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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 the 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 

frequently applied variable 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 variable-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 voltage 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 generator 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 Vd and Vq  to the excitation system and the control 

system 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 

necessary internal control systems needed in a variable-speed generator drive by giving 

well-fit appropriate specifications. Later, this modeled and integrated experimental set 

up 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 

advantage 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 

the system's performance under those faulted conditions and almost perfect 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 speed 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 of wind speeds. It has become possible continuously to 

adapt (accelerate or decelerate), the rotational speed co of the wind turbine to the wind 
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speed v, with a variable-speed operation. To achieve that, the tip speed ratio .% 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 configurations. 

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 nearly 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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Type A 

Capacitor bank 

Type B 

Variable resistance 

Capacitor bank 

Type C 	 Partial scale 
frequency converter 

Type D 

Full-scale 
frequency converter 

Gear 	 ~'' 	 Grid 

PMSGIWRSG1WRIG 

Fig 1.1 Typical wind turbine configurations [11 
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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 full-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 speed 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 power fluctuations are scarce, 

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

currents 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 generated has to pass, compared with about one third of the power in the case 

of the doubly fed induction 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 

turned 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, in 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 

the pitch mechanism makes it easier to carry out emergency stops and to start up the 

wind turbine [1]. 
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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 generator (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. 
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1.9 Types of installations of wind turbines 
There are two types of installations. 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 [171 

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



Fig 1.3 Thirty V80-2.0 MW turbines of Vestas' Offshore installation  [25] 

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]. 
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Parameter Details 

Power of generator, P 2000 kW 
voltage of generator 400 V 
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 82 m 
Blade length 38.8 m 
Swept area 5281 m2  

Turbine concept Gearless, variable single blade pitch control, variable speed 

Table 1.1 Technical data of Enercon E-82 wind turbine [171 
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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 the turbines with the transmission system. Hence in paper [2], Behnke, 

M.R.and Muljadi, E. focused on the simulation of the response of a variable-speed wind 

turbine with a synchronous generator and full power electronics to transmission system 

disturbances using reduced order models compatible with positive sequence phasor time-

domain analysis software (e.g., PSS/E or PSLF). They investigated 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 compensation methods for a SCR interfaced permanent 

magnet 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 in 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 to concern 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 

contrasting wind turbine rotors and assessed their performance by simulation. 

Eduard, 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 simulation 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. 

Muller, H., Poller, M. and Basteck, A., Tilscher, M. and Pfister, J. in paper [12] 

analyzed the grid integration aspects of a new type 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 

algorithm 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 ), Characteristics for 

various fi  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 modem 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 following power equation of 

wind turbines as appropriate blocks. 

Pm  = c p  (.1., J3 ) P2 V i d3  ------------ (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. It dictates that at most 59% of the wind power can be captured. In this case, the 

value of Cp  is taken as 0.48, i.e 48% only. 

p = Air density (kg/m3) 

A = Turbine swept area (m2) 

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 

/3 = 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 	 3 = k 	 ------------ . m_pu 	pc p_pu ~/-') 
/~ V wJnd_pu 	

( 
\32 ) 

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

as shown below in fig 3.1. 

Wind speed 
(mis) 1/wnd_base 

Saturation Block 

1 u(1)"3 

wind speed^3 

PwirXI-pu 

Generator speed (pu) 
X 	IatTibc4aJxJ K lambda 

Product 	lambda nom Saturation 
Block 

en 

J 1/cp no 
cp(lambda,beta) 

Product X 

Pitch angle (deg) 

Pm (pu) 

> pu, 
Saturation Block 

Fig 3.1 Block diagram of wind turbine 

1MTihd3 

beta 

((u) 

Fort 

a=I 

Fig 3.2 Inside Cp (lambda, beta) block 
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Where 

P,,,_ p„ = Power in p.u. of nominal power for particular values of p. and A 

CP Pu = Power coefficient or power efficiency in p.u. of the maximum value of CP 

vw;,,d pu = 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. 

kP = Power gain for Ci,, P„ =1 p.u. and V wind _ p„ =1 p.u., 

k p 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. 

