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ABSTRACT 

In the wake of energy crisis, the world economy is determined to capture the 

untapped renewable energy potential. Wind energy, due to its free availability and 

clean character, ranks as the most promising renewable energy resource that can play 

a key role in solving the world energy crisis. . 

This dissertation deals with the modelling and transient stability analysis of 

Doubly Fed Induction Generator (DFIG) for wind turbines connected to grid system. 

A reduced order model for the DFIG has been used. A controller for -speed, voltage 
and power factor has also been implemented. The DFIG model and the controller are 

presented as Differential Algebraic Equations (DAB). A 7 h  order model for 

synchronous machine with IEEE type-I exciter has also been presented. 

The DAEs have been solved using Simultaneous Implicit (SI) method. SI-

method is a numerical method that is widely used in industries now-a-days. The 

derivations using the SI-method for TSA simulations have been presented in detail. 

Particle Swarm Optimization (PSO) has been implemented to optimize the DFIG 

controller gains. 

TSA simulation results for three 8 bus power system networks, with DFIG and 

infinite bus, with only synchronous machine and with DFIG and synchronous 

machine in the network, have been presented. 

11 



LIST OF CONTENTS 

Acknowledgement i 
Abstract ii 
List of Contents iii 
List of Figures v 
List of Tables vii 
List of Symbols viii 

1 	Introduction 1 
1.1: 	Wind Energy: India ............................................................ I 
1.2: 	Wind Turbine (WT) Generators .............................................. 1 
1.3: 	Literature Review .............................................................. 3 
1.4: 	Present Work ................................................................... 4 

2 	Power System Modelling 6 
2.1: 	Introduction 	..................................................................... 6 
2.2: 	Synchronous machine Modelling ............................................ 6 

2.2.1: 	Differential Equations ................................................ 6 
2.2.2: 	Stator Algebraic Equations .......................................... 7 

2.3: 	DFIG Modelling 	............................................................. 7 
2.3.1: 	Machine Differential-Algebraic equations ........................ 9 
2.3.2: 	Controller Differential-Algebraic equations .. ..................... 10 

2.4: 	Network models 	................................................................ 11 
2.4.1: 	For Synchronous machine buses .................................... 11 
2.4.2: 	For DFIG buses 	....................................................... 11 
2.4.3: 	For load buses 	......................................................... 12 

2.5: 	Infinite Bus model .............................................. 	............ 1 2 
2.6: 	Load model 	..................................................................... 12 

3 	Initial Conditions And Simulation Derivations . 15 
3.1: 	Initial conditions 	............................................................... 15 

3.1.1: 	Initialization of Dynamic model Initial conditions ............... 15 
3.1.2: 	Initialization of Dynamic model .................................... 15 

3.1.2.1: 	Synchronous Machine Initial conditions ............... 16 

Ii' 



3.1.2.2: 	DFIG Initial Conditions ................................. 17 
3.2: S I method 	....................................................................... 1 8 

3.2.1: 	General method ....................................................... 1 8 
3.2.2: 	Application to TSA ................................................... 19 
3.2.3: 	Trapezoidal Integration Method ..................................... 19 

3.2.3.1: 	For Synchronous Machines .............................. 19 
3.2.3.2: 	For DFIGs 	.................................................. 22 

Network equations for Synchronous machine buses 
3.2.3.3: 

and infinite bus 	............................................ 24 
3.2.3.4: 	Network equations for DFIG buses ..................... 25 
3.2.3.5: 	Network equations for load buses ............... 25 

3.3: Newton's iterative method .................................................... 26 
3.3.1: 	Derivation of Jacobian Elements .................................... 27 

4 	Simulation Results on DFIG-Infinite Bus System 36 

4.1: Introduction 	..................................................................... 3 6 
4.2: TSA Simulation 	................................................................ 3 7 

4.2.1: 	Initial conditions ...................................................... 3 7 
4.2.2: 	Fault Simulation results .............................................. 38 

5 	Simulation Results on DFIG-Synchronous Machine System 43 

5.1: Introduction 	.................................... 	............................... 43 
5.2: TSA Simulation of 8 bus synchronous machine system .................. 44 

5.2.1: 	Initial conditions 	...................................................... 44 
5.2.2: 	Fault Simulation ...................................................... 45 

5.3 TSA Simulation of 8 bus DFIG-Synchronous machine system ......... 47 
5.3.1: 	Initial conditions 	..................... 	................................ 47 
5.3.2: 	Fault Simulation 	...................................................... 48 

6 	Conclusion ........................................................................ 	... 	54 

Appendix A: 8 Bus Power System Data .......................................... 	56 

Appendix B: Particle Swarm Optimization ...................................... 	58 

Reference ................................................................................. 	60 

lv 



LIST OF FIGURES 

Figure No. Figure Description Page No. 

Figure 2.1: Synchronous machine two axis dynamic circuit 8 

Figure 2.2: Representation of grid connected DFIG 9 

Figure 2.3: Vector Representation of operating conditions of a DFIG 9 

Figure 2.4: Block diagram for speed, power factor and voltage controller 

Figure 3.1: Sequence for initializing the dynamic model with DFIG wind turbines 16 

(a) Representing DFIG model as PQ bus 

(b) Representing DFIG model as PV bus 

Figure 3.2: Flow chart for TSA using SI-method 20 

Figure 4.1: 8 bus power system network with a DFIG and an Infinite bus. 36 

Figure 4.2: Torque-Speed characteristics for DFIG 37 

Figure 4.3: DFIG stator currents (a) ids  and (b) iq, 39 

Figure 4.4: 	DFIG voltage behind transient reactance (a) ed  and (b) eq 	 40 

Figure 4.5: 	DFIG rotor currents (a) id ,, and (b) iqr 	 40 

Figure 4.6: 	DFIG rotor voltages (a) vd,, and (b) vqr 	 41 

Figure 4.7: 	DIFG (a) rotor speed wr  , ( b) terminal voltage and (c) angle 0 	 41 

Figure 4.8: 	DFIG (a) generated real power Pg  , 	 42 

(b) rotor power P. and 

(c) generated reactive power Qg  
Figure 5.1: 	8 bus power system network with a Synchronous machine. 	 43 

Figure 5.2: 	8 bus power system network with DFIG and Synchronous machine. 	44 

Figure 5.3: 	Synchronous machine stator currents for fault simulation of 8 bus 	46 

synchronous machine system (a) Id  and (b) Iq  

Figure 5.4: Synchronous machine (a) d-axis voltage behind transient reactance Ed 	46 

(b) q-axis voltage behind transient reactance E Q  and (c) Exciter output 

voltage Efd  for fault simulation of 8 bus synchronous machine system 

Figure 5.5: 	Synchronous machine (a) speed Co and (b) terminal voltage V for fault 	47 

simulation of 8 -bus synchronous machine system 

V 



Figure 5.6: DFIG stator currents for fault simulation of 8 bus DFIG-synchronous 49 

machine system (a) ids  and (b) iq3  

Figure 5.7: DFIG voltage behind transient reactance for fault simulation of 8 bus DFIG- 49 

synchronous machine system (a) ed  and (b) eq  

Figure 5.8: DFIG rotor currents for fault simulation of 8 bus DFIG-synchronous 50 

machine system (a) id, and (b) E9,. 

