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ABSTRACT

The proposed hybrid system generates AC power by combining solavimehaénergy
converted by a doubly-fed induction generator (DFIG). The DFIG, drivea taynd turbine,
needs rotor excitation so the stator can supply a load or thergedidriable-speed wind energy
system, the stator voltage and its frequency vary with wind sp@eldin order to keep them
constant, variable-voltage and variable-frequency rotor excitation le provided. A power
conversion unit supplies the rotor, drawing power either from AC mairigr a PV panel
depending on their availability. It consists of a multilevel invewhich gives lower harmonic
distortion in the stator voltage. Maximum power point tracking tepgles have been
implemented for both wind and solar power. The complete hybrid edievenergy system is
implemented in a PSIM-Simulink interface and the wind energy ceioreportion is realized in

hardware using dSPACE controller board.
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CHAPTER 1. INTRODUCTION

World energy consumption is increasing at the rate of 2.3 % per year which ta&uses t
fossil-fuel reserve to diminish much faster than the forming of new [1]. Fastsl &re costly
and their production and use are raising some environmental issues. The USA was ranke
seventh globally in energy consumption per-capita. They had an annual energyi@noafuct
4151 billion kWh in 2010, the second largest, 69.5 % of which came from fossil-fuel sources.
Only 10 % of total energy came from renewable sources with 6 % from hydro [2]. &daew
energy resources should be used in power generation because it is safe, reliabfey ipeitblic
health, environment-friendly, and addresses global climate change. Taélydinapplications
mostly in power generation, especially in rural areas, in heating arehapdrtation fuels.
Among all alternative sources, wind and solar power are the most abundant andeattract
1.1. Hybrid Renewable Energy System

Hybrid renewable energy system (HRES) is a system having multi@e/able energy
sources working independently to supply some isolated DC or AC loads or thegudityhus,
not only the system efficiency is increased but also the energy supply is neoredoalThe
increasing demand for power from renewable sources has made it neaasta\sbdurces to
behave, as much as possible, like conventional power plants in terms of supporting thie netwo
voltage and frequency with good power quality. Several hybrid energy schemés nsed to
solve these problems. This thesis proposes a new type of HRES that uses wind @ad solar
supply an AC load. Unlike conventional HRESSs, the two sources do not work in parallel. The
system basically uses a wind turbine (WT) to run a doubly-fed induction generat@) (D&t

delivers power to the load. The rotor of the generator is fed by a multilevel invertés

1



controlled for maximum power point tracking (MPPT) and constant stator output. The DC bus
voltage of the inverter is provided by the PV panel that is also after enswaignum power
extraction from solar energy using a boost regulator. The power can also bemavgrid in
case of unavailability of PV power. The AC power from the grid goes througlCaD@AC
converter system while the PV power goes through a DC-AC converter system

Normally a HRES requires separate power converters for all its es@ugyes which
increase system complexity and losses. But the proposed system usesiavarglefor all
sources making the control simple and reliable. Using PV power for rotor injedtisn a
flexibility to the system by enabling AC power generation even in the abségeid power.
The proposed scheme is helpful for power supply in rural areas and for unreliatyle util
networks. The system can operate either using grid or PV power after pobbggsower
converter. Besides, the system can even supply in time of low wind speed when tatogene
acts as a transformer, the rotor being its primary side taking converteg®okx as input and
the stator being its secondary side supplying the load.
1.2. Doubly-Fed Induction Generator

For wind energy conversion, fixed speed systems using squirrel cageondyerierators
were implemented in the past. At present, variable-speed systems mogtlpEESs are being
used for system operation with higher efficiency, absence of speed comtroddaiced
flickering problem. Permanent magnet machines which do not need gear box canusisad, be
but not for high capacity installations. A DFIG has windings on both the stator and rotor, both of
them capable of transferring energy. The most attractive featureiai®that the system can
use power converters as well as filters with lower ratings becausbdie to transform only a

fraction of the total power (slip power) and inject it to the rotor. It has higlggrenversion
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efficiency and an improved fault-ride through capability. Also its redlraactive power outputs
can be controlled independently.
1.3. Multilevel Inverter

Most energy conversion systems use back-to-back two-level PWM censvettich are
capable of operating in all four-quadrants. Back-to-back multilevel convedrralso be used
for the same purpose offering better power quality. Multilevel inverter 8 &0DAC converter
that synthesizes a desired AC voltage (normally of sinusoidal shape) froral $evels of DC
voltages as inputs. This study uses a three-level neutral-point-clamp&dlifNEerter for one
stage of power conversion. For the other stage, there are two options, narR&lywdiage
using a boost regulator and (b) the grid voltage using a diode rectifier follonwsetdnst
regulator. Both options result in a constant DC-link voltage supplied to the multiieeeter.
The reason behind using a multilevel inverter, despite its complicated power amd @ocuitry
and modulation scheme, is that it is better for high power applications and mosaimtigoitt
provides better power quality in terms of reduced harmonics.
1.4. Outline of Thesis

The thesis is organized in six chapters. Chapter 2 consists of a brief description on the
renewable energy sources used in the proposed HRES. In the first half, the wiydsnerg
discussed along with some details of wind turbine’s (WT) components, various Wibltagies
and the generators used in them. This part also covers the MPPT of wind energyoiile sec
half deals with solar photovoltaic energy including the operation and different MEticiees.

Chapter 3 describes different power converters used in both wind and PV energy
conversion systems. Starting with a brief introduction to power conditioning sysiesns, t

chapter briefly describes different converters like a rectifienapper, an inverter and a
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cycloconverter. While emphasizing the power quality, it introduces the diffieyyeed of
multilevel inverters and sine pulse width modulation technique.

Chapter 4 introduces the proposed hybrid renewable energy system. A complete
discussion of all the components is presented with itemized analysis. Conuseia the
complete system are described using their equations and simulation resolitsparison
between two- and three-level inverter is made based on their harmonic profigaly. Fi
simulation results of the complete system including variable wind speed, vaoiatblerd three-
phase short circuit fault are given to validate the design.

Chapter 5 presents the experimental results which support the simulation astsanaly
made in the earlier chapters. First it validates the fact that the powerterswesed for proper
rotor injection of the DFIG can be rated as low as 20 ~ 30 % of the generatgr Thtem it
demonstrates using hardware results that the multilevel inverteras theth the two-level one
while feeding a resistive load, followed by the experimental results abtiglete WECS using
both three- and two-level inverters while comparing them with their respaativgation
results. Lastly, chapter 6 summarizes the work carried out with some condlewhiacks and
includes suggestions for future research.

1.5. Contributions

The thesis presents a multilevel inverter based wind energy conversian sigateg
DFIG. It somewhat resembles the system in [3] which is also a DFIG @S using
back-to-back multilevel PWM converter. However, the proposed system adds ajestton
path from PV energy and a new inverter controller. It also replaces the bbakkiaonverter by
a simple diode rectifier and multilevel inverter based topology. The MPPT of PVipanel

adapted from the scheme proposed in [4].



The contributions of the thesis are as follows:
Hardware implementation of three-level neutral-point-clamped (NPC)tener wind
energy applications.
Simpler implementation of voltage control loop using Simulink-dSPACE.
Simpler implementation of frequency control loop without a phase-locked-lcaptiojr
Realization of MPPT for wind energy using current loop in a synchronously rotatjng d

reference frame.



CHAPTER 2. RENEWABLE ENERGY SOURCES

2.1.Introduction

Electricity generation from renewable energy sources is not a new ctimespays.
With the fact of having limited conventional energy resources on the earth whigls@ueostly
and environment non-friendly, we have to consider alternative ways for poweaty@mel hus
power industry is getting attracted towards renewable energy sourcesinvtiiese days
provide about 19 % of worldwide electric power. Figure 2-1 illustrates thelwiolk power
generation capacity using different renewable energy sources from 2004 to 201@ [bybrid
renewable energy system introduced in this thesis includes wind and solar endngychapter
some of the characteristics of the two energy sources will be presented.

Global renewable power capasities (excluding hydro)
data source: REN21, Renewables Global Status Report (20068-2011) }
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Figure 2-1. Global Renewable Power Capacity [5]

2.2. Wind Energy
After hydro power, wind is the most promising sustainable energy as can be skeen b
steadily growing demand [6]. Year by year the demand, as well as thaty@meapacity of
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wind power is increasing (Figure 2-1). With the growing demand for wind-basedcgener
systems, it has become necessary to improve the systems’ performandet samh@place the
existing power houses using conventional energy sources. For this improvement, bette
understanding of the complete system and the overall energy conversion preeegsiscial.
Ref [7] points out some common problems in integrating wind energy to grid in Gaige lke
frequency regulation, scheduling, and stabilization. In this section the detailgind energy
system (WES), especially the characteristics of wind turbines aneieeagors will be given.
2.2.1. Wind turbine (WT)

WESs consist of a WT whose shaft rotates when wind passes over the blades and this
rotation is transferred to the generator through a gearbox. The generator then doaverts t
rotational energy into electrical energy. Figure 2-2 shows all therroamponents of a WT [8].
The anemometer measures the wind speed for the controller to control thecgembeatow
speed of the turbine shatft is insufficient to generate adequate voltageoimgersion process.

So the gearbox increases the rotational speed of the generator shaft and tHies aingptiutput

anemometer

- - nacelle
o 9

controller =

gear box
brake

T~ blade

generatorﬂ :

yaw drive —=—18 Ejj | J
TE:2 -
yaw motor : rotor

power
cable

i

tower

© 2009 Encyclopadia Britannica, Inc.
Figure 2-2. Components of Wind Turbine [8]
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voltage. The generator, gear box and controlling equipments are housed in tlee Theglaw
mechanism, comprised of a motor and a drive, is used to turn the whole nacelle in tlwndirec
of the wind flow. The tower holds the complete turbine at a certain height.

