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ABSTRACT 

In this report the main concentration is made on the feasibility of the 

Induction Generators, so that the wind energy can harness in a very efficient manner. 

Induction generators are increasingly being used in nonconventional energy systems 

such as wind, micro/mini hydro, etc. The advantages of using an induction generator 

instead of a synchronous generator are well known. Some of them are reduced unit 

cost and size, ruggedness, brushless (in squirrel cage construction), absence of 

separate dc source, ease of maintenance, self-protection against severe overloads and 

short circuits, etc. In isolated systems, squirrel cage induction generators with 

capacitor excitation, known as self-excited induction generators (SEIGs), are very 

popular. For the process of self excitation, fixed capacitor banks or thyristor switched 

capacitors (TSC's) are commonly used in practice. A model of Fixed Capacitor-

Thyristor Controlled Reactor (FC-TCR) is used for the purpose of self excitation and for 

variable reactive power and this FC-TCR is controlled by a closed loop fuzzy logic 

controller by controlling the delay firing angle(a) of the FC-TCR as the load (both R and 

RL loads (cosc)=0.8)) varies from no-load to rated load. To increase the controllable 

range of speed the WRIG (Wound Rotor Induction Generator) are flexible, which get 

excitation from the grid side, the rotor of WRIG is connected to the grid via the 

convertor setup. Due to the advances in power electronics it is advantaged to use the 

doubly fed induction generator (DFIG) system with variable speed connected to the 

electrical grid through an AC-AC converter, improving the efficiency of the power 

conversion. The converter topologies are modeled in the simulink environment and 

integrated the rotor power to the grid by controlling the converters (both grid side and 

rotor side converter in case of AC/DC/AC converter topology). The Pulse width 

Modulation (PWM) techniques and Space Vector Pulse Width Modulation (SVPWM) 

techniques are used for controlling the converters. The Back to Back AC/DC/AC 

(IGBT) converter setup is modeled and the same is controlled by using PWM and 

SVPWM techniques. The Matrix Converter is developed in SIMULINK environment and 

the same is controlled by using closed loop SVPWM technique. The main aim of 

developing these converter topologies and control circuits is to analyze the DFIG in 

both sub and super synchronous modes of operation and to ensure the power flow is 

bidirectional in case of these converter topologies. 
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NOMENCLATURE 

The symbols used in the text have been defined at appropriate places, however, for 
easy reference the important nomenclatures are given below: 
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CHAPTER-1 

Introduction and Literature review 

1.1 INTRODUCTION 

Most of the present demand in the world is met by fossil and nuclear 

power plants. A small part is met by renewable energy technologies, such as the 

wind, solar, biomass, geothermal and the ocean. Among the renewable power 

sources, wind and solar have experienced a remarkably rapid growth in the past 10 

years [45]. Both are pollution free sources of abundant power. Additionally, they 

generate power near the load canters; hence eliminate the need of running high 

voltage transmission lines through rural and urban landscapes. The increasing rate 

of the depletion of conventional energy sources has given rise to an increased 

emphasis on renewable energy sources such as wind, mini/micro-hydro, etc. 

Generation of electrical energy mainly so far has been from thermal, nuclear, and 

hydro plants. They have continuously degraded the environmental conditions. An 

increasing rate of the depletion of conventional energy sources and the degradation 

of environmental conditions has given rise to an increased emphasis on renewable 

energy sources, particularly after the increases in fuel prices during the 1970s. An 

induction machine connected to an ac source of appropriate voltage and frequency 

can operate either as a motor or as a generator. Regeneration is possible, if the rotor 

of the induction machine is made to rotate above synchronous speed decided by the 

supply frequency and the pole number of the machine. The terminal voltage applied 

to the machine maintains the excitation by supplying lagging magnetizing current, 

which in turn results in rotating magnetic field for both the motoring, and generating 

mode of operation. Use of an induction machine as a generator is becoming more 

and more popular for the renewable sources. Reactive power consumption and poor 

voltage regulation under varying speed are the major drawbacks of the induction 

generators, but the development of static power converters has facilitated the control 

of the output voltage of induction generators. The advantages of using an induction 

generator instead of a synchronous generator are well known. Some of them are 

reduced unit cost and size, ruggedness, brushless (in squirrel cage construction), 
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absence of separate dc source, ease of maintenance, self-protection against severe 

overloads and short circuits, etc. In isolated systems, squirrel cage induction 

generators with capacitor excitation, known as self-excited induction generators 

(SEIGs), are very popular. Further coming to SEIG's, the concept of variable reactive 

power is always questioning point. So an attempt is made to develop a variable VAR 

generator FC-TCR in the MATLAB/SIMULINK environment to supply a continuous 

VAR for different loading condition. It is obvious that grid-integrated Wind Energy 

Conversion System (WECS) should generate at constant electrical frequency, 

determined by the grid. Conventionally grid-connected cage rotor induction 

machines are used as wind generators at medium power level. When connected to 

the constant frequency network, the induction generator runs at near synchronous 

speed drawing the magnetizing current from the mains, thereby resulting in constant 

speed constant frequency (CSCF) operation. However the power capture due to 

fluctuating wind speed can be substantially improved if there is flexibility in varying 

the shaft speed, to maximize power capture with fluctuating wind velocities. 

Therefore, WECS is a classic example of a variable speed constant frequency (VSCF) 

system. 

The concept of the Doubly Fed Induction Generator (DFIG) is an interesting 

option with a growing market. The DFIG consists of a WRIG with the stator windings 

directly connected to the constant-frequency three-phase grid and with the rotor 

windings mounted to a bidirectional back-to-back IGBT voltage source converter. 

The term `doubly fed' refers to the fact that the voltage on the stator is applied from 

the grid and the voltage on the rotor is induced by the power converter. This system 

allows a variable-speed operation over a large, but restricted, range. The converter 

compensates the difference between the mechanical and electrical frequency by 

injecting a rotor current with a variable frequency. Both during normal operation 

and faults the behavior of the generator is thus governed by the power converter and 

its controllers. The power converter consists of two converters, the rotor-side 

converter and grid-side converter, which are controlled independently of each other. 

Design of converter topologies for the rotor circuit is the present prevailing major 

task for an Electrical engineer. Depending on the operating condition of the drive, 

power is fed into or out of the rotor: in an over synchronous situation, it flows from 

the rotor via the converter to the grid, whereas it flows in the opposite direction in a 
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sub synchronous situation. In both cases - sub synchronous and over synchronous 

- the stator feeds energy into the grid. The converter topologies are modeled in the 

simulink environment and integrated the rotor power to the grid by controlling the 

converters (both grid side and rotor side converter in case of AC/DC/AC converter 

topology). The Pulse width Modulation (PWM) techniques and Space Vector Pulse 

Width Modulation (SVPWM) techniques are used for controlling the converter. 

1.2 Literature review 

The concept of self-excitation of induction machine emerged for the first 

time in 1935, when Basset and Potter [6] reported that the induction machine can be 

operated as an induction generator in isolated mode by using external capacitor. 

However, in most of the cases it suffered from the frequency drop and poor voltage 

regulation. Series capacitors were used to improve the voltage regulation. 

Wagner [7] in 1939 gave an approximate method of analysis of self-

excited induction generator by separating the real and reactive parts of the circuit. 

The terminal voltage was determined by equating reactive VAR to zero, and slip by 

equating real power to zero. 

The three-phase induction machine with a squirrel cage rotor or a wound 

rotor could work as a three-phase induction generator either connected to the utility 

ac power distribution line or operated in the self-excitation power generation mode 

with an additional stator terminal excitation capacitor bank was discussed by 

Lahcene Quazene and George[1], McPherson N.H.Malik and S.E.Haque[2], 

A.K.Aljabri and A.I.Alolah [3], L.Shridhar, B.P.Singh and C.S.Jha [4], S.P.Singh, 

M.P.Jain and Bhim Singh,[5]. 

Barkle and Ferguson [8] has presented the approximate model of both 

grid-connected and SIEG for studying the general aspects like power factor and short 

circuit behavior. They found that the induction generator does not contribute to the 

interrupting duty of the breaker and makes only the sustained contribution to the 

momentary rating of the device connected to the generator. 
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T. Ahmed, K. Nishida, and M. Nakaoka proposed have proposed a single 

phase static VAR (SVC) compensator composed of the thyristor controlled reactor 

(TCR), thyristor switched capacitor (TSC) and the fixed excitation capacitor (FC) to 

regulate smoothly the generated output voltage of the standalone single phase 

induction generator with a variable inductive load. A PI (Proportional Integral) 

controller is employed to adjust the equivalent capacitance of the single phase SVC 

[9]. 

Bhim Singh and Co., [ 10] [11] [ 12] [ 13] have developed a mathematical 

model and a control strategy for a voltage regulator using a static synchronous 

compensator (STATCOM). And load controller for DFIG. They have presented huge 

contribution in this area. 

Terminal Voltage Control Scheme based on Static VAR Compensator for 

Three-Phase Self-Excited Induction Generator was described by Tarek Ahmed, 

Mutsuo Nakaoka and Osamu Noro [14]. 

The doubly fed induction generator (DFIG) can supply power at constant 

voltage and constant frequency while the rotor speed varies. This makes it suitable 

for variable speed wind energy applications. Additionally, when a bidirectional AC-AC 

converter is used in the rotor circuit, the speed range can be extended above 

synchronous speed and power can be generated both from the stator and the rotor. 

An advantage of this type of DFIG drive is that the rotor converter need only be rated 

for a fraction of the total output power, the fraction depending on the allowable sub-

and super-synchronous speed range. A good introduction to the operational 

characteristics of the DFIG connected to the grid can be found [ 16, 17] in which 

Scherbius schemes using either cycloconverter or six pulses naturally commutated 

DC-link converters are used. 

In [ 19] Joeng and Park present a working scheme for a DFIG, supplying 

an isolated load. This system is unable to operate super-synchronously and the 

harmonic currents drawn by the diode rectifier are undesirable. 
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R. S. Pena, G. M. Asher, and J. C. Clare, [20] described that the power 

converters connected to the rotor are for restricted speed range operation, they are 

rated to only a fraction of the machine nominal power, and vector control is proposed 

for the controlling the Stator side converter. 

Control and operation of grid-connected voltage source converter under 

grid disturbances in variable- speed wind turbines are discussed by G. Saccomando 

and J. Svensson, [21] 

Mitsutoshi Yamamoto and Osamu Motoyoshi [22] developed a power 

control system for a doubly-fed wound rotor induction generator. This power control 

system has applied a control method using a rotating reference frame fixed on the 

gap flux of the generator and can control active and reactive power independently 

and stably. The characteristics of the control system have been proved by 

experiment. Moreover, harmonic currents fed to the rotor windings are transmitted 

to the stator winding changing its frequency. 

M.B.Mohamed, M.Jemli, M-Gossa, K. Jemli [23], described the dq model 

of the wound rotor induction machine in rotor reference frame and implemented in 

simulink for fast simulations. In order to control the power flowing between the 

stator of (DF1G) and the grid, a control law was synthesized using PI controllers. 

Simulation results have demonstrated. 

A grid connected wind power generation scheme using a doubly fed 

induction generator with a direct AC-AC matrix converter is proposed K.Ghedamsi, 

D.Aouzellag, E.M.Berkouk [24]. The analysis of stator flux vector control algorithm 

and a space vector modulated matrix converter to control rotor current was 

discussed. The matrix converter-based rotor current control scheme is highlighted. 

The real development of matrix converter starts with the early work of Venturini 

and Alesina [25], [26] in 1980. They presented the power circuit of the converter as a 

matrix of bidirectional switches and they introduced the name 'matrix converter'. 