Figure 5.9• DFIG rotor voltages for fault simulation of 8 bus DFIG-synchronous 50 

machine system (a) V dr  and (b) vqr  

Figure 5.10: DIFG (a) rotor speed U)r  , ( b) terminal voltage and (c) angle 0 for fault 	51 

simulation of 8 bus DFIG-synchronous machine system 

Figure 5.11: Synchronous machine stator currents for fault simulation of 8 bus DFIG- 	51 

synchronous machine system (a) Ia  and (b) Iq  

Figure 5.12: Synchronous machine (a) d-axis voltage behind transient reactance E,, 
52 

(b) q-axis voltage behind transient reactance Eq  and (c) Exciter output 

voltage E fd  for fault simulation of 8 bus DFIG-synchronous machine 
system 

Figure 5.13: Synchronous machine (a) speed a and (b) terminal voltage V for fault 	52 

simulation of 8 bus DFIG- synchronous machine system 

Vi 



LIST OF TABLES 

Table Description 	 Page No. 

Performance and ranking of the top ten countries in the world in 	2 

the wind energy sector. 
Load flow results for PQ. representation of DFIG for fault 

simulation of 8-bus DFIG-infinite bus system 

DFIG Initial conditions for fault simulation of 8-bus DFIG-

infinite bus system 
Load flow results for fault simulation of 8-bus synchronous 

Table No. 

Table 1.1: 

Table 4.1: 

Table 4.2: 

Table 5.1: 45 

45 
machine system 

T able 5.2: Initial conditions for Synchronous machine for fault simulation of 

8 bus synchronous machine system 

Table 5.3: 	Load flow results for fault simulation of 8-bus DFIG-synchronous 

machine system 

Table 5.4: Initial conditions for DFIG for fault simulation of 8-bus DFIG- 48 

synchronous machine system 

Table 5.5: Initial conditions for synchronous machine for fault simulation of 48 

8-bus DFIG-synchronous machine system 

Table A.1: Line Data for 8 Bus System 56 

Table A.2: Bus Data for 8 Bus System 56 

Table A.3: Synchronous Machine data 56 

Table A.4: Synchronous Machine Exciter data 57 

Table A.5: DFIG data 57 

vii 



List of Symbols 

Symbol Symbol description 

ids : DFIG d-axis stator current 

1q5 : DFIG q-axis stator current 

Vds  : DFIG d-axis stator voltage 

V qg  : DFIG q-axis stator voltage 

ed: DFIG d-axis voltage behind transient reactance 

eq  : DFIG q-axis voltage behind transient reactance 

idr  : DFIG d-axis rotor current 

iqr  : DFIG q-axis rotor current 

V dr  : DFIG d-axis rotor voltage 

V qr  : DFIG q-axis rotor voltage 

CO,.: DFIG rotor angular speed 

&,: Synchronous speed 

Vref  : DFIG reference voltage 
S: Slip 

T. : DFIG mechanical torque 

H I  : DFIG inertia constant 

L m : DFIG mutual inductance 

L5 : DFIG stator inductance 

Lr : DFIG rotor inductance 

K p  , K1 : Controller proportional and integral gains  

T, , K0 ,: Optimal power, torque and turbine constant 

X ' , X: DFIG transient and open circuit reactance 

Rs  , Rr:  DFIG stator and rotor resistance 

E4 : Synchronous machine d-axis voltage behind transient reactance 

Eq  : Synchronous machine q-axis voltage behind transient reactance 

$ : Synchronous machine internal angle 
CO : Synchronous machine angular speed 

E fd  : Synchronous machine exciter output voltage 

VR  : Synchronous machine regulator output 

Id: Synchronous machine d-axis machine generated current 

1q : Synchronous machine q-axis machine generated current 

Vill 



V: Terminal voltage 

0: Terminal angle 

VYe  f : Synchronous machine voltage reference 

Rs: Synchronous machine stator resistance 

Xd  , Xq  : Synchronous machine unsaturated d- and q-axis synchronous reactance 

Xd  , Xq  : Synchronous machine unsaturated d- and q-axis transient reactance 

Tdo  , 

 

T 0 :  Synchronous machine transient open circuit d- and q-axis time constant 

D: Synchronous machine load damping coeffient 

1R 



Transient Stability Analysis of a Grid Connected Doubly Fed Induction Generator 
Introduction 

Chapter 1 

INTRODUCTION 

The world is entering into a new phase. A - phase of climate shifts. With 

increasing developments in the field of industrialisation and the usage of fossil fuels 

has made this earth an unsafe place to live. If this continues life on earth may end 

exponentially. But, the situation can be controlled if we can act immediately. This can 

be done by reducing the use of fossil fuels and encouraging the use of cleaner and 
greener fuels. 

There are many sources of clean and green fuels/energy. For example, wind, 

solar, tidal, etc. Wind energy sector is one sector which is getting the highest 
attention. 

1.1 Wind Energy: India 

The Indian wind energy sector has an installed capacity of 8757.2 MW (as on 

March 31, 2008). In terms of wind power installed capacity, India is ranked 4th in the 

World [1]. Today India is a major player in the global wind energy market. Table 1.1 

gives the performance and ranking of the top ten countries in the world [2]. 

The potential is far from exhausted. Indian Wind Energy Association has 

estimated that with the current level of technology, the `on-shore' potential for 

utilization of wind energy for electricity generation is of the order of 65,000 MW. 

This enormous unexploited resource availability has the potential to sustain the 

growth of wind energy sector in India in the years to come [1]. 

With such a high potential, wind energy systems integration into the electrical 

power system grid can release some pressure on the generating stations running on 

fossil fuels and hence on earth. 