Fcn : 1 1 = 	— 0.035 in fig 3.2--------------------------------(3.3) 
),; A+0.08,8 /3 +1 

-c5 

Fcnl : cp(A,j3) = c,(_2 —c3~3—c4 )e'' +c62 in fig 3.2----------------(3.4) 

The coefficients cl to c6 are: cl = 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 

generator speed (w r pu) in p.u. of the nominal speed of the generator a, the blade pitch 

angle j3 in degrees and the wind speed vwi„d in m/s. The tip speed ratio A in p.u. of 

nom is obtained by the division of the rotational speed in p.u. of the base rotational 

speed and the wind speed in p.0 of the base wind speed. Hence as shown in the fig 3.1, 

the outputs of the turbine are mechanical power output PmJ,u and mechanical torque 

output Tm,u. 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, are 

illustrated below in fig 3.3. The maximum value of Cp (CP_max = 0.48) is achieved for,6 = 

0 degree and for 2= 8.1 from the graph. This particular value of A is defined as the 

nominal value (2 nom). 
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Fig 3.3 The Cr- A Characteristics for various 83 values [221 

With the help of equation 3.1, the nominal value of Pm  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. 

Pm  = C, vI., P) ,LA vwfnd3  

W.K.T the maximum value of Cp  (Cp  ,,,ax  = 0.48) is achieved for /3 = 0 degree and for 

)L=8.1 from fig 3.3. Hence, 

1.225x3.14159x822  ]=0.48x 	x133  
2x4 

=3411104.1W 

=3.41MW 

Where 

Air density p for a given location is taken as 1.225 kg/m3  by assuming the location's 

average temperature as 10°c 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 low-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 

in, 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  

do17o0 
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5000 ~. 
400. I 
3000 

2000 

1000 

aco ..c 	10 OO• 15-00 	.C'o 	2.x.00 

Wind spend (m,etorsfsocond)  
Ji 

Fig 3.4 Wind Power for a particular 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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Fig 3.5 Power efficiency Cp  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 the 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. 

Apart from this power efficiency, there is an other efficiency known as the 

aerodynamic efficiency. This aerodynamic efficiency has two definitions - one for the 

below-rated wind speed and the other for the above-rated wind speed [7]. 

The aerodynamic efficiency, ;7 , 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 Cp max'  then that turbine is considered as a 100% aerodynamically efficient 

turbine. 
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Cp  
r7 = 	x 100 --------------------(3.5) 

Cp_max 

Where Cp  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. 

7=  P  x 100 -------------------(3.6) 
Prated 

Where P is the mean power and Praged  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. It 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 performance of a particular strategy is critically dependent on the rotor 

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

energy 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 Cp  
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 electrical power output is divided by the wind energy input to measure the 

technical efficiency of a wind turbine. Hence to obtain the Cp  curve, at each wind speed, 

the power output is divided by the amount of power in the wind per square 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 
speed 
in mis 

Power 
output 
Pin kW 

Power input 
- PA 	3  

P- 	Vwlnd 2 
in kW 

Power 
coefficient 

c  r  Poutput 

p 
Pnput 

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 
25 2050 58571.4 0.035 

Table 3.1 Data of V,,ind and 	of E 82 wind turbine to calculate P.npu, and C p  
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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]. 

Vd = Rsid + d Bpd —WRtpq --------- -(3.7) 

Vq = Rsiq + 
L[t 

(Pq +coRY'd --------- -(3.8) 

d Vfd =Rfdifd +at ~fd --------- 3.9 ---( 	) 

d VV = RLii + d ç --------- --(3.10) 

d 
V 	= R'~,i1 + d (', 

-------- --(3.11) 

d 
Vkg2 = Rkq2IkgZ + dt P;cg2 --------- (3.12) 

'Pd = Ldid +L»,d (i fd +iL)------- --(3.13) 

'pq = Lqq +Lmgikq ----------- --(3.14) 

(ped =Lfdifd +Lmd (Id +'L ---------(3.15) 
gyp, 	=L;: jiI +Lmd (ld +iid )------ --(3.16) 
(pkq, = Lkq,ikgl +Lmqfiq ----------- (3.17) 

Pkg2 = Lkg2iiq2 +L»,gq --------- --(3.18) 

