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ABSTRACT

As the title of this dissertation indicates, variable-speed wind turbines are
equipped with special synchronous generator drives which can run at any speed apart
from their rated synchronous speed. This can be achieved with the help of fhe field rotor
excitation control system of the generator which adapts the rotational speed of the wind
turbine rotor (or the generator rotor, since there is no gearbox) to the wind speed over a
relatively wide speed range, so as to produce a variable frequency voltage waveforms.
But the electrical system should have a fixed frequency which should be equal to the
grid frequency for the system to run in synchronism with the grid. A generator drive
connecting a variable-speed mechanical system with a fixed frequency electrical system
must therefore contain some kind of a slip or decoupling mechanism between the two |
systems for the variable speed operation to be possible. This mechanism is provided by
the rectifier and the inverter circuit block in the present work. The main principle of this
block is to convert the variable frequency (due to the variable speed) into a fixed
frequency by rectifying and then inverting to a desired frequency:

In wind turbine technology, the doubly-fed induction generator drive (Type C)
and the full load converter connected generator drive (Type D) are the two most
ffequently applied variéble speed generator drive concepts. There are also other
variable-speed generator drive types, but they are currently not generally applied in wind
turbines. It would probably also be possible to use written pole synchronous generators
as a way of obtaining {/ariable—speed capability in a generator drive [23].

The Type D variable-speed generator drive which is selected in this dissertation,
consist of a traditional synchronous generator combined with power electronics to
provide the slip or decoupling mechanism as said before. This configuration is relatively .
simple to implement and has many advantages over the only other configuration, i.e.,
Type C where a doubly fed induction generator is used. |

As far as the computer simulation is concerned, as yet, most simulation programs
do not include such models as standard. There may be standard models of the individual
components (i.e. generators, excitation system, comparators, pulse generators and

universal bridge blocks) but they are not integrated into a unified model needed in a
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universal bridge blocks) but they are not integrated into a unified model needed in a
variable-speed generator drive. Hence, in the present work, a synchronous generator
model, an IEEE Type 1 excitation system model, a vbltage comparator model which is
used in the control system to produce required gate pulses for the inverter to generate a
frequency of 50 Hz; a pulse generator and the universal bridge blocks of MATLAB/
Simulink environment have been used.

» To briefly explain the concept, the output of this gearless variable speed
synchronous generator will be given to the frequency converter to convert variable
frequency into a fixed frequency. In this context, it is made sure that the generator
always produces the EMF even at other speeds other than the synchronous speed. The
other speeds are the different wind speeds. This has been achieved by controlling the
excitation system of the generator to produce variable flux linkage corresponding to the
speed of the generatdr at that particular time for the purpose of maintaining constant
magnitude output voltage waveform. The control is done by the feedback circuit which
feeds back the voltage components V4 and V, to the excitation system and the control
S_ystem present in the excitation system does the rest of the work. .

The effort has been put to build the rest of the components required to make the
full system and integrate these individual components into a unified model with the
ﬁécessary internal control systems needed in a variable-speed generator drive by givihg
well-fit appropriate specifications. Later, this modeled and integrated experimental set
hp is connected to a 10000 MVA, 230 kV grid through a 2.35 MVA transformer and a
100 km transmission line. The loads have been connected and then the model has been
simulated to produce very good results.

The grid power quality of these variable speed wind turbines is an inherent
advantége of variable speed operation. Hence, the power quality is maintained in the
sYStem itself eliminating the need for installing new PE devices directly saving the cost.

Later the system protection studies through fault analysis are also‘ done to check
thp system’s performance under those faulted conditions and almost perfe@t results have

been produced.
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CHAPTER 1
INTRODUCTION

1.1 Overview

This introduction chapter briefly introduces everything about variable speed
generation which include the recent advances of wind turbine generation, introduction to
variable speed wind turbines, generator drives etc. The advantages of variable speed wind
turbine-generator drives over fixed speéd drives have been highlighted. In addition to
this, the variable power control concepts of variable speed drives have been explained.
Various configurations of wind turbines used and suitable generator drives for those
turbines have been introduced. Comparison of the two variable speed designs and types

of installations has also been touched.

1.2 Recent advances in wind power generation

The development of wind turbine power generation has grown during the past ten
years. The global market for the electrical power produced by the wind turbine generator
(WTG) has been increasing steadily, which directly pushes the wind technology into a
more competitive arena. Recently, there have been positive trends shown by the utilities
to offer renewable energy to customers. Many customers who are environmentally
conscious now have the option of subscribing to clean energy such as wind energy from
the power provider. The European market has shown an ever-increasing demand for wind
turbines [8].

Variable-speed wind turbine generation has been gaining momentum, as shown

by the number of companies joining the variable-speed WTG market.

1.3 Variable speed wind turbines

During the past few years the variable-speed wind turbine has become the
dominant type among the installed wind turbines.

Variable-speed wind turbines are designed to achieve maximum aerodynamic
efficiency over a wide range qf wind speeds. It has become possible continuously to

adapt (accelerate or decelerate), the rotational speed @ of the wind turbine to the wind



speed v, with a variable-speed operation. To achieve that, the tip speed ratio 4 is kept
constant at a predefined value that corresponds to the maximum power coefficient.

The electrical system of a variable-speed wind turbine is more complicated than
that of a conventional fixed speed wind turbine. It is typically equipped with an
induction or synchronous generator and connected to the grid through a power
converter. The power converter controls the generator speed, i.e., the power fluctuations
caused by wind variations are absorbed mainly by changes in the rotor generator speed
and consequently in wind turbine rotor speed.

The advantages of variable-speed wind turbines are an increased energy
capture, improved power quality [5] and reduced mechanical stress on the wind
turbine. The disadvantages are losses in power electronics, the use of more components

and increased cost of equipment because of the power electronics [1].

1.4 Various configurations of wind turbines

There are four typical wind turbine configurations which are shown in Fig 1.1.
They are classified as Type A, Type B, Type C and Type D conﬁguraﬁons.

The Type A configuration denotes the fixed-speed wind turbine. It consists of a
rotor with an asynchronous squirrel cage induction generator (SCIG) with a gearbox
connected to the grid via a transformer. 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. However, 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, especially in weak networks. The reactive
power consumption of squirrel cage generators is therefore hearly always compensated
by capacitors.

The Type B configuration corresponds to the limited/ semi-variable speed wind
turbine. Vestas and Nordic wind power supply a variation of this design, 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.
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Fig 1.1 Typical wind turbine configurations [1]



All the configurations have been shown in fig 1.1 where Type A and Type B
configurations have already been discussed. Type C and Type D configurations are the
variable speed configurations. The Type C configuration is known as the doubly fed
induction generator (DFIG) concept and the Type D configuration corresponds to the
variable speed wind turbine, with the generator connected to the grid through a fuli-scale
frequency converter. In a variable speed turbine with doubly fed induction generator, the
converter feeds the rotor winding, while the stator winding is connected directly to the
grid. The electrical rotor frequency can be varied by this converter, thus decoupling
mechanical and electrical frequency and making variable spéed operation possible. In a
variable speed turbine with direct drive synchronous generator, the generator and the grid
are completely decoupled by means of a power electronic. converter, also allowing
variable speed operation. The frequency converter performs the reactive power
compensation and the smoother grid connection. The generator can be excited electrically
[wound rotor synchronous generator (WRSG))]. The other generators which can be used
for Type D configuration are wound rotor induction generator (WRIG) and permanent
magnet synchronous generator (PMSG). Some full variable-speed wind turbine systems
have no gearbox (see the dotted gearbox in Fig 1.1). In these cases, a direct driven multi

pole generator with a large diameter is used [1].

1.5 Fixed vs. Variable speed turbines

The advantage of a fixed speed turbine is that it is relatively simple and therefore
the price tends to be slightly lower. These turbines have to be more mechanically robust
than other designs, because of the higher structural loads involved and since the rotor
speed cannot be varied, fluctuations in wind speed translate directly into drive train
torque fluctuations. Depending on the strength of the grid connection, the resulting power
fluctuations may result in grid voltage fluctuations, which can cause unwanted
fluctuations in bulb brightness, the phenomenon commonly known as flicker.

The advantages of variable speed turbines are that they generate more energy for
a given wind speed regime, and that the active and reactive power generated can be easily
controlled. There is also less mechanical stress, and rapid pdwer fluctuations are scarce,

because the rotor acts as a flywheel (storing energy temporarily as a buffer). In general,



no flicker problems occur with variable speed turbines. Variable speed turbines also
allow the grid voltage to be controlled, as the reactive power generation can be varied.
Variable speed systems can also give major savings since it can afford lighter foundations
in offshore applications [21]. _

The drawbacks of variable speed are that the built-in power electronics are

sensitive to voltage dips caused by faults and/or switching.

1.6 Comparisons of the two variable speed designs
Comparing the two variable speed designs, one advantage that can be observed in
designs based on the doubly fed induction generator, is that é fairly standard generator of
a small size and hence cheaper‘power electronics converter can be used. The cost of the
semiconductor components used in AC-DC-AC converters has fallen sharply in the last
five to. seven years, reducing the latter advantage. A drawbacks of designs with the
doubly fed induction generator, when compared with direct drive variable speed turbines,
is that
> They still need a maintenance intensive and potentially unreliable gearbox in the
drive train.
| > Because they are wired directly to dual IGBT’s, the generator can induce stray
éurrents in the rotor shaft, commonly damaging slip rings and brushes.
> The stray currents induced, are also responsible for pitting generator bearings
’which many times can lead to costly generator failures. |
The drawbacks of the direct drive design are the large and relatively heavy and
complex ring generator and a larger electronic converter through which the full 100% of
the power genérated has to pass, compared with about one third of the power in the case
of the doubly fed inductioﬁ generator-based wind turbine [21]. Due to the use of the
100% frequency converter and the usage of LC filters, not only the cost becomes more
but it absorbs much of the reactive power also reducing the power factor which directly
affects the system’s efficiency. So an additional cost has to be met to install the power

factor correction devices.



1.7 Power control concepts of wind turbines in general

All wind turbines are designed with some sort of power control. There are
different ways to control aerodynamic forces on the turbine rotor and thus to limit the
power in very high winds in order to avoid damage to the wind turbine.

The simplest, most robust and cheapest control method is the stall control (passive
control), where the blades are bolted onto the hub at a fixed angle. The design of rotor
aerodynamics causes the rotor to stall (lose power) when the wind speed exceeds a
certain level. Thus, the aerodynamic power on the blades is limited. Such slow aero
dynamic power regulation causes less power fluctuations than a fast-pitch power
regulation. Some drawbacks of the method are lower efficiency at low wind speeds, no
assisted startup and variations in the maximum steady-state power due to variations in air
density and grid frequencies.

Another type of control is pitch control (active control), where the blades can be
fumed out or into the wind as the power output becomes too high or too low,
respectively. Generally, the advantages of this type of control are good power control,
assisted startup and emergency stop. From an electrical point of view, good power
control means that at high wind speeds the mean value of the power output is kept close
to the rated power of the generator. Some disadvantages are the extra complexity arising
from the pitch mechanism and the higher power fluctuations at high wind speeds. The
instantaneous power will, because of gusts and the limited speed of the pitch mechanism,
fluctuate around the rated mean value of the power.

The third possible control strategy is the active stall control. As the name
indicates, the stall of the blade is actively controlled by pitching the blades. At low wind
speeds the blades are pitched similar to a pitch-controlled wind turbine, iﬁ order to
achieve maximum efficiency. At high wind speeds the blades go into a deeper stall by
being pitched slightly into the direction opposite to that of a pitch-controlled turbine. The
active stall wind turbine achieves a smoother limited power, without high power
fluctuations as in the case of pitch-controlled wind turbines. This control type has the
advantage of being able to compensate variations in air density. The combination with
thé pitch mechanism makes it easier to carry out emergency stops and to start up the
wind turbine [1].



1.8 Generator

In general, the synchronous generator is much more expensive and mechanically
more complicated than an induction generator of a similar size. However, it has one clear
advantage compared with the induction generator, namely, that it does not need a reactive
magnetizing current. The magnetic field in the synchronous generator can be created by
using permanent magnets or with a conventional field winding. If the synchronous
generator has a suitable number of poles (a multipole WRSG or a multipole PMSG), it
can be used for direct-drive applications without any gearbox.

The synchronous machine is probably most suited for full power control as it is
connected to the grid through a power electronic converter. The converter has two
primary goals which are as follows.
> To act as an energy buffer for the power fluctuations caused by an inherently
gusting wind energy and for the transients coming from the net side,

» To control the magnetization and to avoid problems by remaining synchronous
with the grid frequency [1].

