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Abstract: As the conventional sources are limited, world has
to move towards new sources of energy and they are renewable
sources like wind, solar etc. Wind technology has been started
many years ago, as it is clean and free energy source worldwide.
In this paper the variable wind turbine, how they interface with
power electronics and with interface and different control
techniques of wind able to reduce fluctuations in variable speed
wind turbine, sinusoidal electrical energy to be penetrated in to
the load/grid. This paper discuss the most emerging renewable
energy source, wind energy, which by means of power
electronics is changing from being a minor energy source to be
acting as an important power source in the energy system. By
that wind power is also getting an added value in the power
system operation [2].

Keywords: Wind Generator, SPWM, HCC, SVPWM Power
Quality, PSIM

l. INTRODUCTION

Due to the increasing demand on electrical energy and
environmental concerns, a considerable amount of effort is
being made to generate electricity from renewable sources
of energy. The major advantages of using renewable
sources are abundance and lack of harmful emissions.
Wind is one of the most abundant renewable sources of
energy in nature. The wind energy can be harnessed by a
wind energy conversion

System (WECS) composed of a wind turbine, an electric
generator, a power electronic converter and the
corresponding control system [4].

In classical power systems, large power generation plants
located at adequate geographical places produce most of
the power, which is then transferred towards large
consumption centers over long distance transmission lines.
The system control centers monitor and control the power
system continuously to ensure the quality of the power,
namely the frequency and the voltage [2]. Energy storage in
an electricity generation and supply system enables the
decoupling of electricity generation from demand. In other
words, the electricity that can be produced at times of either
low-demand low-generation cost or from intermittent
renewable energy sources is shifted in time for release at
times of high-demand high-generation cost or when no
other generation is available [3].
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The continued growth and expansion of the wind power
industry in the face of a global recession and a financial
crisis is a testament to the inherent attractiveness of the
technology. Wind energy is a prominent area of application
of variable-speed generators operating on the constant grid
frequency. Wind energy is now firmly established as a
mature technology for electricity generation and over
13,900 MW of capacity is now installed, worldwide. It is
one of the fastest growing electricity generating
technologies [1].

1. WHY INVERTERS IN WIND TURBINE?

In this paper, will first discuss the why and where
inverters used in wind turbine. The use of Variable-speed
wind turbines in recent years progressed. Variable-speed
operation can only be implemented by dissociate the
electrical grid frequency and mechanical rotor speed. To
such end connection power-electronic inverters are used as
interface such as an ac—dc-ac inverter combined with
advanced control systems. Pulse Width Modulation
variable speed drives are tremendously applied in many
new industrial applications that require superior
performance. Variable voltage and frequency supply to ac
drives is obtained from a three-phase voltage source
inverter. A number of Pulse width modulation (PWM)
schemes are used to obtain variable voltage and frequency
supply. The most widely used PWM schemes for three-
phase voltage source inverters are carrier-based sinusoidal
PWM, Hysteresis type modulation and space vector PWM
(SVPWM).Simulation results are obtained using P-SIM [1].

BOOST PWT
| crorrm j mmrm}zm‘m‘
'
CONTROLLER,

Figure 1 Wind Energy Conversion System
The control of the grid-side converter is simply just
keeping the dc-link voltage fixed. Internal current loops in
both converters are used which typically are linear PI-
controllers, As shown in fig.1.There are two basic two
types of wind turbines. 1 .Fixed Speed Wind Turbines
2. Variable Speed Wind Turbines
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I. Fixed Speed Wind Turbines

A fixed speed turbine consists of a rotor and a squirrel cage
induction generator, connected via a gearbox. The generator
stator winding is connected to the grid. The generator slip
varies with the generated power, so the speed is not, in fact,
constant; how- ever, as the speed variations are very small
(just 1-2%), it is commonly referred to as a 'fixed speed'
turbine. A squirrel cage generator always draws reactive
power from the grid, which is undesirable, and reactive
power is compensated by capacitor as shown in fig.2 [5]
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induction