1.2 Wind Turbine (WT) Generators 

The WT generator converts mechanical energy to electrical energy. WT 

generators are a bit unusual, compared to other generating units attached to the 

electrical grid. One of the reasons is that the generator has to work with a power 

source (the WT rotor) which supplies very fluctuating mechanical power (torque). 
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Table 1.1: Performance and ranking of the top ten countries in the world in 

the wind energy sector. 

Total Additional Total Total Ranking Capacity Capacity Rate of Ranking Capacity Capacity total Country installed 2007 Growth total 2006 installed installed 2007 end 2007 (Difference 2007 end 2006 . end 2005 2007-2006) 
[MW] [MW] [%] [MW] [MW] 

-1 Germany 22,247.4 1625.4 7.9 1 20,622.0 18,427.5 
2 USA • 16,818.8 5215.8 45.0 3 11,603.0 9,149.0 
3 Spain 15,145.1 3515.1 30.2 2 11,630.0 10,027.9 
4 India 7,850.0 1580.0 25.2 4 6,270.0 4,430.0 
5 China 5,899.0 3300.0 127.0 6 2,599.0 1,266.0 
6 Denmark 3,125.0 -11.0 -0.4 5 3,136.0 3,128.0 
7 Italy 2,726.1 602.7 28.4 7 2,123.4 1,718.3 
8 France 2,455.0 888.0 56.7 10 1,567.0 757.2 
9  United 

Kin dom 2,389.0 426.2 21.7 8 1,962.9 1,353.0 

10 Portugal 2,130.0 414.0 24.1 9 1,716.0 1,022.0 

Common voltage rating of the generator is 690V AC. This voltage is then 

transformed to higher voltages through transformers inorder to integrate it into the 

grid. Commonly used first step-up voltages are 11 kV and 33 kV. WT generators are 

available with both 50 Hz and 60 Hz frequency rating. The world's largest WT is now 

the Enercon E-126 installed in Emden, Germany by Enercon. This turbine is officially 

rated at 6 megawatts, but is capable of producing 7+ MW (or 20 million kilowatt 

hours per year) [3]. 

Wind turbines may be designed with either synchronous or asynchronous 

generators, and with various forms of direct or indirect grid connection of the 

generator. Direct grid connection mean that the generator is connected directly to the 

(usually 3-phase) alternating current grid. Indirect grid connection means that the 

current from the turbine passes through a series of electric devices which adjust the 

electrical parameters to match that of the grid. 

Asynchronous generators are further categorized as singly-fed and doubly-fed 

generators. 

1. Singly-Fed Asynchronous Generators (SFAG): SFAG belong to that 

category of electric machines which incorporate one multiphase winding set, 

which is independently excited, actively participates in the energy conversion 
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process (i.e., is singly-fed), and determines the full electro-mechanical 
conversion power rating of the machine. The principle purpose of the squirrel-

cage rotor winding or wound rotor winding of the Induction machine is to 

develop a rotating magnetic field in the air-gap. The electrical power 

contribution of these windings is dissipative and accordingly, these windings 

do not actively participate in the energy conversion process (i.e., passive 

winding set) [4]. 

2. Doubly-Fed Asynchronous generator (DFAG): DFAG belongs to a 

category of electric machines that incorporate two multiphase winding sets of 

similar power rating that have independent means of excitation. As a result, 

doubly-fed electric machines are synchronous electric machines by nature but 

with both winding sets actively participating in the energy conversion process 

(i.e., doubly-fed or dual armature) [5]. 

DFAGs can operate at constant torque to twice synchronous speed for 

a given frequency of excitation with each active winding set having similar 

power ratings (i.e., contiguous operation between sub-synchronous through 

super-synchronous speed range). The sum of the power ratings of the 

multiphase winding sets determine the total electro-mechanical conversion 

power rating of the machine. 

A commonly used DFAG now-a-days is Doubly Fed Induction Generator or 

commonly know as DFIG. It is based on an induction generator with a multiphase 

wound rotor and a multiphase slipring assembly with brushes for access to the rotor 

(wound-rotor doubly-fed). But in recent machines efforts have been made to avoid the 

multiphase slipring assembly with brushes (brushless wound-rotor doubly-fed electric 

machines). . 

1.3 Literature. Review 

In early days, most national network design codes and standards did not 

require wind farms to support the power system during a disturbance. But with 

increasing penetration of wind farms and usage of DFIGs into the power system 

network and its operation, national network design codes and standards expect wind 

farms to support the power system during disturbances. But in order to study the 
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effect of wind farm/DFIG penetration into the power system network they have to be 

modeled suitably and represented: Several papers have been presented in this field of 

dynamic modelling of DFIG. 
Dynamic model of a variable speed (VS) WT with DFIG and back to back 

voltage source converter (BVSC) and its controls has been presented in [6]. In this 

work, a 5th  order dynamic model with synchronously rotating d-q axis reference frame 

and with q axis leading has been derived. Speed control, pitch control and voltage 

control are included in the model. 

Phasors represented with respect to different rotating reference frames has 

been presented in [7]. The paper has proposed speed and pitch angle control model. 

Janaka B. Ekanayake et. al. [8] has presented a model that can be used for 

single-cage and double-cage representation of the DFIG and its control and protection 

circuits. The paper has presented a 3" order dynamic model with synchronously 

rotating reference frame and with q axis leading the d-axis. A controller which 

controls terminal voltage, speed and power factor has also been developed. Similar 

models were also presented in [9, 10, 11]. It is to be noted that the works presented in 

[7-10] have used time domain analysis approach. 

In [12] a PSS for a DFIG based wind generation has been proposed. It uses 

Flux Magnitude Angle Control (FMAC) approach for control. Both eigenvalue and 

time domain approaches have been used for analysis. 

A 7th  order model has been presented in [13], which uses the modal analysis 

approach along with eigenvalue analysis. Pablo Ledesma et. al. [14] have used 

Simultaneous Implicit method of numerical simulation with the static model of the 

electric Grid for transient stability analysis. 

1.4 Present Work 
Different types of WT generators behave differently during transmission grid 

disturbances. In particular, induction generators cannot support the system voltage 

during faults, unlike steam or hydro turbine-driven synchronous generators. However, 
DFIG permits variable rotor speed operation, and provides independent control of active 
and reactive power flows into and out of the generator and hence desirable properties for 

grid interconnection. Therefore, extensive modeling of the dynamic electromechanical 
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characteristics of a new wind farm is required by .transmission system operators to 

ensure predictable stable behaviour during system faults. 