Another major contribution of these authors is the development of rigorous 
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mathematical analysis to describe the low frequency behavior of the converter. In 

their modulation method, also known as direct transfer function approach, the 

output voltages are obtained by the multiplication of matrix with the input voltages. 

The method of using a space vector concept for deriving the switching 

instants for pulse width-modulated voltage source inverters is described and 

compared with the commonly used established sinusoidal concept was done by H. 

W. vander Broeck, H. C. Skudelny and G. V. Stanke [27j. 

GUO Yougui, ZHU Jianlin and DENG Cheng [28] discussed the 

modulation modes of SVM for matrix converter and also two novel modulation modes 

are described for matrix converter for the first time. 

1.3 Author's Contribution: 
In this Dissertation, a FUZZY Logic controller based FC-TCR (in delta 

connection) is modeled to sustain the process of self excitation and terminal voltage 

regulation of SEIG for the variable R-load and RL-load (coscp=0.8), which can vary 

from no load to full load. The FUZZY controller is designed to control the delay firing 

angle `a' of FC-TCR circuit by taking inputs as `error in terminal voltage' and `line 

currents'. The simulated performance waveforms of SEIG is analyzed with the 

proposed FUZZY controller based FC-TCR and the voltage regulation of SEIG with 

this FUZZY controller based FC-TCR is compared with voltage variation of SEIG with 

the fixed capacitor bank of the same value of capacitance used in FC-TCR. This 

comparison is done for both variable R-load and RL-load. The simulated results of 

the SEIG with the proposed model are found satisfactory. 

Further, the Converter topologies for the DFIG are discussed and the 

same are modeled in simulink. The AC/DC/AC back to back IGBT converter 

topology is controlled by PWM and SVPWM techniques. And the MATRIX converter 

topology is also modeled and controlled by using SVM technique. The stator of the 

WRIM is connected to the grid and the rotor is integrated with the grid via these 

converter setups and a coupling Transformer. The machine operated in both sub and 

super synchronous modes to ensure that the power flow via converter setup is bi- 



directional. The wave forms for all the voltages and currents and the machine 

performance characteristics, and the power flow indications are plotted in the 

SIMULINK and are presented in this work. 
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CHAPTER -2 

Induction Generators 

2.1. CLASSIFICATION OF INDUCTION GENERATORS: 

On the basis of rotor construction, induction generators are two types (i.e., the 

wound rotor induction generator and squirrel cage induction generator). Depending 

upon the prime movers used (constant speed or variable speed) and their locations 

(near to the power network or at isolated places), generating schemes can be broadly 

classified as under [17]: 

A) 

 

constant-speed constant-frequency (CSCF) 

B) variable-speed constant-frequency (VSCF) 

C) variable-speed variable-frequency (VSVF). 

A. Constant-Speed Constant Frequency: 

In this scheme, the prime mover speed is held constant by continuously adjusting 

the blade pitch and/or generator characteristics An induction generator can operate 

on an infinite bus bar at a slip of 1% to 5% above the synchronous speed. Induction 

generators are simpler than synchronous generators. They are easier to operate, 

control, and maintain, do not have any synchronization problems, and are 

economical. The following figure: 2.1 represents SCIG operating as Self Exited 

Induction Generator (SEIG) with Grid connected mode. 

Figure 2.1: SEIG with Grid connected mode 

0 



Power Electronic 
Converter 

B. Variable-Speed Constant Frequency: 

The variable-speed operation of wind electric system yields higher output for both 

low and high wind speeds [18]. This results in higher annual energy yields per rated 

installed capacity. Both horizontal and vertical axis wind turbines exhibit this gain 

under variable-speed operation. Popular schemes to obtain constant frequency 

output from variable speed are as shown. 

B. 1. AC-DC-AC Link: 

With the advent of high-powered thyristors, the ac output of the three-phase 

alternator is rectified by using a bridge rectifier and then converted back to ac using 

line-commutated inverters. Since the frequency is automatically fixed by the power 

line, they are also known as synchronous inverters. 

Figure: 2.2 Induction Generator with Ac-Dc-Ac link 
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B.2. Double Output Induction Generator (DOIG): 

The DOIG consists of a three-phase wound rotor induction machine that is 

mechanically coupled to either a wind or hydro turbine, whose stator terminals are 

connected to a constant voltage constant frequency utility grid [481. The variable 

frequency output is fed into the ac supply by an ac-dc-ac link converter consisting of 

either a full-wave diode bridge rectifier and thyristor inverter combination or current 

source inverter (CSI)-thyristor converter link. One of the outstanding advantages of 

DOIG in wind energy conversion systems is that it is the only scheme in which the 

generated power is more than the rating of the machine. However, due to operational 

disadvantages, the DOIG scheme could not be used extensively. The maintenance 

requirements are high, the power factor is low, and reliability is poor under dusty 

and abnormal conditions because of the sliding mechanical contacts in the rotor. 

This scheme is not suitable for isolated power generations because it needs grid 

supply to maintain excitation. 

Povw®r electrcnic  
conveiter 

Figure: 2.3 DFIG with Ac-Dc-Ac Link 
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B.2.1. DFIG with MATRIX CONVERTER: 

The matrix converter is capable of converting the variable AC from the 

generator into constant AC to the grid in one stage, Fig 2.4 Two distinct advantages 

arise from this topology, the converter requires no bulky energy storage or DC-link 

and control is performed on just one converter. 

Fig 2.4 DFIG with MATRIX converter 

C. Variable-Speed Variable Frequency: 

With variable prime mover speed, the performance of synchronous generators can be 

affected. For variable speed corresponding to the changing derived speed, SEIG can 

be conveniently used for resistive heating loads, which are essentially frequency 

insensitive. [ 17]. 

Fig 2.5 SEIG in isolated mode 
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CHAPTER -3 

Analysis and design of SEIG model, 

FC-TCR and Fuzzy logic controller 

A 3HP, 440V, 4 poles, 50Hz, 1500 rpm star connected Squirrel Cage Induction 

Machine in isolated mode was chosen in MATLAB. To run it as a Generator and for 

the smooth controlling of reactive power to sustain the process of self excitation a 

Fixed Capacitor — Thyristor Controlled Reactor (FC-TCR) is designed in SIMULINK 

environment, which is used in delta connection instead of a fixed capacitor bank. 

The value of capacitance needed per phase would vary as the load on the machine 

varies. i.e., as load on the machine increases, the reactive power requirement 

(capacitance requirement) is also increases to maintain the constant voltage at the 

terminals. So connecting a fixed capacitor bank is always not a valid option. So in 

the present work a controller (in FUZZY) is designed in such a way that the delay 

firing angle (a) of the anti parallel connected thyristors of the TCR (Thyristor 

Controlled Reactor) is controlled such that the inductive reactance of the TCR is 

controlled, in turn the net reactance (capacitive, since the C and L was chosen to 

make the net reactance in capacitive zone) of the parallel combination of the Fixed 

Capacitor and Reactor is controlled, as the load varies from no load to full load. The 

only limitation in FC-TCR is that we need to compensate the inductive reactance 

with the capacitive reactance, so the capacitor size will be little larger than usual 

fixed capacitor. But this will provide a constant terminal voltage (of 440V) always by 

controllable variable reactive power. In this case change in current ranges and 

terminal voltage error are fed as an inputs to Fuzzy logic Controller (Mamdani), and 

the controller will give the output alpha (a) called the delay firing angle which is fed 

to firing circuit of the FC-TCR. The rules in the Fuzzy logic Controller is framed 

based on the variation of the net reactance of FC-TCR with the delay firing angle 

alpha(a) for different steps of Resistive loads and RL loads (coscp=0.8) ranging from 

no load to full load. So whatever may be the loading within this, the controller will 

give the delay firing angle (a) and this is fed to the anti parallel thyristor valves with 

proper phase shifts (180°  phase shift to the negative cycle conducting thyristor 

valve). Thus the reactive power feeding to the SEIG is controlled and the terminal 
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voltage is maintained constant (440V), since reactive power Q,=V 2wc, and the net 

reactance XT (a) _ [ XL(a 
X`(a)xX

)+Xc 	 tr 
], where the inductive reactance XL (a) = ciL [ ._  "

2a-sin2a 
 ], (a) 

is the delay firing angle of the anti-parallel thyristors, and XC  is the reactance of 

Fixed capacitor. 

Fuzzy logic based closed loop controller is modeled to vary the reactance of FC-

TCR to regulate the terminal voltage. The overall system consists of SEIG, delta 

connected FC-TCR's, Fuzzy logic controller, firing circuit, prime mover and variable 

loads (of R and RL (coscp=0.8) loads). This combined system is modeled in 

MATLAB/simulink environment to confirm its effectiveness and robustness. The 

FUZZY logic controller is designed to control the delay firing angle `a' of FC-TCR 

circuit by taking inputs as `error in terminal voltage' and `line currents'. The 

simulated performance waveforms of SEIG is analyzed with the proposed FUZZY 

logic controller based FC-TCR and the voltage regulation of SEIG with this FUZZY 

logic controller based FC-TCR is compared with voltage variation of SEIG with the 

fixed capacitor bank of the same value of capacitance used in FC-TCR. This 

comparison is done for both variable R-load and RL-load (coscp=0.8). The simulated 

results of the SEIG with the proposed model are found to be satisfactory. The RMS 

voltages variation for both SEIG with fixed capacitor and SEIG with FC-TCR is 

observed. The RMS voltage is not maintained at desired voltage level (440 V) for SEIG 

with fixed capacitors, where as for SEIG with FC-TCR simulation with FUZZY logic 

controller the RMS voltage is maintained at 440 Volts for both the variable R load 

and RL load (coscp=0.8). 

3.1 TCR-Thyristor Controlled Reactor: 

A basic single phase TCR (Thyristor Controlled Reactor) [46] [47] comprises an anti 

parallel thyristor valves, Ti and T2, in series with a linear air core reactor, as shown 

in Fig: (3.1). The anti Parallel —connected thyristor pair acts as a bidirectional 

switch, with thyristor valve Ti conducting in positive half cycle of the current and T2 

in the negative half cycle, so the current in the reactor can be controlled from, 

maximum (when the thyristor valve is closed) to zero (thyristor valve is open) by the 

method of firing delay control, that is the closure of the thyristor valve is delayed 
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with respect to the peak of the applied voltage in each half cycle, and thus the 
duration of the current conduction intervals is controlled as shown in Fig: (3.2) 

Ti ~ VTCR  

VL 

Fig (3.1): Basic TCR circuit [46] 

et 

 

= 15 deg 	 =60 deg 
'res 	 'TCR 

0 

VTCR 
	

VICE 

VL 
	

VL 

0 

Current and voltages for different a in a TCR 

Fig (3.2): Waveformsof currents and voltages for different alpha in TCR [47] 
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When the gating of the valve is delayed by an angle `a' (00<= a <=900) with respect to 

the crest as the voltage, the current in the reactor can be expressed with v(t) = 

V cos wt as follows: 

1 wt 	V 
iL  (t) = = 1 f a v(t)dt = wt  (sin wt - sin a) (3.1) 

Since the thyristor valve, by definition, opens as the current reaches zero, the above 

equation is valid (a<= ot<=17- a.) For the subsequent positive half cycle intervals 

the same expression obviously remains valid. For subsequent negative half cycle 

intervals, the sign term will become opposite. 