generator
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Figure 2.Fixed speed wind turbine system
Vestas and Nordic Wind power supply a variation of this
design, the semi-variable speed turbine, in which the rotor
resistance of the squirrel cage generator can be varied
instantly using fast power electronics. So far, Vestas alone
has succeeded in commercializing this system, under the
trade name OptiSlip®. A number of turbines, ranging from
600 KW to 2.75 MW, have now been equipped with this
system, which allows transient rotor speed increases of up to
10% of the nominal value. Variable speed wind turbines
have progressed dramatically in recent years. Variable speed
operation can only be achieved by decoupling electrical grid
frequency and mechanical rotor frequency. To this end,
power electronic converters are used, such as an AC-DC-AC
converter combined with advanced control systems [5].
A squirrel cage induction generator has a principal
characteristic that it always consumes reactive power. To
establish the rotating magnetic field of the stator, reactive
power must be supplied from the network to the stator
winding of the induction generator. In most cases, this is
undesirable, particularly for large turbines and weak grids.
Therefore, the reactive power consumption of the squirrel
cage induction generator is nearly always partly or fully
compensated by a capacitor bank to achieve a power factor
close to one in the steady state. As a result, during load
flow calculation this reactive power, Qc, supplied by the
capacitor bank should be considered system including a
wind turbine generator system (WTGS) that can be used for
load flow study. [26].

I1. Variable Speed Wind Turbine

Alternatively, variable speed configurations provide the ability
to control the rotor speed. This allows the wind turbine system
to operate constantly near to its optimum tip-speed ratio. The
following advantages of variable-speed over constant-speed
can be highlighted: [27]

I. the Annual Energy Production (AEP) increases because the
turbine speed can be adjusted as a function of wind speed to
maximize output power. Depending on the turbine
aerodynamics and wind regime, the turbine will on average
collect up to 10% more annual energy. [27]
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I1. The mechanical stresses are reduced due to the compliance
to the power train. The turbulence and wind shear can be
absorbed, i.e., the energy is stored in the mechanical inertia of
the turbine, creating a compliance that reduces the torque
pulsations [27].

I11. The output power variation is somewhat decoupled from
the instantaneous condition present in the wind and
mechanical systems. When a gust of the wind arrives at the
turbine, the electrical system can continue delivering constant
power to the network while the inertia of mechanical system
absorbs the surplus energy by increasing rotor speed [27].

IV. Power quality can be improved by reduction the power
pulsations. The reduction of the power pulsation results
decreases voltage deviations from its rated value in the point
of common coupling (PCC). This allows increasing the
penetration of the wind power in the network [27].

Three Winding
Transformer

Figure 3.Variable speed wind turbine system (DFIG)

Wind energy has matured to a level of development where
it is ready to become a generally accepted utility generation
technology. Wind-turbine technology has undergone a
dramatic transformation during the last 15 years, developing
from a fringe science in the 1970s to the wind turbine of the
2000s using the latest in power electronics, aerodynamics,
and mechanical drive train designs. In the last five years,
the world wind-turbine market has been growing at over
30% a year, and wind power is playing an increasingly
important role in electricity generation, especially in
countries such as Germany and Spain. The legislation in
both countries favors the continuing growth and installed
capacity wind power is

quite different from the conventional electricity generation
with synchronous generators. Further, there are differences
between the different wind-turbine designs available in the
market. These differences are reflected in the interaction
of wind turbines with the electrical power system. An
understanding of this is, therefore, essential for anyone
involved in the integration of wind power into the power
system [3]. Moreover, a new technology has been developed
in the wind- power market introducing variable-speed
working conditions depending on the wind speed in order
to optimize the energy captured from the wind. The
advantages of variable-speed turbines are that their annual
energy capture is about 5% greater than the fixed-speed
technology, and that the active and reactive powers
generated can be easily controlled. There is also less
mechanical stress, and rapid power fluctuations are scarce
because the rotor acts as a flywheel (storing energy in
kinetic form). In general, no flicker problems occur with
variable-speed turbines.
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Variable-speed turbines also allow the grid voltage to be
controlled, as the reactive-power generation can be varied.
As disadvantages, variable-speed wind turbines need a
power converter that increases the component count and
make the control more complex. The overall cost of the
power electronics is about 7% of the whole wind turbine [3].

. CURRENT WIND-POWER TECHNOLOGY

1) Variable-Speed Concept Utilizing Doubly Fed
Induction Generator (DFIG): In a variable-speed turbine
with DFIG, the converter feeds the rotor winding, while the
stator winding is connected directly to the grid. This
converter, thus decoupling mechanical and electrical
frequencies and making variable-speed operation possible,
can vary the electrical rotor frequency. This turbine cannot
operate in the full range from zero to the rated speed, but
the speed range is quite sufficient. This limited speed range
is caused by the fact that a converter that is considerably
smaller than the rated power of the machine is used. In
principle, one can say that the ratio between the size of
the converter and the wind-turbine rating is half of the
rotor-speed span. In addition to the fact that the converter is
smaller, the losses are also lower. The control possibilities of
the reactive power are similar to the full power-converter
system. For instance, the Spanish company Gamesa
supplies this kind of variable-speed wind turbines to the
market [3].