In this thesis, titled "Transient Stability Analysis of a Grid Connected Doubly-

Fed Induction Generator",. a DFIG has been modelled mathematically and simulated 

for transient stability analysis (TSA). The DFIG has been interconnected to a grid 

system and a fault has been simulated on one of the buses. The behaviour of DFIG 
with and without synchronous machine under the fault condition has been observed. 

In the present work, an 8 bus power system network as in [9] has been 

considered for simulation purpose. Using this network, simulation studies have been 

carried out in three parts. First, a DFIG and a grid (in this case an Infinite bus) system 

has been used. Then the network has been modified by connecting a synchronous 

machine without the DFIG. Then synchronous machine and DFIG together have been 

connected and TSA studies have been carried out. 

Following is the sequence in which the work has been carried out. 

1. Power System Mathematical Modelling 

2. Derivations for TSA using Simultaneous Implicit (SI) Method 

3. Coding and Simulation 

Chapter 1 has given a brief introduction on' wind energy in India, WT 

generators and a brief description of the present work in this dissertation. 

Chapter 2 gives various derivations and mathematical model for the power 

system network which includes modelling of the infinite bus, synchronous machines, 

DFIGs and the network. 
Chapter 3 describes the derivations required for TSA using the SI method. 

This chapter also describes procedure for finding the initial conditions for the DFIG 

and the synchronous machine. 
Chapter 4 gives the simulation results and analysis for the 8-bus DFIG-infinite 

bus system. 
Chapter 5 gives simulation results for the 8-bus synchronous machine system 

and 8-bus DFIG-synchronous machine system. 
And finally the last chapter gives the conclusion and future scope. 
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Chapter 2 

POWER SYSTEM MODELLING 

2.1 Introduction: 
In this chapter, the various power system elements have been modelled 

mathematically. The various power system elements considered for modelling are: the 

Infinite Bus, Synchronous Machine, DFIG, Loads and the Network. 

Consider a `n' bus, `m' machine power system, in which, without any loss of 

generality, it is assumed that the `m' synchronous machines are connected at the first 

`m' buses of the system. It is also assumed that there are `g' DFIGs installed in the 

system which are connected at bus numbers `m+1', `m+2', ..... `m+g'. 

2.2 Synchronous machine Modeling [15] 
The synchronous machine model considered here is a 7th order model and an 

exciter of Type-I. The various assumptions considered are as in accordance with [15]. 

2.2.1 Differential Equations: 

dE'. 
Tdor dt t = —Eqr — (Xdr — Xd, )Ids + Efdt 	 (2.1) 

Tgoi d d1 = —Edi — (X qi — X qi )I qi 	 (2.2) 
U

d(li 
(2.3) 

2Hi dw=  
= TM, — EdJ I df — Edi I df — (X1 — X di )I di I qi — Di (a , — mss) 	(2.4) 

~vS dt 

T . dEfd̀   dt = —(KEe . + SE( . (Efdi ))Efdi + VRi . 	 (2.5) Er  

dR.>r 	I{Fl 	 ( TFi dt = —R f + 	E fdi 	 2.6)  
Fi 

TA; dVR, = —VR' + KAI R f — K Fi E fdl + KAl (Vref — V,) 	 (2.7) 
T 1 

Where, i = 1, 2, 3... m 
0 
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2.2.2 Stator Algebraic Equations 

Fig. 2.1 [15] shows synchronous machine two axis dynamic model. 

!( 81 -2) 
.l'Xdi 	Rs, [I di + jl q► ]e 	='Di + j'Q, 

[Edi +(Xqi —Xdi) 

J(si -2) + jEgj ]e 
~r ) 

e 2 = V,. e' ' = VIII + j VQI 

Where, i =1, 2, 3...m 

Figure 2.1: Synchronous machine two axis dynamic circuit 

Applying Kirchhoff's Voltage Law (KVL) to the above model and multiplying 

both the sides by e 	2 and equating real and imaginary parts, we can write the 
stator equations in the polar form as: 

Ed, — V sin(8; — B; ) — RsIIIdI + X'.Iq; =0 	 (2.8) 

E91 — V cos(81 —Os)—Rsilgi —X1tIdi =0 	 (2.9) 

Where, i = 1, 2, 3... m' 

2.3 DFIG Modeling 
WTs and wind parks have to be considered in power system dynamic stability 

studies for which, however, suitable WT models are needed. These models have to 

compromise between accuracy, for considering relevant dynamic interactions between 

grid and WT, and simplicity required for the simulationof large systems. 

As stated earlier, DFIG is based on an induction generator principle and 

incorporate two multiphase winding sets of similar power rating that have 

independent means of excitation. Fig. 2.2 shows representation of grid connected 

DFIG [10]. The DFIG transforms the input turbine power into electrical power. The 

produced stator power is always positive. The rotor power can be both positive and 

negative due to the presence of the back-to-back converter. DFIG connects to the grid 

with a back-to-back voltage source converter which controls the excitation system. 

This is in order to decouple the mechanical and electrical rotor frequency. The rotor 

side converter works at the rotor frequency while the grid side converter works at grid 
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frequency. The variable frequency rotor voltage permits the adjustment of the rotor 

speed to match the optimum operating point at any practical wind speed [7]. The rotor 

side converter is typically used by many manufacturers to control the speed together 

with terminal voltage and power factor. While the grid side converter, as a shunt 

reactive power converter, is also used to charge the DC link and maintain the link 

voltage. 

Figure 2.2: Representation of grid connected DFIG 

Fig. 2.3 shows the equivalent vector representation of operating condition of a 

DFIG [12]. In this figure, eg  represents the internally generated voltage vector in the 

stator or commonly known as the voltage behind transient reactance. The magnitude 

of eg  depends on the magnitude of the rotor flux vector, yr,.. This flux is dependent 

on the generator stator and rotor currents but can be controlled by adjustment of the 

rotor voltage vector, yr  . Synchronously rotating reference frame is chosen with the q- 

axis aligning with the stator terminal voltage vector vi.. The angle 8g  defines the 

position of eg  with respect to vi,. 5g  is determined by the power output of the 

generator. 

DFIG is capable of generating basically in two modes. One is in sub-

synchronous speed mode, wherein the rotor absorbs power and part of the generated 

power by the stator enters the rotor circuit. The other is the super-synchronous speed 

mode, wherein the rotor generates power and delivers to the grid. Hence the total 

power generator by the DFIG is the sum/difference of the powers generated/absorbed 

by the stator and the rotor respectively. 
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q —axis 

s 

Figure 2.3: Vector Representation of operating conditions of a DFIG 

For modeling the DFIG, a 5th  order model, as described in [10], was reduced 
to 31d  order by neglecting the DC component in the stator transient current and thus 

allowing only fundamental frequency components. This facilitates a good 

compromise between simplicity and accuracy. Here, the converters have been 

considered ideal and the DC link voltage has been assumed to be constant [10]. Also, 

a controller as used in [9] for rotor voltages has been used in this work. The dynamics 

of the controller can be described by three more differential equations. Thus, it may 
be considered as a 6th  order model as well. 