The amplitude of a fundamental reactor current iLF (a) can be derived by Fourier 

analysis as given below 

iLF(a) = a1 coswt + b1 sinwt 	 (3.2) 

LL (t) Is symmetric and periodic, so a1  term will become zero (since half wave 

symmetry) 

a1  = T fa f (t) cos cat do t = 0 
	

(3.3) 

And b1  is given by, 

b1 	 fo f (t) sin cot drat 
	

(3.4) 

2 my 
= n fo wL (sin cot - sin a) sin cotdt 

_ L[ fa -a  sin2 cotdwt - fa -a  sin wtsinadc t] 

_ 2v  rfa 
-a(1-c

2 
 zwt )dmt - sin a fa -a  sin mtdcot] 

= 2v [1[(7r  - Za)  - sin z1[-2a sin 2a + 	] + sin a[cos(7L - a) - cos a] ] 

	

ircoL 2 	 2 	2 

	

2v 3 	sin  2a 	sin 2a = —1--a+ a  + 	+ 	] + sin a[-2 cos a]] 

	

mwL 2 	4 	4 

= - [ 2 - a + 
sin2a 

 - 2 sin a cos a] 
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It is clear from the above fig (3.3) that the TCR can control the fundamental current 

continuously from zero (valve open) to maximum (valve closed) as if it was variable 

reactive impedance. Thus, an effective XL (a), for the TCR can be defined. This 

impedance, as a function of angle a, can be written directly from equation (3.6), i.e 

X L (a) = c~L [n-2a—sin2a] 

I ontnuoul  

~L 	powergui 

Series RL Branchl 

t►, AC Voltage Source 

ll 2 

Linear Transforr 

(3.7) 

Current Measurements 

series R Branch 

Voltage Measurement2 

E ~ 

[j :[]1 	Thyristorahyristorl 

Pulse 
Generatorl 

Pulse 
Generator 

-Uh' 

V,I,pulse 

V,I 

Ith1 

Vth1 
Vth,lth 

Fig (3.4) Simulation block of TCR (50] 

3.2 Concept of FC-TCR: 

Instead of using a fixed capacitor for the process of self excitation, use of 

FC-TCR [46] [47] will allow us to have a control on the reactive power supply to the 

Induction generator, as to keep the desired voltage level at the load terminals. The 

figure (3.5) below shows the basic diagram of a FC-TCR. The variation of inductive 

reactance depends on the delay firing angle `a', as explained in the TCR section. So 

for a fixed capacitance, the parallel combination of L and C, the inductive reactance 

XL (a) can be varied and in turn to vary the net capacitive reactance XT (a) of the 

parallel combination (L and C should take in such a way that the net reactance 
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should be always in capacitive zone for supply of reactive power) can be controlled by 

varying the delay firing angle ̀ a'. The following equations discloses the variation of X L  

(a) in turn XT  (a) with respect to variation of `a' (00<= a <=900 ) from the inductor 

current zero crossing points. 

Fig (3.5) Basic FC-TCR [47] 

XL(a) = wLr 	"  `n-2a-sin2a 

Xr(a) = XL(a)I /XC 

XT  (a). 

XT  (a)  — 

_ 
 

L and C should take in such a way that the net reactance should be always in 

capacitive zone for supply of reactive power. Therefore the reactive power supplied by 

FC-TCR is given by, 

V 2  
Qc 

= XT(a) 
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Voltage Measurement 

Fig (3.6) Simulation block of FC-TCR [50] 

3.3 SIMULINK MODEL OF SEIG WITH FC-TCR and FLC: 
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Fig 3.7: Simulink Model of SEIG using FC-TCR 
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Fig 3.8: Simulink Model for FUZZY 
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Fig 3.9: FUZZY Logic Controller relation with input parameter and outputs 
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Fig 3.10: Fuzzy membership function plots for the output (alpha for variable R-load) 
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Fig 3.11: Fuzzy membership function plots for the output (alpha for variable RL-load) 
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CHAPTER-4 

Introduction to Wound Rotor Induction Generator: 

Squirrel cage induction machine is used in several wind energy 

conversion systems. This machine has proven its efficiency due to qualities such as 

robustness, low cost and simplicity when it is directly connected to the grid. 

However, the wind turbine must be designed to keep the machine's speed constant 

near the synchronous speed. This constraint reduces the possibility to increase the 

electrical energy produced for high wind speeds. A converter can be used between 

the stator of the machine and the grid but it has to handle full power and must be 

correctly cooled. To overcome these disadvantages, a solution consists in using a 

doubly-fed induction generator (DFIG) where the rotor is wounded and fed by slip 

rings. It is then less robust and more expensive than the squirrel cage one. However, 

it allows putting a converter between the rotor and the grid which is designed only 

for a part of the full power of the machine (about 30 %) [29], [30]. By controlling 

correctly this converter, variable-speed operation is allowed and electrical power can 

be produced from the stator to the grid and also from the rotor to the grid. The 

control law can be used in order to extract maximum power of the wind turbine for 

different wind speeds. 

4.1 Doubly fed induction generator: 
The concept of the DFIG is an interesting option with a growing market. 

The converters for the rotor circuit can be a bidirectional back-to-back IGBT voltage 

source converter or matrix converter. The term `doubly fed' refers to the fact that the 

voltage on the stator is applied from the grid and the voltage on the rotor is induced 

by the power converter. This system allows a variable-speed operation over a large, 

but restricted, range. The converter compensates the difference between the 

mechanical and electrical frequency by injecting a rotor current with a variable 

frequency. Both during normal operation and faults the behavior of the generator is 

thus governed by the power converter and its controllers. The power converter in 

case of bidirectional back-to-back IGBT consists of two converters, the rotor-side 

converter and grid-side converter, which are controlled independently of each other. 
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The main idea is that the rotor-side converter controls the active and reactive power 

by controlling the rotor current components, while the line-side converter controls 

the DC-link voltage and ensures a converter operation at unity power factor (i.e. zero 

reactive power). 

Depending on the operating condition of the drive, power is fed into or 

out of the rotor: in an over synchronous situation, it flows from the rotor via the 

converter to the grid, whereas it flows in the opposite direction in a sub synchronous 

situation. In both cases - sub synchronous and over synchronous - the stator feeds 

energy into the grid. 

Fig 4.1 : Doubly fed induction machine 
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4.2 VSCF — DFIG: 

ti 	. ' . 
C 

Schematic diagiaiii of VSCF-I}FIG wind eiier 
generation s-vsteiii 

Fig. 4.2 shows the schematic diagram of a DFIG-based wind turbine. The stator of 

the DFIG is directly connected to the grid, while the rotor is connected to a 

controllable AC/DC/AC converter setup. 

Advantages of WRIG (DFIG): 

• Improved system efficiency and power factor control can be implemented at 

lower cost, the converter has to provide only excitation energy 

• Only the electric power injected by the rotor needs to be handled by the convert 

implying a less cost AC-AC converter 

• Half of the world's leading wind turbine manufacturers use the doubly fed 

induction generator systems. This is due to the fact that the power electronic 

converter only has to handle a fraction (20% - 30%) of the total power, i.e., the 

slip power. This means that if the speed is in the range ±30% around the 

synchronous speed, the converter has a rating of 30% of the rated turbine 

power, reducing the losses in the power electronic converter, compared to a 

system where the converter has to handle the total power. 

• Due to the advances in power electronics it is advantaged to use the doubly fed 

induction generator system with variable speed connected to the electrical grid 

through an AC-AC converter, improving the efficiency of the power conversion. 
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• If the slip is positive, the rotor receives electric energy from the grid, but the 

stator keeps on delivering electric .energy to the grid, this is sub-synchronous 

generating mode, which is a special feature of WRIGs. 

This DFIG offers the following advantages over other schemes of Wind Energy 

Conversion System. 

(1) The ability to output more than its rated power without becoming overheated. 

(2) The transfer of maximum power over a wide speed range in both sub-

synchronous and super-synchronous modes. 

(3) Reduced inverter cost, because inverter rating is typically 25% of total system 

power, while the speed range of the ASG is 33% around the synchronous speed. 

(4) Reduced cost of the inverter filters and EMI filters, because filters are rated for 

0.25 p.u. of total system power, and inverter harmonics represent a smaller 

fraction of total system harmonics. 

(5) Improved system efficiency; approximately 2-3% efficiency improvement can be 

obtained. 

(6) Power-factor control can be implemented at lower cost, because the DFIG 

system (four-quadrant converter and induction machine) basically operates 

similar to a synchronous generator, the converter has to provide only excitation 

energy. In addition compared to silicon - controlled rectifier (SCR) based 

Kramer drives the DFIG with a four -quadrant converter in the rotor circuit 

enables decoupled control of active and reactive power of the generator. 

Disadvantages of DFIG. 

(1) Increased control complexity due to increased number of switches in converter. 

(2) Stator winding is directly connected to the grid may result in grid disturbances. 

(3) Need for periodic slip ring maintenance. 

28 



Giid 
Stator 	i Vr 	I 6m t ill 	

Induction  

 

Generator  ~o 

ii 

4.3 Description of the DFIG with AC/DC/AC converter system: 

Wind turbines use a doubly-fed induction generator (DFIG) consisting of a 

wound rotor induction generator and an AC/DC/AC IGBT-based PWM converter. 

The stator winding is connected directly to the 50 Hz grid while the rotor is fed at 

variable frequency through the AC/DC/AC converter. The DFIG technology allows 

extracting maximum energy from the wind for low wind speeds by optimizing the 

turbine speed, while minimizing mechanical stresses on the turbine during gusts of 

wind. The optimum turbine speed producing maximum mechanical energy for a 

given wind speed is proportional to the wind speed. Another advantage of the DFIG 

technology is the ability for power electronic converters to generate or absorb 

reactive power, thus eliminating the need for installing capacitor banks as in the 

case of squirrel-cage induction generator. 

Fig 4.3: Doubly fed induction generator with ac/dc/ac converter topology 

Where Vr is the rotor voltage and V., is grid side voltage. The AC/DC/AC 

converter is basically a PWM converter which uses sinusoidal PWM technique to 

reduce the harmonics present in the wind turbine driven DFIG system. Here Crotor is 

rotor side converter and Cgrld is grid side converter. To control the speed of wind 

turbine gear boxes or electronic control can be used. 



4.4 Operating Principle of DFIG: 

Fig 4.4 Power flow diagram of DFIG 

The stator is directly connected to the AC mains, while the wound rotor 

is fed from the Power Electronics Converter via slip rings to allow DIFG to operate at 

a variety of speeds in response to changing wind speed. Indeed, the basic concept is 

to interpose a frequency converter between the variable frequency induction 

generator and fixed frequency grid. The DC capacitor linking stator- and rotor-side 

converters allows the storage of power from induction generator for further 

generation. To achieve full control of grid current, the DC-link voltage must be 

boosted to a level higher than the amplitude of grid line-to-line voltage. The slip 

power can flow in both directions, i.e. from the rotor to the supply and from supply 

to the rotor and hence the speed of the machine can be controlled from either rotor-

or stator-side converter in both super and sub-synchronous speed ranges. 
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The mechanical power and the stator electric power output are computed as follows: 

Pm=Tm* 'jr 

Ps  = Tern  * a), 

For a loss less generator the mechanical equation is: 

J(d&)rl dt) = T. — Tern 

In steady-state at fixed speed for a loss less generator: 

T. Tern  and Pm  =Ps +Pr  

And it follows that: 

Pr  =P.m, — Ps =T.*0)r —Tem *O)s  = —S PS  

Where 

S = (cos  — cdr )/ cor  is defined as the slip of the generator. 

