topology 2 Topology 3

Wind Turbine Cutin wind speed : 5 m/s
Rated wind speed : 18/s
Cut-out wind speed : 20 m/s
Rated powe= 30 kW

3 stages
Gearbox Ratio: 5:1 per stage

Squirrel cage Induction
Generator 30 kw, 320V, 4 pole , 60 Hz, 1812 rpm,
63A, 158 N, pf =0.86

No-Load Excitation 400t F (0.45 pu) 400t F (0.45 pu) None

Capacitor

Input filter © ) None None 180t F (02 pu)

Generatoiside Diode bridge rectifier Diode bridge rectifier PWM-IGBT-CSR
converter + dc/dc buck converter "Q=5.1 kHz

"Q=2.1 kHz

DC Choke 18 mH (2.3 pu) 6.2 mH (0.8 pu) 3.2 mH (0.41 pu)

Rated dc current 84A 84A 84A

Inverter PWM-IGBT-CSI,"Q=5.1 kHz

Output Filter(6 ) 125t F (0.14 pu)

Rated Load 3-phase balanced RL load (33.5 kVA at 380V/220V5 pt89)
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TableA.2: Parameters and rated operating conditiorth@20kW-CSFSCIGWECS

Tur bine and drive train

0 ¢ oQw 08 ¢ MTH i o8 W 0 va T
0 p@fi |0 ¢ AT 1 pBI Na Fomd
_ 1) o) @ Y 0 TR OQ& Gear box : 3 stages
Ratio : 5:1 per stage
(€ P G
0 T8opm VAT OQ 0 pHpopnlA@N GM
(&n oof YT (pn f Y71 6 1)
4 pole-Self-excited induction generator
0 Qe ® Q@ 1O T puwpaa
T QG
Y pmd& n'Q e 0 T XQ& 0 C W
Y 1 ocLb 0 o & O Y o ™ ¢ Tlk 0 o a0
0 @@w O | 0 mdru xig g 0 pT1MONDI C 0 p T{tO
(0.48 pu) (0.34 pu)
Lead acid battery bank( 408V 300Ah) at 100% SoC
(Obtained by combining 34 units in series, each 12V 300Ah, p @ 0,0 PP W,’Y
p a Llat 25°C).
0 uvall 0 @ MR 6 p Q p
Y vuvmll Y prmall 0 o®t0 0 o&ao
DC-Link and output C-filter
0 p & & 'O0.67 pu) N uvdo 0 peuanN@i Q
" ud QO (0.42 pu)
Extended Generic Load Model (rated load)
W OpHIW T 0 Xix i I 4 (N B 1
0 ¢ Mo 0 pTmOOMI 0 L8t W i 0 P38t QO O
W T o Yulw | O T8 Lo | @ T8t 0 uiged | & TS T puyeofico
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Appendi x B

Design of BatterySide L-C filter

Resonant frequency and damping ratiotiee L-C filter are given by (B.1) and (B),
respectivly, where'Y andY represent the equivalent series resistances (ESRs) of filter inductor
and capacitor, respectively.

N — (B.1)

, — = (B.2)

The frequency of the domamt unwanted component to be suppressed is the ripple frequency of
the current on the battesyde of the reduced -Hridge, which is the same dise switching
frequency Q. Typically, 'Qis selected to be one decade bel®{Q 1 () and the damping

ratio is set equal to . Solving (B.1) and (R) yieldsO and® . It should be noticed thahe

ripple frequency of the current on the battsiye of the reduced-Hridgeconverter is effectively

doubled undePWM unipolar voltage switching scheme

Based on (B.1) and (B.2) and the parameters of the 20kW WECS given in Table AX (i.e.,
VTGLL Y pTall, Q LV QOKthe batteryside LC filter parameters are obtained as
0 oHtOadbd o a O
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Appendi x C

Switching States of Current Source Inverter

The schematic diagram of a thyglease CSlI, feeding a thrpbase load, is shown Kig. C.1.

?._Sl s j@;

g 4 y loa
» Three
i b > phase
dc iye I d
. < oa
> S S

C-Filter

Fig. C.1: Three phase CSI feeditgdephase load.

In order to satisfy KVL and KCL in thregghase CSI, two constraints for CSI switching must be
always met. The dc link of CSl acts as a current source and cannot baropéad. Thus, at least
one top switch and one bottom switch musbbeat any instant of time. On the other hand, in
order to produce defined thrplase current waveforms at the ac side, at most one top switch and
one bottom switch must be on at any instant of time. In other words, one and only one top switch
and one andnly one bottom switch must be on at any instant of time. This statement applies to
current source rectifier as well. In practice, the switching of devices in a converter is not
instantaneous. Therefore, an overlap between thgeodads of outgoing andchéoming switches
is necessary to prevent interruption of thdidk current. The filter capacitors on the ac side will

facilitate commutation of switches, besides filtering the switching harmonics.