In modelling the DFIG, the generator convention was adopted and the 

synchronously rotating d-q axis reference frame (&s ) with q axis leading the d-axis 

has been considered. Stator d- and q- axis currents flowing towards the grid were 

considered as positive while rotor d- and q- -axis currents were considered as negative. 

2.3.1 Machine Differential-Algebraic equations [10] 

— Rsi ldsi + x i tgsi + edi  — V cos o f  = 0 	 (2.10) 

— Rsi i gsi — X  i idsi + eqi  — V sin 9i  = 0 	 (2.11) 



vs Vdr  
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deli 	1 [edi — (X1 — X  i ) si ] ± s w e4 i  — t2) 	Vqri Lm v  	 (2.12) 9 dt 	Toi 	 Lrri 

i__  deq 
	1  [e i  +(X i  — x )l dsi ] — sc05edi + 0s Lmt Vdrf 	 (2.13) 

dt 	To, 4 	
Lrrt 

Rotor Swing Equation [9, 10, 11]: 

dW ri  _  

	

I T-i + l  i 	 (2.14) 
dt 	2Hti 	ups;  

Where, i = 1, 2, 3... g 

2.3.2 Controller Differential-Algebraic equations 

Controller equations have been derived using the controller block given in 

[12] and shown here in Fig. 2.4. This controller is capable of controlling the rotor d-

axis and q-axis voltages namely, vdr  and vqr  respectively. The rotor speed was 

considered to be controlled by vqr  and the terminal voltage and power factor by vdr 

[10]. 

Iqr 
Te  

TsP Lss 
 4ref 	 K12 

Vqr 
vqr 

— Lm  X I V,. I 	KP2  + S 	+— 

2 

lV 	 (0)s—O)r)X I'rr — i  XIdr +Lm  X vs  
r 

ss 	ss ws 

Figure 2.4: Block diagram for speed, power factor and voltage controller 
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Vdr controller equations: 

Vdri — Vdri + L(0)si — Cori )X2 ( L 	Lssi idsi )1 = 0 	 (2.15) 
CO si mi 	mi 

uldrrefi _ r(Tj 
V 
TT 	 V 

dt 	K I3i I( i — eft )K P3i 	idrrefi )1 	 (2.16) 

si Lmi 

d Vdri 	didrrer _ 1 dV Lssi didsi 	 V; 	Lssi 
dt KP21C dt 	w .L dt + L dt 1 +Kr2i[idrref — L + L iii)1 

st mi 	mf 	 st mi 	mi 

(2.17) 

vqr controller equations: 

V gri — V qri — ( COsi —Cori)[X2( L — 
Lssi 

idsi) 

	

CO
+ mt 	1 =.0 	(2.18) 

st mt 	mt 	
L 

ssi 	s: 

d vgri 	
2 	 2 

KP2iLssi [K d ( wri ) + dlgsi ] _ K12iLssi ~K (~ri ) + i ] (2.19) dt 	Lmi 	dt Vt. 	dt 	Lmi 	°pti 	qsi 

Where, i= 1, 2, 3... g 

2.4 Network models 
2.4.1 For Synchronous machine buses 

IdiVi sin(Si — e,) + I giV COS(Si — Oi) + PLi (V) — ~ V VkY k COS(9i —8k — aik) — 0 
k=1 

(2.20) 

	

n 	 ' 
.IdiVi COS(8i — ei ) — I gjV j Sln(Si -.03+  QLi (V) — V VkYk sin(B, — Bk — alk) = 0 

k=1 

(2.21) 

Where, i = 1, 2, 3... m 

2.4.2 For DFIG buses 
n 

Pdgi + PL; — V VkYk cos(Bi — 9k — a(k) — 0 	 (2.22) 
k=1 

Qdgi + QLf — V VkYlk sin(Bi — Bk — aik) = 0 	 (2.23) 
k=1 

Where, Pdgi = V ldsi cos Bi + V lgsi sin Bi -'•Vdr( ( L 
	Lrri 	

— 
ssf 

igsivqri 
W s mi 	rri  
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Qdgi = -Vi ldsi 

Where, i = m+1, m+2... m+g 

2.4.3 For load buses 
n 

PLi — Z V VkYik COS(el — Ok — aik) = 0 
	

(2.24) 
k=1 

n 

QLt — I Y Vk1k sin(O — Ok — aik ) = 0 	 (2.25) 
k=1 

Where, i = m+g+1, m+g+2... n 

2.5 Infinite Bus model 
The infinite bus has been modelled as a constant frequency and constant 

voltage source capable of supplying any amount of load. This means that the infinite 

bus voltage is unaffected due to system disturbances, especially during large 

disturbances and is ready to supply infinite fault current. 

2.6 Load model 
All the loads have been modelled as constant impedance loads and remain 

unchanged throughout simulation. All the load dynamics have been neglected. The 

load impedances are included into the network Y-Bus matrix. 

With the various power system elements being modeled, we now have: 

With only DFIGs and infinite bus: 
1. 6 differential equations for each DFIG, i.e., 6g D.E.s. 
2. 2 machine and 2 controller algebraic equations for each DFIG, i.e., 4g 

algebraic equations. 

3. 2 network equations each for infinite bus, DFIG buses and remaining buses, 
i.e., 2+2g+2(n-g-1) equations. 
Therefore, we have 6g+4g+(2+2g+2(n-g-1)) i.e., 1Og+2n Differential 

Algebraic Equations (DAE). From these equations the state vectors can be written as 

x = [xl ....xS ]T 	 ; 6g variables. 	 (2.26) 

Where, •= 	v - 	v v~ T ~ X ~ 	~e di ~ e qi C ~ ri ~ i dr refs ~ dri ~ qri 	 (2.27) 

-12- 



; 7m variables. 

; 6g variables. 