Generally the absolute value of slip is much lower than 1 and, 

consequently, Pr  is only a fraction of PS. Since Tm  is negative for power generation and 

since u is positive and constant for a constant frequency grid voltage, the sign of Pr 

is a function of the slip sign. Pr  is positive for negative slip (speed greater than 

synchronous speed) and it is negative for positive slip (speed lower than synchronous 

speed). For super synchronous speed operation, Pr is transmitted to DC bus 

capacitor and tends to raise the DC voltage. For sub-synchronous speed operation, 

Pr is taken out of DC bus capacitor and tends to decrease the DC voltage. Cyrid  is 

used to generate or absorb the power Pgc  in order to keep the DC voltage constant. In 

steady-state for a lossless AC/DC/AC converter I is equal to Pr and the speed of 

the wind turbine is determined by the power Pr absorbed or generated byCroto,.. The 

phase-sequence of the AC voltage generated by Crotor  is positive for sub-synchronous 

speed and negative for super synchronous speed. The frequency of this voltage is 

equal to the product of the grid frequency and the absolute value of the slip. Crotor 

And Cgrid  have the capability for generating or absorbing reactive power and could be 

used to control the reactive power or the voltage at the grid terminals. 
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Fig.4.5 shows the power flow diagram in the rotor circuit for (a) speeds below 

the synchronous speed, and (b) speeds above the rated rotor speed. Note that, in sub 

region I at super synchronous speeds, the power flow diagram that will be used in 

the analysis depends on the operating strategy chosen. 

Pr  
Pr 

Ps  
Ps 

Pm  
Pm 

ib) 

Fig 4.5: power flow diagrams (a) sub synchronous speed (b) super synchronous 

speed 

4.5 Doubly-Fed induction generator Equations: 

The DFIG can be described, using an arbitrary reference frame, by the following 

equations 

1. Voltage equations: 

Stator Voltage Equations: 

Vds = 7sids — W~.qs + P tds 

Vqs = rslgs + Wads + PAgs 

Rotor Voltage Equations: 

Vdr = rrtdr — (W — Wr)Agr + PAdr 

Vqr = rr l gr — (W — Wr)-dr + PAqr 
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2. Power Equation 

P5=3/2 (Vdsids +Vqs iqs) 

3. Torque Equation: 

T9  = —3P/4 (Adsigs  — Agsids) 

4. Flux Linkage Equations: 

Stator Flux Equations: 

Ads  = Li ds  + Miqr  

2qs  = Lsigs  + Midr 

Rotor Flux Equations: 

Aqr = Lriqr  + Mids 

Adr  = Lridr  + Miqs  

Where Ls  = Lls  + Lm  and Lr  = Lir  + Lm  are self- inductance of the stator and the rotor 

windings, respectively, and M = Lm  is the mutual inductance between a stator and a 

rotor winding. The operator p is the time derivative operator, co and mr  are the 

angular speeds of the arbitrary reference frame and rotor respectively. 
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CHAPTER-5 

Implementation of Converter Topologies for DFIG and SVM 

In this chapter the possible converter topology for DFIG is presented. The 

use of power electronic converters allows for variable speed operation of the wind 

turbine, and enhanced power extraction. In variable speed operation, a control 

method designed to extract maximum power from the turbine and provide constant 

grid voltage and frequency is required. 

5.1 STATIC KRAMER DRIVE AND SCR CONVERTER METHODS: 

It consists of a diode rectifier on the rotor side and a line commutated inverter 

connected to the supply-side Fig. 5.1 

Fig 5.1 DFIG with static Kramer drive 

This converter is only able to provide power from both stator and rotor 

circuits, under super-synchronous operation. To solve this problem, other methods 

replace the diode rectifier with another thyristor rectifier (SCR). The inclusion of a 

second SCR allows the generator reactive power demand to be satisfied by the rotor-

side converter system. 
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5.2 BACK-TO-BACK PWM CONVERTERS: 

The back-to-back converter is a bidirectional power converter consisting of 

two Conventional pulse-width modulated (PWM) VSC converters. The topology is 

shown in Fig 5.2. The DC link voltage is boosted to a level higher than the amplitude 

of the grid line-to-line voltage in order to achieve full control of the grid current [41]. 

DFIG 
	

Grid 

Roto side 	Supply side 
Control 	1 	Control 

Fig 5.2 DFIG with back to back converter 

The presence of the boost inductance reduces the demands on the input 

harmonic filter and offers some protection for the converter against abnormal 

conditions on the grid. The capacitor between the inverter and rectifier makes it 

possible to decouple the control of the two inverters, allowing the compensation of 

asymmetry on both the generator side and the grid side, without affecting the other 

side of the converter. The power flow at the grid-side converter is controlled to keep 

the DC link voltage constant, and the control of the generator-side converter is set to 

suit the magnetization demand and the desired rotor speed. The presence of the DC 

link capacitor in a back-to back converter reduces the overall lifetime and efficiency 
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Fig 5.3 DFIG with MATRIX converter 

Fig 5.4 DFIG with Matrix converter circuit 
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of the system compared with a converter without a DC link capacitor. In this scheme 

switching losses are high. 

5.3 MATRIX CONVERTER: 

The matrix converter is capable of converting the variable AC from the 

generator into constant AC to the grid in one stage, Fig 5.3 Two distinct advantages 

arise from this topology, the converter requires no bulky energy storage or DC-link 

and control is performed on just one converter. 



The matrix converter consists of nine bidirectional switches (18 

total), arranged in a manner such that any input phase may be connected to any 

output phase at any time. Each individual switch is capable of rectification and 

inversion. The matrix converter is controlled using double space vector PWM, 

employing the use of input current and output voltage SVM. One of the major 

drawbacks of a matrix converter is that 18 total switches are required, causing an 

increase in converter semiconductor cost. 

5.3.1 Description of Matrix Converter: 
A cycloconverter is a direct AC/AC converter. The matrix converter 

is nothing but a three-phase to three-phase forced commutated cycloconverter. It 

has a voltage source of fixed magnitude and frequency as input and which outputs a 

voltage which is having variable magnitude and variable frequency. It can have `m' 

number of inputs and `n' number of outputs. Each output line is connected to one of 

the m inputs and connection to the appropriate input will give rise to desired output 

voltage. In general, there is m x n number of switches any of the m switches 

connected to one output line is switched on 

1" 

A 

B 

C 

Fig. 5.5: Schematic circuit of a three-phase to three-phase matrix converter [31]. 
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-to connect it to one of the input terminals. Most commonly used configuration is the 

3x3 matrix converter. A 3 ph to 3 ph matrix converter is schematically represented 

in fig 5.5 

Matrix converter which was proposed first proposed in 1976 attempts to 

control the speed of three phase machines and can render operation in all four 

quadrants with low harmonic contents in the input current and with high power 

factor. [31 ] 

Matrix converter has many advantages over other converters. These 

advantages can be enumerated as follows: 

Advantages: [31] 

1) Simple and compact power circuit due to absence of large energy storage 

elements. 

2) Generation of output voltage with arbitrary amplitude and frequency. 

3) Sinusoidal input and output currents. 

4) Operation at unity input power factor. 

5) Bidirectional power flow. 

6) 4-quadrant operation. 

7) High reliability. 

8) Harmonic reduction 

Limitations: [31 ] 

1) Lack of bidirectional switches. 

2) Lower voltage transfer ratio. 

3) Sensitive to power disturbances as they will transmit directly to output side of 

the converter. 

4) No freewheeling paths, it is difficult to reliably commutate current from one 

switch to another. 

5) Input power factor cannot be lower than output power factor. 
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5.3.2 Modulation Methods for MC: 
There are many. techniques proposed at different times for the control 

of these switches to have a fast dynamic response of the machines along with low 

harmonic pollution and high power factor. The most popular modulation techniques 

are: 

1) Venturini method 

2) Space vector modulation 

In this work space vector modulation method is used. This 

modulation technique has been discussed in section 5.4. 

5.3.3 Topology: 

Matrix converter, in general, is a single stage converter with a matrix of 

m x n bidirectional power switches, designed to connect m-phase voltage sources to 

n-phase load. The matrix converter of 3 x 3 switches, shown in Fig 5.6 (a) connects a 

three phase source to three phase load. 

In the basic topology of the Matrix Converter shown in Fig 5.6 (a), Vs;  

i={A,B,C}, are the source voltages, is;, i={A, B,C}, are the source currents, Vj, , j={a, b, 

c}, are the load voltages with respect to neutral n, and ij , j={a, b, c}, are the load 

currents. Additionally, other auxiliary variables have been defined to be used as a 

basis of the modulation and control strategies: V; i={A, B,C}, are the matrix 

converter input voltages ii ; i={A, B,C}, are the converter input currents. [311 
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Fig 5.6 (a): Basic power circuit of matrix converter [31] 

SAa=1 k SBa=1 	SCa=1 Output 

tAa 	I t'Ba 	" tca 	Phase a 

SAb=1 SEb=1 SCb=1 Output 
k , _ 	Phase b 

ttlb 	tBb 	 tCb 

SAc1 	SBc=1 L1 3Cc= Output 

tAc 	tBc 	` {Cc 	phase c 

Tsecj [Sequence time) 	 Repeats 

Fig 5.6 (b): General form of switching pattern [31]. 

Each switch S, i = {A, B, C}, j ={a, b, c}, can connect or disconnect phase 

i of the supply to phase j of the load and, with a proper combination of the 

conduction states of these switches, arbitrary output voltages VjN can be synthesized. 

Each switch is characterized by a switching function, defined as follows: 

S;; (t) = 0 if switch S;j is open 

Si; (t) = 1 if switch S;j is closed 
	

(5.1) 
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Two basic switching state rules must be followed: 

1) Two different input lines should not be connected to same output line. This 

results in short circuit of the supply. 

2) None of the output lines should be disconnected. This results in open circuit of 

the load which may cause overvoltage as the load is inductive load.[31] 

These conditions can be stated in more compact form as follows: 

Y, Sid (t) = 1;j = {a,b,c} 
	

(5.2) 
i=A,B,C 

Applying Kirchhoff's voltage law to the switch array, it can be easily found that 

VaN (t) 	SAa(t) SBa(t) Sca(t) VAN (t) 

VbN(t) = SAb(t) SBb(t) SCb(t) VBN(t) 	(5.3a) 
VCN (t) 	SAC (t) SBc (t) Sc(  t) 1VCN(01  

V0(t) = S(t) . Vm(t) 
	

(5.3b) 

It is worth noting that equation (5.3) is only valid if (5.2) holds. Otherwise, these 

equations are inconsistent with physical element distribution of Fig 5.7. Applying 

Kirchhoff's current law to the switch array, it is found that: 

LA(t) SAa(t) 	SAb(t) 	SAC(t)  la(t) 

iB (t) = SBa(t) 	SBb(t) 	SBc (t) lb (t) (5.4a) 

LC (t) ISCa(t) 	SCb (t) 	Sc(  t) lc (t) 

Iin(t) = ST(t) . I0(t) 	 (5.4b) 

Where ST(t) is the transpose of matrix S(t). 

Equation (5.3) and (5.4) are the basis of all modulation methods which consists in 

selecting appropriate combinations of open and closed switches to generate the 

desired output voltages. It is important to note that the output voltages Vjn, j={a, b, 

c}, are synthesized using the three input voltages Vi, i={A, B,C} and that the input 

currents ii, i={A, B,C} are the results from the connection of output lines to the 

supply. Output currents i;, j={a, b, c} which are sinusoidal if the load has a low pass 

frequency response. 
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5.3.4. Performance of Matrix Converter: 
This section gives a short account of the performance of the matrix 

converter along with its qualitative analysis. 

Output Voltage Magnitude and Frequency: 

The instantaneous output voltage of any phase of a matrix converter is 

nothing but the input phase to which the output phase is connected through the 

switch of the matrix converter. A sampling period which is very low compared to the 

time periods of both the output and input is considered in which the average of the 

output voltage obtained from the three input phases is equal to the target value. 

Hence it is obvious that the profile of the output voltage has to fit within the profile 

of the input voltage. This fact sets a limit on the maximum value of the output 

voltage that can be obtained using a matrix converter. This value is 43/2 times the 

input voltage without going to the region of over modulation. 

The frequency of the output is limited by the sampling frequency. For all 

practical purposes, the output frequency should never be more than a tenth of the 

sampling frequency. 