Based on the constraints mentioned above, there argalideswitching states in the operation
of CSlI, as shown in Table C.1. States 1 to 6 are active states, where current flows from dc side to
the load. On the other hand, states 7 to 9 are zero states, where the dc link'@iyfex¢\yheels
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throughone of the inverter legs. Thus, no power transfers from dc side to load during these states.
They are also known as shdabtough states. The inverter must change state according to a certain
pattern in order to generate a set of ac line current. Thiimgsac currents consists of discrete

values, that ar& , 0 or "Q , as noticed in Table C.1.

Table C.1: Switching States for a Thyiekase CSI.

State no. ON Switches o
s ={= i -H- HEgF

Active 1 Y&Y Q KO 0
States

2 Y&Y 0 0 Q

3 Y&'Y Q 0 0

4 Y&'Y 0 0 Q

5 Y&Y 0 0 Q

6 Y&"Y 0 KO Q
Zero States 7 Y&Y 0 0 0

8 Y&"Y 0 0 0

9 Y&"Y 0 0 0
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Appendi x D

Overall Dynamic Model Equations of the Proposed WECS

The overall dynamic model of theqgposed wind turbine system contains equations of the
mechanical drive train, se#fxcited induction generator, battesige LC filter, currensource
inverter supplying the extended generic load model, adohkiinductor. The equations for each

componety as well as the overall systeare derived in the following sections.

D.1 Equations of the 2Mass Drive Train

From equations (4.13%.15), one gets:

—1 —"Y O971 0 91 — (D.1)

— — —0 171 —0 | —="Y (D.2)
Q — Q — 1

2 D.3

Q6 Qo & L (03

where"Y, Y, ando , given in (D.4)(D.6), are the turbine mechanical torgthes electromagnetic

torque of the induction generator, and the tu
Y —0 6 _h (D.4)
Y —TQQ QQ (D.5)
6 i mMpxe mW uvQ Mmooy (D.6)

Equations (D.7) and (D.8) give relations foand_.

L (D.7)

_ — (D.8)

For the wind turbine system under study, it is assumed that the rotor pitch angle is fixed at zero

(i.e.] 1). Hence, equation (D.7) becomes
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— - T8tov (D.9)
Substituting (D.9) in (D.6) yields
6 fm — 1®wQ % mimnmey (D.10)
Substituting_ from (D.8) in (D.10) yields

. QT 8 J

o _hm T & wQ T3 T @—Sﬂ— (D.11)
Substitutingd from (D.11) in (D.4) gives
Yo —0 — Q% mrimew (D.12)

Substituting(D.12) and (D.5) in (D.1) and (D.2), respectively, yields

8 . — 8 .
Q TInmaAdD U v | —

(D.13)

- - —0 17 ——0 ] N0 NQ (D.14)

The mechanical angular speed of the induction generatorshafis(related to the etgrical

angular speed ( through the pole pai( of the machine, i.e., 1 70. Thus, from (D.3),

—1 —1 — (D.15)

D.2 Equations of SeHExcited Induction Generator with Diode Bridge Rectifier

Fromdg state space matrix equation given in (4.26)dtpstator and rotor currents of the self

excited induction generator are

—Q —=Y0Q 1 00 O 10 Q YDDQ (D.16)

1007 00

~Q — 1 0 00 10 Q YOQ]OO0Q YOQ OO0 (D17
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—Q — Y0 Q1 00Q YOQ 1 00 O 0071 Q (D.18)
)
—Q —71 007 Y0OQ 1 0O 00 0071 Q YOQ (D.19
)
where Q@ 0 00 .

From (4.33) and (4.34), the dynamaf the excitation capacitor voltage is described by
—U —Q —Q"Q 1 0 (D.20)

—0 —Q 1 U (D.21)

D.3 Battery-Side LC Filter Equations
From (4.46) and (4.47)he dynamic of battergide LC filter is described by

Q.

p € € o 114 € ©w (3% J4 ey, A
—.Q — Y Y Y Q D.22
o) 5 O v p 3] p 0 p €0 0 (D.22)

—U — 0 ¢CQ pQ (D.23)

D.4 Equations of Current Source Inverter Supplying the Extended Generic Load Model

Fromdq state space matrequation given in (4.62), the dynamic of the CSI capacitive filter is

described by

—0 -0 10 -0 (D.24)
—0 -Q 10 -Q (D.25)
—0 -0 10 -0 (D.26)
—0 -Q 10 -0 (D.27)

From (4.60), théundamentatlg-axis output currents of CSl are:
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0 o O
0 o O
0 o O
0 o O

(D.289)
(D.29)
(D.30)

(D.31)

From thedgstate space matrix of the extended generic loadkh@venin Table4.4, the dynamis

of the load model is described by the following equations.