The forced switched power-converter scheme is shown

in Fig.3.The converter includes two three-phase ac—dc
converters linked by a dc capacitor battery. This scheme
allows, on one hand, a vector control of the active and
reactive powers of the machine, and on the other hand, a
decrease by a high percentage of the harmonic content
injected into the grid by the power converter.
2) Variable-Speed Concept Utilizing Full-Power
Converter: in this concept, the generator is completely
decoupled from the grid [3] [5]. The energy from the
generator is rectified to a dc link and after is converted to
suitable ac energy for the grid. The majority of these wind
turbines are equipped with a multi-pole synchronous
generator, although it is quite possible (but rather rare) to
use an induction generator and a gearbox. There are
several benefits of removing the gearbox: reduced losses,
lower costs due to the elimination of this expensive
component, and increased reliability due to the elimination
of rotating mechanical components. Enercon supplies such
technology.

Figure 4 Variable Speed concepts using full power
converter

Fig.4 shows the scheme of a full power converter for a wind
turbine. The machine-side three-phase converter works as
a driver controlling the torque generator, using a vector
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control strategy. The grid-side three-phase converter
permits wind- energy transfer into the grid and enables to
control the amount of the active and reactive powers
delivered to the grid. It also keeps the total-harmonic-
distortion (THD) coefficient as low as possible, improving
the quality of the energy injected into the public grid. The
objective of the dc link is to act as energy storage, so that
the captured energy from the wind is stored as a charge in
the capacitors and may be instantaneously injected into the
grid. The control signal is set to maintain a constant

reference to the voltage of the dc link Vg 37—
Different control methods of Inverter used in wind
Turbine.

e SPWM [Sinusoidal pulse width modulation]

e  Hysteresis Current Controller

e SVPWM [space vector pulse Width modulation]

— Sinusoidal Pulse Width Modulation in Inverters

Switching
logic

o

iy Current
controller

— =
Current 5
controller a,b,c

NN

Carrier wave

comparator

Figure5Sinusoidal PWM, current control and switching
logic.

Three-phase reference voltages of variable amplitude and
frequency are compared in three separate comparators with
a common triangular carrier wave of fixed amplitude and
frequency (figure). Each comparator output forms the
switching-state of the corresponding inverter leg [Dub 89],
[Leo 85]. In torque controlled ac motor drives using

sinusoidal PWM, the reference voltages (u , u,, u ) are

usually calculated by an additional current control loop
(FOCQ). [6]

As shown in figure 6, a saw-tooth- or triangular-shaped
carrier wave, determining the fixed PWM frequency, is
simultaneously used for all three phases. This modulation
technique, also known as PWM with natural sampling, is
called sinusoidal PWM because the pulse width is a
sinusoidal function of the angular position in the reference
signal.
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Figure 6 Principle of sinusoidal PWM generation
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Since the PWM frequency, equal to the frequency of the
carrier wave, is usually much higher than the frequency of
the reference voltage, the reference voltage is nearly
constant during one PWM period T, This

approximation is especially true considering the sampled
data structure within a digital control system. Depending on
the switching states, the positive or negative half dc bus
voltage is applied to each phase. At the modulation stage,
the reference voltage is multiplied by the inverse half dc
bus voltage compensating the final inverter amplification of
the switching logic into real power supply 6].

Vsine

- Vm,tri
— Vm,sine

Vtri*"/'

e +Vdc

— -Vdc

Figure 7 PWM for Inverter Single Phase

Output voltage from an inverter can also be adjusted by
exercising a control within the inverter itself. The most
efficient method of doing this is by pulse-width modulation
control used within an inverter. In this method, a fixed dc
input voltage is given to the inverter and a controlled ac
output voltage is obtained by adjusting the on and off
periods of the inverter components. This is the most
popular method of controlling the output voltage and
this method is termed as Pulse-Width Modulation
(PWM) Control.
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Figure 8.Actual Waveforms in P-sim single phase