Fig 5.7 (a) shows the output voltage of a matrix converter side by side a 

voltage source inverter. The matrix converter has its output node voltage equal to 

any of the input voltages depending on which one among the switches is connected. 

So it depends on time varying value of the supply voltage. This causes a reduction in 

the harmonics. 

Whereas the output of the VSI is one of the bus voltages of the dc link 

which is fixed in time, matrix converter will have output voltage equal to any of the 

m input lines and these voltages is time varying in magnitude. [311 
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a) VSI 	 b) Matrix converter 

Fig 5.7(a): Output voltage waveforms generated by a VSI and a matrix converter 

Input Current: 
The input current of the matrix converter is the result of connection of 

the output phase with the input lines. Depending on which output phase is 

connected to the input line the instantaneous input currents are obtained. It is a 

piecewise sampling of the output current which composes the input current. Since 

the load is acting as a low pass filter, the output current is almost sinusoidal, but 

the input current which is composed of different output currents at different 

instants is rich in harmonics. Particularly the harmonics of the frequency of 

sampling frequency will have magnitude almost equal to the fundamental. Hence an 

input filter is essential to filter out these components. But in VSI, even lower order 

harmonics have significant magnitude. So, it needs heavier filters. Because matrix 

converter needs these filters, it is not an all-silicon converter to the strictest sense of 

the expression. 

43 



»• 

Fig.5. 7(b): Matrix converter input current and harmonic spectrum. Switching 

Frequency 2 kHz. 

The input power factor control: 

The input power factor control capability is another attractive feature of 

matrix converters, which holds for most of the control algorithms. 

Fig.5.8: Matrix converter input line-to-neutral voltage, instantaneous input 

Current and its average value, Switching frequency 2 kHz. 

5.3.5 Implementation of the Matrix Converter: 

From the theory of the matrix converter, one might have an impression 

that it is having a wide acceptance in its use. But, a number of practical problems 

associated with this topology have led to limited acceptance of matrix converter. The 

unavailability of bidirectional switches and commutation of these switches in a 

systematic manner are the challenges posed by topology of matrix converter. 
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Bidirectional Switch Realization: 

A matrix converter being an ac converter needs to conduct current in 

both directions as well as block voltages in both directions when necessary. 

Unfortunately, there is no single device available today which can serve the above 

needs. So, these properties of the switches are obtained by combining more than one 

device. These results in more complexity and higher losses associated with the 

switches both during switching and when the devices are ON. The switches are 

classified into four categories depending upon the direction of conduction and their 

capability to block voltage. It shows: 

a) Switches with bidirectional operations featured by 4 basic operations. 

b) Switches without direction operations featured by 2 basic operations. 

Two different states of gate G; 1: charged 0: uncharged. Indexed v: 

forward r: reverse) leads in the case of topology with two transistor/gates to four 

different states of a bidirectional switch. 

I. Forward blocking reverse blocking-that is interruption. 

II. Forward conducting reverses blocking-that is ideal diode. 

III. Forward blocking reverse conducting -that is ideal reverse diode. 

IV. Forward conducting reverse conducting-that is bidirectional close. 

Current Commutation: 

Current commutation in matrix converter is more complicated than 

that in voltage source inverters. This is due to the absence of any freewheeling path 

in matrix converters. The two rules which should be followed to turn on the switches 

(mentioned in article j:3) make the process more difficult since there is no switch 

that can turn off and on instantaneously. Matrix converter requires an 

instantaneous switching off of the outgoing device and instantaneous switching on 

the incoming device. If there is a delay between switching on and switching off, then 

rule 2 is violated. Again an overlap period between the incoming and outgoing switch 
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will cause short circuit of the supply. These two violations are show in fig 5.9 the row 

1 has open circuit of the load with all S11, S2i and S31 off, causing phase 1 of the load 

to be open circuited. The row 2 has two switches on: S22 and S32 causing phase 2 and 

3 of the input to be shorted. 

	

j= 	i=1 	2 	3 	 tixir¢x 
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Fig 5.9: Illegal switching of Matrix Converter 

There are several techniques that can be used for current 

commutation: 

1) Dead-time current commutation 

2) Overlap time current commutation 

3) Semi soft current commutation 

In this work, dead time current commutation has been used. 

Dead-Time Current Commutation: 

In this method the outgoing device is turned off first and then only the 

incoming device is turned on. Apparently, there is a momentary open circuit of the 

load terminal at this time. Now, the load current is carried by the snubber circuit 

connected across the switches. This causes increased complexity in the design of the 

snubber circuit and additional losses. Moreover the sizes of the clamping devices 

increase making the converter more bulky. 
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Semiconductor losses: 

Due to the unavailability of suitable bidirectional devices, the 

switches are fabricated using two or more devices. This leads to more switching loss 

and conduction loss. Moreover, the switching losses are proportional to the 

switching frequency. In case of the combination of the diode bridge and the IGBT, we 

see in any path there are three devices in series. The loss in any device is the 

product of the on-state voltage and current. So the losses in this case are more. [31] 

Modulation techniques: 

Modulation is used to generate the gate signals to the switches of a 

converter at opportune moments to get the desired output voltage from a fixed supply 

having fixed magnitude and frequency. There are different modulation techniques: 

venturini method, space vector modulation 

Conclusion: 

The matrix converter is a simple device in topology without much 

complexity. Some problems associated with it are the lack of bidirectional switches. 

So, these switches are made of multiple devices increasing the conduction losses. 

The absence of freewheeling path also complicates the design of the snubber circuits 

and additional clamping circuits are needed to protect the converter and the load 

during faults. 
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5.4 Space Vector Modulation: 

Introduction: 

In this section the space vector modulation (SVM) method of control of 

matrix converter has been discussed. First, the voltage space vector modulation in a 

voltage source inverter (VSI) is considered, and then the space vector modulation on 

the voltage source rectifier (VSR) is considered. The dc link of the VSI is supplied by 

the VSR. The input current of the VSR should be sinusoidal. So SVM is applied o the 

input current of the VSR. 

The concept of this VSI-VSR combination is extended to matrix 

converter as the dc link in the VSR-VSI combination can be taken as a short circuit 

between the two. Figure 5.10 illustrates a VSR-VSI combination. 
0 	 *1k  

z-I.  
Fig 5.10: Emulation of VSR-VSI conversion [32] 

5.4.1 Distribution of Space Vectors: 

In a matrix converter, there are nine switches each having two states 

(ON and OFF). So there can be 29= 512 switching combinations. But the equation 

(5.2) specifies the two rules which should be followed for a matrix converter. This 

limits the number of valid switching combinations to 27. These 27 combinations are 

classified into 3 groups according to the nature of the vectors they generate: 

48 



• Group I.• Each of the output lines are connected to different input 

lines, resulting in a vector of constant magnitude rotating in space at a constant 

speed and capable of rotating in both the directions. 

• Group Il.• Here two output lines are connected to one input line and the 

other output line is connected to a different input line. These results in a vector 

having a fixed direction in space and occupying one of the 6 positions regularly 

spaced on the sextant. The maximum magnitude of these vectors is 2/V times Venv. 

Where Ven, is the instantaneous value of the output of the VSR. 

• Group Ilk All output lines are connected to a common input line. 

Output space vectors have zero amplitude (i.e., located at the origin). 

Group I vectors are not used as they have changing directions. The 

desired vector with a particular magnitude and direction is obtained using group II 

and III vectors. The voltage hexagon is shown in fig 5.11. 

v 	'W• 

V V'5U,p  

V0 (PAR) or (n r n) 

Fig 5.11: VSI hexagon [12] 

5.4.2 Voltage and Current Space Vectors: 

The output voltage of the VSI is controlled using SVM so that it 

contains minimum harmonics. Similarly, the input current from the supply should 

be rid of harmonics and so the input current of the VSR is controlled by SVM. In this 

article first the transformation matrix for the VSI is derived and then the same is 
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derived for VSR. Next, the two matrices are combined in order to implement SVM in 

matrix converter. 

5.4.3 VSI Output Voltage SVM: 

Consider the VSI part of the circuit in Fig. 5.10 as a standalone VSI 

supplied by a do voltage source, 	= Vac. The VSI switches can assume only six 

allowed combinations which yield nonzero output voltages, and two combinations 

with zero output voltages. Hence, the resulting output line-voltage space vector 

defined by 

2 
VOL = 3 ' (VAB + vec • e+1120° + VCA  • e-11200 ) 	(5.5) 

The above equation can assume only seven discrete values, Vo  - V6 in Fig. 5.11, 

called voltage switching state vectors (SSV's). The space vector of the desired output 

line voltages is given by 

DOL  _ 	, Vom  , el(W0t-4)o+30°) 	 (5.6) 

The above equation can be approximated by two adjacent SSV's, Va,, and Va, and the 

zero voltage vector, Vo, using PWM as shown in Fig. 5.12, where VOL  is the sampled 

value of VOL , at an instant within the switching cycle Ts,. Using the law of sines, the 

duty cycles of the SSV's are 

0 

t G 
Fig 5.12: VSI SVM vector addition. [32] 
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da = Ta /TS = m„ • sin(600 — 

dR = T1 /T3 = m„ • sin(9s„), 

dov = Tov/Ts = 1 — da — dR 	 (5.7) 

Where m„ is the VSI modulation index 

0 ~ my = (v - Vom)IVdc : 1 	 (5.8) 
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Table 5.1 

3cp-3cp MC Switching Combinations/32] 

Group ABC VAB VBC VCA la 	lb 	lc SAa SAb SAc SBa SBb Sc SCa SCb SCc 

a b C Vab Vbc Vca 1A 1B iC 1 0 0 0 1 0 0 0 1 
a c b -Vca  -Vbc  -Vab iA is 	in 1 0 0 0 0 1 0 1 0 
b a C -Vab -Vca -Vbc iB IA iC 0 1 0 1 0 0 0 0 1 

I b c a Vbc Vca Vab 1C 1A 1B 0 1 0 0 0 1 1 0 0 

c a b Vca  Vab Vbc 1B 1C lA 0 0 1 1 0 0 0 1 0 
C b c -Vbc -Vab -Vca iC lB lA 0 0 1 0 1 0 1 0 0 

a c c -Vca 	0 Vca  1A 0- iA 1 0 0 0 0 1 0 0 1 
b c c Vbc 	0 	-Vbc  0 iA -iA 0 1 0 0 0 1 0 0 1 
b a a -Vab 	0 Vab -1A iA 0 0 1 0 1 0 0 1 0 0 

II-A c a a Vca 	0 -Vca  -iA 0 iA 0 0 1 1 0 0 1 0 0 
C b b -Vb 	0 Vbc 0 -IA 1A 0 0 1 0 1 0 0 1 0 
a b b Vab 0 -Vab iA  -iA 0 1 0 0 0 1 0 0 1 0 

c a c Vca 	-Vca  0 iB 0- in 0 0 1 1 0 0 0 0 1 
c b c -Vbc 	Vbc  0 0 iB -is - 0 0 1 0 1 0 0 0 1 
a b a Vab 	-Vab 0 iB in 0 0 0 0 0 1 0 1 0 0 

II-B a c a _Vca 	Vca  0 -iB 0 iB 1 0 0 0 0 1 1 0 0 

b c b Vbc 	-Vbc 0 0 -iB iB 0 1 0 0 0 1 0 1 0 

b a b -Vab Vab 0 iB AB 0 0 1 0 1 0 0 0 1 0 

c c a 0 	Vca  N. lc  0 -1C  0 0 1 0 0 1 1 0 0 

C c b 0 -V6 Vbc  0 is  -ic - 0 0 1 0 0 1 0 1 0 
a a b 0 Vab -Vab is is 0 1 0 0 1 0 0 0 1 0 