2.2.1.1. Power relations

A WT extracts the kinetic energy from the swept area of the bladesvaipgldown the
air flow. Theoretically the maximum collectable amount of energy in winithéyotor of the
WT is 59 % of the maximum available energy, known as Betz limit [9]. The power &rthe

(Pw) flowing at a speedy, through an areA is given by

1
P, = EpAv‘f, (2.1)
wherep is the air density (1.225 kgfn The power constard, is defined for a particular WT as

the ratio of the power transferred to the WT to the power extracted from tlse air a
P
=2 2.2
Cp o (2.2)

So the mechanical power i.e. the power transferred to the WT can be fourfe,fusimg

the following equation

1
P, = EpAv,f,Cp . (2.3)

This states that the output power is proportional to the third power of the wind speed
[10]. But this statement is not true for all wind speeds. As can be shown in Figuegagon
(2.3) holds for the speed range from cut-in to nominal speed. After that the power drops, and
above cut-out speed, it goes to zero [11]. The cut-in speed is the minimum speed at which the
turbine delivers power. The rated wind speed gives the rated output power and the cugebut spe

is the maximum speed at which the turbine is allowed to deliver power [10].
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Figure 2-3. Power Curve Characteristics of a WT [11]

2.2.1.2. Wind turbine technology

A WT can be categorized based on the orientation of spin, power capacity and the rotor
speed of the turbine. Based on axis of rotation, WT can either be horizontal-axis wind turbi
(HAWT) or vertical-axis wind turbine (VAWT), shown in Figure 2-4 [12]. The HAWT,
compared to VAWT, has higher energy conversion efficiency and a lower torquafiaot So
even after being costly and tough maintenance, HAWT is used in wind farms. Based on

generation capacity, the WTs can be classified as small (< 20 kW), m&fiun800 kW) and
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Figure 2-4. Classification of WT Based on Orientation of Spin [12]



large (a few MW) WTs. Finally, based on the rotor speed, the WT can be catdgusifixed-
speed and variable-speed turbines. As the name suggests, the fixed-speed tuabtnasa
fixed speed (slip =1 ~ 2 %) [13], that depends on the gear box ratio, stator fredyesay (
number of generator poles. This type of WES is designed to reach maximum emsfgngion
efficiency only at that fixed speed; at all other speeds, the efficiency. dkibpshatively, the
variable-speed systems can be controlled to achieve the maximum efficeattywvind speeds
which makes it more suitable for power generation and other applications. The &apabtl
WT captures about 5 % more energy annually than a fixed-speed system [14]. @& @it
power converters used for these systems are different and will be depictedenttsection.
2.2.2. The generator and conversion unit

No particular criterion has been set for a wind energy conversion syste@3Wo
decide what generator and energy conversion unit to use. A brushless DC (BLEG)Y@en
permanent magnet synchronous generator (PMSG), induction generator or synchronous
generator is used for this purpose [10], [12].

For fixed speed systems, squirrel cage induction generators (SCIGs) aexclssiely.
They have the simplest configuration (Figure 2-5) as no controller is needed. Eme sgbt
needs a soft starter to limit the high inrush current and a capacitor bank to sugiphe rgawver.
The transformer output can be directly connected to the grid or to an isolated load.

Variable speed systems can be classified based on the converters’ pimgeErter
partially rated converter with doubly-fed induction generator (DFIG) ¢y fated converter
with SCIG, PMSG or wound rotor synchronous generator (WRSG) can be used. Figure 2-6
shows the DFIG based WECS which in today’s power market is the most popular add share

47% of world energy market in 2002 [13]. A wound rotor induction generator can be controlled
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Figure 2-5. A Complete WECS using Fixed Speed WT [10]
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Figure 2-6. A Variable Speed WECS using DFIG and Partially Rated Canjdl}e

Power Converter

by accessing its rotor circuitry via slip rings. Since both stator and ratdingis can transfer

power between generator shaft and the electrical network, it is terrfeboldady-fed”. At sub-
synchronous speeds, the converter takes power from the grid, converts it and feedahdentrol
voltage into the rotor at slip frequency. At super-synchronous speeds, the coexteaies

power from rotor and supplies to the grid. The main advantage of a DFIG based $ysherns

its power converter has to process only the slip power i.e. about 20 ~ 30 % for a slip range of £
30 % [3], [15]. The fraction depends on the allowable sub- and super-synchronous speed range
[16]. So a converter of lower power rating can be used that not only reduces the cost of the
system, but also increases the total efficiency. The ratio of the conseiigr’to the WT rating

is equal to half of the rotor speed span [14]. It is able to provide power beyond the systgm r

without causing any overheating [17]. They also allow decoupled active and eqamirer
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control [18], use of small filters, and provide higher efficiency [19]. Ref [20] recamds1DFIG
to support network as their presence dampens the power oscillation of other synchronous
generators in the network.

Figure 2-7 illustrates a WECS with fully rated power converter. As-lis@with the
generator it carries the full stator power to grid or load. So the conventgy isathe same as that
of the generator. The system can compensate for reactive power and smoothlitocimeec
grid. But its main disadvantage is the high converter rating that increasssthm loss and
reduces efficiency and also raises the total cost of the system. Tipe dliesie control system
for a fully rated converter is much complicated compared to that of a par&tdty converter.
The system has an advantage that, if implemented with permanent maghedrsyus
generators (PMSGSs), it does not need any rotor injection, thus can totalty gfethie rotor
copper losses. Again, the PM machines can have higher number of poles (lower synchronous
speed), so the gearbox is not needed for increasing the rotational speed. It not easgscr

system’s efficiency and reduces cost, but also ensures reliability amddowenance [14].

Induction/Synchronous
generator

~O=T F [g0s

ower converter

Figure 2-7. A Fully Rated Converter Connected Variable Speed WECS [10]

2.2.3. Maximum power point tracking of WECS
For super-synchronous speeds i.e. above rated wind speed, active or passive stall control

or pitch control is applied for obtaining the rated power from the WT. But for sub-symehy
12
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Figure 2-8. Py, versus WT Speed Characteristics for Various Wind Speed with MPP Locus [12]

speeds, the generator is controlled for attaining maximum power point (MB&Ye R+8 shows

a set of mechanical power outpBtf versus generator speed curves for different wind speeds. A

locus shows the MPPs for different wind speeds, same as that given in equation (@v3riBel

in speed (0.4 pu or 5 My the power drops to zero, named as parking mode and above rated

speed (1 pu or 12 iy a desired power level can be attained using pitch control. For the speed

range in between, the pitch angle is set to zero and rotor injection is cahtoodiehieve a
certain generator speed that sets the new operating point for the systemitflav@mchanging
wind speed, a new generator shaft speed is attained to extract the maximemfrpaowvthe
turbine corresponding to the speed.

The MPP equation can be derived from equation (2.3) as follows:

1
P = 5 PAVC (2.3)
P & 03, (2.4)
Wy Xy (2.5)
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P, & w3, (2.6)

Pn = Kpopt - Wi (2.7)
B,=T,.w,and (2.8)
Te = KTopt . w% . (2.9)

In these equations, is the generator speed which is linearly related to the turbine speed
(Vw), andKpop: andKrop are the optimum power and torque coefficients that can be determined
from the machine ratings or given by the turbine manufacturer. Equation (2.7) angi@s%he
maximum power and maximum torque equations respectively [12]. They can be used as th
reference for the power or torque loop of the controller. The controller minimizestie
between the reference and actual power or torque to generate the remjoirgdltage. Thus the
maximum power is achieved for all wind speeds.
2.3. Photovoltaic Energy

Figure 2-1 shows the solar (photovoltaic) to be the third most potential renemablgy
source. But after 2007, the photovoltaic (PV) generation capacity is risirrgtatlagher than
biomass and geothermal and the rate is even higher than that of wind. From 2009 to 2010, the
growth rate of wind energy is 24.53%, whereas the growth rate for PV energy is about 73.91 %
[21]. PV output can be used directly or through a DC-DC converter to feed isolatiedd®or
charge batteries. Using a boost regulator followed by DC-AC cony2&grthe PV power can
also be fed to the grid.
2.3.1. PV cells

A PV panel is an array of several series and parallel connected PV celif>Eaell

generates electrical energy from the solar radiation absorbed bsfltfalowing photovoltaic
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Figure 2-9. Equivalent Circuit of a Solar Cell

(PV) effect. The PV effect somehow relates to photoelectric effdetge of electron upon

exposure to solar radiation), but the process is different. In PV effect, thg ehéng photons

in the absorbed light is transferred to the electrons of the semiconductor device eladttbas

move from the valence band to conduction band of the atom. This builds up a voltage (about 0.5
~ 0.6 V) between the electrodes of the cell and when the external circuitry isstehpl current
flows. Connecting the cells in series gives a higher output voltage and whentednnec

parallel, a higher current can be achieved.

2.3.1.1. Current-voltage and power-voltage relations of a PV panel

The electrical equivalent circuit of an ideal PV cell is basically eeatisource in
parallel with a diode. Figure 2-9 is the practical model of a PV cell with essesistancer()
and a shunt resistand&f). The current-voltage relation of a PV panel can be derived as [11],
[23], [24],

Ieey =1—Ip— Ipsn (2.10)

where,lce is the current from the celljs the photogenerated currel,is the current in the
parallel diode]rshis the current ifks. Ip can be given by Shockley diode equation as

q. VRsh _

n.k.T D (2.11)

Iy = Io(exp[

wherel, is the reverse saturation curremts elementary charge in coulomixghis the voltage
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acrosRsp, nis the diode ideality factok,is the Boltzmann’'s constari,is absolute temperature

in Kelvin. Then from Ohm'’s law and Kirchhoff’'s voltage law, the following equatearsbe

written
Irsnh = Vrsn/Rsn (2.12)
Vrsh = Veeu + Iceu - Rs (2.13)

whereVce is the voltage across the output terminals of the paneRasdhe series resistance.

Combining equations (2.10) to (2.13), we can get the current-voltage relation given by

(2.14)

_ q. (Vcell + [cell -Rs) Vcell + Icell -Rs
leen=1—1,exp -1)- .

n.k.T RSh

Neglecting the low current in tH&,branch, equation (2.14) can be written as follows

Veeni + I -R
Icell =] 10 <exp [q ( cell cell s)] _ 1>. (215)

n.k.T

Equation (2.15) can also be written as a voltage-current relationship [25] as

n.k.T I_Icell+ IO
ln[

; ; ] — Lo R (2.16)
o

cell =

A more general form of the voltage-current relationship incorporatinguhmer of cells

connected in seriedl) and that connected in parall®lpf can be written as

Nyg.n.k.T [I— Ie+ Np.I,1 N
Veet = 1 — — I.o11- Rs. 2.17
cell q n NP -Io NP cell s ( )

The voltage-current and power-voltage relationship of a PV array is figured out for
different irradiance level from Figure 2-10 [24]. The open-circuit volt&ge)(of the panel,
derived from equation (2.14) usihg, = 0, is given by

n.k.T

1
VOC = ln [T + 1] = VRSh (218)
o
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Figure 2-10. Voltage-Current and Power-Voltage Characteristics abaPanel

Similarly with Ve = 0, the short circuit current is given by,

Isc=1. (2.19)

2.3.2. Maximum power point tracking of PV panel

The maximum power point (MPP) is the particular point associated with each solar
irradiance and ambient temperature at which the power from a solar preehighest. The
MPP for different irradiance levels can be located on the power-voltage curvesiia Fil10.
Figure 2-11 shows both current versus voltage and power versus voltage curves on the same
graph [26]. Basically a maximum power point tracking (MPPT) unit is a comntthb¢
automatically adjusts the electrical load i.e. the cell curten) fo achieve the MPP. For a
variable load connected across panel terminals, the operating point is thetioiersithe panel
I-V curve and the load I-V curve (a straight line with slopeRgid for resistive load). So the
power output depends on the connected load. $incandV.e are related exponentially, the
MPP occurs at the knee of the I-V curve whidieédV =0. At this point, the load resistance and

the characteristic resistance of the panel are equivalent.
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Figure 2-11. Maximum Power Point of a Solar Cell [26]

2.3.2.1. Different MPPT technigues

Several techniques have been used to control the output current and voltage of the panel
to ensure operation at MPP [4], [11], [25], [27]-[31]. Some are briefly explaifed/be
¢ Incremental conductance based MPPT technique
The basis of this method is that, at the MPP, the instantaneous condulctaMe)X is
equal to negative of incremental conductamde.{/AV¢e) i.€.