Where, Yi =[Egl,Eqi ,6i ,a l ,E fdf ,R fi ,VRi]T  

xi = [edi , eqi , 0)ri 9 ldr refs , V  dri , vgri I 

(2.32) 

(2.33) 

(2.34) 

(2.35) 

x = [ xT ....xg ]T  

Transient Stability Analysis via  Grid Connected Doubly Fed Induction Generator 
Power System Modelling 

The algebraic variables are 
T 

[vi ] = [ ldsi 5  l gsi , vdrl 9  v gri ] 

[VI ] = [Id ,I q ,Vi_lZei-1]T  

Where, 

V ] T  

[Oi-1] = [82,83......BnIT 

; 4g variables. 	 (2.28) 

; 2n variables. 	 (2.29) 

(2.30) 

(2.31) 

Therefore, IOg+2n unknown variables. 

With both DFIGs and Synchronous machines: 

1. 13 differential equations, 7 for each Synchronous machine and 6 for each 

DFIG, i.e., 7m+6g.D.E.s. 

2. 6 algebraic equations, 2 for each Synchronous machine and 4 for each DFIG, 

i.e., 2m+4g algebraic equations. 

3. 2 network equations each for DFIG buses, Synchronous machine buses and 

remaining buses, i.e., 2m+2g+2(n- m-g) equations. 

Therefore, we have 7m+6g+2m+4g+(2m+2g+2(n-m-g)) i.e., 9m+1Og+2n equations. 

From these equations the state vectors can be written as 

The algebraic variables are 

[Idq ] — [ Idi ,I gi]T  

[vii] = [ ldsi,igsi,Vdri,vqri T 

[v] _ [V,LOi ]T  

Where, [V ] = [V1 , V2  ...... Vn ]T 

; 2m variables. 

; 4g variables. 

; 2n variables. 

(2.36) 

(2.37) 

(2.38) 

(2.39) 

(2.40) [Of] — [01 '2  ......8n IT 

Therefore, we have 9m+lOg+2n unknown variables. 

-13- 
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Using the above DAEs and solving them at each time instant, we can simulate 

the transient stability of the multimachine power system network with DFIG 

integrated into the system. There are different methods that can be used to solve these 

equations. However, the most commonly used method in industry for solving these 

equations is the "Simultaneous Implicit (SI)" method which is dealt in the next 

chapter. Also, the initial conditions required for the simulation have also been derived 

in the next chapter. 

-14- 
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Chapter 3 

INITIAL CONDITIONS AND 

SIMULATION DERIVATIONS 

3.1 Initial conditions 
3.1.1 Initialization of Dynamic model Initial conditions 

Before the dynamic model is simulated for TSA, we need to evaluate its initial 

conditions. For this purpose we need to carry out the network load flow calculations. 

Load, flow ensures that the correct operating point is achieved for the, steady state 

conditions. Once the load flow calculations are obtained the dynamic model is ready 

for initialization. 

For carrying out the power flow calculations, the loads, considered as constant 

impedance loads, were included into the network Y-Bus matrix. The infinite bus and 

synchronous generator buses were modelled as PV buses as they are capable of 

controlling the bus voltages. DFIGs on the other hand can be modelled as PV as well 

as PQ buses depending on whether it is controlling the terminal bus voltage or not. 

Fig. 3.1 a and Fig. 3. lb give the sequence for initializing the dynamic model with 

DFIG wind turbines [12]. 

3.1.2.. Initialization of Dynamic model 
The output data of the load flow calculation is used in initializing the dynamic 

models of the synchronous machine and the DFIG. In case of DFIG, the initial 

conditions are obtained as in Fig. 3.1 which is explained in section 3.1.2.2. 

-15- 



Transient Stability Analysis of a Grid Connected Doubly Fed Induction Generator 
Initial Conditions and Simulation Derivations 

Tmech Ivn I 

	
Tmech , iY n l 

initial conditions 
	 initial conditions 

speed control 	power factor 
control 

Vqr 	 Vdr 

load flow 
calculation 

speed control 	terminal voltage 	AQg 
control  

Vqr 	 V dr 

t+At 	I t 

Pg V, 

load flow 
calculation 

no 
 

yes 
vqr I V dr 
	 V gr ,vdr 

final initial conditions 
	 final initial conditions 

calculation 
	 calculation 

Dynamic simultion of 	! 	Dynamic simultion of 
Grid connected 	 I 	Grid connected 

(a) 
	 DFIG 	

(b) 
	DFIG 

Figure 3.1: Sequence for initializing the dynamic model with DFIG wind turbines 
(a) Representing DFIG model as PQ bus 
(b) Representing DFIG model as PV bus 

3.1.2.1 Synchronous Machine Initial conditions [ 15] 
Following are the steps for calculating the initial conditions for synchronous 

machine: 

Step 1: 	IgieJ = Pg` IQg 	 (3.1) 
Vi* 

Step 2: 	.5i = Z(V e'4 +(Rsi — jX gi )I gie'r' 	 (3.2) 

Step 3: 	'di + jlgi = Igjeine-i(s,-;r/2) 	 (3.3) 

V 	 t + V =V.eine-J(8r--~2 d~ j q 	 (3.4) 
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Step 4: Ede _ (X qi — X li )I qi (3.5) 

Step 5: E 1 = V9i + R31I gj + Xd,Idi (3.6) 

Step 6: E fdi = Eqi + (X di — X 1 )Iqj  (3.7) 

Step 7: VRi = (K E, + 0.0039e15S5Efd1 )E fd` 
(3.8) 

Step 8: Rfi = KF E fdi 
~Fi 

(3.9) 

Step 9: 	Vre f = V + VRi 	 (3.10) 
KAr 

Step 10: 	TM( =Edildi +Egilqi +(Xqi — Xdi)Idilgi 	 (3.11) 

Where, i-=1, 2, 3 ...m 

3.1.2.2 DFIG Initial Conditions 

As DFIG is capable of supplying reactive power and controlling the terminal 

voltage, DFIG bus can be considered as a PV bus. But since the DFIG, when 

integrated with the grid, is not strong. enough to control the Grid voltage and hence the 

reactive power, in this dissertation work, it has been considered as a PQ bus [9]. 

Setting all the differential terms in DFIG dynamic model to zero [13] and 

following the procedure given in Fig. 3.1 a, following steps have been derived for 

calculating initial conditions for DFIG as a PQ bus. 

Step 1: 	Xi =X +X 1 

L'i = X si / 0)si 	 Lri = X rl /a 	Lmi X mi / psi 

Lssi = Lsi + Lmi 	 Lrri = Lri + Lmi 

2 	 2 
Lm~ 	 Lmi  X l = cvsi (Lssi —) ) 	X 2i = (Lrri — L ) 	Toi = ( RLri + Lmi ) 
Lrri 	 ssi 	 rf 

(3.12) 

Step 2: 	Cori _ ( Tmi )t/2 Sl = ( cost. — (On) (3.13) 
Kopti cost. 