II-C a a c 0 N. Vca  -ic 0 is 1 0 0 1 0 0 0 0 1 
b b c 0 	Vbc  _Vb 0 -ic is 0 1 0 0 1 0 0 0 1 
b b a 0 	-Vab Vab is _ic 0 0 1 0 0 1 0 1 0 0 

aaa 00 0 0 	0 0 1 0 0 1 0 0 1 0 0 
III bbb 00 0 0 	0 0 0 1 0 0 1 0 0 1 0 

ccc 00 0 0 0 0 0 0 1 0 0 1 0 0 1 

In table 5.1 abc are inputs and ABC are outputs 

The sectors of the VSI hexagon in Fig. 5.11 correspond directly to the six 60o - 

segments within a period of the desired 30 output line voltages shown in Fig.5.13. 
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The synthesis of the output line voltages for a switching cycle within the first 60°-

segment is shown in Fig. 5.13(b), as an example. The local averaged output line 

voltages are 

da + da  

[
VAB

BC  —da Vdc 
CA  —da 

cos(BS„ — 30°) 
= m„ • — sin(60°  — Bs„) • Vdc 	(5.9) 

— sin(6 ) 

For the first 60°-segment 

—30°  <— wot — (p0  + 30° <— +300  

Bsv  = (wo t — cpo  + 30°) + 30° 	(5.10) 

By substitution of (5.10) in (5.9) 

[
VAB cos(wat — co0  + 30°) 

C mp. cos(wot — (po + 30°  — 120°) • Vdc  
CA 	cos(wo t — (p0  + 30°  + 120°) 

=Tvsl'Vdc 	 (5.11) 

The VSI local-averaged input current is determined as 

i p  = Tvsl • ioL  = 2  • lom  • m„ • COS((L) = const 	(5.12) 
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Fig 5.13: (a) Output line voltage 60°-segments. [32] 

(b) Synthesis of VSI output line voltages. [32] 

5.4.4 VSR Input Current SVM: 

Consider the VSR part of the circuit in Fig. 5.10 as a standalone VSR 

loaded by a dc current generator, 1p = Idc• The VSR input-current SVM is completely 

analogous to the VSI output-voltage SVM. The VSI subscripts a, 3 and sv, are 
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replaced with the VSR subscripts µ, v and Sc, respectively. The VSR hexagon is 

shown in Fig. 5.14. The VSR duty cycles are [33] 

dµ = Tu /TS = m, • sin(60° — 9S,) 

d„ = T„/TS = m, • sin(O ) 

	

doc = Toc /Ts = 1— d,, — d„ 	 (5.13) 

Where m, is the VSR modulation index 

	

0 ~ me = (Iim)/Idc c 1 	 (5.14) 

Examples of the local-averaged input phase currents, for a switching cycle within the 

first sector of the VSR hexagon, are 

'a  du + dv 
lb = 	—di, 	• Idc 
is 	—dv 

cos(6 — 300) 
= me • — sin(60° — e5) • 'dc 	(5.15) 

— sin(Osc) 

By substitution of 

Osc=(Wit — q.1) + 30° 

—30° < wot — (p0 + 300 <+300 	 (5.16) 
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Fig 5.14: VSR hexagon. 1331 

For first sector in equation (5.15), LF transfer matrix of the VSR, TvsR, is defined as 

is 	cos(coit — (pt ) 

ib  =m. cos(ait — q.1 — 120°) • Idc = TVSR• Ids 	(5.17) 
ti 	cos(wit — Vi  + 1200 ) 

The VSR local averaged output voltage is determined as 

_ —T 
Upn = T VSR • viPh 

3 
= • me  • Vim  • cos(c01 ) = const 	 (5.18) 

5.4.5 MC Output-Voltage and Input-Current SVM: 

As the local-averaged output voltage of the SVM VSR, eq (5.18), and the 

local-averaged input current of the SVM VSI, eq (5.12), is constant, from the local-

averaged point of view the SVM VSR and the SVM VSI can be directly connected. 

Substituting up, from eq(5.18) for vac in eq (5.11) and using TvsR from eq (5.17), the 

same expression for the LF transfer matrix of the 3c-3(D, MC is obtained as 
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cos(coi t — co j) 	T 	cos(wo t — cpo + 300) 
TPhL = m • cos(wit - ( j — 1200) . cos(wot - To + 300 — 1200) (5.19) 

	

cos(wit — (pi + 1200) 	cos(coo t — cpo + 300 + 120°) 

with m = m,• mv. For simplicity, it is convenient to choose mm = 1 and m = m. This 

completes the first step of the HF-synthesis procedure. Since both the VSI and the 

VSR hexagons contain six sectors, there are 6 x 6 = 36 combinations or operating 

modes. If at a particular instant, the first output-voltage 60°-segment and the first 

input-current 60o-segment are active, then by using (5.10) and (5.16), the LF 

transfer matrix (5.19) becomes 

cos(Bsv — 30°) T 	cos(O — 30°) 
T PhL = m • — sin(60° — dsv ) . — sin(60° — 0sc ) 	(5.20) 

	

— sin(6) 	— sin(O ) 

Substituting (5.9) and (5.15) in (5.20), with m = m„•m,,, the local-averaged output 

line-voltages are 

VAB + dpi Fdµ + dv 
T 

,BC —da 
Fda 

_du 

jVa" 

Vbo (5.21) 

VCA —d/3 —dv Vco 

Using 

	

vab — vao — Vbo and vac = vao — Vco 	 (5.22) 

it is finally obtained 

VAB 	day + dpiL 	day + dp 
VBC _ 	—day 	' vab + 	—dav 	' vac 	(5.23) 
VCA 	— d/lu 	 —d/3v 

Where 

day = da • dµ = m • sin(60° — 6 ,) • sin(60° — O) = TaL /Ts 

diµ = dp • d, = m • sin(O ) • sin(60° — O ) = Tpµ /TS 

day = da • d, = m • sin(60° — 0sv) • sin(dsc) = Tav/Ts 

	

dflv = dd • dv = m • sin(Osv) • sin(Bsc) = T~v/TS 	 (5.24) 
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As can be seen, the output line voltages are synthesized inside each 

switching cycle from samples of two input line voltages, Vab and vac, for the above 

example. By comparison of (5.23) and (5.24), it can be concluded that simultaneous 

output-voltage and input-current SVM can be obtained by employing the standard 

VSI SVM sequentially in two VSI-sub topologies of the 3(D-30 MC. When the 

standard VSI SVM is applied in the first VSI-sub topology, where vpn = vab, the duty 

cycles of the two adjacent voltage SSV's are da,, and dv,,, as defined in (5.24). The 

standard VSI SVM in the second VSI-sub topology, with vpn = vac, results in the SSV 

duty cycles da, and df~, also defined in (5.24). During the remaining part of the 

switching cycle [22] 

do = 1 — datt — dpµ — day — dflv = T'o/Ts 	 (5.25) 

The output line voltages are equal to zero, by employing a zero SSV. 

A switching sequence within one switching cycle requires decisions on 

which of the three switching combinations from Group III is used for the zero SSV, 

and on how the five switching combinations are ordered within the switching cycle. 

Among the possible combinations, those which require switches to change state only 

once during a switching cycle should be used. In this paper, the switching sequence 

dap dp,,, —> dp„—> day, —> do is used, and the optimum zero SSV is chosen for each of 

the 36 operating modes. 

Conclusion: 

Space vector modulation strategy for matrix converters has been 

presented in this section. The modulation is done in such a way that the input 

current has minimum harmonics and has a power factor close to unity. 
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5.5 SIMULATION MODELS AND RESULTS: 

5.5.1 The SIMULINK model for the DFIG using AC/DC/AC Back to 

back converter using SVM: 

A 5Hp, 575V, 4poles, 50Hz, 1500 rpm, star connected Wound Rotor 

Induction Machine (WRIM) is chosen in the MATLAB environment. The stator of the 

WRIM is connected to the grid. The AC/DC/AC back to back IGBT converters are 

connected in the rotor circuit to integrate the rotor circuit with the grid. The machine 

•operated in both sub and super synchronous modes to see that the power flow via 

converter setup is bi-directional. The Grid side converter (GSC) is controlled with the 

Space Vector Modulation (SVM) Technique for the process of inversion as explained 

in section 5.4, and for the process of rectification the GSC operates as a bridge 

rectifier in sub synchronous mode. The Rotor Side Converter (RSC) is controlled by a 

simple sinusoidal PWM technique for inversion and for rectification it acts as a 

simple bridge rectifier. The only strategy differs is the operating frequency in both 

these converters. For to integration of Rotor to grid the Voltage and the Frequency 

should match the Grid Voltage and frequency, for this reason a coupling transformer 

(which boost the voltage level to the grid voltage) is connected after the GSC. And 

also a star connected passive R-C filter is connected to eliminate the harmonics in 

the Voltage and current wave forms. The wave forms for all the voltages and currents 

and the machine performance characteristics, and the power flow indications are 

plotted in the SIMULINK and are presented in this section. 

In fig 5.15 the DFIG can run both in sub synchronous mode and super 

synchronous mode, to make this possible the input mechanical torque is given in 

two steps with a timer circuit as mechanical input to the DFIG. The grid parameters 

are taken from MATLAB help file. The value of DC link capacitance is given as 5mF. 

The values of R and C in the filter circuit are 5 ohm and 5 microfarad respectively. 

The speed ranges are maintained as 1440rpm in sub synchronous mode and 1560 

rpm in super synchronous mode. 
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Fig5.15: The SIMULINK model for the DFIG using AC/DC/AC Back to back 
converters for the rotor circuit for the integration to the grid, which operates in both 
the sub and super syncronous modes. 
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5.5.2 Simulation RESULTS for Super synchronous mode DFIG using 

AC/DC/AC Back to back converter: 

Super synchronous mode of operation of DFIG using Back to back 

AC/DC/AC converter topology in the rotor circuit for the integration of rotor 

and grid 
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Fig5. 16:3 ph stator ph-n voltages and currents for the super synchronous mode of 

operation for DFIG using AC/DC/AC converter topology. 
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In figs 5.16 and 5.17 the 3-ph stator line to neutral voltages and line currents are 

shown, this waveform is for super synchronous mode of operation of DFIG, where 

the speed of DFIG is above the synchronous speed. We can observe from the 
waveform that the magnitude is maintained constant throughout the simulation 

time. 

Fig5.18: The single phase stator and rotor line voltages after integrating rotor with 
the grid. 

In fig 5.18 the simulated waveforms of single phase stator and rotor line voltages are 

shown. The rotor line to line voltage shown in above figure is the voltage taken in 

between Grid circuit and coupling transformer and the stator voltage is line to line 
voltage of stator terminals. 
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Fig5.19: The comparison of the line voltages of GSC and output of coupling TIF 

In fig 5.19 the lower wave form is the line voltage at the GSC and the upper wave 

form is for line to line voltage taken in between grid circuit and the coupling 

transformer. In the GSC rotor voltage we can observe the line to line voltage of GSC 

is becoming constant in magnitude after 0.7 sec of simulation time. This voltage is 

given to the coupling transformer and thus boosted up to the grid voltage level i.e, 

575 V RMS line to line, whereas the frequency of the output voltage of GSC is exactly 

50Hz. 
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In fig5.20 the line to neutral voltage and current waveforms of the stator is shown. 

These wave forms are adjusted in the magnitude to see the voltage and current on 

the same scale. The red coloured wave form is current and green coloured wave form 

is voltage. From the above wave forms it clear that the net power is flowing from the 
stator to grid, though here the power factor is not unity. 

Fig5.21: The expanded wave form of rotor line voltage and current (magnitude 
increased for visibility) at the grid end. 