Icell _ AIcell

- _ 2.20

Vcell AVcell ( )
At a point to the right of the MPP,

Icell AIcell

< —cell 2.21
Vcell AVcell ( )
and at a point to the left of the MPP,
Leen > — Alcey (222)

Vcell AVcell
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This is the most commonly used method for the MPPT of PV panels. This method offers
good performance under varying atmospheric conditions but it needs four sensorsq@isé. A
similar method is proposed in [27] where the input resistance of the converter skerpangéi
is changed depending on the atmospheric condition.
e Perturb and observe based MPPT technique
This technique observes the power output with changing current [25]. The power is the
maximum only for a specific current. While in operation, the current is changetkidirection
and the power is measured. If the power is increased, some more change is hedarnent in
the same direction. Otherwise, if the power is decreased, the current chaage is tine
opposite direction, which should increase the power. Thus the point of optimum power is
achieved. This method is simple and easy to implement.
e Fractional open-circuit voltage based MPPT technique
An approximately linear relationship exists between the open-circuigeoifac) and
the voltage at MPPWypp) Which is the basis of this technique. The relationship is

VMPP = kv . VOC . (223)

Herek, is a constant with a value of 0.71 ~ 0.78 [11], [30] depending on the array
characteristics. It is the easiest to implement but since the vakjesafot the same for all PV
panels, it needs to be calibrated every time.

e Fractional short-circuit current based MPPT technique

Similar to equation (2.23), there exists a linear relation between thecsicait-current

(Isg and the current at MPR6p) Which is the basis of this technique. The relationship is

IMPP = kl 'ISC . (2.24)
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Herek; is a constant with a value varying in the range of 0.78 ~ 0.92 depending on the
array characteristics [11], [30]. Similar to fractional open-cireaitage based MPPT technique,
it is also easy to implement but has the same calibration problem. One other prabl¢nmswi
technique is that the short-circuit curreidt)(is not the same for all irradiance levels. This
problem can be solved by measuringlthQat a specific interval by shorting the panel terminals
and controlling the actual cell current to maintain the frackQri4]. This technique is used in
the thesis.

¢ Ripple correlation control (RCC) based MPPT technique

This technique correlates the time-derivative of the time-varying poittetime-
derivative of time-varying voltage or current. Below MPRJ\ifdt> O ordi/dt > 0, thendp/dt> 0
and over MPP, iflv/dt> 0 ordi/dt > 0, thendp/dt< 0. Thus at MPP,

At a point to the right of the MPP,

dp(t) dv(t) dp(t) di(t)
& a2 T ar T ar <0 (2.26)

and at a point to the left of the MPP,

dp(t) dv(t) dp(t) dit)

2.27
dt'dtordt'dt 0. ( )

There are other MPPT techniques like linearized I-V charactersigsd technique,
fuzzy logic control based technique, neural network based technique, current sveeep bas
technique, DC link capacitor droop control based technique, etc.

2.4. Conclusion

Wind and solar PV energy are the two most promising alternative sourcestatiy

generation and also the two used in the proposed hybrid system. Different types ahtMEeir
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comparison, the generators and theoretical analysis of maximum power pkimgfraf wind
are described in the first half of this chapter. As stated, WESs are of twe-tipefixed speed
and the variable speed, among which the variable speed is of prime imeéogstyi's power
market. Variable speed systems also can be of two types based on the rating oéthe pow
converter used: one that uses DFIG with low rated converter and the other that udés the f
rated converter.

In the second half of the chapter, details have been given for solar energy paddi/
Characteristics of PV cells and some commonly used MPPT techniques have beaajatedes
throughout. In this thesis, the DFIG with partially rated converter is usktha PV panel is
used to supply the rotor of a DFIG. In the absence of the sunlight, a fraction otéh@acteer
of the DFIG will be taken for rotor injection. The MPPT for both wind and solar (usiogoinal
short-circuit current based technique) is ensured in the system. Details aftdra spmponents

will be given in the upcoming chapters.

21



CHAPTER 3. POWER CONVERTERS FOR WIND AND PV ENERGY SYSTEMS

3.1. Introduction

The power generated from renewable energy sources cannot be used direetl\the fe
grid or isolated loads. It needs to be converted to a proper form which depends rich dh¢hg
load. In WESSs, the amplitude and frequency of the output voltage changes with wind epeed, s
does the maximum power point. Thus a power converter is needed to adjust the rotor injection of
the DFIG based on the wind speed to extract the maximum power from the wind turbae whil
maintaining a consistent stator output. It is important to select a proper teorigethe system,
based on its rating, cost, losses, reliability, etc. and to design an effioekfdst controller.
Similarly in PV systems, the output is a DC voltage and most often a low voltexge walue
depends on the number of cells in series. So it needs to be boosted to a higher level while
ensuring the maximum power extraction from the panel for all irradiamekds well.

The power converters basically consist of capacitors, inductors, transg@ntemost
importantly switched-mode semiconductor devices [32], [33]. Different ssmmhictor devices,
mainly silicon based, like power diode, power MOSFET, bipolar junction transistor, (BJT)
insulated gate bipolar transistor (IGBT), thyristor (SCR, GTO, MCT,TI;€tc. are used in
power processing. The criteria, based on which the device is selected ftcwdgyaapplication,
are the on-state resistance, breakdown voltage and switching time. Acdorthegype of input
and output voltage, a power converter can be classified as, AC-DC convetige(yeDC-DC
converter (chopper), DC-AC converter (inverter), and AC-AC converterdoynolerter). These
converters along with their operations and input-output waveforms will be discos$etails in

this chapter.
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3.2. AC-DC Converter: Rectifier

Rectifiers are the type of converters that can transform AC voltage @im@age. The
power supplied by the utilities is AC whereas most electrical equipments ru@ arinidh
requires a rectifier. Rectifiers are used in different electroatedmprocesses, adjustable speed
drives (both AC and DC), HVDC systems, power supplies, etc. Rectifiers arallyasf two
types based on the switching device used- diode rectifiers and thyristoer®ctif

Since diode works based on the voltage across it, it can be used to generate a
unidirectional voltage from an AC source. Based on this different readrdrgurations have
been developed and being widely used. In this study, the concentration will be on theee-phas
full bridge diode rectifiers (Figure 3-1). It has six diodes, two per phasactm1/8 of cycle
(n/3), a combination of two diodes — one from the upper converter (one with the highest positive
voltage) and one from the lower converter (one with the highest negative yclbageicts to
complete the external circuit. Thus each diode will conduct## [B83]. The average output DC
voltage of a full bridge rectifier is,

Voavg = 1.35 . Vi-1rms (3.1)

whereV| . msis the rms value of the line to line input voltage. Using thyristor redjfadso
known as phase-controlled rectifiers, the average output voltage of theereetifibe varied by

varying the triggering angle) of the thyristor.

Figure 3-1. Three-Phase Full-Wave Diode Rectifier
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3.3. DC-DC Converter

Using a DC-DC converter or chopper, an input DC can be converted into a DC of desired
magnitude and polarity. DC-DC converters can be designed with reduced gizeffitiency,
and more reliable operation [34]. Each DC-DC converter basically consists diirsjualtodes,
high-frequency switches and capacitors. The inductor basically lineitsurrent peak and stores
energy. The capacitor does the same for voltage, i.e. it smoothes the voltageraligtotes
energy [35]. The voltage level can also be regulated in spite of the changes in tlveltaget
and output current [36]. Some researchers have proposed double-input DC-DC conversion
systems [37], [38], [39] which can be very useful in a hybrid renewable esgstgm proposed
in this work. Depending on the level of input and output, DC-DC converters can be classified a
buck, boost, buck-boost, etc. that will be described in this section.
3.3.1. Buck converter

A buck or step-down converter provides an output voltage equal to or less than the input
voltage. It uses a PWM controller with some energy storage components to hold the output whe
the switch is off [36]. Figure 3-2 shows a buck converter with the switching pulsadtretor
current and the output voltage. As can be seen from the circuit, when the switchigg,on (
source supplies energy, the diode is reverse biased and the inductor and capabitogede c
Then during the off-periodl{s), the inductor and capacitor discharge through the load. The
change in the inductor current is the same for Bgtnd Tos. The following equations give the

duty cycle D) and the average output voltage
T,
D =ﬂ=Ton-fsw (3.2)

T
V, =D.V, (3.3)
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wherefs, is the switching frequency of the convertiyis the switching periodl§ = 1f,) and
Vi is the input DC voltage. The output level in a buck converter is set by the duty@)oletiie

switch. SinceD < 1, for a buck converteY, < V.

Figure 3-2. Buck ConverteD(= 22.22 %)
3.3.2. Boost converter
The output voltage of a boost converter also depends on the duty cycle and it is higher
than the input voltage. Figure 3-3 shows a boost converter with the switching pulse, tha induc
current and the output voltage. As can be seen from the circuit, when the switchigg,dhe
inductor is charged and the capacitor is discharged through the load. Then during theaff pe
(Tofr), both the DC input voltage and inductor supply power to the load and charges the capacitor

The change in the inductor current is the same for Bgidind Tor. The following equation

Figure 3-3. Boost Convertdd (= 22.22 %)
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describes the of the boost converter:

Vi

= 3.4
= (3.4)

Since 0 <D < 1 in equation (3.4, > Vi giving an output voltage higher than the input
voltage. A boost converter, digitally controlled in real time, is implementedfi{BBle
3.3.3. Buck-boost converter

The features of both buck and boost converters are combined in a buck-boost converter.
Depending on the duty cycle, the output voltage can either be lower or higher than the input
voltage. An important feature of this converter is that the polarity of the outibbevopposite
to that of the input voltage. The following equation gives the input-output relation of the buck-

boost converter:

DV;

v, =24, (3.5)

1-D

The circuit, the switching pulse, the inductor current and the output voltage of a buck-
boost converter are shown in Figure 3-4. When the switch i§.gn the inductor is charged and
the capacitor supplies the load. When the switch isTgf},(the inductor supplies the capacitor
and load. As can be seen from equation (3.5)Dfer0.5, the converter will operate in the buck

mode and foD > 0.5, it will operate in the boost mode.