Step 3: 	vdsi = real (V1 e'B') Vgst = img(V e'B') (3.14) 

z 

— Kopti wri 
2 V Step 4: 	idsi = 

wsi Lssi 
i
q 
si = 
 Vi 

(3.15) 
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Step 5: 	idri = ( V 	_ Lssi idsi) 	idri = Lssi igsi 	 (3.16) 
co Ai Lmi 	 Lmf 

Step 6: 	Z dr refi = — (3.17) 
(Osi Lmf 

Step 7: 	edi = V CosOi + R51 i1— Xitgsi 

eqi = 1 sin i +Xitdsi +Rsit gsi 	 (3.18) 

Step 8: 	Vdri =[ 	(eqi +'(Xi —X.)ldsi)+Sicosedi]w rr 
of 	 si mi 

V qri = [ 1 (edi — (X1 — X i )1gi) + SCosegi 1 
Lrri 	 (3.19) 

Toi 	 co iLmi 

Step 9 : 	Pdgi V Zdsi cos 81 + V Z gsi Sin 0i — Vdri ( V — L~r m dsi) — L
Tssi 

'qsi vgri 0)5 Lmi 	Lrri 	L,.i 

Qdgi = —r/c Zdsi 
	 (3.20) 

Where, i=1, 2, 3 ...g 

Step 10: 	Carryout load flow calculation. Repeat Steps 3 to 10 till change in 

voltage 	 error is less than the specified error s . 

Step 11: 	V dri = V dri + [(Si — Cori )X2 ( 	— Lss~ 
co sc mi 	mi 

Vqri = V qri — (Cost — W ri ) ['x2 V.  — L
ssi 

	Lmt 	 (3.21) 
sr me 	mt 	ss1 si 

3.2 SI method 
3.2.1 General method [15] 

In this particular section the basic procedure of SI method will be discussed 

and later its application to Transient Stability Analysis (TSA) will be explained. 

In SI method, first the differential equations are converted to algebraic 

equations and the resulting algebraic equations along, with the other algebraic 

equations are solved simultaneously using the Newton's method at each time step. 

Let, .t be a set consisting of differential equations and go be a set of algebraic 

equations. Say, 1 = fo (x, y) which is converted to algebraic equations using either the 
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trapezoidal integration method or the implicit Euler's method. In this dissertation, the 
trapezoidal integration method has been used which is as given below: 

x = f, (x, Y) 	 (3.22) 

1.+i 	t~+1 

	

Jxdt = J. fo (x, y)dt 	 (3.23) 
t„ 	t„ 

xn+1 = Xn + 2t [fo (Xn+1 , Yn+l) + fo (X n , Y n )] 	 (3.24) 

	

0 = go (Xn+l' Yn+1 ) 
	

(3.25) 

(n+1 and n denoting the time instants to+l and to respectively) 

These algebraic equations are then solved at each time step using the 
Newton's method. 

3.2.2 Application to TSA 

For multimachine TSA using SI method, the trapezoidal integration method 

has been applied to DAEs presented in the previous chapter. The resulting algebraic 

equations are. solved simultaneously using the Newton's method. This process is 

carried out for each time step till the end of the simulation. For TSA a fault is applied 

on one of the buses at a particular time instant and then the response of the system is 

observed. Fig. 3.2 shows flow chart for TSA using SI-method. 

3.2.3 Trapezoidal Integration Method 

Let us denote the superscripts n+1 and n as time instants to +l and t1 
respectively. Then using the trapezoidal method for each time instant we can derive 
the required algebraic equations as: 

3.2.3.1 For Synchronous Machines 

1. We have, 

dE' .. 
Tdoi d _ —Eqf — ( Xdt — Xdi )'di + E fdi 

Rearranging the above equation, 

dEg; _ 	r 
dt 	I,' 1 —Fqi — (Xdl — Xdi )Idi E fdi 

dot 

(3.26) 
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Calculate Initial Conditions for TSA 
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Is 
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Update Y-BUS 
(Y(faultbusno,faultbusno) 	 Y(faultbusno,faultbusno) 

=faultmag'Yorg(faultbusno,faultbusno)) 	 =Yorg(faultbusno,faultbusno) 
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Display Results 

End 

No 

Figure 3.2: Flow chart for TSA using SI-method 
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Using the trapezoidal integration, 

= E ,n + 

 

At 
[—E 1 — (X — X' )I"+1 + En+l — E'°" — (X — X' )I n + E" qr 	qi 	qi 	di 	di di 	jdi 	qr 	di 	di di jdi 

qi +1(1 + At ) + 
A
t [(Xdi — X df )Idi+1 — Ejdil ] =fin 	 (3.27) 

2Tdoi 2Td0; 

Where, 

= E7(1 — 2T
t ) + 2T t 

[—(X di — X di )Idi + E fd1 ] (3.28) 
doi 	doi 

In a similar manner for other equations we have as follows. 

2. 	Tgoi ~ dEd = —Ed1 — (X qi — X qi )I qi 

E'1 (1 + At ) 
	- (Xqi — 

X qi )17' 1 = f2 
2T ,, 	2T j 

:(3.29) 

.f2" = E din (1 — At ) + A t (X qi — X, ) I qi 	 (3.30) 
2Tgoi 	. 2Tgoi 

3. d~i =(wi — COs) 

8n-t-1 — At 0)n+1 = f3n 	 (3.31) 
2 

.f3n = 8 i" + 2t (CO ;" — 2w,) 	 (3.32) 

2H. dw. 
4. ` 	` = TMi — Edi I di — E1 1d1 — (X 1 — X di )I di I qi — D. (w1 — w,) 

co dt 

~n+1 1 + At c0sD. + At ~s En+lln+l + En+1In+1 + X' . — X' . I n+1In+1 _ f n 
t ( 	2 2Ht ) 2 2Hi [ qi qi di 	qi 	( qt 	dt) di 	qi 	— J 4 

(3.33) 

— At ~sDi At __ 2T +2D—E"I" —E"I" — X'. —X'. di J 4 	t ( 	
2 2ll 1 	2 2Hi [ 	

Mi 	i 	qi qi 	di qi 	( qi 	di) di qi J 

(3.34) 

5. TEi d dtd i —(KEt + SEI (E fdi ))E fdi + Vat 
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E fail [1 	At (KEI + SEt (E fd. ))~ — 
~t 

yRi+l = .fs 	 (3.35) 

	