Where 

V is electric voltage measured in Volts 

R is the electric resistance measured in Ohms 

i is electric current measured in Amps 

ç is magnetic flux linkage measured in Volt-Sec 
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w is angular frequency measured in 1 /sec 

V f is electrically excited field voltage measured in Volts 

i. is field current measured in Amps 

V, is the damper voltage measured in Volts 

ik 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 

> l,m: Leakage and magnetizing inductance 

➢ f,k: Field and damper winding quantity 

➢ x': Either damper winding quantity or electrically excited quantity 

3.3.1 Park's transformation 
As the models are developed in rotor reference frame d,q,O, 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]. 

Vd  = 3 Va  sincot+Vb  sin cot— 23 +V, sin cot+ 23 ----------(3.19) 

Vq  = 3 V Q  cosrwt+Vb  cos rOt— 23 +V, cos wt+ 3 ----------(3.20) 

Vo  = 3 (VQ  +Vb  +V)------------------------------(3.21) 

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

component of rotor reference frame into the stator phase values. 



Va  = 3 (Vd sincot+Vg coscot+Vo )------------------(3.22) 

Vb =3 Vd sin cot- 23 +V9  cos wt -23 +Vo  ----------(3.23) 

V = 3 Vd  sin rpt+ 23 +V9  cos wt+ 23 + Vo  ----------(3.24) 

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

are as follows. 

abc 

I
t 
 'bol 	r_ v3N(h11)+2 t6J?*CcC3'rurD Sin Cos 

2n"((L[l1'u1511-NR1'uPAI(un)'uNle 

sq'R3Y2 

—. Oafn1 

Vd= 213 (Va'simvt - Vb'sin(wt•2pi3) + Vc'sin(wt+2pt3) 

Vq= 213 (Va*cosw1 + Vb'cos(wt-2pU3) + VC cos(wt+2pil3) 

VD=113 (Va + Vb + Vc ) 

Fig 3.8 Block representation of Park's transformation 

dqO 

Sin cos 

Ui1]:U(4) + U[21'Vi51 + ur-1 

ail ]'pial + uI2J' ui71+ vI31 

sq Y2 I 	I I I 	1 X  F't-  I 	I 	 H 	' U111'USJ+ U!2r'ui81+ ufs1 

H
sintct+2pV3) Va= Vd*sinwt +Vq'cos(wi) +Vo 

Vb= Vd•sin(wt-2pI3) +Vq'cos(wt-2pi13) +Vo COKOA+2pla) 
+ 	 Vc= Vd*sin(w1+2p113) +Vq*cos(wt+2pV3) +Vo 

dqO 

abc 

Fig 3.9 Block representation of Inverse Park's transformation 

29 



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 

i.e., 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 

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 convention 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 is 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 900  

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 (kVA) 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 = 3VphIph  cos-p--------(3.25) 

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. Vd ,Vq  and d-q components 

of the stator phase current i.e. 

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

cp = tan-' Ld  +tan-' L`'  ------------(3.26) 
9 	 4 
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This is done by using the trigonometric function blocks of the MATLAB/ 

Simulink as shown in fig 3.11. 

Vd x 

a tin 

2 Divide 	Trigonometric 
Scopel vq Function 	+ 

3 su m 

--~ atan 

 

Id X HH 	IEJ  
4 Dividc'I 	Triganometric Trigonometric 	 Scope4 
Iq Functionl Function2 

Fig 3.11 Schematic block diagram for power factor determination 

3.4 Rectifiers and Inverters 
A traditional frequency converter consists of: 

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

current, while the energy flows into the DC system 

> energy storage (capacitors) 

> 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 snubber 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 investigate 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 

physical prototype wind turbines to the influence of destructive full-scale tests. Thus, 

computer 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 objective of the investigation too. All this should be 

taken into consideration before starting 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 regarding 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. 
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1 	 Generator speed {pu)rM (pu) 

Pitch ane (deg) IN 
13 
	

1 yd speed (mJ) Pm 

Wind Turbine 	 Scope 

Fig 4.1 Model of the wind turbine 

Where 

The generator speed is taken as 1 p.u., the pitch angle is taken as 00  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. 