For the variable speed operation, the Type D configuration has been selected and
a direct drive wound rotor synchronous generator has been used in this work because of
its more advantages over a doubly fed induction generator.

The wound rotor synchronous geﬁerator (WRSG) is the workhorse of the
electrical power industry. The rotor winding is excited with direct current using slip rings
and brushes or with a brushless exciter with a rotating rectifier. Unlike the induction
generator, the synchronous generator does not need any further reactive power
compensation system. The rotor winding, through which direct current flows, generates
the exciter field, which rotates with synchronous speed. The speed of the synchronous
generator is determined by the frequency of the rotating field and by the number of pole
pairs of the rotor.

~ The wind turbine manufacturers Enercon and Lagerwey use the wind turbine
concept Type D with a multipole (low-speed) WRSG and no gearbox. It has the
advantage that it does not need a gearbox. But the price that has to be paid for such a
gearless design is a large and heavy generator and a full-scale power converter that has to

handle the full power of the system.



1.9 Types of installations of wind tui‘bines
There are two types of instaflatipns. They are
» Onshore wind turbine installations and
» Offshore wind turbine installations
The following pictures are the examples for Onshore and Offshore installations of

Enercon and Vestas respectively. Both the wind turbines’ capacity is of 2 MW.

Fig 1.2 Enercon’s E-82 wind turbine : Onshore installation [17]

AHEC/ IIT Roorkee/ M.Tech Dissertation/ Ananth AV Seshagiri/ June 2007 8



The world’s leading wind turbine manufacturing companies are Enercon and

Vestas. There are few others for example Nordic, GE, Lagerwey etc which develop wind
turbines of capacity around 1.5 MW. Enercon and Vestas are the best in the business
developing turbines up to 6 MW capacity.

Vestas installed more that 30,000 wind turbines all over the world the highest
capacity of a single wind turbine being 3 MW by name V-90 at Meroicinha, Portugal.
The turbines with more MW capacity are yet to be installed/ being installed.

Enercon installed 10,722 wind turbines all over the world with a total power
reaching 11.1 GW. The highest capacity of a single wind turbine installed by Enercon is
2 MW and the name of the turbine is E-82.

A model of an E-82 turbine has been considered in the present work. The
components inside the E-82 wind turbine system have been shown is fig 1.4. The
technical data of Enercon E-82 wind turbine is shown below in table 1.1 and the data has
been taken from [17].

AHEC/ IIT Roorkee/ M.Tech Dissertation/ Ananth AV Seshagiri/ June 2007 9
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Parameter Details
Power of generator, P‘ 2000 kW
voltage of generator 400V

Type of generator Enercon direct drive synchronous generator
Grid feeding Enercon converter
Number of blades 3
blade material GRP (epoxy); integrated lightning protection
Rotor type Upwind rotor
Direction of rotation Clockwise
Rotor diameter 82m
-{ Blade length 38.8 m
Swept area 5281 m*

Turbine concept

Gearless, variable single blade pitch control, variable speed

Table 1.1 Technical data of Enercon E-82 wind turbine [17]
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CHAPTER 2 |
LITERATURE REVIEW

2.1 Overview

A lot of work has been done in the past two decades on variable speed wind
turbines and thus a lot of literature is available at IEEE and in various journals and other
publications on variable speed technology. Some of the important literature relating to

this work is presented as follows.

2.2 Literature

A total of 10 technical papers had been reviewed and their brief summaries are
presented as follows. |

Wind turbine manufacturers are today adapting their equipment to comply with
increasingly strict transmission integration requirements. One class of the new turbines
being developed is the synchronous machine (either wound field or permanent magnet
excited) with full AC/DC/AC power electronic conversion. The topology of the new
machines differs considerably from that of more conventional forms of power generation
with synchronous generator technology and must be considered when modelling the
interaction of thé turbines with the transmission system. Hence in paper [2], Behnke,
M.R.and Muljadi, E. focused on the simulation of the response of a variablé-speed wind
tufbine with a synchronous generator and full power electronics to transmission system
disturbances using _reduéed order models compatible with positive sequence phasor time-
domain analysis software (e.g., PSS/E or PSLF). They investi.gated and analyzed the
voltage ride through capability of the wind turbine. They also presented the dynamic
behavior of the wind turbine under different transient conditions.

Chen, Z. in paper [4] presented the performance study of several compensation
schemes for a line-commutated SCR converter operating under a wide range of DC
voltage. The studied reactive power and harmonic compensation schemes include passive
filters, active filters, and hybrid compensatiqn methods for a SCR interfaced permanent
magnét generator based variable speed wind turbine. He investigated the effectiveness of

the compensation schemes in terms of reactive power and harmonics. Later he presented
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the required compensation current ratings of these schemes. He also considered the
effects of higher pulse number of the converter on the compensation schemes.

Chen, Z. and Spooner, E. in paper [5], discussed appropriate modeling and
simulation techniques for studying the voltage fluctuation and harmonic distortion in a
network to which variable speed wind turbines are connected. They have made case
studies on a distribution network in which they showed that the voltage fluctuation and
harmonic problems can be minimized with the proposed power electronics interface and
control system while the wind energy conversion system captures the maximum power
from the wind as wind speed varies. The studies which they made have also demonstrated
the ability of the advanced converter to assist the system voltage regulation.

Chen, Z. and Spooner, E. in paper [6] compared the two of the most promising
types of power converter applicable to the task of interfacing variable-voltage DC energy
sources to the grid. The converters studied are first a DC/DC converter with a current-
controlled Voltage Source Inverter and, secondly, the line-commutated SCR with an
active compensator for reduction of harmonic current and reactive power demand. The
comparison is drawn with particular reference to use with variable-speed permanent-
magnet wind turbine generators. They addressed the optimal power transfer, reactive
power / voltage regulation and harmonic minimization. They presented experimental
results from laboratory models alongside simulation results, which are ih good
agreement, to demonstrate the power control and harmonic performance of these systems.
They also discussed power losses and semiconductor costs.

Renewable sources of electricity generation, of which the most promising for the
UK is wind energy, are becoming increasingly important due fo concem over the
environment. Conner, B. and Leithead, W.E. in paper [7] assessed the performance of
variable speed wind turbines for several operational strategies. They considered two
contraéting wind turbine rotors gmd assessed their performance by simulation.

Edﬁard, M. and Butterfield, C.P. in paper [8] described the operation of variable-
speed wind turbines with pitch control. The system they considered is controlled to
generate maximum energy while minimizing the loads. In low to medium wind speeds, |
the generator and the power converter control, the wind turbine is controlled to capture

maximum energy from the wind. In the high-wind-speed regions, the wind turbine is
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controlled to maintain the aerodynamic power produced by the wind turbine. They
investigated the two methods to adjust the aerodynamic power. They are the pitch control
and the generator load control, both of which are employed to regulate the operation of
the wind turbine. Their analysis and simulation showed that the wind turbine can be
operated at its optimum energy capture while minimizing the load on the wind turbine for
a wide range of wind speeds. ' |

' Mullane, A., Lightbody, G., Yacamini, R. and Simon, G. in paper [11] examined
the siihulation and control of a horizontal axis variable speed wind turbine. They
developed appropriate mathematical models for the wind turbine induction generator and
voltage sourced converter. They implemented the developed models using Simulink S-
Functions with some of the simulation difficulties which are later examined. They
developed a simple controller to extract maximum power from the wind, by varying the
load torque supplied by the generator. They implemented the controller using some of the
developed models and they verified the viability of such a control scheme.

Miiller, H., Poller, M. and Basteck, A., Tilscher, M. and Pfister, J. in paper [12]
analyzed the grid integration aspects of a new tSfpe of variable-speed wind turbine, the
directly coupled synchronous generator with hydro-dynamically controlled gearbox. In
contrast to existing wind generators using synchronous generators, the generator of this
concept is directly connected to the AC grid, without the application of any power
electronics converter. Variable speed operation of the turbine is mechanically achieved
by a gear box with continuously controllable variable .gear box ratio. In this paper, they
focussed on the compatibility of the new concept with existing connection standards,
such as the E.ON grid code. They also studied typical stability phenomena of
synchronous generators, such as transient and oscillatory stability as well as power
quality issues like voltage flicker. They presented the results of stability studies and
discussed possible advantages of the new concept with special focus on offshore
applications. _

Pieter, S., Tim, G. in paper [14] developed an advanced generator control
elgorithm and implemented in ECN’s control design tool for»wind turbines. For wind
speeds above nominal the algorithm limits power and rotor speed to the common bounds

of constant power control in variable speed turbines, while the electromagnetic torque
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varies half as much as found in literature. They simultaneously avoided production dips
at above nominal wind speeds. They examined the algorithm by the aero-elastic wind
turbine code Phatas. They are now preparing the application on a commercial wind
turbine.

The increasing size of wind farms requires power system stability analysis
including dynamic wind generator models. For turbines above 1MW, doubly-fed
induction machines are the most widely used concept. However, especially in Germany,
direct-drive wind generators based on converter-driven synchronous generator concepts
have reached considerable market penetration. Hence, Poller, M. and Sebastian, A. in
paper [15] presented the converter driven synchronous generator models of various order

that can be used for simulating transients and dynamics in a very wide time range.
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CHAPTER 3
VARIABLE SPEED WIND TURBINE

GENERATOR SYSTEM

3.1 Overview

The drafting of this chapter is necessary for performing the present computer
simulation. This chapter focuses on the explanation of each component with various
design concepts and details of the wind turbine, the synchronous generator, the rectifier
and the inverter etc. Various plots have been shown such as the Cp- 4 Characteristics for
various S values, efficiency plots, power curve plots etc.

In this dissertation, an attempt has been made to implement a variable speed wind
turbine-generator system in MATLAB/ Simulink graphical user interface. A wind
- turbine-generator drive of capacity 2 MW, 400V is taken inspired from the modern E-82

turbine of Enercon.

3.2 Variable speed wind turbine

The variable speed wind turbine can be built using the blocks in MATLAB/
‘Simulink as shown below in fig 3.1 by implementing the fbllowing power equation of

wind turbines as appropriate blocks.
A
Pm =cp(2'5ﬁ)p7vwmd3 """""" (3.1)

Where

Pm = Mechanical output power of the turbine (W)

Cp, = Power coefficient or power efficiency of the turbine. It is also known as the Betz
limit. Tt dictates that at most 59% of the wind power can be captured. In this case, the
Ivalue of C, is taken as 0.48, i.e 48% only.

£ = Air density (kg/m®)

A = Turbine swept area (m?)

Ve = Wind speed (m/s)
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A = Tip speed ratio which is defined as the ratio of the rotor blade tip speed or the
generator speed in_™/sec to wind speed in m/s
S = Blade pitch angle (deg)
The above equation (3.1) can be normalized. In the per unit (p.u.) system, the equation
3.1 becomes:

P i =k, (A PIWopina_pi === (3.2)

This is the equation which is used to create the block diagram in MATLAB/ Simulink is

as shown below in fig 3.1.

3 K- wind _speed pu » (i3
Wind d, ¥ -
|n(m'7‘§)ee 1/wind_base wind_speed"3

* Saturation Block

==
@ P X larmbcia_pu K Plarwan
Generator speed (pu) - Product lambda_nom  Sapuration

Block

cp(lambda beta)

Product | X

@ |
Pitch angle (deg) P
| ()

Saturation Block

Fig 3.1 Block diagram of wind turbine

ié’mhdé

@P

Fig 3.2 Inside C, (lambda, beta) block

17



Where

B, ,,=Power in p.u. of nominal power for particular values of p and A

C, = Power coefficient or power efficiency in p.u. of the maximum value of C,

Vi = Wind speed in p.u. of the base wind speed. The base wind speed is the mean

value of the expected wind speed in m/s.

k,=Power gain for C, , =1 p.u.and v =] p.u.,

wind _ pu -
k, is less than or equal to 1. It is taken as 1 in this case.

The below formulas are used to find out the C, value of a particular wind turbine.

1 1 0.035

Fen: —= - in fig 3.2 (3.3
2 A+0088 B+l B 3-3)

—¢s

' c R .
Fenl : cp(ﬂ.,ﬂ)=c1(f—c3ﬂ—c4)e GEE oW I i1 iy JSUS— (3.4)

4

The coefficients ¢l to ¢c6 are: ¢1 =0.5176,¢c2=116,¢c3=0.4,c4=5,c5=21 and c6 =
0.0068 [22]. |
The Simulink model of the turbine is illustrated in fig 3.1. The three inputs are the

generétor speed (@1 _pu) in p.u. of the nominal speed of the generator @, , the blade pitch
angle § in degrees and the wind speed v,,,in m/s. The tip speed ratio A in p.u. of

A _nom is obtained by the division of the rotational speed in p.u. of the base rotational
speed and the wind speed in p.u of the base wind speed. Hence as shown in the fig 3.1,
the outputs of the turbine are mechanical power output Py, and mechanical torque
output Trm_pu. Either of the outputs can be applied to the generator shaft depending on the
requirement of the system.