Thed)
Figure 9.waveforms for three phases in P-sim(a)
generator output(b)inverter output current (c) three
phase voltage of inverter (d) power factor of load
Hysteresis PWM current controller
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Hysteresis current control is a PWM technique, very simple
to implement and taking care directly for the current
control. The switching logic is realized by three hysteresis
controllers, one for each phase (figure 11). The hysteresis
PWM current control, also known as bang-bang control, is
done in the three phases separately. Each controller
determines the switching-state of one inverter half-bridge
in such a way that the corresponding current is maintained
within a hysteresis band Ai [6].Conventional hysteresis
current control operates by comparing a current error (i.e.
the difference between the demanded and the measured
phase current) against fixed hysteresis bands. When the
error exceeds the upper hysteresis band, the inverter output
is switched low, and when the error falls below the lower
hysteresis band, the inverter output switches high. This
process is illustrated in Figure 11, and is usually
implemented using two level switching so that each phase
leg output is the mirror image of the other.
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Figure 11.Wave forms of HCC
In HCC technique the error function centered in a preset
hysteresis band. When the error exceeds the upper or lower
limit the hysteresis controller makes an appropriate
decision to control the error within the preset band and send
the pulses to VSI to produce the reference current as shown
in fig.11.[6]
It generates the PWM Pulses as it touches the upper and
lower hysteresis band.
e  Working of HCC
In general, the output voltage expression can be written as
follows

TEaw Loy Lo
ciET

L]
o= =p oom =g | g

di,
f'.l+€

o = Ri L
o ds

BT

........... ()

The output voltage and current can be decomposed into the
Average (averaged over one switching cycle) and ripple
components as follows

rl-';'T.' = rE;.'AT.' + ;E;.'JT.'
i,= i3,
e
For the current, the average value is equal to the reference

and the ripple component is equal to the error component.
If (2) substituted into (1), then the following is obtained

_ I d, . -
U, +7, =R{i;+53]+£an’f‘ +1)+e

............. (3)

As the average and ripple components on the left-hand and
Right-hand sides of (3) must be equal, the following
Equations can be obtained

b i L ~a
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- . dif,
T = RiJ + Ld—:+ ¢

- o d;g
Ty = Rip + IE

.............. )
The ripple voltage drop across the load resistance R~ io is
Usually small and can be neglected and, hence, (4) can be
simplified into

Buw = L2
. Q)
Thus, the output current ripple can be calculated as follows
i :%' Bde — %l (w0 — B0 )de

....... (©)

The average value of the output voltage can be assumed to
Vary sinusoidally at the fundamental output frequency

T, = V,,sinfl = EE sin
...... @)

Where k ¥4 VVm/Ed is the modulation index.

When the transistors Qland Q4 receive ON signals, a
Positive output voltage is produced, vuv ¥ Ed. This ON
Period lasts until the output current error reaches the upper
Hysteresis limit. Thus, during the ON period, the current
error is changing from 2h to ph. Based on (6), the following
Expression can be obtained.

E,=a
A= % Ton — &
e (8)
Where TON is the ON period of switches Qland Q4. Based
on (8), the ON period can be obtained as follows
2581

Ton = E T
d = Y

)
During the OFF period, that is, when transistors Qland Q4

receive OFF signals (transistors Q2and Q3 receive ON
signals), the output voltage is negative, Vuv ¥ Ed. During
this period denoted by TOFF, the current ripple changes
from h to 2h, that is
% Topr + 5

. (10)
Based on (10), the OFF period can be calculated as

—-h=

2AL
'Ed. + ;L:uil

(1)
Based on (9) and (11), the switching period can be

calculated as

TDFF =

AE L
(Ed - ;L;uilj(Ed +9 1

w

T=Toxn+Torr =

... (12)
By using (8) and (12), the switching frequency can be
obtained as

1 E
"= = () (1= Asin A)(1 + Asin )
POT \4AL

....... (13)

The average switching frequency over one fundamental
period is
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S =L (15)

Is the maximum switching frequency? The rms value of the

current ripple is constant at

Ira:;zt' = "59"..'\';5
................ (16)

Under a hysteresis current controller, the output current
ripple is constant but the average switching frequency
varies with the modulation index. The average switching
frequency will be maximum when the modulation index is
zero.

— Simulation Results in PSIM
environment:-

Load side current waveforms for each phase

150K

Tims (5}

me MR MR LA L
i

i i) m il il an fi
)

Figure 12.HCC waveforms in PSIM (a) Generator
Output (b) with inverter control —single phase (c) power
factor (d) load voltage
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Individual waveforms from load side

Figure 13.Actual Wave form- 3 phase HCC in P-SIM

V. SPACE VECTOR (SVPWM)

Space Vector Modulation (SVM) was originally
developed as vector approach to Pulse Width Modulation
(PWM) for three phase inverters. It is a more sophisticated
technique for generating sine wave that provides a higher
voltage to the load with lower total harmonic distortion.
The main aim of any modulation technique is to obtain
variable output having a maximum fundamental component
with minimum harmonics. Space Vector PWM (SVPWM)
method is an advanced; computation intensive PWM
method and possibly the best techniques for variable
frequency drive application [11].