Figure 3-4. Buck-Boost Convertdd £ 22.22 %)
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3.4. DC-AC Converter: Inverter

Inversion is the process opposite to rectification i.e. it generates an AQevfiibm a
DC source. The goal here is to generate an AC signal of a desired shapedaijjuoltage
amplitude and frequency using switching devices, filters, control circudtsransformers.
Inverters are used in switching power supplies, variable-frequency drives aedqumwersion
of PV sources. Inverters are basically of two types — voltage sourceem®é®l) and current
source inverter (CSl). In this study, a three-phase VSI will be condiddiest inverters
presently used are two-level inverters. They can be also designed to haviieaehalitput.
3.4.1. Power quality

There are several restrictions imposed on an AC source so that the systeednwbe
source functions properly without considerable loss of performance. The pasaraktid to
power quality are — continuity of service, change in voltage magnitude, voltageenmtcur
transients and harmonics. To ensure the highest power quality, the harmonics at theaeetput
to be minimized. There are several definitions related to harmonics like thet longer
harmonic (LOH), total harmonic distortion (THD), distortion factor (DF), etc.

The LOH is the order of the lowest harmonic present in a waveform. The THDnsdlef
as the ratio of the sum of all harmonic powers to the fundamental frequency’s pp@aeralso

be expressed in terms of rms voltages as the following equation:

THD — V2 + V2 + VE+ e V2 N’ZIO::Z Vi) (3.6)

Vi Vi
HereVy is the rms value df" harmonic in the voltage and for the fundamental frequency,
k= 1. The THD is computed from the amplitudes of all the harmonics without consideimg the

order. The higher order harmonics are not as important as lower order ondhesiiocmer can
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easily be eliminated using a filter. Thus it is very important to considertees of the
harmonics in expressing the distortion as done by DF. It is defined by the fgleguation for

up ton™ harmonic:

i Vs v Wi J o Vi
THD — \/2—4 +F +F+ ey _ Dher (F (3.7)
Vi Vi

As can be seen from (3.7), the higher the order of the harmonic, the lower isatsreff
distorting the waveform.
3.4.2. Three-phase two-level inverters

These inverters are widely used as AC power supplies and for AC motor drives. &g
5 shows a three-phase quasi-sine inverter. It is made up of three half-bridgedieh \wah
120° phase shift, analogous to a three-phase system. Six switghe@{Quith six anti-parallel
diodes (Q — Ds) are connected in a bridge configuration, similar to a bridge rectifier. Based on

the six gate pulses, the output can be square wave, quasi-sine wave or pure sitgasvave. |

Figure 3-5. Three-Phase Quasi-Sine Inverter: Power Circuit and Wianseffd3], [61]
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always easy to generate a square wave from an inverter, but such an invertebearseotin
most power applications because of their high harmonic content. Most equipment require, f
better operation, a pure sine wave (THD < 3 %), which is hard to generate. A miie f@ad
cheap solution is to use quasi-sine wave inverter whose voltage shape is glatéssquare
wave with some dead time between two transition states. It can replacessmaverter in
many applications including rotor injection of DFIG in wind applications [40]. Figuseshows
the output waveforms of the quasi-sine inverter.
3.4.3. Multilevel inverter

In a two-level inverter, the line voltages have only three lev&lg. (8, Vq). Butin a
multilevel inverter, the number of levels in the output voltage can be increasedtarahibe
increased to infinity, it will be a pure sine wave inverter with zero harmonmriist. The
reduced harmonic distortion allows the use of lower reactive components and hassseer |
and torque pulsation [41]. For high voltage operations with two-level inverters, eithegslevi
with higher ratings have to be used or they have to be connected in series thaestire cost
of the system. With matched series-connected devices, it is easy to shstagithvoltage, but
very difficult to share the dynamic voltage. Multi-level inverters are noynuakd for high
power applications, above 2 ~ 3 MW [6] and high voltage ratings even up to 6 kV [42], since
they use more devices per phase. They also reduce ripple in torque output. The disadefintage
the multilevel inverter are the complexity of the power and control circlisrynodulation
scheme is difficult [6] and offers a higher switching loss lowering therdppi of switching
frequency. Another problem is the voltage unbalance in the DC bus [43]-[45]. They find
application in high capacity AC-drives, VAR compensators, HVDC transmissitensysactive

filtering, etc [44].
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3.4.3.1. Types of multilevel inverters

Multilevel inverters are of three types [46], [47]: (a) diode clamped inyv€beflying
capacitor inverter, and (c) cascaded-inverter with separate DC sources
a) Diode clamped inverter
This inverter in level) usesr(+1) dc-link capacitors across the dc bus to provide the
voltage levels and clamping diodes to set the mid-point of each series connectgquebih-s
switches to the proper voltage level (Figure 3-6(a)). So by proper svgtohthe devices
(similar to that explained in [46]), the output voltage can be clamped to thaulzarticltage.
Figure 3-6 shows the output line voltage of an inverter that mad  9) voltage levels. Among
the multilevel inverters, this topology is the most popular [6], [41]-[46], [48]. A thhese
three-level diode-clamped inverter also known as neutral-point-clamed (N&@er, used for
rotor injection of DFIG in this work, will be discussed in detail in later chapters.
b) Flying capacitor inverter
This type of inverter (Figure 3-6(b)) uses the samiecapacitors (dc-link capacitors) to
create thenvoltage levels, but the diodes are replaced by a network of capacitors (inner-loop
balancing or flying capacitors). In this inverter, the flying capacitetrshee mid-point to the
desired voltage level based on the switching of the transistors. This configusatiore
flexible than the diode-clamped one, as the same voltage level can be achibeszligtut with
more than one switching combination [46]. Since this circuit needs a higher numlzeagé st
capacitors, this inverter is expensive and bulky and also its control is very cateqbli
c) Cascaded-inverter with separate DC sources (SDCs)
Cascaded-inverter, as the name suggests, is a combination of seriesecosingte-

phase full-bridge inverters, each supplied by a separate DC source andhtimegiely the use
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Figure 3-6. Single-Phase Three-Level Diode-Clamped, Fi@iagacitor and Cascaded Inve
with the AC Output Waveform

of extra clamping diodes or storage capacitors (Figure 3-6(c)). The outpunaisrof each
inverter are connected in series to provide a multilevel output by controllingriceiction
angle of the switches in each inverter. iievel cascaded-inverter requires-1)/2 SDCs with
(m-1)/2 full-bridges. Though this inverter requires the least number of components and do not
need any clamping-diode or flying-capacitor, its application is somevmhigedi because of the
need of SDCs [46]. Also it requires a complicated control circuit.
3.4.4. Pulse width modulation (PWM) techniques in inverter

The six-step inverter is simple to control and also has a lower switching logsttee

use of a switching frequency which is the same the inverter frequencyheBatitput, being a
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square wave, has a high harmonic content with all lower order harmonics prdsamigRhem
is costly and increases the physical size of the system. PWM techniques prasigigoa to
these problems. It is assumed that the switching frequency is very higla@aiio the inverter
frequency. PWM-VSIs have replaced converters using thyristor due tortipeovied dynamic
performance, extensive operating region, lower line harmonics and abilityredepeimproved
power factors [42]. The PWM can be of various types like, uniform PWM, sinusoidal PWM
(SPWM), selected harmonic elimination PWM, minimum ripple current PWM gspactor
PWM, random PWM, hysteresis band current control PWM, delta modulation, sigraa-del
modulation, etc. SPWM is the one considered in this work and will be explained here.

In SPWM, a sine wave of fundamental frequerigyié compared to a high frequency
(fsw) triangular-wave carrier to generate the switching pulses. In a thase piverter, the same
carrier is used for all the three phases. Figure 3-7 shows the SPWM fee-gpliase inverter
with the control voltage, the carrier signal, the generated gate pulsg fimdxhe output line
and phase voltages. There are two important parameters in SPWM — amplitude iotothdak

(my) and frequency modulation indexyf, given by,

Vm VAOlm
m, = —% = 3.8
“ Vtri Vdc/z ( )
f ,
m; = ;7 (3.9)

whereVy, Vi andVaoimare the amplitudes of the modulated (control) signal, carrier signal and
fundamental component of phase A voltage respectively,paadf,; are the control signal and
carrier frequency. The output voltage level dependsyand the harmonic profile of the output
depends omy. The ratiom should be an odd integer and also a multiple of 3 for a three-phase

system. Ifmx is not odd, DC components and even-order harmonics will be present in the output
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Figure 3-7. Waveforms of Three-Phase Sine PWM Inverter [33]

of inverter, and ifrx is not an integer, sub-harmonics will arise [49].With a highethe LOH is
high and the output practically approaches a sine wave but it also offers a higti@ngvoss.

3.4.4.1. Types of SPWM techniques

SPWM can be either bipolar or unipolar. In unipolar SPWM, the output voltage in each
half cycle is either ¥y or V4 while in the case of bipolar SPWM, botWg and /. levels
will be present in each half cycle. They generate different harmonicgoftith bipolar SPWM
giving LOH = my— 2 and unipolar SPWM giving LOH 2my— 3.

3.4.4.2. Switching frequency

One important parameter associated with all these circuits is tlehisgifrequency of
the converter. Since the efficiency of a power converter is very importatfte ddisses, like
fixed losses, conduction losses and switching losses, must be considered in the design. The
switching loss in these devices are given by [32],
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Pow = W . fow (3.10)

whereW s the energy lost in the switching process in one switching periofd,gdadhe
switching frequency. The total loss in a converter is given by

Pioss = Pfixed + Peona + W fow (311)

wherePxixeqis the fixed loss anBqongis the conduction loss. Equation (3.11) shows that the
switching loss dominates at higher switching frequencies. So, for a conyeteristan upper

limit for fs,, above which the efficiency drops rapidly and it is actually the frequency at which the
switching loss is equal to the sum of other losses. The critical switaliggency f¢) is given

by,

Pfixed + Pcond . (312)

feri = W

3.5. AC-AC Converter: Cycloconverter

The last type of converter is the one used to convert one frequency to anothegia a sin
step. It is mostly used in very large variable frequency drives like cement landlbdrives,
rolling mill drives, slip power recovery Scherbius drives and aircraft power ssggd0 Hz)
[33]. In addition to the desired frequency, a cycloconverter generates the hararmhgub-
harmonics (frequencies lower than output frequency) and inter-harmonics (reguestween
harmonic frequencies). The elimination of unwanted frequencies requiresilk@rge A
cycloconverter also produces a DC component if output frequency is exactly ookthalf
input frequency.
3.6. Power Converters in WECS with DFIG

A discussion on the basic improvement of power electronics and the power conmerters i

WES perspective is given in Ref [13], [14], [17]. In a DFIG, the converteres as an interface
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between the grid and the rotor (Figure 2-8). The converters commonly used in DEI&tiare
Kramer drives, back-to-back PWM converters, Vestas converter systamns, converters, etc.
A particular converter is selected based on its reliability, effogiemnd cost.