~ The cp-A characteristics, for different values of the blade pitch angle 8 are

illustrated below in fig 3.3. The maximum value of Gy (C = (.48) is achieved for =

p_max
0 degree and for A= 8.1 from the graph. This particular value of A is defined as the

nominal value (A _nom).

18



Fig 3.3 The Cp- A Characteristics for various f values [22]

With the help of equation 3.1, the nominal value of Py, can be calculated. Hence,
to calculate the input power of the turbine for a given wind speed of 13 m/s in a given

location the following derivation is done.

wind

_ p4
Pm—Cp(ﬂ,ﬂ)TV 3

W.XK.T the maximum value of C, (C

p_max

= 0.48) is achieved for #= 0 degree and for
A=28.1 from fig 3.3. Hence, '

1.225%3.14159 x 822 «
2x4

=3411104.1W
=341MW

13°

P, =0.48x

Where

Air density p for a given location is taken as 1.225 kg/m® by assuming the location’s

average temperature as 10% through out the year.
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The website [18] gives the value of the air density p when the temperature of a given

location is known. The diameter of the rotor blade of E 82 turbine is given as 82 m [17].

This means that the wind turbine is capable of generating about three and a half
mega watts of power at its maximum efficiency theoretically. But the manufacturers rated
the turbine to only 2 MW because of many other complex practical considerations which
limit the turbine’s output power to a maximum of 2 MW,

In this case, the maximum efficiency of the wind turbine is obtained to be only
48% (fig 3.3).

3.2.1 Efficiency of the wind turbine in general

A turbine is said to be 100% efficient if it could convert all the wind's power to
mechanical power. But it is practically impossible to achieve that efficiency. To even
achieve 50% efficiency is unlikely, and would be a very efficient machine. A 50%
efficient turbine would convert half of the power in the wind to mechanical power.

A given wind turbine has a design point that generally defines its peak efficiency
at the wind speed for which the system is designed. At wind speeds above and below the
design speed the efficiency is the same or less (maybe much less). If a turbine's best
efficiency is 48% (as in section 3.2) at a wind velocity of 13 m/s, it will be 48% only at
that wind speed. At all other wind speeds it will be something Worse. That wind turbine
will generally operate at lower than its best efficiency, because wind speeds are never
constant or average. The electric power actually produced will be still lower because the
generator efficiencies are also less than 100% (generally in the mid- or 10W—90's at best),
and there are further losses in the conversion electronics and lines. In practical terms,
each power transfer stage has certain efficiency. When all these efficiencies are figured
iﬁ, the total system’s efficiency can get best at maximum of around 35% or even less of
the wind’s energy actually delivered as useful electrical energy to the end user in the very
best conditions. Therefore, each power transfer stage presents an opportunity to reduce

the cost of energy from a wind turbine [20].
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The graph in fig 3.4 shows the power versus velocity with several different lines:

» The power in the wind

» The power that could be extracted at 59% efficiency ,

> The power that could be extracted at 50% efficiency (that is, if the wind turbine
were good enough to be considered excellent)

» The actual power output from the wind turbine.

Wind Power

10000 - [
8000 Actusl Wind Poger : / X/
- | S £ . _
glo0 Posier ot Maximorm e / / !
TODo -—The-m:tlcal EﬁuLﬁC}l ‘ f-
2 5000 f // TS |
= 4000 - ‘ Peoaver from famuls, whieh ‘
% mssumw 50% uf" Teiome, ','I
3000 1 “ - |
R i 1) !
2600 Fliat po.n:urm%pu ‘ |
4000 - ety |
O -

Q.00 5.00 10.00 15.00 2000 26.00

Wind spead {metersfsecond)

Fig 3.4 Wind Power for a phrticular Wind Turbine at Various Efficiencies [19]

3.2.2 Efficiency of variable speed turbines

The optimal rotating speed differs due to the wind speed. The variable speed
gearless wind turbines can maintain the optimal rotating speed because of the high inertia
of the generator rotor. Even if the speed differs due to different wind speeds, the
frequency converter is used to produce desired output frequency. So, the power efficiency

is improved as illustrated below.
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A variable speed 2 MW wind speed-aerodynamics
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Fig 3.5 Power efficiency C, vs. Rotational speed for variable speed 2 MW wind
‘ | turbine [1]

"The above graph in fig 3.5 shows the power efficiency graphs with respect to the
rotational speed of thc generator at different wind speeds. It is the proof that the variable
speed turbines achieve higher efficiencies than fixed speed turbines. It is clearly seen that
the maximum efficiency all the speeds is around 54% compared to the 48% efficiency of
the fixed speed wind turbines.

' Apért from this power efficiency, there is an other efficiency known as the
-aerodynamic efficiency. This aerodynamic efficiency has two (_ieﬁnitions - one for the
below-rated wind speed and the other for the above-rated wind speed [7].

The aerodynamic efficiency, # , is defined for the below-rated operation as the
ratio, expressed as a percentage, of energy capture to the energy capture that would be
attained when-C,; always had its maximum value, that means, if the turbine’s energy

capture is at C, then that turbine is considered as a 100% aerodynamically efficient

_max ?

turbine.
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CP
n= C x100 (3.5)

p_max
Where C, is the mean power coefficient.

In the above-rated operation, efficiency has a different definition since it is not
required to extract all the power from the wind. In this case, the efficiency is defined as
the ratio of the mean power attained to the rated power of the wind turbine, that means, if
the turbine generates its normal rated power, then that turbine is considered as a 100%
aerodynamically efficient turbine.

n= P x100 (3.6)

rated

Where P is the mean power and P, is the turbine’s rated power.

3.2.3 Performance assessment of variable speed turbines

The ability to vary the rotor speed increases the operating flexibility of variable
speed wind turbines and offers several advantages over constant speed machines.

Variable speed wind turbines are perceived to have two main potential
advantages. They are

» Increased energy capture in low wind speeds and
» The reduction of drive-train loads in high wind speeds.

Considering the first potential advantage of increased energy capture in below
rated wind speeds, it is the increased aerodynamic efficiency which enables a more cost
effective design of the wind turbine.

Similarly, for the second potential advantage of reduced drive-train loads in above
rated wind speeds, it is the decreased mean drive-train load disturbances which enable a
more cost effective design of the wind turbine. The mean loads are essentially the design
loads. Tt follows that the appropriate measures of performance for variable speed wind
turbines are

» aerodynamic efficiency in below-rated wind speed
> extent of transient drive-train loads in above-rated wind speed
The performancé of a particular strategy is critically dependent on the rotor

characteristics and on the wind regime driving the wind turbine [7].

23



3.2.4 Power Curve

‘The power curve is a key concept for understanding the efficiency of wind
turbines. The power curve of a wind turbine is a graph thaf indicates how large the
electrical power output will be for the turbine at different wind speeds.

- As explained by Equation (3.1), the available energy in the wind varies with the
cube of the wind speed. Hence a 10 % increase in wind speed will result in a 30 %
increase in available energy.

The power curve of a wind turbine follows this relationship between cut-in wind
speed (the speed at which the wind turbine starts to operate) and the rated capacity
(Fig.3.6). The wind turbine usually reaches rated capacity at a wind speed of between
12-16 mv/s, depending on the design of the individual wind turbine.

At wind speeds higher than the rated wind speed, the maximum power
production will be limited as said before, or, in other words, some parts of the available
eh_ergy in the wind will be spilled. The power output regulation can be achieved with
pitch-control (i.e. by feathering the blades in order to control the power) or with stall
control (i.e. the aerodynamic design of the rotor blade will regulate the power of the
wind turbine). Hence, a wind turbine produces maximum power within a certain wind
interval that has its upper limit at the cut-out wind speed. The cut-out wind speed is the
wind speed where the wind turbine stops production and turns out of the main wind

direction. Typically, the cut-out wind speed is in the range of 20 to 25 m/s [1].

3.2.5 Power Coefficient C,

The power coefficient is a coefficient which explains how efficiently a turbine
converts the'energy in the wind to electricity. It is hence, also called the power efficiency.
The electricgl power output is divided by the wind energy input to measure the
technical efficiency of a wind turbine. Hence to obtain the C, curve, at each wind speed,
the power output is divided by the amount of power in the wind per squére meter. The
data of the power outputs at different wind speeds for an E-82 turbine is given in [17].

Hence, a table can be prepared making four columns as shown in table 3.1,
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The mechanical efficiency of the turbine is largest (in this case 48 per cent) at a

wind speed of about 10 m/s. This is a deliberate choice by the manufacturers who

- designed the turbine. At low wind speeds efficiency is not so important, because there is

not much energy to harvest. At high wind speeds the turbine must waste any excess

energy above for what the generator was designed. Therefore efficiency matters most in

the region of wind speeds where most of the energy is to be found [24].

wind Power Power input Power
speed output pA ; coefficient
in m/s Pin kw P=—V i P
2 C = _ouw
in kW P ot
2 3 25 0.12
3 25 86.2 0.29
4 82 205 0.4
5 174 404.7 0.43
6 321 697.8 0.46
7 532 1108.3 0.48
8 815 1697.9 0.48
9 1180 2458.3 0.48
10 1612 3358.3 0.48
11 1890 4295.5 0.44
12 2000 5555.5 0.36
13 2050 7067 0.29
14 2050 8913 0.23
15 2050 10789.4 0.19
16 2050 13666.6 0.15
17 2050 15769.2 0.13
18 2050 18636.4 0.11
19 2050 22778 0.09
20 2050 25625 0.08
21 2050 29286 0.07
22 2050 34167 - 0.06
23 2050 41000 0.05
24 2050 51250 0.04
v 25 2050 58571.4 0.035
Table 3.1 Dataof V,,, and P, of E 82 wind turbine to calculate P, and C,
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The graphs in figs 3.6 and 3.7 are obtained from the table 3.1. Although it seen

that the average efficiency for these turbines is somewhat above 30 per cent, the

efficiency varies very much with the wind speed.

3.3 Generator

The two axis (q-d) model for the synchronous generator is an inbuilt model in

MATLAB/ Simulink. The model takes into account the dynamics of the stator, field, and

damper windings. All rotor parameters and electrical quantities are viewed from the

stator. They are identified by primed variables.

The electrical model of the machine with differential equations is as follows [22].

Where

d
Vi= Rld‘*’;?d OpPy ————=—=

t  _pr oy “
Vir = Rippli + i Prg2

@y =Ly, + L, (i +iyy)———————
¢, =Lji+L I ———————————

mq kg

(Dfd = L},ﬂ}d +L, (id +i,"d) ______
Gra = Lpghpy + L, (ld+i'fd) ——————

O = Ly + Ly ~——~————~

mq-q

— , - T
qoqu = quzlqu + Lquq

V is electric voltage measured in Volts

R is the electric resistance measured in Ohms

i 1s electric current measured in Amps

¢ is magnetic flux linkage measured in Volt-Sec
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wis angular frequency measured in 1/sec
-V} is electrically excited field voltage measured in Volts

i’

- 1s field current measured in Amps

Vi is the damper voltage measured in Volts

i, is the damper current measured in Amps

L is the self inductance measured in Henrys
The subscripts used are defined as follows:
d.q: d and q axis quantity

R,s: Rotor and stator quantity

I,m: Leakage and magnetizing inductance

vV V V VY

f.k: Field and damper winding quantity

» x': Either damper winding qudntity or electrically excited quantity

3.3.1 Park’s transformation

As the models are developed in rotor reference frame d,q,0, the park’s
transformation is used to transform the stator phase values (currents, voltages, flux
linkages) into the rotor reference frame. And in order to get out of rotor reference frame
into the stator phase values, the inverse Park’s transformation is used.

By Park’s transformation equations as shown, stator phase voltages are

transformed to corresponding values in rotor reference frame [22].

v, =§(Va sinawt+V, sin(a)t—zTﬂ]+Vcsin(a)t+zTﬂD —————————— (3.19)

v, =§(Va coswt +V, cos(wr—%}-ﬂ/’ccos(szTnD—' ————————— (3.20)
1 _

VOZE(VL'{'VIJ-FVC)___, ———————————————— e ( 321)

With inverse transformation equations as shown, one gets directly from each

component of rotor reference frame into the stator phase values.
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2 =§(Vdsina}t+Vq coswt+V0) —————————————————— (3.22)
v, :% Vdsin(a)t—zTﬂj+chos(a)t—2Tﬂ)+% —————————— (3.23)
v =§ Vdsin(a)t+2Tﬂj+Vq cos(wt+2Tﬂj+VO —————————— (3.24)

The block representation of the Park’s transformation and Inverse Park’s transformation

are as follows.