—® W ¢Qw

From the sam&able (Table4.4), thedqoutputs currents of the extended generic load model are

N OoQ 1

Q w Q 1 o

Substituting (D.28)D.31) and (D.36)D.39) in (D.24)(D.27), yields

o .
- \ — "Cﬁ IIQ 13} 'Q \
ad 3 eR 1 @ T
Q. P 0 o O :

ol 3 ®0 1 e
o .

2 e s o

ol s @ B o T
Q Pt 0 o o

a8 s @ 21 o
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(D.32)
(D.33)

(D.34)

(D.35)

(D.36)

(D.37)

(D.39)

(D.39)

(D.40)

(D.41)

(D.42)

(D.43)



D.5 DC-Link Equations
From (4.82), the dynamsof the delink current is described by

—Q — 0 0 0 ) (D.44)

whered h) handd  were defined ir{4.36), (4.44), and (4.61), respectivehs

) Q0 (D.45)
0 cQ po (D.46)
b op®0& 0 &4 v a0 & v (D.47)

In (D.45),0 oo 0 1.

Substituting (D.45)D.47) in (D.44) yields

~o —Y%9ob —c¢o pv 204 0 & O (D.48)

a v a v

D.6 Complete Dynamic Equations

By combining equations (D.1§p.23), (D.32)(D.35), (D.40)(D.43), and (D.48), the complete
dynamic model of the proposed WECS can be summarized in the form of 20 state equations, as
given in (4.84)
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Appendi x E

Small-Signal Models for CSI-SCIG-WECS

The following sections give the details of the smsifjnal models of th&Vind-Turbine
Generation (WTG) subsystem, &gy Storage (ES) subsyste@urrentSource hverterLoad

(CSkLoad) subsystem, and the entire system.
In smallsignal modelmatrices capital letterof a variable (input or state variable) indicates

thesteadystate valuef the variable at theelectedperating poinfor linearization.

E.1 WTG Subsystem

1) StateSpace Ejuations

Q . E1l
—wW 0w O0Y (ED
Qo
where
@ 1T 1 17— 0 10 v 0 (E2)
Y 0 QQ (E3)
o - — — T m T s 13 )
11 Iyl
11 Q Q Q 0 T m 5
] 1
11 P S Tt Tt Tt Tt T T T
] 1
(WL Tt Tt —_— %) R I — T
L ) (E.4)
0 (WL T T w — _— _ L -0
1l 1
1 m s T _— _— J— » —_ T 7
] 1
TIRL s T _ —_— @ — m — 0
11 ¥
T s s — 18 T m T ::
1l 1
u Tt Tt Tt Tt — Tt Tt 1 1 U,
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2) SmallSignal Equations
Q. o . o
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E.2 ES Subsystem

1) StateSpace Ejuations

(13 8 D I 8
I Q

0
where
W Budgy Q
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1] Gy W, 1l
1] 1
Tt — O .
u UchQ) P O
T m T
N ] m T
0 p p
) UQw U‘Qw
In (E.14),6 L p bup VEOD
2) SmallSignal Equations
Q. o . "
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E.3 CSl-Load Subsystem

1) StateSpace Ejuations

where
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2) Smal-Signal Equations

where

Y'Y
T T T
(04
||—| Tt Tt Tt
U T Tt ]
L)

o L T ] T
lp m T T
Ll 1T T T T
lp m T 11
U gt T T T

o=@y TT T
190
'B"Gfxm m T
16
I'b
} 1T @ T TT
0] 19
L@, TOTT
160
W m T
' T T
U m T
U 1t m T
,Qy o y ”w
—Yd 0 Yb O
Qo
Yo Yo Yo
yaya Ya Ya
n ®© Q 71 710
n ® Q 71 10
1 1
1 1
T Q
p cQ
] ]
] ]

177

mn 1l
1
mor
1
1
m T
1
T T[':'
1
T TN
T 700
T Tl
n ™
Y'Y
Yo Yo Yo
Yé
] ]
] ]
nT ® Q 71 70
mT ®w Q ] )
] ]
] ]
T Q]
P cQ

(E.25)

(E.26)

(E.27)

(E.28)

(E.29)



E.4 The Entire System

1) StateSpace Equation

where
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2) SmallSignal Equations
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