A static Kramer drive consists of a diode rectifier as the rotoresideerter and an SCR
inverter as the grid-side converter. This drive considers only operation atssuplronous
speeds at which power flows out of the generator from both the stator and the rotor [50]. A more
technically improved version is the back-to-back PWM converter [15], [16], PA3]{51]-[60].
They can operate in both sub-and super-synchronous speed region using the bi-dipestiena
flow capability of the converter. Here, both the rotor- side and grid-siteecers are bi-
directional PWM-VSIs. This system can work in all four quadrants. In thewutiironous
speed region, the grid-side converter (rectifier) is controlled to give aacdm3C-link voltage
and reactive power. On the other hand, the rotor-side converter (inverter) ensur@the M
operation. The sequence of conversion is just the reverse for operation at superraus
speeds. The third system, proposed by Vestas, works in the sub-synchronous ggedd ran
consists of a diode rectifier as the grid-side converter and a PWM invetter eotor-side
converter. A similar topology is also used in the proposed work. A matrix converter sdiheert
variable-frequency AC from the generator to a fixed-frequency AC in &esstep [17]. Its
advantage is that no energy storage system is needed and only one controlleres. Bguthe
number of semiconductor switches required is very high.

3.7. Conclusion

A DFIG-based WECS requires a converter for proper rotor injection to ensonstant

output voltage at constant frequency. In the proposed system, the rotor of thesBEjplied

either from the grid or from the PV panel. For drawing injection power from the griiCa
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DC-AC conversion unit is needed which in this study uses a three-phase full-bddge di
rectifier, a boost regulator and a multilevel inverter. For drawing injegower from PV
panels, a boost regulator and an inverter are used. The outputs of the boost reguitters in e
case charge a battery that provides the DC-link voltage to the inverter. All theteant@ibe

used in the study are described and comparison is made between similar types.
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CHAPTER 4. PROPOSED HYBRID RENEWABLE ENERGY SYSTEM

4.1. Introduction

Hybrid renewable energy system (HRES) is not a new term in renegradaigy sector.
Rather many researchers have already worked on it [14], [39], [62]-[64].theadKkisting
hybrid systems in these references, two or more energy sources work ial pausdbply the
grid. Generally they all feed a DC bus being independent of the other sources. The D powe
then inverted and connected directly to the grid. The proposed scheme is diffaretite
existing topologies since it uses both wind power to supply the load or grid and takesssol
supplementary power for rotor injection of the generator. This chapter dedtrebeverall
system and all the components including the machine, the converters and thellecsnltir also
shows a comparison of the conventional two-level inverter and the three-levétinkiat has
been used in the system. All the simulation results are also included.
4.2. System Overview

The main component of the proposed system is a DFIG driven by a wind turbine. Its
stator either supplies a grid or an isolated load. The rotor is supplied with vdirégjalency
variable voltage three-phase power. As the wind speed changes with timefttspesth of the
turbine as well as the generator speed changes. This speed change afétatisrtbatput
power, voltage amplitude and frequency. But the output needs to be regulated to gitard cons
frequency and amplitude. So if we can adjust the rotor power with wind speed i.atgener
speed, we can maintain a constant output from the DFIG.

In the proposed system, a new power converter has been used to adjust the rator inject

with wind speed. The proposed converter uses a diode rectifier followed by a boatstbregnd
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a multilevel inverter, whereas most DFIG-based WECSs use two backk@dranected two-
level VSiIs [3], [15], [16], [18]-[20], [51]-[60], [65], [66], with a very few ug multilevel VSIs
[3], [67]. The main challenge with a multilevel inverter is their complicatecepand control
circuitry. But the advantages they provide, like high voltage/power handling capaditgwer
harmonic distortion cannot be overlooked. The thesis presents a multilevel investerdias
injection system for DFIG. The DC link voltage of the inverter is provided by ¢ésloargeable
batteries which are charged either using a small fraction of the stator {hwowegh a converter
system or using PV power depending on its availability. Ref [64] presents a etedaybrid
scheme which mainly focuses on power factor correction and frequency control.

Figure 4-1 shows the complete block diagram of the proposed system simulageithels
software PSIM [68] and MATLAB-Simulink [69]. PSIM has a wind turbine model withews
wind speed and blade pitch angle input and a wound rotor induction machine model that can be
used as a DFIG. PV power is used as the main source to supply the rotor. Using a boost
converter, MPPT has been ensured for the PV output at all irradiance levels.sténs sgn
provide a constant DC voltage for the inverter. In the absence of sunlight, a portiostatdhe
output is used for the same purpose. The three-phase AC voltage from the statoeiifies
using a simple diode rectifier instead of a PWM rectifier. This not only redheecomplexity
of the system but eliminates the need for additional control. The rectified outphteikigher
ripple in it but the use of the boost regulators provide a constant dc-link voltage (100V) for the
inverter. The presented scheme uses a three-level neutral-point-clawiiedifverter whose
output voltage is controlled by controlling the amplitude modulation index. The controlesoltag
needed for the inverter switches is generated by the inverter controlldrdragector control

scheme that uses the d-q axis current control [51]. Using maximum power pdimgrac
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(MPPT) technique, the torque referen€gd) is calculated for a given generator speed. The g-
axis current referencédes) is then computed from the reference torque. On the other hand, the d-
axis current referenc@des) is generated by controlling the stator voltage. The d-q axis reference
rotor currents provide the control voltage,() which is used to generate the gate pulses for the
12 switches of the inverter. The inverter voltage is then fed to the rotor of the DFIG.
4.3. Boost Regulator

The system uses a boost regulator for maintaining a constant DC link voltagrenRef
[70] uses a buck-boost regulator for a WECS using a PMSG. In a boost regulator, the volta
stress on the chopper switch is lower and the leakage inductance of the gendresdni@can
be used as an equivalent DC inductor [71]. Figure 4-2 shows the schematic and the input and
output waveforms of a boost regulator. Its output is constant irrespective hfdtiuations in
the input voltage and load. It is done by varying the duty c¥@jdqr the switch so that the

output voltage given by the equation,

V= — (4.1)

e, —_— U?}{+
T . L Vin Vout
o h . Lo £ M .
i ] 100
L 80 """""""" """""""
e e
vret s 1 s s
% ; Y 40 5 — L
B ] 0 0.4 0.8
Time (s)

Figure 4-2. Boost Regulator and Output Waveform
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send to the PI controller which gives a control voltage. The control voltage is then edrtgoar
high-frequency carrieff4,) to generate the switching pulses. So when the output is higher than
the reference voltag®, is reduced by the PI controller and the output automatically comes down
and vice versa. The output voltage in Figure 4-2(b) shows a constant level of 100des=gai

the change in input voltage and there is also a very low settling time and ovenshcloiower
compared to Ref [34] and [7Hor fast simulation, the average model of the boost regulator has
been used. Most average models of DC-DC converters use a transformer whoisituans-
controllable and is equal to @):1 [73]. Average modeling has also been used for discontinuous
current mode of operation [73]. In the present study, an average model is used for continuous
mode of operation, since the inductor is large enough to avoid any discontinuity in current.
Figure 4-3 gives the regulator output voltaggt]), voltage across/{(t)) and current through

the switch (s(t)), voltage across/{(t)) and current through the diodg({)) and current through

the inductori((t)). It's actually used to derive the relations betweg(t) - v(t) andigw(t) - ig(t)

based on their relation t@ (t) andi (t) respectively in terms ai(t) which can be written as:

Vout Vsw

120

4815 / \\ /’ \\\ / \\ | \ / \\\ / \\ / \\ / \\ / \\ / \\ / \\ / x\\ / \\ / \\
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Figure 4-3. Waveforms of a Boost Converter used for Average Modeling
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Vsw(Olz, = (1-d(®)). v (D)1, (4.2)

Low (O r, = d(@). i, (O] (4.3)
va(Olz, = d(@®)- v, (87, (4.4)
la@®lr, = (1 _d(t))-iL(t)lTS (4.5)

whered(t) is the duty cycle andi is the switching period. Equation (4.2) and (4.4) can be

combined to give

_1-d(®)
Vsw (D)7, = a0 va(t) . (4.6)
Similarly equation (4.3) and (4.5) can be combined to give
. 1-d(t) .
lg(Olr, = OB s (8) (4.7)

Ts

The switch-diode combination in the boost converter can be replaced by two dependent
sources as shown in Figure 4-4. Both the dependent sources have a gain factg)/®fr(1 -
equation (4.6) and (4.7) whexe= d(t). Table 4.1 gives the values of different parameters used in
the boost regulator.
4.4. MPPT for PV Panel

As stated earlier, a PV panel is used to provide rotor injection power to the DE$@G. |
operate in parallel to the supply path from the stator to charge the batteyige.4b shows the
MPPT scheme based on fractional short-circuit current method [4]. The shait-@incent is
measured by applying a long pulse to the switch. Using a sample and hold tiecutiue of
the short-circuit current is held up until the next pulse is applied. This valuaisousglculate

the current at the MPP using the following equation
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Figure 4-4. Average Model of Boost Regulator

TABLE 4.1 BOOSTREGULATORPARAMETERS

Parameter Value Unit
Inductance 570 uH

Capacitance 660 uF

Proportional Constank, 0.1 -

Integral Constank 10 -

Time Constanty 10 ms
Switching Frequencys, 20 kHz

Lypp = 0.921 . I, (4.8)

where the constant 0.921 is specific for this PV panel. Tigns compared to the actual
current from the celll{;) and the error is minimized using a PI controller. The output of the
controller is compared to a high frequency (10 kHz) carrier wave to genergiaé¢haulse for

the switch. The extended pulse has a frequency of 10 Hz and duty cycle of 0.075 %. Figure 4-5
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also contains the power, voltage and current waveforms for the panel. Theismmelslts
show that the output power from the panel closely follows the maximum power cunep i s
the maximum power is obtained by applying a step change in the light iff&tyo 1000
W/m?). For both levels of light irradiance, the average voltage is about 16.9V, iferes