0,

Sin(wd)

A 4

cogw} >

singt:2pi3)
»

cos{vt-2pif3)

:| | sinlwtr2pif3) )

cofeA+2pL/3

—le'((u(11'0[41)'(11[2]'"[31)'("{3]'"[31))

—bl 283" ulSIP R U D (u B3] ulSD)

dq0

Vd= 213 Wa~ginvd  + Vb*sin(wl-2pif3) + Ve sin(wi+2pii3)
Va= 213 (Varcoswl + Vb cos(wi-2pif3) + Ve cos{wte 2pir3)
V0= 1/3 (Wa +Vb +Vc)

Fig 3.8 Block representation of Park’s transformation
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»
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Va= Yd*sinmt +VgTcos(wl) + Vo
Vb= Vd*sin(wt-2pli3) + Va*cos(va-2pis3) + Vo
WVe= Vd*sin(wi+2pif3) + VqTcos(wi+2pif3) + Vo

Fig 3.9 Block representation of Inverse Park’s transformation
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3.3.2 Load angle

In normal operation, the synchronous generator will operate in synchronism, i.e. it
generates the same frequency and rotates at a speed which is simply related to number of
poles of the machine. When torque is applied to the generator, there is a movement of the
rotor with respect to a synchronously rotating reference frame. A synchronously rotating
reference may be identified as the rotor pole axes of an unloaded synchronous generator
ie., the generator running at no load will have its rotor pole axes coincident with the
reference. When torque is applied, the pole axes move with respect to the reference and
synchronous operation is continued with a steady angle between them. This angle is
called load angle [13]. - _

If the rotor is driven ahead of the reference by applying the shaft torque, the
generator generates electric power and the load angle is positive. If the shaft is loaded
mechanically, electric power is absorbed and the rotor moves behind the reference with

negative load angle. This is the motoring action as seen in fig 3.10

g
moto1 E
=3
i.g
f ™ T v ! T 1 T 1
-180 .80 T 90 80
\ Load angle (*)
generator

Fig 3.10 Torque vs. Load angle [13]
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Similarly if a curve is plotted by replacing the torque with the power in fig 3.10,
an exactly opposite waveform will be obtained. This is because of the convcntioﬁ that in
generating mode, the torque is absorbed to produce power output and hence torque is
negative and power is positive. Similarly in motoring. mode, the power 1s absorbed to
produce torque output and hence power is negative and torque is positive.

Generally, maximum power is developed at an angle somewhat less than 90°
called the breakdown angle. For load angles greater than the breakdown angle, any
further increase in shaft power will result in a decrease in electric power. The generator
rotor will then accelerate i.e., the synchronism will be lost and instability results. The
generator running below the stability limit may loose synchronism if a sudden alternation
in load causes the load angle to exceed the angle for the maximum power by too great a
margin. ‘

As the machine synchronizes, the load angle oscillates initially and it steadies at a

steady angle after synchronization which is shown in chapter 4.

3.3.3 Power factor determination

The power factor of a machine is defined as the ratio of real power (kW) and
apparent power (kKVA) of a machine and is given by the cosine of the angle between
stator phase voltage and stator phase current of the synchronous generator. In the model it
is necessary to determine the real power generated by the generator, thus power factor

model was also added to the main model.

P=3V I cosp———————— (3.25)

ph™ ph
The above equation shows the real power of the generator in terms of stator phase

voltage, stator phase current and its power factor. The power factor measurement is

modeled using the d-q components of stator phase voltage, i.e.V,,V, and d-q components
of the stator phase currentie. 1,,1, .

The formula used for modelling the phase angle is given as in [13]:

p= |:tan"1 [%J +tan”' [%H ———————————— (3.26)
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This is done by using the trigonometric function blocks of the MATLAB/
Simulink as shown in fig 3.11.

1
T F
./> + [ Pjatan — v PI ]
' Divide T 11
2 figonometric
- Function —'.H' Scoped
Vq —+
sum
X
id ) s p————pjatan : l—-—* 00s —H—*-“——-—“-PD
@/{)Mde‘l Ttigonometrie Trigonomettic Seoped

Function1 Function2

Fig 3.11 Schematic block diagram for power factor determination

3.4 Rectifiers and Inverters

A traditional frequency converter consists of:

A\ 4

a rectifier (as AC-to-DC conversion unit) to convert alternating current into direct

current, while the energy flows into the DC system

\4

energy storage (capacitors)

A\

- an inverter (DC-to-AC with controllable frequency and voltage) to convert direct

current into alternating current, while the energy flows to the AC side.

Diodes can be used only in rectification mode, whereas electronic switches can be
used in the rectifying as well as in the inverting mode.

The most common rectifier solution is the diode rectifier, because of its
simplicity, its low cost and low losses. It is nonlinear in nature and consequently it
generates harmonic currents. These harmonic currents are later filtered with the help of
LC filters. Another drawback is that it allows only a unidirectional power flow and it
cannot control the generator voltage or current. Therefore, it can be used only with a
generator that can control the voltage and with an inverter (e.g. an IGBT) that can control
the current.

The thyristor based inverter solution is a cheap inverter, with low losses and, as its
name indicates, it needs to be connected to the grid to be able to operate. Unfortunately,

it consumes reactive power and produces large harmonics. The increasing demands on
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power quality make thyristor inverters less attractive than self-commutated ‘inverters,
such as GTO inverters and IGBTs. The advantage of a GTO inverter is that it can handle
more power than the IGBT, but this feature will be less important in the future, because
of the fast development of IGBTs. The disadvantage of GTOs is that the control circuit of
the GTO valve is more complicated. | -

The generator and the rectifier must be selected as a combination (i.e. a complete
solution), while the inverter can be selected almost independently of the generator and
the rectifier. A diode rectifier or a thyristor rectifier can be used together only with a
synchronous generator, as it does not require a reactive magnetizing current. As opposed
to this, GTO and IGBT rectifiers have to be used together with variable-speed induction
generators, because they are able to control the reactive power. However, even though
IGBTs are a very attractive choice, they have the disadvantages of a high price and high
losses. The synchronous generator with a diode rectifier has a much lower total cost than
the ‘equivalent induction generator with an IGBT inverter or rectifier [1].

Due to the points mentioned above, the diode rectifier and an IGBT inverter have
been selected to carry out further work. An attempt has been made to design a diode
rectifier and an IGBT inverter with their respective filters and snubbef circuits. The

detailed design is explained in the next chapter.
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CHAPTER 4
MODELLING AND SIMULATION

4.1 Overview |

This chapter briefs about the modelling and simulation in brief and focuses
mainly: on modelling and model verification of the wind turbine and the synchronous
generator and later produces the results of the simulation of the complete model. This
chapter presents a number of basic considerations regarding simulations for wind turbines

in electrical power systems.

4.2 Introduction to the modelling and simulation

Computer simulation is a very valuable tool in many different contexts. It makes
it possible to investigaté a multitude of properties in the design and construction phase as
well as in the application phase. For wind turbines, the time and costs of development can
be reduced considerably, and prototype wind turbines can be tested without exposing
physiqal prototype wind turbines to the influence of destructive full-scale tests. Thus,
compilter simulations are a very cost-effective way to perform very thorough
investigations before a prototype is exposed to real full-scale tests.

However, the quality of a computer simulation can be good only when the quality
of the built-in models and the applied data are good; Therefore it is strongly
recommended to define clearly the purpose of the computer simulations in order to make
sure that the model and data quality are sufficiently high for the problem in question and
that the simulations will provide adequate results. Otherwise, the results may be
insufficient and unreliable.

There will be an inherent risk that possible insufficiencies and inaccuracies will
not be discovered or will be discovered too late and subsequent important decisions may
be made on a faulty or insufficient basis unless the built-in models and the applied data
are carefully considered. Hence, computer simulations require a very responsible
approach.

Computer simulations can be used to study many different phenomena. The

requirements that a specific simulation program has to meet, the necessary level of
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modelling detail and requirements regarding the model data may differ significantly and
depend of the objective of the investigation. Different parts of the system may be of
varying importance depending on the obj'ect-ive of the investigation too. All this should be
taken into cénsideration before staﬁing the actual computer simulation work.

However, in order to take into account all this, it is necessary to have a general
understanding of the wind turbine-generator drive and how the various parts of the
system can be represented in a computer model. This basic overview will be provided in
the subsequent sections of this chapter. After that, the different types of simulations and
various requirements'rcgarding accuracy will be discussed in more detail with the help of

the results obtained.

4.3 Model verification of the wind turbine |

The detailed design has been discussed in the previous chapter. The model in the
~ Matlab graphic user interface is shown in fig 4.1. The initial condition here in this
simulation is assumed that the wind turbine is already in operation and producing

mechanical torque and power in per unit as per the inputs given as shown below.

.7
I 1 { Generator speed (pul ) >
. I o } Fitch angle (degk
I 12 }— - Wind speed (mfs) P (pu) >

Wind Turbine Soope

Fig 4.1 Model of the wind turbine
Where |
The generator speed is taken as 1 p.u., the pitch angle is taken as 0° to get the maximum
output power and the wind speed is taken as 13 m/s.
The scope is a block in Matlab which displays its input with respect to the simulation

time.

35



The specifications for the wind turbine in this work are taken as in fig 4.2.

Wmd Tu(l:nne [mdsa] I — B —

Thts Block lmp!ements avarable pitch wind- Iurblne modél. The performance E
coefficient’ Cp of the tubing is the mechanical ‘output power of the' tubine divided by f
wind power and &'function of. wind' speed, rotational speed;.and. pm:h angle (betal.
Coreaches ity mammum value: at zero beta.. Selectthawiind-tubine power.
chasactesistics dlsplay to plot thie tuibine characteristics.at the specified pitch angle,’

. The first inpt i |s the: generator speed inper Lnit of the' generator base $peed. FOI a
synchionous of asynchronous gefieratos, the! base speed is the $ynchronous speed
‘For.a pesmanent:magnet generator, the. base speed is: défined as'lhe speed oot
producing nominafvoltage &t no load: The second input is the bladP pitch angle
{beta] in degtees:. The third mput is the wind speed in mls

The output is the torque appried torthe aenerator shaft in per unit of the generatos .
ratmgs

The tirbing inait iust be sdded 16 the generatsr g,

Parametess S :”'Qf'.?_' T T ,
jNommal mechanlcal ‘output power (W} - -
[2¢8 - P!

Bés_e‘pmer o:f\“tﬁe.el‘ecuical:geneva’iqr? VAl -

. [2sB085 T T
Base wind-speed [m/sf- S ; | N
i3 | " |

P Maximum power at 5@59 wind speéd (pu of viominal rechanical poviet} '
[0.91 |t
e Base _xdlétioné\%péedv‘[b.u; of base generator.speed); S B
i ~ |
Pitch an:g!e beta to dlsp!ay wmd tutbine power characteushcs [beta >—0] [deg] L
lU o _ i . i
D‘Dnsp!uy wand twbme power chafac{alshcs! :

B L S 0V g OGS O oy

CE e )

Fig 4.2 Specifications of the wind turbine
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Turbine Power Characteristics {Fitch angls beta = D deg)
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Fig 4.3 Turbine Power Characteristics

The ‘turbine power characteristics as obtained in this particular simulation are
displayed as in fig 4.3 which shows the turbine output power with respect to the turbine
speed and various graphs are drawn for various wind speeds ranging from 7 m/s to 15

m/s. The results obtained under assumed initial conditions are shown in figs 4.4 and 4.5.

X7 P SRR S SN N R
] T ‘. ....... ‘ ...... ....... ....... b .
[T
] - - IS T . - .......
091

08 -ree ...... ....... e - - — ]
e e
assl...-. J ...... ‘ ....... ‘ ....... , ...... . ....... , ....... ‘ ...... .

Fig 4.4 Power output in p.u. with respect to time
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Fig 4.4 gives the per unit value of the Power output of the wind turbine whose
value is specified in fig 4.2 as 0.91. The per unit quantity is defined as the ratio of the
actual quantity to its base quantity. Here, the actual quantity is the actual output power
produced and the base quantity is the expected output power to be produced. Hence to
find out the actual output power produced, the expected output power should be
multiplied with the per unit value obtained in the graph. Hence the actual value of the
output power is
P =091x P,

output _actual output _exp ected

P =0.91x2MW

output _actual

=1.82 MW

Y] , ............. Lo . ............. R
0563k eiiiennn [ ‘ ............. H R J
05635 kecerriainins .............. Beresnnnes rerereee e ............. -

YY) PR e s _ ..............