A space vector PWM

The circuit model of a typical three-phase voltage
Hysteresis Current Controller Power Circuit (HCC)_ source PWM inverter is shown in Figure-14. Sl to SB are the
) six power switches that shape the output, which are

Hysteresis (bang-bang) Comparator . . .
@ controlled by the switching variables a, a’, b, b’, ¢ and ¢’.
®Vm When an upper switch is switched on, i.e., when a, b or ¢ is
] 1, the corresponding lower transistor is switched off, i.e.,
Vupper } — (Dhvour the corresponding a’, b* or ¢’ is 0. Therefore, the on and off
Vipwers 2 Tl states of the upper switch Sl, S3 and S5 can be used to
= determine the output voltage. SVPWM is a different
- approach from PWM modulation based on space vector
= ? representation of the voltages in the a-p plane. The a-f

= components are found by Clark’s transformation. Space

. Vector PWM (SVPWM) refers to a special switching

HCC Waveform for 1-phase:- sequence of the upper three power transistors of a three-

phase power inverter. It has been shown to generate less

harmonic distortion in the output voltages and/or currents

applied to the phases of an AC motor and to provide more

efficient use of dc input voltage. Because of its superior

performance characteristics, it has been finding widespread
application in relcent years [11].

HCC Waveform for 3-phase:- |

= N
a
AC 1o
Source
N A

Diode Bridge | DC-link
Rectifier Capacitor

Three phase inverter

Figure 14.Tree phase voltage source inverter
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V. PRINCIPLE OF SPACE VECTOR PWM VI. SIMULATION OF SVPWM IN PSIM

As illustrated in Fig. 14, there are eight possible
combinations of on and off patterns for the three upper
power switches. The on and off states of the lower power
devices are opposite to the upper one and so are easily
determined once the states of the upper power transistors
are determined. According to equations and, the eight
switching vectors, output line to neutral voltage (phase
voltage), and output line-to-line voltages in terms of DC-
link V dc, are given in Table 4 and Fig. 31 shows the eight
inverter voltage vectors (VO to V7). [20].

The relationship between the switching variable vector
[a, b, c]' and the line-to-line voltage vector is given

Fig 17 single phase waveform (a) without inverter
~ control (b) with inverter control-SVPWM

[ Vab Vbe Vea ]t by eq in the following:

b, 1 -1 07ra
[‘:.,-"bc]_ Vdc 0 1 _ 1 [b] ..................... 17)
Vca -1 0 1 c

Also, the relationship between the switching variable vector
[a, b, c]' and the phase voltage vector

[ Vab Vbe Vea ]t can be expressed below. -

BI=Vde[ 2 —1 1@ (18) -
F’bc] -1 2 -1 [b _ o
Vea 1 -1 21l Figure 18 output current and voltage-3 phase

—> Conclusion

After study of these kinds of variable speed wind turbines,
and how the control techniques actually work on power

» Output voltages of three-phase inverter (3)
* The eight inverter voltage vectors (Vg to V5)

T electronic interface shows really interesting results. All the
vesoo 1 = |+ vi=ron b 1 PWM methods mentioned in this paper are far best for
I EAE; R wind turbines to reduce THD and to produce sinusoidal
electrical energy.
T [ As study reveals Space vector PWM generates less
verin o = Ve o o harmonics distortion in current or voltage in comparison
; ; ; with sine PWM.
Space vector provides more efficient use of supply voltage
— T 1 | in comparison with Sine PWM.
Vy=[011 1/ +— t— Vs=[001] — $— S|ne PWM ) o .
i Pl » Locus of the reference vector is the inside of a circle
with radius of 1/2 V4
— T T — T 1 Space vector PWM
veron | L - Vet ﬁ r [ » Locus of the reference vector is the inside of a
: circle with radius of /73 Vac
. o Voltage Utilization: Space Vector PWM = 2/\3 times of
Figure 15.Sequences of switching states [20] Sine PWM.
Voltage Switching Vectors Line to neutral voltage Line to line voltage
Vectors
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