17.1 V. Again the average cell currents for the two light levels are 1.75 A and 3.5 A where the

Light
Inten=sity

Figure 4-5. MPPT for PV panel and Tracking Response
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values ofiscare 1.9 A and 3.8 A respectively giving a ratio close to 0.921. The PV panel
parameters and those of the MPPT circuit are given in Table 4.2 and Table 4.3and@
values are chosen as a compromise betwee settling time and ripple in outmet &ottacurrent.
4.5. Multilevel Inverter

The most important component of the WECS is the inverter. Unlike most of the existing
systems which use a two-level ) inverter, this scheme uses a three-leveV{g2, Vqo)
neutral-point-clamped (NPC) inverter. The line-to-line voltage thus hasefreés in it (O,
+V4d2, tV4e -Vad2, Vyc). Figure 4-6 shows two three-phase inverters, a three-level NPC inverter
and a conventional two-level inverter. Figure 4-7 gives the four gate pulgasafe A of the
NPC inverter. The pulses for the Qal and Qa3 are complementary and similsely fjoulQa2
and Qa4 are also complementary. Gate signal for Qa4 is 180° out of phase to that TdreQa
operation of the main switches Qal and Qa4 is similar to the two switches of onenghase
conventional inverter. The auxiliary switches Qa2 and Qa3 along with diodes DBh2aielp
to provide an extra level (midpoint) in the output. In the first half of the cycle, &# and
Qa2 is on, as can be seen from the gate pulses. During this period, when Qal is on, the phase
voltage isVyc and when Qa3 is closed, the phase A voltay§gd2. Figure 4-8 shows the line-to-
line voltages of a NPC inverter and a two-level inverter and also therefiltversion clearly
shows that NPC inverter’s output is less distorted. Even though both inverters haveethe sam
LOH (mx -4), the NPC inverter provides a lower THD, less than half to that of a two-level
inverter. The performance of the two inverters when feeding the rotor of@i®Eompared by
calculating their THD. It is found that the THD of the system with thegel inverter is 12.33 %
while the system with the two-level inverter have a THD of 24.8,% (600 Hz). For simple

resistive loads without any filter, the THD becomes 42 % and 91 % respectively.
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TABLE 4.2 PVPANEL PARAMETERS

Parameter Value Unit
No. of Cells 36 -
Standard Light Intensity 1000 Wim
Reference Temperature 25 °C
Series Resistance 0.008 Q
Shunt Resistance 1000 Q
Short Circuit Current 3.87 A
Saturation Current 21.6 nA
Band Energy 1.12 eV

TABLE 4.3 DLAR MPPTPARAMETERS

Parameter Value Unit
Inductancel 2 mH
CapacitanceC 0.2 uF
Proportional Constank, 0.01 -
Integral Constank; 10 -
Time Constanty 1 ms
Switching Frequencys, 10 kHz
Frequency of Extended Pulse 10 Hz
Duty Cycle of Extended Pulse 0.075 % -
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4.6. Inverter Controller

To adjust the rotor injection with changing wind speed, a controller is needed t contr
the injection voltage level and the injection frequency. Ref [51] compares threelifEontrol
schemes, i.e. slip control, flux magnitude and angle control (FMAC) and vectalctota
DFIG based WECS. Based on that analysis, it is found that slip and vector contri@rignbet
terms of robustness. The basis of vector control is to convert the three-phass tuodnio
phase currents in the direct and quadrature axes. It is easy to control thesedmns since they
are decoupled and can be controlled independently. While supplying the wind power to a load or
grid, three things must be ensured: (a) maximum power extraction from winakefuti)
constant stator voltage amplitude, and (c) constant stator frequency. Figure d-giveerter
controller used in the proposed system. It has two loops. The inner loops whichearediasbl
the rotor current and generate the control voltages for the inverter. In thieinthese voltages
are used to modulate the carrier signal in order to generate the gate @ukses the outer loop
controls the shaft torque and the other one controls the stator voltage. For flux-basegl rot
frames, real power is controlled by controlling the g-axis components andegamiver is

48



controlled by controlling the d-axis components [53]. The output of the controller depergs on t
converter size, stator to rotor voltage ratio and modulation factor of convagteD(fferent
parts of the controller are explained in the following sub-sections.
4.6.1. Torque control for maximum energy extraction from wind turbine
The torque or power controller is designed for tracking the maximum power point of the

turbine. It is done using the torque equation of a DFIG given in equation (2.9) which is

T, = KTopt- wrzn- (49)

The value oKrop for this particular generator, calculated using the rated values, is
3.8195% Nm/(rad/s§. Using the shaft speed of the generator, the reference torque is cdlculate
using (4.9). This torque reference is then compared to the actual machine torque.,la PSIM
torgue sensor is used to measure the actual torque and a PI controller, minimeizorgue
error, generates the g-axis component of the rotor current reference.virleathplementation,
the reference torque is used to calculate the g-axis component of the rotor r@ier@nce. The

electromagnetic torque of a generator is given by [7]

T, = BTP (isq - Asa — Usa -Asq) (4.10)
whereP is the number of machine poleg,andisq are the d- and g-axis stator current
components andsq andAgq are d- and g-axis components of stator flux linkage.

The stator currenigg andisq can be expressed in terms d- and g- axis components of

rotor currentsig; andig,) as

isa = (Asa = L -ira)/Ls (4.11)

isq = (Asq — Ly -irq)/Ls (412)
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where Lg, L; andL, are stator, rotor and mutual inductances of the generator respectively. So

equation (4.10) can be written as

3.P.L _ _
Te = Z—Lm (— lrq 'Asd + iq 'Asq)' (413)
~ s

Now the flux linkages can be written in terms of stator currents and voltages as

Asa = (vsq — Rs. isq)/ws (414)
Asq = (Vsq — Rs -isq)/ws (415)

where Rs andR; are the stator and rotor resistaneggs the stator frequency in rad/s argland
Vsq are the d- and g-axis stator voltage components. Substituting the values of flgrdimka

equation (4.13) and neglectiRy which is very small for DFIG, we have

3.P.Lpy

Te = 2 L (iT'd Vgq + irq .Usq). (416)
*HSs

The use of stator flux oriented reference frameggts 0. So equation (4.16) becomes

3.P.L,
Te = - Z—LSm qu .Usq. (417)

from which the g-axis current reference can be obtained as

 2.,.T,  20381.7,
fraref = T 37p L Vsq Vsq

(4.18)
The reference for g-axis rotor curreng) can be computed from (4.18) and compared
to the actuai,q [10]. The error signal is applied to the PI controller to generate the g-axis
component of control voltagec().
4.6.2. Constant stator voltage control
The d-axis part of the controller controls the stator voltage amplitude wdmcdhecdone

by adjusting the rotor injection voltage. The required rotor injection voltggean be computed

using the slipg) and stator voltage referendé,£y) from the following equation [19], [59]:
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i (4.19)

a

wherea is the stator to rotor turns ratio. A PI controller is used to control the statorevatdg
make it constant regardless of any change in the operating condition. The referenedue of
line-to-line stator voltage (208 V) is compared to the rms value of actudbHhinmees stator
voltage to generate the d-axis rotor current referangg) which is then used to contrig}. The
error signal itaret — irg) SetS the d-axis component of control voltagg).(An estimate of the

initial stator-voltage PI controller constants is made using the follovgjngt®ns [56]:

Lyt Ly
Kpdl - Lm W . T (420)
L+ L
T

Using an arbitrary closed-loop time-constantdf 10 ms and other machine parameters,
the constants jg andty are found to be 0.27 and 0.33 respectively.
4.6.3. Frequency control

The last component of the controller is the frequency controller which setedhneriicy
of the injected rotor voltage equal to the slip frequency. For a DFIG, the seafoencyff) is
equals the sum of the frequency at which the shaft rofatgs &nd the frequency of the injected
voltage asf()) [65]:

fs = fmecn + fsi- (4.22)

For both abc - dq0 or dqO - abc transformations, the slip frequency is used to edhaulat
angle. Thus the frequency of the injection voltages and currents generated byribleecang
equal tofs. So the system does not require any phase-locked-loop for measuring the stator o

rotor angle needed for Park’s transformation.
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All the parameters of the controller are specified in Table 4.4 and Table 4.5. The

generated signals from the controller will be obtained in the next section.

TABLE 4.4  INVERTERCONTROLLERPARAMETERS (D-AXIS)

Parameter Value Unit
Reference Stator Voltage Level 294 \%
Capacitance 0.01 uF
Proportional Constankyq: 1m -
Integral Constanq; 0.01333 -
Time Constantry: 75 ms
Proportional ConstanKq. 50 -
Integral ConstanKg, 10k -
Time Constantry, 5 ms

TABLE 4.5 INVERTERCONTROLLERPARAMETERS(Q-AXIS)

Parameter Value Unit
Optimum Torque CoeffKropt 3.8193 Nm/ (rad/sj
Proportional Constank,q 50 -

Integral ConstanKiq 10k -

Time Constantrg 5 ms

Cut-off Frequency of Filter 500 Hz
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4.7. Simulation Results

Figure 4-10 shows the schematic diagram of the system including atirtip®oents.
The controller is as it is in Figure 4-9. The simulation is actually done in Siknulth the
where the controller is implemented and the power circuit is implemented in BStiMof them
are integrated using SimCoupler block. The parameters of the wind turbine andereae
used for the simulation are given in Table 4.6 and Table 4.7. All other parameters hged in t
system are also given in Table 4.8. This section includes the simulatios t#shik complete
system.
4.7.1. System under normal operating condition

Figure 4-11 gives the line-to-line stator voltage of phase A for a wiretlsgfel 1 m/s. it
takes some time to build up the desired voltage level at starting, but once aclsistaiolét for
the rest of the time. The three-phase voltages and currents of the gesreralso given that is
fed to the three-phase load. Another simulation is run for the same system and unadeethe sa
operating conditions, but with a two-level inverter. The three-phase statagesltgiven in
Figure 4-12, clearly show that the output in Figure 4-11(b) is less distorted.