05645 Frrmree o , ............. a ..............
0565 ke eiinn ‘ ............. . ............. e
05855 ke vvreeneennn I ‘ ............. R e -

0553 .............. T AR ............. -

0 1 2 3 4 5

Fig 4.5 Torque output in p.u. with respect to time

The convention of the input mechanical torque is negative for any synchronous
machine in generating mode (fig 3.10). This is because, in generating mode, the
mechanical torque of the turbine is absorbed to give the electrical power as output where
as in motoring mode, the electrical power is absorbed to give mechanical torque as
output. Hence in fig 3.1, a gain block of -1 is put just before taking the mechanical torque
output from the wind turbine as per the convention that neither power nor torque have the
same sign at a time. Here in the fig 4.5 above, the mechanical torque output of the wind

turbine is obtained as 0.5645 which is multiplied with -1 to get -0.5645.
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4.4 Model verification of the generator

The synchronous generator is coupled to the above wind turbine model and either
the power output or the torque output of the wind turbine is given to the generator as one
of its input. The synchronous generator then behaves according to the input it gets from
the wind turbine. The wind speed of 13 m/s is given as an ihput to the wind turbine.

The model of the synchronous generator is shown in fig 4.6.

 <aator vohage vq g -]
N (]
Scoped
<frat >
e Scoped or voliage vd (V)
\J‘ <Rotor speed wm (R4l D
14paed_baze P =) r
I — P <Lead argle deha (deg)” Scope3
speed {pu)rm ool I:'
[0 F———p{menmmen . ‘ I.s |
. cope:
’E]———-» Viind speed (misy T P 1 A Ve
Symchropous Generstor] labe [— 3
[: Wind Turdine 2MW, 400V, SOHz | L—e|b 3 Lb
1 ble
|-> vref —o|C ° Scoped
Pi{vd ;{D Three:-Phase phase 3
W V.| Maasutemart
phase b
v Scoped J- .
@——-—) vstab Eawh shase ¢
Ground Excitath 1.5 MY Transformer, transmission
Xotation : 092 Mvar| Z tine, 15 LW load @ 2304/
ystem 400V and grid 10000MVA

Fig 4.6 Model of the Synchronous Generator

Where
Speed base in the above model is taken as the synchronous speed i.e. for 64 poles and

50Hz, o, is 9.817 rad/s.

It is to be noted that the above model is not connected to this work and has been used for
the purpose of model verification and comparison with the actual model (Fixed speed
wind turbine vs. Variable speed wind turbine) which is shown in the subsequent sections.
This is b'ecause, the variable speed operation is not possible with the above model due to
the generator being directly connected to the grid and there is no frequency conversion at
all. So the above model is a fixed speed wind turbine-generator drive model.

The generator specifications of the above model are taken as in fig 4.7.
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Fig 4.7 Specifications of the Generator

The simulation has been done and various results obtained such as the power
output, torque output, three phase voltages, three phase currents, rotor speed and load
angle are plotted which prove the genuinity of the model. Figs 4.8 to 4.13 are the results

obtained for the above synchronous generator.
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Fig 4.8 Synchronous Generator : Mechanical power output of wind turbine in p.u.

vs. time in secs

It is clearly seen that at time t=0, the power waveform starts at 0.91 p.u., the
specified value and it oscillates for a few seconds before it stabilizes to the same
specified value. This is because, a certain initial condition has been specified for the
system, i.e. the fixed speed wind turbine of the above fig 4.6 is already in motion
producing rated power of 0.91 p.u. at its rated wind speed for the generator’s input,
before the time t=0. Now, as the rotor of the generator is being supplied already an
excitation voltage of 70 V initially as shown in fig 4.7 (which produces a certain voltage
at the stator terminals), 9.4 rad/sec of rotor speed is produced as shown in fig 4.12. This
rotor speed which is obtained, at the output of the generator, is given as a feedback to the
input of the wind turbine so as to define the tip speed ratio which is to be maintained
constant. Hence there should be some controlling mechanism like pitch control explained
in chapter 1 to keep the rotation of the generator rotor at its synchronous speed. A |
gearbox is also used here if necessary. The pitch control tries to make the speed of its
rotor match up with the synchronous speed of the generator so that at varying Wind
speeds, the rotor with a common shaft (or with a gear box) rotates at a single
synchronized speed to achieve a fixed frequency since the generator is directly connected
to the grid. It achieves synchronous speed in the steady state (in about 4 secs) because of

the development of the rotor field current, before the steady state is achieved, whose rated
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value is 13.66 A as specified in fig 4.7. So the initial oscillations are due to the change

from initial conditions to the final steady state condition.

0554 ; - %
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Fig 4.9 Synchronous Generator : Mechanical torque output of wind turbine in p.u.

vs. time in secs

The similar reasoning can be given here also as given for the fig 4.8. That is after
several initial oscillations, the output mechanical torque settles down at the same constant
value of -0.5645 (as in fig 4.5) due to the initial condition. At time t=0, the rotor speed
which is obtained at the output of the generator is given as a feedback to the input of the
wind turbine instead of a constant per unit value of 1 as given in fig 4.1 for maintaining
the shaft speed at the synchronous speed. Severe oscillations in the generator’s rotor
speed and hence in the voltage-output can be observed for dynamic variations of the wind
speed if the pitch control is not used since there is no frequency conversion. In this case,
neither the pitch control nor the variations are included in the model but the excitation
control system is present which will maintain the voltage constant in the steady state.

Hence no variations are observed in the steady state.
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Fig 4.10 Synchronous Generator : Three phase load voltages in volts vs. time in secs

From the previous-discussion, it is understood that the shaft speed settles down at
its synchronous speed in a few seconds time. We know that the perfect synchronized
sinusoidal voltage waveforms can be obtained only when the system is in synchronization
when the speed stabilizés to its synchronous speed. Here in fig 4.10, the oscillations in
the voltage waveforms are clearly observed when the speed is being brought to
synchronous speed. After that, the perfect sinusoidal three phase voltages have been
obtained as shown above due to the absence of wind speed variation and the presence of

excitation system’s feed back control system.
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Fig 4.11 Synchronous Generator : Three phase load current in amps vs. time in secs
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The similar is the case with the current waveforms. And hence perfect sine current

waveforms are obtained in the steady state as shown in fig 4.11.

Fig 4.12 Synchronous Generator : Rotor speed in rads/sec vs. time in secs

The synchronous speed of the generator is derived as follows. The generator used
here has 32 pole pairs i.e. 64 poles in total. Hence, the synchronous speed in RPM can be
derived. And later, this synchronous speed in RPM is converted into rad/sec using the
following relation.

120x f

p
~120x50
64
=93.75

2x7Tx N,
w =227
* 60

_ 2xmwx93.75
60
=9.8174rad / sec

The initial condition as said before is that the turbine is already in motion before

N, =

time t=0, and at time t=0, it tries to get synchronized to produce desired voltages and

currents.
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Fig 4.13 Synchronous Generator : L.oad angle in degs vs. time in secs

The similar is the case with the load angle. It is interesting to see the initial huge

oscillations from -100° to 100°. This initial adjustment of the load angle is because the

machine cannot drive the load at that speed (below synchronous speed). As the machine

tries to steady state, the load angle oscillates and it steadies itself to a steady angle after

acheiving the steady state. In this case, the load angle finally settles at around 30° which

depend upon the amount of the load.

4.5 Complete model
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Fig 4.14 Model of the Synchronous Generator with the rectifier and the inverter
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Fig 4.15 Inside the Rectifier and Inverter block

- The above model is the variable speed wind turbine-generator drive model.
The output of the generator is given to a rectifier with following specifications for

the purpose of full frequency conversion for the variable speed operation to be possible.
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Fig 4.16 Specifications of the Rectifier
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The snubber resistance R, and the snubber capacitances C, have been designed

according to some specific requirements. The details of the design for both snubbers used
in rectifier and inverter have been mentioned in Appendix A.

The rectified output is then filtered with the help of an LC filter. The values of the
filter inductance and capacitance are taken as 0.2 mH and 5 mF respectively.

After the rectification and filtering, the DC output is given to an inverter which
will be responsible to convert the DC into AC of a particular frequency. In this case the
control system which is responsible to generate gate pulses to the inverter to produce
waveforms of voltages of any desired frequency, is set to give waveforms of 50 Hz
frequency only. After the inversion, the output waveforms will be of quasi square wave
type. So to convert these quasi square waveforms into sinusoidal waveforms, a three
phase LC filter is used.

The circuit model of three-phase PWM inverter with IGBTs and a center-taped

grounded DC bus is as shown below.

S1 h 83k s5 L-C Output filter Load
T T o
Vdc/2 — ; = Lf Lbnd R-k@d
-1 a s i
| Vas T | Lo Ly VLABT Cr Ligg  Ryge -
ne— B i M=t
1 T I v o G
N - - ,Ug\ T | Thas e
Vid2 — ‘ ' i o
_ 2.7 ic
~ FSiKJ}L qu}. S;EE

Fig 4.17 Circuit model of three-phase PWM inverter

The specifications of the inverter used are as shown below.
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Fig 4.18 Specifications of the Inverter

A resistive snubbér is used for this inverter, the design details are given in
Appendix A.

The values of the three phase LC filter are taken as follows: inductance of
0.9 mH and capacitance load of 12 kV Ar respectively.

The concept of the control system used to generate the required gate pulses is
clearly explained in Appendix B. )

A 2.35 MVA transformer, 15 MW load, 100 kms transmission line and a grid of |
10000 MVA and 230 kV have been used whose parameters have been mentioned in the
Appendix C. the block diagram in MATLAB/ Simulink is shown below in fig 4.19.
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Fig 4.19 Inside the grid block

The simulation has been done with all the above components and various results
are obtained similarly as before. Figs 4.20 to 4.25 are the results obtained for the above
model. Here, as this is a variable speed drive, the rotor’s inertia is increased to
accommodate the minute wind speed variations which are absorbed in the rotor
eventually. This is the reason why the time taken to reach the steady state from the initial

state is very less.
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Fig 4.20 SG with RI block : Mechanical power output of wind turbine in p.u. vs.
time in secs '
The result obtained in fig 4.8 shows several oscillations before reaching to a
steady state value after the system gets initiated for achieving synchronous speed. Due to

the large inertia of the generator’s rotor here in fig 4.20, the initial oscillations are
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damped out and will be negligible as said before. Hence a constant power output

waveform is obtained.
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Fig 4.21 SG with RI block : Mechanical torque output of wind turbine in p.u. vs.

time in secs

As said before, leven in fig 4.21 the initial oscillations are damped out and a

constant torque output is obtained.
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Fig 4.22 SG with RI block: Three phase load voltages in volts vs. time in secs

Fig 4.22 shows the voltage waveforms which clearly show perfectly desired

sinusoidal voltages. It can be inferred from the figure that before the time t=0, as the rotor
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of the generator is being supplied already an excitation voltage of 70 V initially as shown
in fig 4.7, it produces a voltage of 450 V peak at the stator terminals. Now at t=0, when
the field current of the rotor winding reaches its rated current of 13.66 A, the voltage
output at the load terminal build up to about 500 V peak after the system reaches the
steady state. But the rated voltage is 400 V rms. Therefore the rated peak voltage should

be 400+/2 which is equal to approximately 565 V. The drop in the voltage by
approximately 65. V is due to the stator resistances and inductances of the generator, LC

filters, loading on the transmission line, nature and the amount of the load.
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Fig 4.23 SG with RI block: Three phase currents in amps vs. time in secs

Fig 4.23 shows the current waveforms which are also obtained as perfect
sinusoidal currents. Initially at t=0, when the system is initialized to achieve steady state,
it is observed that huge currents flow into the grid due to the switching transients. The
current reaches a magnitude of about 5200A where the rated current is only 2890 A
theoretically as shown.