In fig5.2 1 the line to line voltage and current waveforms of the rotor at GSC is 

shown. These wave forms are adjusted in the magnitude to see the voltage and 

current on the same scale. The green coloured wave form is current and red coloured 

wave form is voltage. From the voltage and current are in phase and it is clear that 

power is flowing from the rotor to grid, since it the DFIG is operating in super 
synchronous mode. 
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Fig5.22: The simulated wave formes of Speed, Tin. and Te with respect to time for 
super synchronous mode of operation 

In fig 5.22 the simulated waveforms of speed, input mechanical torque and 

electromagnetic torque of the DFIG are shown for super synchronous mode of 

operation. We can observe that the speed is above 1500 rpm in the top wave form in 

the above figure. And the waveforms of Tm and Te for super synchronous mode are 

negative. 
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5.5.3 Simulation RESULTS for Sub synchronous mode DFIG using 

AC/DC/AC Back to back converter: 

Sub synchronous mode of operation of DFIG using Back to back AC/DC/AC 

converter topology in the rotor circuit for the integration of rotor and grid 
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Fig5.23: The 3 ph Stator voltages (Ph-n) and current wave forms for the sub 
synchronous mode of operation. 

In fig 5.23 the 3-ph stator line to neutral voltages and line currents are shown, this 

waveform is for sub synchronous mode of operation of DFIG, where the speed of 

DFIG is below the synchronous speed. We can observe from the waveform that the 

magnitude is maintained constant throughout the simulation time. 
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FigS.24: The 3 Ph rotor line voltages at the grid side end of the converter. 
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Fig5.25: The 3 Ph rotor ph currents at the grid side end of the converter. 

In fig 5.24 and 5.25 the 3-ph rotor line to line voltages and line currents are shown, 

these waveforms are for sub synchronous mode of operation of DFIG, where the 

speed of DFIG is below the synchronous speed. We can observe from the waveform 

that the magnitude is maintained constant throughout the simulation time. These 

are sinusoidal and acting as the input for GSC to maintain the DC link voltage. 
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Fig5.26: The expanded wave forms of rotor line voltage (magnitude 

decreased for visibility) and current at the grid side converter. 

From fig5.26 the line to line voltage and current waveforms of the rotor at GSC is 
shown. These wave forms are adjusted in the magnitude to see the voltage and 
current on the same scale. The green coloured wave form is current and red coloured 
wave form is voltage. From the voltage and current are in out of phase and it is clear 
that power is flowing from the grid to rotor, since it the DFIG is operating in sub 
synchronous mode. 
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Fig5.27: Expanded wave forms of single phase stator voltage (L-n) and line current, 

magnitude adjusted for visibility. 



From fig5.27 the line to neutral voltage and current waveforms of the stator is 

shown. These wave forms are adjusted in the magnitude to see the voltage and 

current on the same scale. The red coloured wave form is current and green coloured 

wave form is voltage. From the above wave forms it clear that the net power is 

flowing from the stator to grid, though here the power factor is not unity. 
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Fig5.28: single ph L-L rotor voltage wave forms at the grid side end of the converter 

for the sub synchronous mode of operation, of DFIG using AC/DC/AC converter 
topology for rotor circuit. 
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Fig5.29: The simulated wave forms of the speed, Tm and Te with respect to 

time for sub synchronous mode of operation. 

In fig 5.29 the simulated waveforms of speed, input mechanical torque and 

electromagnetic torque of the DFIG are shown for sub synchronous mode of 

operation. We can observe that the speed is below 1500 rpm in the top wave form in 

the above figure. And the waveforms of Tm and Te for sub synchronous mode are 

positive. 
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5.5.4 Simulation .RESULTS for both Sub and Super Synchronous 
mode DFIG using AC/DC/AC Back to back  converter: 

Both sub and super synchronous mode of operation of DFIG using Back to 

back AC/DC/AC converter topology in the rotor circuit for the integration of 

rotor and grid with vector control implementation 
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Fig5.30: The 3 Ph stator voltages (ph-n) and ph currents for both sub and super 
synchronous mode of operation of DFIG using AC/DC/AC converter topology for the 
rotor circuit. 

In fig 5.30 the 3-ph stator line to neutral voltages and line currents are shown, these 
waveforms are simulated for both sub synchronous mode and super synchronous 
mode of operations of DFIG. We can observe from the waveform that the magnitude 
is not maintained constant throughout the simulation time. From time 0 sec to 0.6 
sec the DFIG runs in sub synchronous mode and from 0.6 sec to 1 sec it runs in 
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super synchronous mode. We can observe the magnitude variation the both voltage 
and currents. 
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F1g5.31: 3 ph rotor line voltages at the grid side converter end for DFIG operating 
both in sub and super synchronous modes. 

In fig 5.31 the 3-ph rotor line to line voltages at the GSC are shown, these waveforms 
are simulated for both sub synchronous mode and super synchronous mode of 
operations of DFIG. We can observe from the waveform that the shape is not 
maintained same throughout the simulation time. From time 0 sec to 0.6 sec the 
DFIG runs in sub synchronous mode and from 0.6 sec to 1 sec it runs in super 
synchronous mode. We can observe the GSC input is sinusoidal in sub synchronous 
mode and GSC output is square wave in super synchronous mode. But the 
frequency of both the wave forms is at 50Hz 
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Fig5.32: single ph L-L rotor voltage wane forms at the grid side end of the converter 
for both the sub and super synchronous modes of operation of DFIG using 
AC/DC/AC converter topology for rotor circuit. 

In fig 5.32 the single-ph rotor line to line voltages at the GSC are shown, these 
waveforms are simulated for both sub synchronous mode and super synchronous 
mode of operations of DFIG. We can observe from the waveform that the shape`; is not 
maintained same throughout the simulation time. From time 0 sec to 0.6 sec the 
DFIG runs in sub synchronous mode and from 0.6 sec to 1 sec it runs in super 
synchronous mode. We can observe the GSC input is sinusoidal in sub synchronous 
mode and GSC output is square wave in super synchronous mode. But the 
frequency of both the wave forms is at 50Hz 
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Fig5.33: The wave forms of real and reactive power of the DFIG for both sub and 
super synchronous modes of operation. 

In fig 5.33 the simulated wave forms of real and reactive powers obtained from stator 

voltages and currents are shown. These waveforms are simulated for both sub 

synchronous mode and super synchronous mode of operations of DFIG, from time 0 

sec to 0.6 sec the DFIG operates in sub synchronous mode and from 0.6 sec to 1 sec 
it operates in super synchronous mode. 
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Fig5.34: The simulated wave forms of the speed, Tm and Te with respect to 

time for both sub and super synchronous modes of operation of DFIG. 

In fig 5.34 the simulated waveforms of speed, input mechanical torque and 

electromagnetic torque of the DFIG are shown for both sub-synchronous mode and 

super-synchronous mode of operations of DFIG, from time 0 sec to 0.6 sec the DFIG 

operates in sub synchronous mode and from 0.6 sec to 1 sec it operates in super 

synchronous mode. We can clearly observe the change in the magnitudes of the 

above wave forms after 0.6 sec. And the waveforms of Tm and Te for sub 

synchronous mode are positive and for super synchronous mode they are negative. 
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5.5.5 The SIMULINK model for the DFIG using MATRIX converter: 

A 5Hp, 575V, 4poles, 50Hz, 1500 rpm, star connected Wound Rotor 

Induction Machine (WRIM) is chosen in the MATLAB environment. The stator of the 

WRIM is connected to the grid. The AC-AC MATRIX converter is connected in the 

rotor circuit to integrate the rotor circuit with the grid. The machine operated in both 

sub and super synchronous modes to see that the power flow via converter setup is 

bi-directional. The VSI-VSR combination setup of MATRIX converter is controlled by 

the Space Vector Modulation (SVM) technique as explained in section 5.4. For to 

integration of Rotor to grid the Voltage and the Frequency should match the Grid 

Voltage and frequency, for this reason a coupling transformer (which boost the 

voltage level to the grid voltage) is connected and the frequency is maintained 

constant (50Hz) by the matrix converter. And also a star connected passive R-C filter 

is connected to eliminate the harmonics in the Voltage and current wave forms. The 

waveforms for all the voltages and currents, the machine performance 

characteristics, and the power flow indications waveforms are plotted in the 

SIMULINK and are presented in this section. 

In fig 5.35 the DFIG can run both in sub synchronous mode and super 

synchronous mode, to make this possible the input mechanical torque is given in 

two steps with a timer circuit as mechanical input to the DFIG. The grid parameters 

are taken from MATLAB help file. The values of R and C in the filter circuit are 5 

ohm and 5 microfarad respectively. The speed ranges are maintained as 1440rpm in 

sub synchronous mode and 1560 rpm in super synchronous mode. 
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The SIMULINK model for the DFIG using MATRIX converter in the 

rotor circuit for the integration to the grid 
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Fig5.35: The SIMULINK model for the DFIG using MATRIX converter in the rotor 

circuit for the integration to the grid, which operates in both the sub and super 

syncronous modes. 
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Super synchronous mode of operation of DFIG using MATRIX converter topotocpj 

in the rotor circuit for the integration of rotor and grid: 

5.5.6 Simulation RESULTS for Super synchronous mode DFIG using 

MATRIX converter: 
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Fig5.36: 3 ph stator L-n voltages and ph currents for the super synchronous mode 

of operation for DFIG using MATRIX converter topology. 

In figs 5.36 the 3-ph stator line to neutral voltages and line currents are shown, 

these waveforms are for super synchronous mode of operation of DFIG, where the 

speed of DFIG is above the synchronous speed. We can observe from the waveform 

that the magnitude is maintained constant throughout the simulation time. 
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Fig5.37: 3 ph rotor L-n voltages for the super synchronous mode of operation for 
DFIG using MATRIX converter topology. 

In fig 5.37 the simulated wave form of the 3 ph rotor line voltages at the output of 

MATRIX converter are shown. In the above wave form we can observe the line to line 

voltage of rotor is becoming constant in magnitude after 0.15 sec of simulation time. 

This voltage is given to the coupling transformer and thus boosted up to the grid-

voltage level i.e, 575 V RMS line to line, whereas the frequency of the output voltages 

of MATRIX converter is exactly 50Hz. This above waveform is simulated in super 

synchronous mode of operation for DFIG. 

100 - 
S 

0 

100 
0 	0.1 	0.2 	0.3 	0.4 	0.5 	0.6 	0.7 	0.8 

bYWMYMWMMMWMWQWW  
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

,-, 100 	--_T_—. _ —_—, 	 — —._ --r--- 

0

_ . 

0 -100  
0 	0.1 	0.2 	0.3 	0.4 	0.5 	0.6 	0.7 	0.8 

Time (S) 

Fig5.38: single ph L-L rotor voltage waveforms at the grid side end of the converter 
for the super synchronous mode of operation of DFIG using MATRIX converter 
topology for rotor circuit. 
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In fig 5.38 the simulated wave form of the single ph rotor line voltages at the output 

of MATRIX converter are shown. In the above wave forms we can observe the line to 

line voltage of rotor is becoming constant in magnitude after 0.15 sec of simulation 

time, the frequency of the output voltages of MATRIX converter is exactly 50Hz. This 

above waveform is simulated in super synchronous mode of operation for DFIG. 
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Fig5.39: The single ph rotor voltage (Ph-n) and line current wave forms for the super 

synchronous mode of operation of DFIG using MATRIX converter topology. 