The specifications for the wind turbine in this work are taken as in fig 4.2 
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Fig 4.2 Specifications of the wind turbine 



Turbine Pourer Characteristics (Pitch angle beta = 0 deg) 

xapower at base wind speed (13rule and beta -- 0 
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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. 
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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 u pw_ac!upl  = 0.91 x Poulput_expecled 

Fawp„t_ac,ua, = 0.91x 2MW 

= 1.82 MW 
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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 input to the wind turbine. 

The model of the synchronous generator is shown in fig 4.6. 
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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, ü, 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 because, 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 sees 

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 f nal steady state condition. 
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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 stabilizes 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. 
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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. 

N _ 120x f 
s 

P 
• 120x50 

64 

=93.75 

_ 2x,rxNs 
(OS 
	60 

2x,rx93.75 

~~ 

= 9.8174rad / sec 

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

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 : Load 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 -1000 to 1000. 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 



The snubber resistance Rs and the snubber capacitances Cs 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. 
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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 snubber 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 kVAr 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 



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 sees 

As said before, even 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 sees 

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 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 

rated 
_

~ 
,[3 x VL_L 

2 x l 06 
x 400 

=2890A 

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 (speed range of 2 m/s to 25 m/s), the system works at its 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 sees 

Fig 4.25 shows the load angle in degrees with respect to the time in seconds. The 

load angle 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 q vs. time in secs 

Fig 4.26 shows power factor cos (p 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 

power 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 

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 occur 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. 
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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 select 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 the 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 system 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: 

➢ 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 (LG) 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 balanced 

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. 

Em. sin(cot + (p) = RI + L------------------(5.1)  
dt 

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 

1(t) = e''{ 	 E ~zLZ sin[~p — tan ' (R )] } + R2 E a' sin[wt + ~p —tan-' (R )] 
RZ 

	.j+co2L2  

-----------------(5.2) 

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 [(p — tan-' (a)] = 0 or an 

integer times 7Z, 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 sees 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 format. 

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 component will give an unsymmetrical waveform. The degree of 

asymmetry depends 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. 

Fig 5.2 LLLG Fault: Three phase load voltages before, during and after the fault 
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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 S2 each. 

At the instant of clearing the fault at t=3 secs, 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. 
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> The sub-transient period is 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 00  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. 

j 	5 S 11  

!......._ ..................'... _ ............................. 

1.98 2 2.02 2.04 2.06 	2.08 2.1 

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) 

3.03 

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 have 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 

-800 L 
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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 5.9 LL Fault: Three phase load currents before, during and after the fault 
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Fig 5.10 LL Fault: Three phase load currents (for zooming) 
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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. 
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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. 

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 interrupting 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[19]. 
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'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 5.17 LLG Fault: Three phase load currents before, during and after the fault 

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 A). 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 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 200 and 50°. 

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

different 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. 
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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 200  and 

400. 

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. 

When the short circuit occurs at t=2 or [gyp — tan-' (-i--)]   = 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. 

— Vpeak ISa 	n  
Xd  

549 
0.13 

=4223A 

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

Vpeak is 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 500 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 



__  Vpeak  
ISS Xd 

549 
0.35 

=1568.6A 

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 Xd  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 components 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 case 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 Scope of work 
The initial work such as building and simulating for practical 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-days, 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 generators 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 turbines using variable 

speed technology. 

> The use of frequency converter can be eliminated if a dynamically pole changing 

synchronous generator is used. But the poles cannot be fractional and only even 

number 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 

unwanted dv  triggering and di  triggering of the device. 
dt 	 dt 

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 

capacitor builds up at a slow rate such that 	across it and therefore across the device 

is less than the specified maximum dt 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 fj will tend to 
dt 

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 di  is reduced [3]. cit 
To design a snubber circuit, it must be made sure that the resistance, capacitance 

and the load parameters should be such that the i- across the capacitor during its 
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charging is less than the specified dt 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 dt 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: 

0.09 ohms, =1~S micro Farads 

c 
Diode 

°1r AC Voltage Soure,  

I~ 

1.5 Miff 
0.92 MUA.r 

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

rectifier 

The snubber resistance RS and the snubber capacitance Cs have been designed from the 

following relations. 