P

rated

I =—=raed
rated ‘\/EXI/L_L
2x10°

= Bx400
=28904

During switching, the current waveforms may reach to n times (explained in

section 5.5.1) the rated value due to the DC component which creeps in due to the sudden
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change of state (explained in section 5.4). This DC component decays slowly depending
on the decaying, time constant, 0.3 seconds in this case. The reason for abnormal increase
in currents is due to the inductive loads present in the system. The flux linkages
associated with those inductances cannot be changed suddenly by the application of
switching which is a sudden act. For maintaining these flux linkages constant, large
changes of current will take place as above. The higher rate of decay is obtained due to
the large inertia which is generally achieved through damper windings. The current then
stabilizes itself to a steady state value of about 2800 A which is the rated/load current

obtained in simulation.
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Fig 4.24 SG with RI block: Rotor speed in rads/sec vs. time in secs

Fig 4.24 shows the rotor speed in rads/sec with respect to the time in seconds. The
generator rotor runs at its rated constant speed of 9.817 rads/sec in this case because it is
assumed that the wind speed is constant at its rated value in this simulation. So at the
rated wind speed, the generator runs at its synchronous speed. It is because the speed is
constant, the power and torque are also constant. This rotor speed which is obtained, at
the output of the generator, is given as a feedback to the input of the wind turbine so as to
define the tip speed ratio which is to be maintained constant to maintain the power
coefficient C, constant. This enables Maximum power point tracking, i.e., at any wind
speed (épeed range of 2 m/s to 25 m/s), the system works at it§ maximum efficiency. This

can be achieved for a variable.speed turbine-generator system as shown in fig 3.5.
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Fig 4.25 SG with RI block: Load angle in degs vs. time in secs

Fig 4.25 shows the load angle in degrees with respect to the time in seconds. The
load anglé in this case settles down at around 19° in the steady state. The steady state is
achieved after the initial oscillations. The initial oscillations are due to the same reason
explained before i.e., due to the change from initial state to the final steady state. When
the generator tries to achieve the steady state, the generator’s rotor oscillates and hence

the load angle oscillates. It oscillates between -40° and 80°.
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Fig 4.26 SG with RI block: Power factor cos¢ vs. time in secs

Fig 4.26 shows power factor cos¢ with respect to the time in seconds. The plot is

obtained by performing the simulation on fig 3.11. From the above graph, the value of the

powef factor is obtained as 0.65 in the steady state which is 0.2 less than the specified
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value. This reduction is due to the presence of more inductive load than the actual load.
These inductive loads are present in both the single phase and three phase LC filters and
all other non linear elements which are used in the frequency converter circuit. From this
it can be inferred that the efficiency of the variable speed system is improved at the
expense of loss in power factor. But as it is known that the reduction in power factor
directly affects the efficiency of a system because of the reduced active power. Hence, it
should be necessary to install the power factor correction devices like synchronous
condensers, capacitor banks etc. Hence the cost of the system increases further more.
With all these simulations and results, it can be concluded that the complete
model of variable speed wind turbine-generator drive is successfully designed as it is

working properly without any acute abnormalities.

4.6 Grid power quality t
A power quality problem is defined as any problem manifested in voltage, current
or frequency deviations that result in failure or mis-operation of customer equipment. The
voltage problem is taken care of by the excitation control system and the frequency is
always constant because of the frequency converter.
There will be three types of power quality problems
» Occurrence of flicker
» Occurrence of harmonics
. » Occurrence of voltage deviations such as voltage sags and over voltages
Problem of Flicker in variable speed wind turbines
The rapid power fluctuations are very scarce in variable speed turbines, because the rotor
acts as a flywheel (storing energy temporarily as a buffer) due to its large inertia (which
is specified for these generators in section 4.5) and hence flicker doesn’t oceur as said
before in section 1.5.
Harmonic mitigation in variable speed wind turbines
The power electronic devices such as diodes and IGBTs have been used in the model
which will cause severe harmonics. Those harmonics are mitigated with the help of single

phase and three phase LC filters respectively used in the model itself, in fig 4.15.

54



Mitigation of voltage deviations in variable speed wind turbines

The voltages sags and over voltages which occur due to the variable speed operation of
the synchronous generator are taken care of by the excitation control system as said
before.

Hence, all the power quality problems are eliminated in the system itself which finally
maintains grid power quality. Hence, the need for installing new power electronic devices

such as SVCs, Statcoms, SSCs etc is eliminated saving the overall cost.

4.7 Variable speed hydro turbines

The same concept of this variable speed operation used in this work can be used |
for the hydro turbines as well. In such a case, the governor, which is generally used to
maintain a constant speed of the synchronous generator coupled to that hydro turbine, can
be eliminated. Hence, the governor’s cost is reduced but the inclusion of the frequency
converter increases the cost. It is hence, a compromise between the two. The optimization
techniques can be used to sélect either the governor or a frequency converter, for best

possible cost..
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CHAPTER 5
FAULT ANALYSIS

5.1 Overview

This chapter is the result of the successive simulations on fhe model designed in
the previous chapter for various fault conditions. This chapter briefly introduces about the
fault analysis and about the purpose of fault calculation. The simulation results and
discussion on various fault conditions has been presented.

Fault analysis is very important for the power system studies since they provide
data such as voltages and currents during and after the various types of faults which are
necessary in designing protective schemes of the power system. The purpose of fault

calculation is discussed in more detail.

5.2 Purpose of fault calculation

Fault calculation is the analysis of power system electrical behaviour under
faulted conditions, with. particular reference to the effects of these conditions on the
power system current and voltage values. Together with other aspects of system analysis,
fault calculation forms an indispensable part of the whole function and process of power
system design. Correct design depends essentially on a full knowledge and understanding
of system behaviour and on the ability to predict this behaviour for the complete range of
possible system conditions. Accurate and comprehensive analysis, and the means and
methods of achieving it, are therefore of essential importance in obtaining satisfactory
power system performance and in ensuring the continued improvement in performance
which results from the development and application of new methods and techniques [9].

The applications of power system analysis cover the full range of possible system
conditions, these being divisible into two main classes, namely conditions in which the
power system is operating in a normal healthy state, and others in which it is subjected to
one or more of a wide variety of possible fault conditions. The analysis of these
conditions and their effects on the power system is of particular relevance to such

considerations as:
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the choice of a suitable power system arrangement, with particular reference to
the configuration of the transmission or distribution network

the determination of the required load and short-circuit ratings of the power
system plant _

the determination of the breaking capacity required of the power system
switchgear and fuse gear

the design and application of equipment for the control and protection of the
power system

the operation of the system with particular reference to security of supply and
economic considerations '

the investigation of unsatisfactory performance of the power system or of

individual items of power system plant.

5.3 Types of faults

There are different types of faults in the power systerﬁ which can broadly be

divided into symmetrical and unsymmetrical faults. The currents and voltages resulting

- from various types of faults occurring at different locations through out the power system

network must be calculated in order to provide sufficient data for designing the protective

scheme i.e. both the protective relays and circuit breakers.

Different types of faults in the power system are:

>

'Y V V VY

3-phase direct short circuit or 3-phase fault through fault impedance (i.e: LLL or
LLLG), .

Double line to ground fault with or without fault impedance (LLG),

Line to line direct short-circuit or short circuit with fault impedance (LL),
1-phase to ground fault with or without fault impedance (LG), and

Any combination of the above faults, for eg., Line to line direct short-circuit or
short circuit with fault impedance (LL) cum 1-phase to ground fault with or

without fault impedance (L.G) on the third phase.
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Fig 5.1 Representation of the faults in power system [16]

Out of the first four types of faults as listed above, the first one which is the least
common but most severe, is a symmetrical fault i.e. after the fault, the system remains
symmetrical, i.e. balanced. However, the next three faults are unsymmetrical, i.e. after the
fault, the voltages and currents become unbalanced, thus it becomes a case of balémced
network with unbalanced excitation. The last type of fault is also unsymmetrical fault of
very rare case. In addition to the above, there may be several other types of faults such as

opening of one or two conductor, load rejection i.e. opening of all the three conductors

etc.
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All the above five common possibilities of faults have been considered, and
analysis has been done on the wind turbine model of chapter 4. The simulation results
and discussion is done in section 5.5. The next section is about the switching transients,

whose overview is necessary to explain the phenomena of faulted conditions.

5.4 Switching Transients

The switching transients are observed when load break switches, circuit breakers,
disconnectors or fuses operate in the power system network and parts of the power
system are separated from or connected to each other. These switching transients’
magnitude is almost similar or larger when compared to the transients caused by the
faults which are illustrated in the next section. The switching action can be either a
closing or an opening operation in the case of a switching device. The reason for
abnormal increase in currents is due to the inductive loads present in the system. The flux
linkages associated with those inductances cannot be changed suddenly by the
application of switching which is a sudden act. For maintaining these flux linkages
constant, large changes of current will take place.

E,. sin(wt+¢)=RI+ L% (5.1)

The equation (5.1) is the non-homogeneous differential equation of any RL circuit. By

solving the above differential equation, the value of current can be obtained as

HOE A {iﬂ22 sin[¢ —tan™" (ﬁ’Rﬁ)]} L sin[wt + ¢ —tan™ (%)]

The first part of equation (5.2) contains the exponential term which is the one that damps

out. This is the DC component. The expression between the brackets is a constant and its

value is determined by the instant of closing of the circuit. For [¢ — tan“(%—)] =0 oran

integer timesz, the DC component will become zero and the current immediately
reaches the steady state. In other words, there will be no transient oscillations. But when

the switch closes the circuit 90° earlier or later, the transient current will reach a

maximum amplitude [16].
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In the following analysis, the switching transients are observed at t=0 when the
system is initialized to achieve steady state and at t=3 secs when the fault is cleared. This
is because after an opening operation, when a power frequency current is interrupted, a
transient recovery voltage (TRV) will appear across the terminals of the interrupting
device. The configuration of the network as seen from the terminals of switching device
determines amplitude, frequency and shape of the current and voltage oscillations. The
TRV which stresses the interrupting device after the current interruption depends on the
type of fault, the location of the fault and the type of circuit switched. Generally, the TRV
will be highest in an LG fault. After a closing operation, transient currents will flow
through the system as usual.

It is to be noted that the fault clearing consists of two operations, they are the
opening and closing operations of the interrupting device and -everything happens in

milliseconds and hence that period is not shown anywhere in further simulations.

5.5 Simulation results and discussion

In this section, the results of the model for all the faults have been shown. It is to
be noted that the fault of all types is initiated at t=2 secs and cleared at t=3 secs. It is also
to be noted that generally, the phase colours are red, yellow and blue. But due to the
colour inversion, while converting from the MATLAB/ Simulink format to JPEG format,
red becomes green, yellow becomes blue and blue becomes red. Hence, from hereon the
GBR colour format will be used instead of RYB forﬁlat.

An important point is that when a fault of any type occurs, the nature of currents
in the various phases varies with time in a complicated way. Analysis of the waveforms
show that they consist of

» A fundamental-frequency component

» A DC component.

» A double-frequency component
The fundamental-frequency component is symmetrical with respect to the time axis. Its
superposition on the DC comi)onent will give an unsymmetrical waveform. The degree of
asymmetry depénds upon the point of the voltage cycle at which the short circuit/ fault

takes place as explained in section 5.4.
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5.5.1 LLLG Fault

This is a rare fault and is most severe of all types of faults as seen in the

waveforms below.
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Fig 5.3 LLLG Fault: Three phase load voltages (for zooming)

Figs 5.2 and 5.3 shows the waveforms of voltages when an LLL or a LLLG fault
occurs. As the name itself indicates, when this fault occurs, all the three phase lines gets
short circuited. It is known that when a short circuit occurs, the phase voltages become
zero. But in practice, as shown in figs above, the voltages will not become zero but will
drop to very small values of magnitude less than 5 V due to the presence of fault
resistances of magnitude 0.001 Q each.

At the instant of clearing the fault at t=3secs, the disturbances occurring and the

spikes are shown in fig 5.3. These spikes are caused because of the sudden interruption of
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current flow which leads to a sharp rise in voltage across the load. This sharp rise in

voltage leads to transients as above.
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Fig 5.4 LLLG Fault: Three phase load currents before, during and after the fault
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Fig 5.5 LLLG Fault: Three phase load currents (for zooming)

Figs 5.4 and 5.5 shows the current waveforms when an LLL or a LLLG fault
occurs. At t=2, when the fault occurs suddenly, the current which is initially flowing into
the grid encounters a short circuit in all the three phases. So it rises up to 4000 A from
2800 A. This is because when a system encounters such faults, the transient currents
occur and they are soon damped out. These transient oscillations are damped out because
their energy is dissipated in the resistive part of the circuit. The transient currents consist

of three components. They are the sub-transient component, transient component and the

steady state.

AHEC/ IIT Roorkee/ M.Tech Dissertation/ Ananth AV Seshagiri/ June 2007 61



> The sub-transient period 4is first, and is associated with the largest currents i.e. of
may be even 8 to 10 times of rated current. These currents decay in a matter of
milliseconds. The magnitudes of these currents are dependant on the sub-transient
reactance of the synchronous generator.

» The transient period comes next i.e. between sub transient and steady-state with
currents of 3 to 5 times of rated current. These decay in tenths of a second, 0.9
seconds in this case. The magnitudes of these currents are dependant on the
transient reactance of the synchronous generator. And the decaying time constant
for the above two cases, depends on the stator resistance and their respective
reactances of the synchronous generator.