In fig 5.39 the simulated wave form of the single ph rotor line voltage and line 

current at the output of MATRIX converter are shown. The frequency of the output 

voltages and current of MATRIX converter is exactly 50Hz. This above waveform is 

simulated in super synchronous mode of operation for DFIG 
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5.5.7 Simulation RESULTS for Sub synchronous mode DFIG using 

MATRIX converter: 

Sub synchronous mode of operation of DFIG using MATRIX converter 

topology in the rotor circuit for the integration of rotor and grid 

w I~ ~+ 	, l 	7 } 	~ f -, 	r, 	 }}} 	I0. 	ill 	,~ 	i~ 	f' 	l 	f 
it 	~~ 	~ 	~f ~~ 	I IS 	P 	~ 	 ~1 	~~IJ~  

A 

	

~~ 	f l 	~S~ 	J~ 	 -~' ts l 	j~l~~ 
t 	r 

~~ ~' 

	

0 1'~ r 	-f 	~{- 	1~ 	- 	~• 1, -1 	-~ 	( 	t 	_ 	y-, ~. 

~I 	try 	{~~ 	;~i 
y 

1 	~- 	~, 	,  

1 ~ 1 	a 	a 
; f~ ~~~ 

~l 	
i ~ 

~ 	~~, )I~ yI~ ~~e1;4 

J 	{J I 	
f ' _ 
	-

_ 4 	- ~ - J 	_ 	U ,i 	l 	~f .  ~~ }. 5,1 	_ . 	, 	u _7f 	~l  - - t?flL 
0 	0.1 	0.2 	0.3 0.4 	0.5 	0.6 

G5 
i I 

0 	n}.. 	l~ 	n/ 	7 	1 	4 	j 	1~'i41 s>t 	,~ 	i 	{ i~ i~: ~. 	F 
( 	444.. 

 
~, ~~~j 	Zr_-rt r,,~ ,L- 	S 	3 	Y'`~'l 	 t 	 ~ 	íA' 

I 
r 

I I 
~ 
- 

f 
50 	 - ch — 	— 

0 	0.1 	0.2 	0.3 0.4 	0.5 	0.6 
Terre (S) 

Fig5.40, 3 ph stator ph-n voltages and ph currents for the sub synchronous mode of 

operation for DFIG using MATRIX converter topology. 

In figs 5.40 the 3-ph stator line to neutral voltages and line currents are shown, 

these waveforms are for sub synchronous mode of operation of DFIG, where the 

speed of DFIG is below the synchronous speed. We can observe from the waveform 

that the magnitude is maintained constant throughout the simulation time. 
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Fig5.41: The 3 Ph rotor line voltages at the grid side end of the converter. 

In fig 5.41 the simulated wave form of the 3 ph rotor line voltages at the grid side 

end of MATRIX converter are shown. In the above wave form we can observe the line 

to line voltages of rotor are constant throughout the simulation time. This above 

waveform is simulated in sub synchronous mode of operation for DFIG. 
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Fig5.42: single ph L-L rotor voltage waveforms at the grid side end of the converter 

for the sub synchronous mode of operation of DFIG using MATRIX converter 

topology for rotor circuit. 
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In fig 5.42 the simulated wave form of the single ph rotor line voltages at the grid 

side end of MATRIX converter are shown. In the above wave form we can observe the 

line to line voltage of rotor is constant throughout the simulation time. This above 

waveform is simulated in sub synchronous mode of operation for DFIG. 

Fig5.43: The waveforms of rotor line voltage and line current at the grid side of the 

MATRIX converter. 

In fig5.43 the line to line voltage and current waveforms of the rotor at GS of MATRIX 

converter is shown. These wave forms are adjusted in the magnitude to see the voltage 

and current on the same scale. The green coloured wave form is current and red 

coloured wave form is voltage. From the voltage and current are in out of phase and it 

is clear that power is flowing from the grid to rotor, since it the DFIG is operating in 

sub synchronous mode. 
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Fig5.44: The simulated wave forms of the speed, Tm and Te with respect to time for 
sub synchronous mode of operation 

In fig 5.44 the simulated waveforms of speed, input mechanical torque and 

electromagnetic torque of the DFIG are shown for sub synchronous mode of 

operation. We can observe that the speed is below 1500 rpm in the top wave form in 

the above figure. And the waveforms of Tm and Te for sub synchronous mode are 

positive. 

84 



2 
500 

5.5.8 Simulation RESULTS for both Sub and Super synchronous 

mode DFIG using MATRIX converter: 

Both sub and super synchronous modes of operation of DFIG using MATRIX 

converter topology in the rotor circuit for the integration of rotor and grid 
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.Fig5.45. The 3 Ph stator voltages (ph-n) and ph currents for both sub and super 
synchronous mode of operation of DFIG using MATRIX converter topology for the 
rotor circuit. 

In figs 5.45 the 3-ph stator line to neutral voltages and line currents are shown, 

these waveforms are for both sub synchronous and super synchronous mode of 

operations of DFIG, from time 0 sec to 0.6 sec the DFIG runs in sub synchronous 

mode and from 0.6 sec to 1.2 sec it runs in super synchronous mode. 

85 



0 	 0-2  0.4  0.6  0.8  1  1.2 
Time (s) 

Fig5.46: 3 ph rotor line voltages at the grid side end of Matrix converter for DFIG 

operating both in sub and super synchronous modes. 

In fig 5.46 the 3-ph rotor line to line voltages at the grid side end of the Matrix 

converter are shown, these waveforms are simulated for both sub synchronous mode 

and super synchronous mode of operations of DFIG. We can observe from the 

waveform that the shape is not maintained same throughout the simulation time. 

From time 0 sec to 0.6 sec the DFIG runs in sub synchronous mode and from 0.6 

sec to 1.2 sec it runs in super synchronous mode. We can observe that grid side 

input is sinusoidal in sub synchronous mode and grid side output is square wave in 

super synchronous mode. But the frequency of both the wave forms is at 50Hz 
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Fig5.47: single ph L-L rotor voltage waveforms at the grid side end of the converter for 

both the sub and super synchronous modes of operation of DFIG using MATRIX 

converter topology for rotor circuit. 
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In fig 5.47 the single ph rotor line to line voltages at the grid side end of the Matrix 

converter are shown, these waveforms are simulated for both sub synchronous mode 

and super synchronous mode of operations of DFIG. We can observe from the 

waveform that the shape is not maintained same throughout the simulation time. 

From time 0 sec to 0.6 sec the DFIG runs in sub synchronous mode and from 0.6 

sec to 1.2 sec it runs in super synchronous mode. We can observe that grid side 

input is sinusoidal in sub synchronous mode and grid side output is square wave in 

super synchronous mode. But the frequency of both the wave forms is at 50Hz 

Fig5.48. The comparison of the rotor line voltages before and after T/F for both sub 

and super synchronous modes of operation 

In fig48 the lower wave form is single ph line to line voltage at the grid side end of 

the Matrix converter and the upper waveform is single ph line to line voltage at the 

grid. The DFIG operates in sub synchronous mode from 0 sec to 0.6 sec and from 

0.6 sec to 1.2 sec it operates in super synchronous mode. 
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Fig5.49: The expanded wave form of stator voltage (Ph-n) and ph-current 

(magnitude adjusted for visibility) for both the sub and super synchronous modes 

of operation. 

In fig5.49 the voltage and current wave forms of the stator are shown. The 

magnitudes of them are adjusted to see them on the same scale. From the wave form 

it clear that the net power is flowing from the stator to grid, but the amount of power 

flowing differs in the two following cases i.e, From time 0 sec to 0.6 sec the DFIG 

operates in sub synchronous mode and from 0.6 sec to 1.2 sec it operates in super 

synchronous mode. 
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Fig5.50: The waveforms of real and reactive power of the DFIG (using MATRIX 

converter topology) for both sub and super synchronous modes of operation. 
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In fig 5.50 the simulated wave forms of real and reactive powers obtained from stator 

voltages and currents are shown. These waveforms are simulated for both sub 

synchronous mode and super synchronous mode of operations of DFIG, from time 0 

sec to 0.6 sec the DFIG operates in sub synchronous mode and from 0.6 sec to 1.2 

sec it operates in super synchronous mode. 
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Fig5.51: The simulated waveforms of the speed, Tm and Te with respect to time for 
both sub and super synchronous modes of operation of DFIG. 

In fig 5.51 the simulated waveforms of speed, input mechanical torque and 

electromagnetic torque of the DFIG are shown for both sub synchronous and super 

synchronous mode of operations. From time 0 sec to 0.6 sec the DFIG operates in 

sub synchronous mode and from 0.6 sec to 1.2 sec it operates in super synchronous 

mode. We can observe in the top waveform-  that the speed is below 1500rpm in sub 

synchronous mode of operation and it is above 1500rpm in super synchronous mode 

of operation. And the waveforms of Tm and Te for sub synchronous mode are 

positive and for super synchronous mode they are negative. 
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CHAPTER-6 

6.1 Conclusions: 

Induction machine using as a generator coupled with a wind turbine is 

an interesting area for the Electrical Engineers, where the controlling of Induction 

Generator over a wide range of speed is the major concern. The reactive power 

consumption and harnessing of active power under varying speed are the major 

concerns to deal with the induction generators; however the development of static 

power converters has facilitated the control of the variable speed induction 

generators. 

In the present work both Cage rotor and wound rotor induction 

generators are considered. 

For a Squirrel Cage Induction machine to run as SEIG needs a variable 

reactive power to sustain the excitation and to maintain a constant terminal voltage 

level. In order to do this a fixed capacitor or a mechanically switched capacitor is not 

a feasible option. So, in the present work, a FUZZY Logic controller based FC-TCR 

(in delta connection) is modeled in SIMULINK to sustain the process of self excitation 

and terminal voltage regulation of SEIG for the variable R-load and RL-load 

(coscp=0.8), which can vary from no load to full load. The FUZZY controller is 

designed to control the delay firing angle `a' of FC-TCR circuit by taking inputs as 

`error in terminal voltage' and `change in line currents'. This system is modeled for a 

constant speed application. The simulated performance waveforms of SEIG are 

analyzed for the developed model and results are found to be satisfactory. 

Further, considering WRIG's, the Converter topologies to interface the 

rotor circuit with the grid is the major concerns to deal with the Converter 

topologies. So, the converter topologies for the rotor circuit of the DFIG are discussed 

and the same are modeled in simulink. The AC/DC/AC back to back IGBT converter 

topology for the rotor circuit is modeled. In this GSC is controlled by SVM technique 

and RSC is controlled by sinusoidal PWM technique. And the MATRIX converter 
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topology is also modeled and controlled by using SVM technique. The stator of the 

DFIG is connected to the grid and the rotor is integrated with the grid via these 

converter setups and a coupling Transformer. The machine is operated in both sub 

and super synchronous modes of speeds and ensures that the power flow via 

converter setup is bi-directional. The wave forms for all the voltages and currents 

and the machine performance characteristics, and the power flow indications are 

plotted in the SIMULINK and results are found to be satisfactory. 

6.2Future Scope: 

The real time implementation of FC-TCR circuit, generation of delay firing 

pulses for it in real time is also an interesting work to extend, And also design of 

controller for controlling the delay firing pulses, as to control the capacitive 

reactance continuously, in turn to maintain a constant terminal voltage for load 

variations and speed variations within the generating range of SEIG. 

Further, the real time implementation of converter topologies and 

controlling strategies for same is also an alluring area to extend the present work. 

And also making power factor unity in case of DFIG will extend the present work in 

developing active filters. The same work on DFIG can be extended in developing a 

controller for variable prime mover such that the DFIG can operate in both sub and 

super synchronous modes. 
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Appendix 

FC-TCR design: 

C=38.5iiF and L = 0.34H 

Fixed Capacitor: 

C=38.5pF 

Prime mover design for SEIG: 

Tm=-A+(B *cd„n ) 
A=578 B=3.5 

Filter Design: 
C=5 pF and R=5 ohm 

Prime mover design for DFIG: 
Tm= -A + (B * CO„t) 
A= 470 590 and 620 B=3.6 
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