The zoomed in harmonic profiles of the stator voltage for both systems are shown in
Figure 4-13. For the system with NPC inverter, the THD calculated uSiig fér both the
voltage and current waveform is 2.14 % respectively, without any filter used iystkens as in
[57]. The THD can be lowered using higher switching frequency, higher load and highkeer
of levels in the inverter. The LOH appears at 54014z () with amplitude of 0.98 V only. The
harmonic with the highest amplitude is at 1260 Ha ® 1) with amplitude of 2.3 V, i.e. only
0.9 % of the fundamental voltage. The system with conventional inverter resulted a3

%, both being lower than the allowable limit of 5 %. The harmonic profile also centiren
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TABLE 4.6 WND TURBINE PARAMETERS

Parameter Value Unit
Nominal Output Power 20 kW
Base Wind Speed 12 m/s
Base Rotational Speed 100 rpm
Initial Rotational Speed 30 rpm
Moment of Inertia 2 kg.nt

TABLE 4.7 DFIGPARAMETERS

Parameter Value Unit
Stator Resistance 0.59 Q
Stator Inductance 35.81 mH
Rotor Resistance 3.39 Q
Rotor Inductance 19.894 mH
Mutual Inductance 1.104 H
Stator to Rotor Turns Ratio 1 -
No. of Poles 4 -
Moment of Inertia 0.05 kg.m

presence of sub-harmonics at 5 Hz of 1 V. The LOH is at 120 Hz with amplitude of 0.8 V and
the harmonic with the highest amplitude is at 1260 Hz with amplitude of 5.7 V (2.1 % of the
fundamental voltage). A similar system in [55], with 2-level inverter, gav&siD of 8.31 % and

also has harmonics higher than 3 % of fundamental voltage even after usingrdreguency
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of 10 kHz. Ref [67] presents a synchronous generator based WECS with 25-levetdascad
inverter that can achieve a THD of 1.5 % for an 11 kV output voltage but with LOH =3 (0.2 %
of fundamental amplitude).

TABLE 4.8  SYSTEM PARAMETERS

Parameter Value Unit
Three-Phase Load 100 Q
Gear Box Ratio 10 -
DC-Bus Voltage 2*100 \%
Switching Frequency 600 Hz

4.7.2. System operation with variable wind speed
Figure 4-14 shows the system response with a step change in wind spee(2Im/s t
m/s). The total simulation time is 8 seconds and the step in wind speed was applieshatd. se
The change in wind speed results in a change in generator speed from 1245 rpm to 1527 rpm.
The figure shows the waveforms at different points in the controller. Figure 4<bt(finms
that the rms value of the stator voltage is strictly constant at 208 V for all wiedssgagure 4-
14(d) shows the change in torque reference with wind speed, which sets a newgperati
for the system. Figure 4-14(c) and Figure 4-14(e) demonstrate that hovy thesedtor current
components follow their respective references. Figure 4-14(f) and Hglié&g) show the
waveforms of the injected rotor current and voltage. It can be seen that ttemijeequency
changes with wind speed from 9 Hz to 18.5 Hz to maintain a constant stator frequenéizof 60
Figure 4-15(a) gives the phase A stator voltage which is constant ebean step change

in wind speed (also verified in Figure 4-14(b) in terms of rms value). In Figure 4-i&lstator
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Figure 4-11. System Response under Normal Operating Condition

a) Phase A stator voltage, b) three-phase stator voltage, and c) three-pbasarséait
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Figure 4-12. System Response under Normal Operating Condition: Hhase-Stator Volta

with Two-Level Inverter

output power and the required injection power are sketched out. The stator power is constant

(433 W) throughout the time span since a fixed load is connected to the stator. For the wind

speed at 9 m/s, the power drawn from the rotor is about 12928 %) and for 11 m/s it is

about 82 W4 18.94 %). It shows that at high wind speeds, the generator takes less power from

rotor. This also verifies the statement that if the speed is in the range of + 30&4ated
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value, the converter rating can be as low as 20 ~ 30 % of the generator rating.
The system is also tested for voltage and frequency regulation when theisbind tvas
supplied with a set real wind data for North Dakota state [74]. The waveforms, slomnstgnt

stator voltage across a 2Zphase load, are given in Figure 4-16.

Vsab
10

0 500 1000 1500 2000
Frequency (Hz)

Figure 4-13. System Response under Normal Operating Condition: Harmoniie &fr&fiator
Voltage using a) Three-level NPC inverter, and b) two-level conventionatenver
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Figure 4-16. System Response to Real-Time Wind Speed
a) Wind Speed [74], and b) rms value of line-to-line stator voltage

4.7.3. System under variable load
Figure 4-16 shows the system response to variable load. The initial loadipthseeY -
connected resistive load of 10Q0per-phase. Another 10@ per-phase resistive load was
placed in parallel (total resistance = 8)phase) at = 2 seconds. At t = 4 seconds, an R-L load
of 1000Q2 and 100 mH per-phase was added in parallel. As expected, the stator voltage is almost
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a) Phase A stator voltage, b) phase A stator current, c) stator and rotor raalgmolnd stator
reactive power

constant, with a small dip of 0.14 pu at the time of switching, and the load current and power
goes up as the load is increased. Figure 4-16(d) shows the reactive power outpsysitthe
4.7.4. System under grid fault condition

Finally the system was tasted for a three-phase short circuit faaltodd was shorted
for about 110 ms. After the short was removed, it came to a steady state condition in absut 35
(Figure 4-17), much faster compared to 280 ms in Ref [56] and 100 ms in Ref [3]. The voltage,
speed and power waveforms in Ref [3] are given in Figure 4-18 for comparison.réamda

short circuit of 100 ms and during that time the stator voltage and power dropped to zero. It took

62



about 1.2 seconds for the power to reach its original value, whereas for the prop@sadrsyst

this study, this time was only 0.88 seconds. The system in Ref [3] also has a changeé in spe
about 0.07 pu, very high compared to the almost constant speed of the proposed scheme. The
voltage overshoot for the system in Ref [3] is about 1.5 pu, much higher compared to that of the

proposed system (1.1 pu).
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Figure 4-18. System Response to Three-Phase Short Circuit Fault
a) Short circuit signal, b) phase A stator voltage, ¢) phase A stator currgatetator speed,
and e) stator pow
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4.8. Conclusion

A simple and economical power converter system has been designed to exfraatehe
from wind turbine and feed either to the grid or to an isolated load. To reduce the power draw
by the rotor from the grid, an auxiliary source i.e. a PV panel has been inclubdedystem.
MPPT technique used for the wind turbine ensures high efficiency at all wind spdadsg
the power rating of the converter. The surplus power output from the PV panel, ibleyaisn
The source for the converter can be selected manually or based on the ayaifaPif power.
MPPT technique used for the wind turbine ensures high efficiency at all wind spdadsg
the power rating of the converter. The surplus power output from the PV panel, ibleyaisn
be stored in the battery for future use. The use of NPC inverter reduces tha fé3tator
voltage. Both the boost regulator and the inverter controller have good dyngpoicsesvith a
very low overshoot and a low settling time. This chapter presents a complete systgiew

proposed in this thesis with some supporting results obtained from simulation.
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CHAPTER 5. EXPERIMENTAL RESULTS

5.1. Introduction

This chapter presents the results of all experiments conducted to verifpplosgat wind
energy conversion system described in earlier chapters. The experamec#sried out with the
power circuits including the inverter in hardware and the generator. Insteadraf aurbine, a
DC motor is used here to run the DFIG. The control circuit is implemented in Simndrtke
interfacing is done using dSPACE controller board RT1104. First it is verifiethgnaonverter
in DFIG based WECS processes only the slip power and thus components with lovgezamatin
be used in the rotor circuitry. Then two- and three-level inverters supplying gtrase
resistive load have been compared. Similar comparisons are made watbhdhesrters feeding
the rotor of the DFIG. Finally the system is tested under variable-spedii@os to ensure its
frequency and voltage regulation.
5.2. Rotor Injection Power

The injected rotor power to the DFIG is equal to the product of the requiredpsiater
and the slipg) of the generator. So if the slip can be maintained to be less than 30 %, the rotor
power will also be low. So all the components used on the rotor side, like the conventer, filte
etc., can have lower ratings compared to the ratings of the converters useds syittte
synchronous generators. Table 5.1 and Table 5.2 validate the relation betwareansgtabtor
power from simulation and experimental respectively. For the experimetaabdahp DFIG is
used to supply a three-phase resistive load and a variable-frequency powe(3aM#APBX) is
used for rotor injection. The injection voltage and frequency are controlled maaiuditierent

speeds to get a constant frequency (60 Hz), constant voltage (80 V) stator output.
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TABLE 5.1

SATOR AND INJETEDROTORPOWER ATDIFFERENTWIND SPEEDS

(SIMULATION RESULT) —Vsanms= 120 V,R oaqg = 100Q

Wind Speed | Slip Stator Power | Rotor Power | Power Ratio
Vi (M/s) s(%) | Ps(W) Pr (W) P /Ps(%)
9 25 433 129 29
11 8.33 433 82 19
TABLE 5.2 SATOR AND INJETEDROTORPOWER ATDIFFERENTWIND SPEEDS

(EXPERMENTAL RESULT) — Vsanrms= 80 V, R 0ad = 22Q

Shaft Speed | Slip Stator Power | Rotor Power | Power Ratio
Npm (rpm) s(%) | Ps(W) P (W) Pr IPs(%)
1038 42.3 | 873 563 64.5
1176 34.6 873 387 44.3
1340 25.6 | 873 321 36.8

Different types of inverters are explained in Chapter 3. In Chapter 4, somlatsbn

5.3. Three- versus Two-Level Inverter

66

results are shown to verify that a multilevel inverter generates teavenonics by introducing
intermediate levels in output voltage. In this section the above statemenfiésivwesing
hardware experiments. The two-level inverter is implemented using IRAKQAGBB which
integrates the three-phase full bridge inverter and its gate drivessi( s rated at 600 V and
30 A, suitable for motor applications. For a three-level inverter, similaaiChe found only for

a maximum current of 2 A. So separate ICs, APTGF30TL601G and IRS 26310DJPbF, are used




as the power module and the driver respectively. APTGF30TL601G is a threegleiphase
IGBT bridge with high voltage and current ratings (600 V and 42 A at 25°C respectiMaige
of them are connected in parallel to the DC bus for three-phase output. No dedivaiedade
available for supplying gate pulses to the twelve switches of the thrddstalge supporting
such high voltage. So three IRS 26310DJPbF drivers, which are actually drivers fevéio-|
bridges, are used for supplying the three-level bridge. Figure 5-1 shows thetmndegram
of the NPC inverter circuitry using three APTGF30TL601G, three IRS 263Pdnd one
SN74LS04N, a hex logic inverter. Six of the triggering pulses, for the top two switcbash
phase, are generated using Simulink and the rest are obtained by inversion. @intreveacan
supply one signal per phase with isolated ground and its inverted one with respect ttethe sys
ground, one driver is used to supply the second and the fourth switch (the one with the common
ground) of all phases. The other drivers supply the first and the third switchebenitiverted
outputs left unused since their grounds are not isolated. Each driver supplies igenticall
positioned switches in all three-phases. Figure 5-2 and Figure 5-3 show therimadules.