> Then comes the steady-state which occurs after all the transients have had time to
settle down. _

After the transients settled down, the currents stabilize themselves at around 1500 A until
the fault is cleared as shown above. The values of the steady state currents depend on the
synchronous reactance of the synchronous generator. All the values of the above

reactances are specified in Appendix C.
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Fig 5.6 LLLG Fault: Load angle before, during and after the fault

Fig 5.6 shows the load angle behaviour. After the fault it sees only the fault
impedance which is negligible when compared to the load impedance before the fault.
Hence the angle reduces and settles at around 0° if the fault impedance is zero. When the
fault is cleared, the angle again increases after several oscillations to its original value of
19°. This systematic change in the load angle is only observed for the symmetrical faults.
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5.5.2 LL Fault

This fault comes second in the list of the most common type of fault which is the

LG fault and it is more severe than an LG fault as seen in the waveforms below.
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Fig 5.7 LL Fault: Three phase load voltages before, during and after the fault
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Fig 5.8 LL Fault: Three phase load voltages (for zooming)

Figs 5.7 and 5.8 shows the voltage waveforms when an LL fault occurs. It is
clearly seen that voltages of two phases will hav.e a drop from 500 V to 230 V which is
slightly less than the half of the original voltage and it is also observed that the third
phase voltage increases to about 530 V from 500 V. This is because, in the faulted
phases, higher current circulates than normal due to the short circuit but the magnitude is
limited to a certain value due to the system impedance. And in the healthy phase, less

current than normal flows. So to maintain the overall power balanced, those changes in

AHEC/ IIT Roorkee/ M.Tech Dissertation/ Ananth AV Seshagiri/ June 2007 63



voltages take place. An observation here is that the two phase voltages get in phase with
each other as expected since a short circuit occurred.

At the instant when the fault is cleared i.e. at t=3 secs, the spikes in the voltages of
both the faulted phases are observed and the value of the third phase reaches normal

value.
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Fig 5.10 LL Fault: Three phase load currents (for zooming)

Figs 5.9 and 5.10 shows the current waveforms when an LL fault occurs. The
transients are observed at the instant of occurrence and clearance of the fault as usual. If
carefully observed, during the fault, three phases will carry three different currents. As

said before, the high currents are circulated in the faulted phases but are limited to the
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system cum fault impedance. To further explain, this is an asymmetrical fault and the
asymmetrical current can reach a peak value of nearly twice that of the symmetrical
steady state current, depending on the time constant L/R of the supply circuit. When the
time constant of the supply circuit is high, the transient and sub transient reactance of the
synchronous generator cause an extra high first peak of the short circuit current. This can
be seen in the fig 5.10 above.

Fault occurs in blue and green phases as seen. In the above graphs, the magnitude
of blue phase current is high (about 2300 A), and the magnitude of the green phase
current is low (about 800 A). The circulation current is-the sum of both these currents
(because the two phases are in same phase after the fault) which is equal to 3100 A. The
healthy phase current is also affected because of the high current in other two phases and
it will settle to the steady state value of 1500A which is the steady state current which

depend on the synchronous reactance of the generator as said in section 5.5.1:

100

Fig 5.11 LL Fault: Load angle before, during and after the fault

Fig 5.11 shows the load angle when the LL fault occurs. Since this kind of fault is
an unsymmetrical fault unlike the LLL fault which is symmetrical, a particular pattern is
not followed by the load angle. But the generator sees some kind of disturbance at the
load and hence the oscillations result through out the duration of the fault as shown in the

figure above. The load angle oscillates in between 20° and 55°.
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5.5.3 LG Fault

This is the most common type of fault and is least severe. Hence this fault is also

termed as a short line fault.

i i H i i ; g0l i i i i i i i H i
0. 05 1 15 2 25 3 35 4 45 5 298 2985 299 2935 3 3005 301 3015 3R 305

Fig 5.12 LG Fault: Three phase load voltages before, during and after the fault

Fig 5.12 shows the voltage waveforms when an LG fault occurs. As per the model
the fault has been created in the green phase. It is observed that the voltage of the blue
phase drops from 500 V to 250 V i.e. approximately to half of the original value. The
faulted phase voltage is also reduced by about 80 V while not much change in voltage is
observed in the third phase. Here the measured voltages are phase to phase voltages and it
is difficult to interpret the waveforms. If they were phase to ground voltages, it would
have been easily concluded that the faulted phase voltage would have fallen to nearly
zero volts because of the grounding. _

After the fault is cleared, a very steep abnormal voltage oscillation is observed
similar or higher than the voltage spikes of other faults. This puts a high stress on the
still-hot arc channel of the intefrupting device used for fault clearing and can cause a

thermal break down of the arc channel.
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Fig 5.13 LG Fault: Three phase load currents before, during and after the fault

Fig 5.13 shows the current waveforms when an LG fault occurs. It has been
observed that the interrupting devices used occasionally failed to interrupt short circuit
currents smaller than the current values they were designed and tested for. A careful
analysis has revealed that in many cases, the fault occurred on a high voltage.
transmission line, a few kilometers away from the interrupting device. It was later
discovered that the fault was an LG fault. As the simple analysis cannot be done for an
LG fault like other faults, few standards came into existence for the short line LG fault
test. At present, the short line LG fault test is considered to be one of the most severe
short circuit duties for high voltage circuit breakers, the reason is because of the building

up of the transient recovery voltage TRV across the terminals of the interrupting
device[18].

AHEC/ IIT Roorkee/ M.Tech Dissertation/ Ananth AV Seshagiri/ June 2007 } 67



'Fig 5.14 LG Fault: Load angle before, during and after the fault

Fig 5.14 shows the load angle when the LG fault occurs. Since this kind of fault is
also an unsymmetrical fault, a particular pattern is not followed by the load angle. But the
generator sees some kind of disturbance at the load and hence the oscillations result

through out the duration of the fault as shown in the figure above.

5.5.4 LLG Fault
This type of fault is almost similar to the LL fault with slight differences. The

waveforms are shown below.
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Fig 5.15 LLG Fault: Three phase load voltages before, during and after the fault
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Fig 5.16 LLG Fault: Three phase load voltages (for zooming)

Figs 5.15 and 5.16 shows the voltage waveforms when an LLG fault occurs. This
fault is similar to the LL fault. It is clearly seen that voltages of two phases will have a
drop from 500 V to 230 V which is slightly less than the half of the original voltage as in
LL fault and there is no change in the third phase voltage. This is because, in the faulted
phases, higher current circulates than normal due to the short circuit but the magnitude is
limited to a certain value due to the system’s impedance. And in the healthy phase,
normal current flows because the faulted currents are sent into the ground and it does not
effect the third phase. An observation here is that the two phase voltages get in phase
with each other as expected since a short circuit occurred similar to an LL fault.

At the instant when the fault is cleared i.e. at t=3 secs, the spikes in the voltages of

all the three phases are observed.
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Fig 5.18 LLG Fault: Three phase load currents (for zooming)

Figs 5.17 and 5.18 shows the current waveforms when an LLG fault occurs. The
transients are observed at the instant of occurrence and clearance of the fault as in LL
fault. Here also, during the fault, three phases will carry three different currents. As said
before, the high currents are circulated in the faulted phases but are limited to the
system’s impedance. Fault occurs in blue and green phases as seen. In the above graphs,
the magnitude of blue phase current is high (about 2300 A), and the magnitude of the
green phase current is low (about 800 Aj. The circulation current is the sum of both these

currents which is equal to 3100 A.
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Fig 5.19 LLG Fault: Load angle before, during and after the fault

Fig 5.19 shows the load angle when the LLG fault occurs. Since this kind of fault
is also an unsym:hetrical fault unlike the LLL fault which is symmetrical, a particular
pattern is not followed by the load angle. But the generator sees some kind of disturbance
at the load and hence the oscillations result through out the duration of the fault as shown

in the figure above. The load angle oscillates in between 20° and 50°.

3.5.5 LL Fault and LG Fault on the third phase

800 L W7 T T T T T T
600 .....5
400

200

-200

_400 - ....:

-600

H A H 1 1 i 1 1
198 1.985 199 1895 2 2005 201 2015 202 2025

-800

Fig 5.20 LL&LG Fault: Three phase load voltages before, during and after the fault
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Fig 5.21 LL&LG Fault: Three phase load voltages (for zooming)

Figs 5.20 and 5.21 shows the voltage waveforms when an LL and LG fault on the
third phase occurs. As in LL fault and LG fault above, here the combined effects of both
are seen. The LL fault occurs in the blue phase and green phase and hence as the
circulating current will be high, and to maintain the power constant, the voltage drops to
about 200 V in both phases from 500 V. An observation here also is that the two phase
voltages get in phase with each other as expected since a short circuit occurred. As the
LG fault occurs on the third phase, and as its effect is relatively less, the voltage drops to
about 380 V.

-4000
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05 1 15 2 25 3 35 4 45 5 1.96 1.98 2 2.02 204 2.06

Fig 5.22 LL&LG Fault: Three phase load currents before, during and after the fault

| AHEC/ IIT Roorkee/ M.Tech Dissertation/ Ananth AV Seshagiri/ June 2007 72



Byl '!!‘J.l‘y

Fig 5.23 LL&LG Fault: Three phase load voltages (for zooming)

Figs 5.22 and 5.23 shows the current waveforms when an LL and LG fault on the
third phase occurs. As in LL fault above, here also the three phases currents have three
differgnt values. Faulted phases are blue and green. Magnitude of fault current in blue
phase is around 2000 A and in green it is 1100 A. Therefore the fault current is the sum
of these two i.e. 3100 A. In the third phase also, as the LG fault occurs, the current of
1500 A flows and the remaining current of 300 A goes to the ground.

-100

0 1 2 3 4 5

Fig 5.24 LL&LG Fault: Load'Angle Before, During and After the Fault

Fig 5.24 shows the load angle when an LL and LG fault on the third phase occurs.

As said before, the fault here also is an unsymmetrical fault. The generator sees some
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kind of disturbance at the load and hence the oscillations result through out the duration
of the fault as shown in the figure above. The load angle oscillates in between 20° and
40°. |

5.5.6 Short circuit fault current calculation

This section is drafted just to show that the above obtained values in various
faulted conditions are correct. It is to be noted that the comparison of this sort is
practically not correct because the above values are obtained under dynamic condition
and the values obtained in this section are under static condition.

The theory has been shown in section 5.4.
- o,0L :
When the short circuit occurs at t=2 or [¢ —tan 1(%_)] =0 ,i.e. when the voltage

is at the zero crossing, the DC component is zero and peak short circuit current is due to
the AC component only. ‘
I — I/peak
x,;
_ 549
0.13
=42234

Where X" is the sub-transient reactance of the synchronous generator.

V . 18 the peak value of the terminal voltage which is measured theoretically to be 549

V approximately at the stator terminals. Where as the practical value obtained in the
simulation under dynamic conditions is S00 V which is measured at the load terminals.
Certain voltage drop will be there in the additional loads of the rectifier and inverter
circuit block.

So in all cases, theoretically, the sub-transient peak currents should be around
4223 A for the model used. The practically obtained value is 4000 A.

After all the transients are died out, the only steady state short circuit current will

flow in the system as said before which is given by



549
0.35
=1568.64

So theoretically, the steady state peak currents should be around 1568.6 A for the

model used. The practically obtained value is 1500 A.

Where X, is the synchronous reactance of the synchronous generator. The values of the

sub transient reactance and the synchronous reactance of the generator model are

specified in Appendix C.

5.6 Results in a tabulated form

S.No Parameters MATLAB/ Simulink value
1 Load current 2800 A

2 Rotor speed 9.817 rad/sec

3 Torque 115000 Nm

4 Power factor 0.65

5 Load voltage. 500 V peak

6 Short circuit fault current 4000 A

7 Steady state fault current 1500 A

Table 5.1 Results in a tabulated form
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CHAPTER 6
CONCLUSIONS AND FUTURE SCOPE

6.1 Conclusions

A generic model for the Type D class of variable speed wind turbines with a
synchronous generator and full power conversion has been presented. The use of the
model to analyze the performance of the wind turbine during the faults has been
demonstrated.

It has been highlighted that by using the full power conversion, the variable speed
operation is possible and the wind turbine will be immune to severe sags in grid voltage
due to the complete decoupling of the operation of the synchronous generator from the
grid.

The various results obtained for the simulations of different operating conditions
and parameters are shown in chapters 4 and 5. From the discussions of these results, the
following points can be concluded for the whole model.