P 
CS < 1000(2irf)V2 

2.35x106 

<l000x2x,rx5Ox4002 
< 0.0000467 

<46.7pF 
= 46pF 
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Rs >2 
., 

2x 2x 10-6  

> 46 x 104  
> O.0869 

= 0.0952 

Where T, is the time period of the discrete system 

Voltage V is the rms value and 

Power P is in VA. 

5000 ohms 

 

DC VoItsge Source 

1.'5 MW 
0.92 MVAC 

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

the inverter 

The inverter also uses snubbers but the 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 capacitor 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 producing 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 

dv 
di'

triggering and di  triggering. 

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 incorporate 

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 pulse. By comparing a 

sinusoidal reference signal with a triangular carrier wave of a particular frequency, the 

gating signals are generated as shown in Fig A4. The frequency of reference signal, 50Hz 

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 voltage can be varied. It can 

be observed that the area of each pulse corresponds approximately to the area under the 
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t 

A rec l7 

v,0(t) 

V/2 

t 

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. 

1 	Vabc (pu) 
Input 	 vabc inv 

7 	%Ari_ref (pu) 	` 

Vref (pu) 
Voltage Comparator 

Uret 	Pulses  

Output 
Discrete 

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 01,01 ) whose frequency is 50 Hz and compares it with triangular carrier 

waveform as shown in the fig A4. 

v._ 	 v_ 

Fig A4: PWM wave forms 

As depicted in Fig. A4, the inverter output voltage is determined in the following: 

when Vcontrol > Vtri, VA0 = Vdc/2 

When Vcontrol < Vtri, VAO = -Vdc/2 
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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 Vtr; 

> Amplitude is controlled by the peak value of Vconuoi  

➢ Fundamental frequency is controlled by the frequency of V 001 

R 

87 



APPENDIX C 

PARAMETERS 

1. Excitation system parameters 

> Time constant of filter (TR) = 20 x 10-3  s 

> Maximum and minimum regulator output limits (VAmAx, VAMIN) = 1 , 0 p.u. 
> Voltage regulator gain (KA) = 300 p.u. 

> Voltage regulator time constants (TA) = 0.001 s 

> Exciter time constant (TE) = 0 s 

➢ Exciter constant related to self-excited field (KE) = 1 p.u. 

> Excitation control system stabilizer gain (KF) = 0.001 p.u. 

> Excitation system stabilizer time constant (TF) = 0.1 s 

> Transient gain reduction time constants (TB, Tc) = 0, 0 s 

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 = 0.08 p.u. 
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Magnetization resistance = 500 p.u. 

Magnetization reactance = 500 p.u. 

3. Transmission line parameters 

➢ Frequency (used for R L C specifications) = 50 Hz 

➢ Positive and zero sequence resistances = 0.01273 Q / km , 0.3 864 Q l km 

> Positive and zero sequenceinductances = 0.9337x10 3  H/km, 4.1264x10 3  H/km 

> Positive and zero sequence capacitances = 12.74 x 10-9  F/km, 7.751 x 10-9  F/km 

> Length of the line = 100 kms 

4. Grid parameters 
> Grid voltage phase to phase = 230 kV rms 

> Phase angle of phase A = 0 deg 

➢ Frequency = 50 Hz 

> Internal connection = Star, grounded 

> Three phase Short circuit level at base voltage = 10000 MVA 

> X/R ratio = 10 

5. Load parameters 

(a) 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 MVAr 

6. Additional parameters of the synchronous machine 

➢ D-axis synchronous reactance (Xd ) = 0.35 S2 

> D-axis transient reactance (Xe' ) = 0.17 S2 



D-axis sub-transient reactance (Xe") = 0.13 ) 

➢ Q-axis synchronous reactance (Xq ) = 0.35 12 

> Q-axis transient reactance (Xq') = 0.23 SZ 

➢ Q-axis subtransient reactance (Xq") = 0.05 S2 

> Transient open-circuit (Tdo') or short-circuit (Td') time constant = 4.49 s 

> D-axis subtransient open-circuit (Tdo") or short-circuit (Td") time constant = 

0.0681 s 

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

0.0513 s 
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