Both inverters are tested under same input conditions. The DC bus voltage is setto 6 V
The frequency modulation indexy = 33 = 1980 Hz) and amplitude modulation index,=
0.8. The output waveforms of both inverters with their FFT are shown in Figure 5-4 and Figure
5-5. The NPC inverter has its LOHrat— 4, i.e. at 1740 Hz whereas the two-level inverter’s
output contains some sub-harmonics and other lower order harmonics resulting in abigh TH
and a high DF. Both inverters have the harmonic with highest amplitude -at12 i.e. 3900 Hz,
but the amplitude being 23 % and 36 % of fundamental amplitude for NPC and two-level
inverters respectively. Table 5.3 shows the results of THD and DF calculasceg@tiding the

sub- harmonics for both) showing a close agreement between the simulation andenxtpéri
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Figure 5-3. Power Module for Two-Level Inverter
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Figure 5-4. Waveforms of Three-Level NPC Inverter
a) Line-to-line output voltage/f), and b) fast Fourier transform (FFT)\af,

Figure 5-5. Waveforms of Two-Level Sine PWM Inverter
a) Line-to-line output voltage/f,) and b) fast Fourier transform (FFT)\&f,
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TABLE 5.3 THREE VERSUSTWO-LEVEL INVERTER WITHRESISTIVELOAD (fy; = 1980 Hz)

3-Leve Inverter | 2-Level Inverter
LOH m -4 my— 4
S | THD 42.2 % 91.9 %
_c_é DF 0.018 % 0.038 %
’ THD with filter (f. = 1000 Hz) | 10.7 % 23.7%
LOH m — 4 4
g
g THD 43.43 % 78.93 %
T DF 0.022 % 1%

results and also proves that for NPC inverter, not only the THD is 50% of the valusvtnr a
level inverter but also the DF is much lower. Figure 5-6 shows the inverter ougyyiassing
through a digital low-pass filter with a cut-off frequeny ¢f 1000 Hz which also proves

superior performance of the NPC inverter.

CH1 = oo S O000ms D =law: -1 2 OSms

Figure 5-6. Filtered Voltag€,, (f.= 1000 Hz) for Three-and Two-Level Inverters
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5.4. Performance of the WECS under Variable Wind Speed Condition

Figure 5-7 and Figure 5-8 show the complete experimental setup including both the
hardware and the dSPACE unit. The DFIG supplies a 3-phase resistive load haRiph@2
with the rotor injection coming from a Semikron three-phase inverter module. bagasthe
rechargeable batteries are replaced by a MASTECH DC power supply (50 V, Qa@lAlhe
stator voltage and frequency regulation are tested in the experimental setapst€he does not
use any filter in the rotor injection side, i.e. the rotor is being supplied diremthythe inverter
output. Only digital filters are being used at the output of the ADCs of the dSBA&d such
that the filtered signals are used by the controller. The speed data is feddattoéer
manually using dSPACE ControlDesk. The ControlDesk is also used to set the stadoicee
voltage and to view the stator, rotor and controller waveforms.

Figure 5-9 shows the performance characteristics of the WECS at varemas st gives
the stator voltages for three different speeds, 1020, 1210, and 1475 rpm. For all speeds, the stat
voltage is constant with a line-to-neutral rms voltage of 15 V (26 V linexorins). Figure 5-10
gives the harmonic profile of the stator output voltage showing that the harmorscgppressed
more at higher speeds and also sub-harmonics appear at lower speeds4Tsimes the
calculated THD and DF from both simulation and experiment using the two differertensve
and also some results of earlier research works for comparison. Ttie negunly prove that
the system provides about 50 % less distortion by adding just one more level in ttex invie
also gives better performance when compare to some existing systgans.3-iL1 gives the
stator voltage and rotor current of the WECS using the three-level inverter at 105thgpm
reason for its low voltage is that the maximum DC bus voltage and currentdmasdabéo 15 V

and 1 A, for the protection of the inverter module. Figure 5-12 shows the change atdhe st
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Figure 5-9. Stator Line-to-Neutral Voltage and its rms Value at
a) 1020 rpm, b) 1210 rpm, and c) 1475 rpm
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Figure 5-10. Fast Fourier Transform (FFT) of Stator Voltage at

a) 1020 rpm, b) 1210 rpm, and c) 1475 rpm

TABLE 5.4 WECSUSING THREE VERSUSTWO-LEVEL INVERTER

Proposed System (fyi =1980Hz) | System of Ref [55] | System of Ref [67]
3-Level Inverter| 2-Level Inverter (fyi = 10 kHz) (25-Level)

c LOH m-1 2 3 -

f_E THD | 1.44% 3.58 % 8.31 % -

'Ug) DF 0.0062 % 0.0753 % - -

o LOH m-2 6.7 - 3

_g THD | 9.08 % 16.13 % - 1.55%

cIU DF 0.0083 % 0.1015 % - -
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Figure 5-12.Vsanrmsat 1210 rpm with a Step-Input of 15 V to 20 V at Reference Voltage

output voltage for a change in the reference voltage from 15 to 20 V at 1210 rpm. Tanld 5.5
Figure 5-13 illustrate how the frequency regulation works at different spkedse speed goes
up, the injection frequency is expected to decrease maintaining a constarftet@ency of 60
Hz. The waveforms in the figure and the data in the table also verify tlemstat Finally, in

figure 5-14, the stator voltage is shown to maintain steadiness for various spaedsyehat
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the system output will be consistent under variable wind speed condition. The speed is dropped
from 1475 rpm to 1180 rpm resulting in a higher injection frequency and thus a lower injection
current. With a small disturbance, the rms value of the stator voltage aga&s dettin to the
reference point of 15 V. The machine parameters are listed in Table 5.6.

TABLE 5.5 FREQUENCYREGULATION AT VARIOUS WIND SPEED

Generator Speed | Mechanical | Theoretical Injected Rotor | Stator

Nm (rpm) Frequency | Slip Frequency | Frequency Frequency
fmech (HZ) fs (H2) fr (H2) fs(H2)

1020 34.00 26 26.1 60

1210 40.33 19.67 19.5 60

1475 49.17 10.83 10.8 60

Irin
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Figure 5-13. Frequency Variation of Injected Rotor Current with Speedtidaria
a) 1020 rpm, b) 1210 rpm, and c) 1475 rpm
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Figure 5-14. ConstaMsanms(15 V) with a Change in Speed (1475 rpm to 1180 rpm)

TABLE 5.6 MACHINE PARAMETERS OF THEDFIG

Rated Power 5 hp
Rated Speed 1725 rpm
Rated Voltage 220/440 \%
Stator Resistance 0.32 Q
Stator Inductance 1.19 mH
Rotor Resistance 0.36 Q
Rotor Inductance 1.34 mH
Mutual Inductance 39.46 mH
Stator to Rotor Turns Ratio 1.38 -
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5.5. Performance of the WECS under Variable Load Condition

Figure 5-15 gives the systems response under variable load condition at 1210 rpm.
Initially the load is a three phase resistive load with (22]|11) =(Y/@3ase. After some time the
11 Q load is removed from each phase resulting in a drop in the rotor current. But aier som

transient, the stator voltage settled down to its reference value of 15 V.

e : : : : : : : : : : reset/value
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Figure 5-15. ConstaMsanms(15 V) with a Step Change in Load (7 QBhase to 22/phase)

5.6. Conclusion

This chapter gives the experimental results obtained on the proposed WECS. The
hardware does not include all the aspects of the actual HRES especiallyRfiesktieme of
both wind and solar. It also uses the DC supplies and not rechargeable batteries ssigrthe
or solar power. But the controller provides a well regulated stator voltage anchitgquneler
variable-speed conditions. Also a harmonic analysis was carried out on the output and a

comparison between the two inverters and also with some previous works has been show
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CHAPTER 6. CONCLUSIONS

6.1. Summary of Presented Work

A new concept of HRES is presented in this thesis that includes wind and PV energy, but
the two sources do not just operate in parallel to feed the grid, like most ekiBliESs. The
WECS uses a DFIG whose rotor injection power is derived from two alternatesal@pending
on their availability. The rotor of the DFIG can be supplied either by a PV pabglthe stator.
This multi-input concept makes the system more flexible and reduces its dependangy on
single renewable source, whose availability is highly unpredictable. When ppBsllgpewer is
used for feeding the rotor and thus drawing no power from the stator, which incressgstéim
efficiency. Then in the absence of the sunlight, a small fraction of the gtater is used by the
rotor. The system can supply the load even in case of low wind speeds using only the PV power,
since under that condition the generator acts as a regular transformer.

For drawing power from stator, a simple diode rectifier is used to convert tipewWwer
to DC avoiding the complications of using a PWM rectifier and its controller. Thedtages
from both the sources are maintained constant using boost regulators at a levatahes tine
voltage of the battery which actually provides a constant bus voltage to theinVae boost
regulator fed by the PV panel also extracts the peak power available frooméheTjee core
component of this work is the inverter and its controller. For lowering the harmotadidrs, a
three-level neutral-point-clamped inverter has been used. Although it incrieasesrplexity
and cost of the converter, it makes the system suitable for high power and high spftgns
where a reduced distortion is worth implementing the scheme. Compared tcsting gaawer

converters used for a DFIG based WECS, i.e. a back-to-back PWM converter witdpawats
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controllers, this concept uses a diode rectifier and an inverter with only omelleorior the
inverter. The rectifier controller is completely replaced by a bogsiator that is much easy to
implement and also cost effective. All other parameters like, the real atidegrawers and the
stator voltage and frequency are controlled using the inverter controlleroiitreller also
ensures the MPPT of wind power providing high conversion efficiency over a wide range of
wind speeds. The system is tested in a PSIM-Simulink based environment for wanmable
speeds and load and three-phase short circuit fault where it demonstrateg@odeapd fast
performance. The controller developed using PSIM is also used for running thienexper
Compared to similar systems presented earlier, the proposed systenbeffer power
guality without using costly and bulky power filters. The system does not use any lobleup ta
for wind MPPT and also no phase-locked loop is implemented for angle measurement. The
digital environment makes it easy to control, adjust controller paranaetérset references for
stator output.
6.2. Scope for Future Research
The aspects not included in the presented system that can be taken care of ueder futur

research are:
o Operation at super-synchronous speeds (speeds higher than synchronous speed), where

rotor power can be used to feed grid along with stator power and higher syfsteanaf

can be achieved. This concept needs a back-to-back converter connected to thehmtor of

generator to allow bidirectional power flow. Again a multilevel back-td«lzaniverter can

be used for better power quality.
. Blade pitch angle control can be tried for extracting rated power from Theukving at

super-synchronous speed.
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The system fails to maintain a constant stator voltage for an unbalanced logdiaeaen
faults since the controller works only on one line-to-line voltage. All the three phase

be considered in developing the voltage feedback.

Use of PID controller can further improve the transient response of the system.

The system is currently designed to supply an isolated load. Grid integration can be
considered that needs synchronization of the machine voltages and the grid vaoitdges. |

case of grid connected systems, the power factor or the reactive power candikedontr
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