» The whole model has been built in MATLAB/Simulink environment‘ and its
accuracy is verified successfully by considering individual components and
finding out the output results of those individual components. The specifications
of these 'corriponents have been given individually by the trial and error method
until the results finally got converged to stable values.

» The characteristics of the synchronous generator have been studied for both fixed
speed cése and for the variable speed case (full power conversion case or
decoupled case). ' ‘

» The synchronization is initialized at time t=0 in all the cases and it is observed
that as the phase shift between grid voltage and internal voltage of the generator
increases at the instant of synchronization, the fluctuation in rotor speed, output
power, output torque and the stator current also increase. This. fluctuation is
negligible for best synchronization, i.e. when grid voltage and internal voltage are
in phase with each other and also when the generator rotor’s inertia is high. Both

the above conditions are applied to obtain the best synchronization.
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» The power quality is maintained in the system itself eliminating the need for
installing new PE devices directly saving the cost.

> Finally, the fault analysis has been carried out for the purpose of identifying the
fault voltages and currents for future protection through circuit breakers, relays

and other reasons such as choosing of a suitable power system arrangement etc.

6.2 Future Scbpe of work |

The initial work such as building and simulating for practicél conditions of the up
coming variable speed wind turbine-generator drives has been completed through this
dissertation. But there is a lot of scope and demand for these kinds of machines for future
power generation. So this work can be continued in the future to study the following -
points which give more reliability to the decision of using variable speed technology.

» Parallel operation of these wind turbines is important because there are problems
relating to this for example if 30 turbines are installed over a stretched area as in
fig 1.3, the wind speed at a particular time will not be the same for all the
turbines. Hence, some turbines generate less power, some more and some do not.
In that case, the grid compatibility is very important. So parallel operation of
variable speed wind turbines is one of the hot topics.

> Now—a—da&s_, permanent magnet synchronous generators are being widely used
with variable speed wind turbines and a lot of research is also being done. At
present, the application of these geneiators is limited to only lesser MW’ wind
turbines, the highest being only 1 MW. So a similar work can be carried out using
permanent magnet synchronous generators for higher MW tufbines using variable

| speed technology. ‘

> The use of frequency converter can be eliminated if a dynamically pole changing
synchronous generator is ﬁsed. But the poles cannot be fractional and only even
xiumber of poles can be achieved. Through a new technology known as the written
pole technology, the dynamical pole changing can be achieved with fractional

poles also [23].
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APPENDIX A -
DESIGN OF SNUBBER CIRCUITS

In this work, the snubber circuits are used in the rectifiers and the inverters.
Snubbers are basically used to avoid unnecessary switching on of a diode or IGBT in
this work. They are also used to absorb the transients in voltages and currents which may

apply across the diodes or IGBT’s and destroy them. Snubbers are also used to avoid
v . . d . . .
unwanted ™ triggering and P triggering of the device.

A snubber circuit consists of a series combination of resistance and capacitance
in parallel with the device. In the absence of snubber, a sudden voltage appears across
the device and turns it on unwantedly or destroys it. Now when the snubber is present,
when a sudden voltage appears, the capacitor behaves as a short circuit and therefore, the

voltage across the device is zero initially. With the passage of time, voltage across the

: . ' d : .
capacitor builds up at a slow rate such that :i:‘_} across it and therefore across the device

. . . d . .
is less than the specified maximum ?: rating of the device.

Before the device is fired by gate pulse, the capacitor charges to the full voltage
applied across it. When the device is turned on, the capacitor discharges through the

device and sends a current equal to (full voltage)/ (resistance of the local path formed by
the capacitor and the device). As this resistance is quite low, the turn on g—; will tend to

be excessive and as a result the device may be destroyed. In order to limit the magnitude
of this discharge current, a resistance is inserted in series with the capacitor as show in

fig Al. Now when the device is turned on, initial discharge current is relatively small

and the turn on % is reduced [3].

To design a snubber circuit, it must be made sure that the resistance, capacitance

and the load parameters should be such that the —?’- across the capacitor during its
t
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charging is less than the specified —j—: rating of the device and the discharge current at

the turn on of the device is within reasonable limits. Generally these parameters form an

under damped circuit so that the % is limited to acceptable values. The design of

snubber circuit parameters is quite complex but approximate formulas have been used to
find out the values of the capacitor and the resistance.

In this work, the rectifier uses the diodes and the snubber circuit for each diode is
approximated as follows:

0.092 ohms, 48 micto Farads

Ay

-+ l '
(’\:D AC Voltage Source ' i—l_r“
1.5 MUY

0.92 MVAr

Fig Al: Representation of the snubber circuit of a single diode of the

rectifier

The snubber resistance R_and the snubber capacitance C, have been designed from the

following relations.
C, < P. 5
10002z [V
2.35x10°

<
1000x 2 x 7 x 50 x 400*
< 0.0000467

<46.7TukF
=46uF
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R;>2];

3

> 2% 2I>< 107
46x107
>(.0869Q

=0.09Q
Where T is the time period of the discrete system

Voltage V is the rms value and

Power P is in VA.

. 5000 ohms

JRY)
e
m 3
7] Vv

l 6BT l
:_L ) 1.5 LY

DC Valtage Source 0.82 MVAI

| |

Fig A2: Representation of the resistive snubber circuit of a single IGBT of

the inverter

The inverter also uses snubbers but fhe impedance of the capacitance is taken as
zero, i.e. the snubbers used by the inverter are the resistive snubbers. As the inverter’s
IGBTs are triggered by the gate pulses which are generated from the output of the
inverter itself (feed back circuit), it is very difficult to find out the exact time of trigger
of each IGBT. Hence, it is complex to design the capacitance value for the snubber
circuit because the capacitor takes some time to get fully charged and it may be possible
that during this time only a gate pulse may occur. For instance, if the capacitof is
charged only to one fourth of the full voltage by the time the gate pulse appears, the
discharge current it generates may not be sufficient for the IGBT to turn on. Hence as
abnormal operation may result prodﬁcing harmonics in voltages. So to avoid this

problem, the capacitance value is kept infinite so that its impedance is zero and only a
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resistance of high value appears across the IGBT. This high resistance is enough to avoid
@ triggering énd g triggerin
dt dt &

The set up is shown in fig A2. Before the turn on of the IGBT, a sufficient
voltage is developed across it by the presence of the resistance in its parallel, so that
when the IGBT is triggered by a gate pulse to turn on, the sudden high current which is
normally supposed to flow through it in the absence of the resistance is avoided by the
voltage drop across the resistance and IGBT developed in the local circuit in the
opposite direction. So a less current always flows through the IGBT protecting it from

getting destroyed too.
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APPENDIX B |
- CONCEPT OF THE CONTROL SYSTEM

OF INVERTER

The most efficient method of controlling the output voltage is to ihcorporate
pulse width modulation control (PWM control) within the inverters. In this method, a
fixed DC input voltage is supplied to the inverter and a controlled AC output voltage is
obtained by adjusting the on-and-off periods of the inverter devices. The PWM control
has the following advantages:

» The output voltage control can be obtained without any additional components.

» With this type of control, lower order harmonics can be eliminated or minimized
along with its output voltage control. The filtering requirements are minimized as
higher order harmonics can be filtered easily.

The main drawback of this method is that the IGBTs used in this method must have very
low turn-on and turn-off times. Therefore, they are very expensive.

The commonly used PWM control techniques are:

(a) Single-pulse width modulation (SPWM)

(B) Multiple-pulse width modulation (MPWM)

(c) Sinusoidal pulse width modulation (sin PWM)

In this work, the sinusoidal pulse width modulation technique is used. In this
method of modulation, several pulses per half-cycle are used. Instead of maintaining the
width of all pulses the same, the width of each pulse is varied proportional to the
amplitude of a sine-wave evaluated at the centre of the same pulée. By comparing a
sinusoidal reference signal with a triéngular carrier wave of a particular frequéncy, the
gating signéls are generated as shown in Fig A4. The frequency of reference signal, S0Hz
in this case, will determine the inverter output frequency and its peak amplitude and then
in turn the RMS output voltage. The number of pulses per half-cycle depends on the
triangular carrier frequency.

By varying the modulation index M, the RMS output volfage can be varied. It can

be observed that the area of each pulse corresponds approximately to the area under the
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sine-wave between the adjacent midpoints of off periods on the gating signals [3].
- The control system used in the work consists of a voltage comparator where the
comparison takes place and a PWM pulse generator which will generate the required

pulses as shown in the fig A3.

Vabe (pu)
input Vabe_iny feueme—etp] ref Pulses —-@
1 p—P{Viri_ref (pu) Output

Discrete
Vref (pu
(pu) Voltage Comparatar PWM Generator

Fig A3: Inside the control system block of fig 4.15

The voltage comparator takes the per unit value of the three phase output voltages

as its input (V

€O

w1 ) Whose frequency is 50 Hz and compares it with triangular carrier

waveform as shown in the fig A4.

Viri /Vcomrol

R

VV VYV V

/\/\/\/\/X<=t
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V;m'(ﬁ)

I 2
\ dcj" |

VN
‘.d‘:‘.._l ] [}

Fig A4: PWM wave forms

As depicted in Fig. A4, the inverter output voltage is determined in the following:
When Veontrot > Viris Vao = Vien
When Veontrol < Vi, Vao = =Vien
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The quasi square wave output of the inverter is then filtered using a 3 phase LC filter to
produce perfect sinusoidal voltage waveforms of constant frequency 50 Hz. So the sine
wave output of the inverter after filtering, is then again given to the voltage comparator in
per unit where it is again compared with a triangular carrier waveform particular
frequency and magnitude to produce the output as shown above. This output is again
filtered and the feedback cycle continues which is shown in fig 4.15.
The inverter output voltage has the following features:

» PWM frequency is the same as the frequency of Vi

» Amplitude is controlled by the peak value of Vool

» Fundamental frequency is controlled by the frequency of Vontrol
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APPENDIX C
PARAMETERS

1. Excitation system parameters

» Time constant of filter (Tg) = 20x107s

Voltage regulator gain (Ka) = 300 p.u.

Voltage regulator time constants (T4) = 0.001 s

Exciter time constant (Tg) =0 s

Exciter constant related to self-excited field (Kg) =1 p.u.
Excitation control system stabilizer gain (Kr) = 0.001 p.u.

Excitation system stabilizer time constant (Tg) = 0.1 s

YV V V'V V V V V¥V

Transient gain reduction time constants (Tg, Tc) =0,05s

2. Transformer parameters
» Nominal power = 2 MW
» Frequency = 50 Hz

Winding 1:
> Connection = Delta
> Primary voltage phase to phase = 400 V rms
> Primary winding resistance = 0.0027 p.u.

> Primary winding reactance = 0.08 p.u.
Winding 2:

> Connection = Star, grounded
» Secondary voltage phase to phase = 230 kV rms
> Secondary winding resistance = 0.0027 p.u.

» Secondary winding reactance =008 p.u.

Maximum and minimum regulator output limits (Vamax, Vavm) =1, 0 p.u.
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Magnetization resistance = 500 p.u.

Magnetization reactance = 500 p.u.

3. Transmission line parameters

> Frequency (used for RL C speciﬁcations) =50 Hz
Positive and zero sequence resistances = 0.01273 Q/km , 0.3864 Q/ km

Positive and zero sequence inductances = 0.9337x10™> H/km, 4.1264x10™> H/km

Positive and zero sequence capacitances = 12.74x10~ F/km, 7.751x10™ F/km
Length of the line = 100 kms

YV V VYV VY

4. Grid parameters‘
» Grid voltage phase to phase =230 kV rms
Phase aﬁgle of phase A =0 deg
Frequency = 50 Hz |
Internal connection = Star, grounded
Three pﬁase Short circuit level at base voltage = 10000 MVA
X/R ratio = 10 |

Y V V V V

5. Load parameters
(2) On High voltage side

» Active power (P) =15 MW

» Inductive reactive power (QL) = 9.2 MVAr
(b) On Low voltage side

» Active power (P)=1.5 MW

» Inductive reactive power (QL) = 0.92 MV Ar

6. Additional parameters of the synchronous machine

» D-axis synchronous reactance (X,) =0.35Q

> D-axis transient reactance (X, ) = 0.17Q
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» D-axis sub-transient reactance (X,')=0.13Q

» Q-axis synchronous reactance (X, ,)=035Q

Q-axis transient reactance (X, )=0.23Q

> Q-axis subtransient reactance (X, ) =0.05Q

» Transient 6pen—circuit (T4o") or short-circuit (T4'") time constant =4.49 s

D-axis subtransient open-circuit (T4,") or short-circuit (T4") time constant
0.0681 s

Q-axis subtransient open-circuit (Tq'") or short-circuit (Tq") time constant

0.0513 s
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