2TE; 	 2TEI 

f5n — E fdi [1  1 — 2 t (K Ei + S Ei (E fd; ))] + Tt V n 	(3.36) 
Es  Ei 

	

dR.r 	 KFi 6. TFi , dt = —R f + 7, E fdi 
Fi 

R n+1(1 + 
Ot ) _ At '

-E' = (3.37) (3.37) 
2TF, 	2TF, TF, 

fdi 

.fcn = R (1 — 
At ) + At K F.t 

Efdi 	 (3.38) 

	

2TFi 	2TFi TFi 

7. TAi ddRi = —VRI + KAi R.f — KT F'i E, fdi + -KAi (Vreli — J')  
Fi 

VM (1 + 
At ) —At KAi 

LRf+I — T F` E f+1 —yin+1 J = f' 	 (3.39) di 

	

Ai 	Ai 	 Fl 

f~ =V(1—  - 	
A

t ) + At KAi LR f — KF̀  E fdi —V I  + 2Vre f hl 	 (3.40) 

	

2TAi 	2TAi 	2 Fi 

8. Edi — V,. Sln(151 — 6 ) — RSildi + Xqi Iqi = 0 

Vn+1 sin(87+1 — O7+1) — trgi I qnn+l — di =j 
	 (3.41) 

fgn = 0 	 (3.42) 

9. Egi —V cos(81 —0i) — R5ilg f — XdiIdi = 0 

yn+l COS(Cs$ — Oin+l) + X
dildi+l — Eqi +1 = J 9 	 (3.43) 

f yn = 0 	 (3.44) 

3.2.3.2 For DFIGs 

1. —Rs;ids, +X iigsi + edi —Vi cos O1 = 0 

—R i "+' + X 
i q 

i n+' ±e71 — yn+' cos B."+1 = g; 	 (3.45) 

 

si dsi  si  di .  r 

gi =0  (3.46) 

2. — Rsi igsi - X i idsi + eqi — V sin Bi = 0 

— Rsi i
"+1 — X

a
'in+l + e

di
+ n1 — yn+l S in Bn+' = gz 	 (3.47) 

	

qst 	dsi 	 r 	i 

g=0 	 (3.48) 
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3. dt i 	T [edi — (Xi — Xi )lgsi ] + SCOsegi — Cos Lmi Vqri 
of 	 rn 

en+1_ At _ 1 [en+1_ (X X')in+1 J + sn+1~ en+l_ Lmi Vn+1 = g.3 	(3.49) di 	2 	Y 	di \ t 	e qsi 	i 	s qi cos-  L 	qri 
1 0~ 

 

Lrri 

03 = edi 1 + 2t 	7, [ edi —( Xi — Xi )lgsi ] + 3i oseq. — ws Lm= vgri 	(3.50) 
L L ,  rri 

 

i  1  (  L 
4. deq - — 	Leg, + (Xi —Xi')ldsi 

l 

l — SQ~sGdi +co, mr Vdri 
dt 	Toi 	 Lrri 

en+1_ 	_ 1 ren+l+ (X X:)in+l Sn+l am en+lcv Lmi Vn+l = g4 	(3.51) of  L of  i  i dsi  :  s di  s  dri 

Lrri 

94 
	±-4 

	

i 
L
e  

T  	 d+ dri 	(3.52)  eqi 2 
	

+(Xi — X ) l] — Si cose.w L
rrl 

 s 

5. dWr̀  — 1 T +vlgsi 

Idt 2H1i m` Osi 

n+l • n+1 
At V lgsi 

=g5 
	

(3.53) ri 4Hti ~vsi 

Vnin 
g5 .= a), + At 

1

2Ti + 	
qsi 	 (3.54) 

4Hti 	rvSi 

6. Vdri — V dri + (w,i — Cori )X2 ( L — Lssi 
idsi) = 0 

st mt Lmi 

Vn+1 L 
n+1 	' n+l 	 n+l 	i 	_ ssi n+l 	n 	 (3.55) Vdri — V dri + (' st — wri )X 2 ( L 	L ldsi 	= g6 

si mi 	mi 

g6 = 0 	 (3.56) 

dl drre t 	 V 

	

= KI3i (Vi — Vref)KP3i 	L — ldrre 
7• 	dt 

ft 
si mi 

1+ 2 K13i idr e t.I~ 	
At 

K I3i K 3i — 1 	n+l = g 7 	 (3.57) P 2 	 2 	 psi Lmi 
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g7— 1— ~tKI31)
in
drrefl+ At  K p3i 	1 	n—  t KP3iKI3iVrefi 	(3'58) 

2 	 2 	 wsiLmi 	2 

8. d vdri _K p,, r dldrreft — 1 dV + Lssi dZdsi YK
I2i Eldrrefi— V + 

L1.  
dsi J dt 	l dt 	cvsi Lmi dt Lmi dt 	 co iLmi Lmi 

n+l 
n+l _ 	At  	L si n+1 	n 

vdri 	KP2i +KI2i 
)[in+l 

drref 	L + L Zdsi 	98 	 (3.59) 

	

si mi 	mi 	
— 

 

n 
n 	' n 	 Ot 	n 	V 	Lssi n 	 (3.60) 98 = vdri —K21 — 2 K12i idrref — L + L

, 1 si mi 	mi 

9. Vgri — Vqri — l~si — Cori ) [X2 l ~L — 
L .  

1dsi) ~ 	 + Lml V 1 — 0 
sA mi 	mi 	ss, si 

	

n+l 	 n+1 
vn+l V n+l— (co —Can+l)[X (T ; 	_ Lssi 

in+1) + L V 	=g9 	( 	) qri qri 	si ri L 2 L 	L dsi L 	 3.61 
si mi 	mi 	 ssi si 

g9 = 0 	(3.62) 

d Vgni 	K
2 	 2 

P2iLssi 	d 	 dl9si _ K 12iLssi  

10. dt =— L 	[Kopti. dt J' 
Sri

) + dt I 	L 	[K"Pti ( V
Si ) + igsi 

mi  t  mi  i 

2,n+1 
' n+l 	 At' 	Lssi 	Sri 	n+1 	n 

vgri + KP2i + 2 K12i L K0Pti Vn+1 + tgsi = 910 	 (3.63) 
mi  i 

2,n 
At  L 	- w 

910 = vgri +
(

KP2i — 2 KI2i 
Lssi 	

opti V;, + lgsi 	 (3.64) 
mi  r 

3.2.3.3 Network equations for Synchronous machine bus and infinite bus 
In this case, eqns. (3.65 - 3.68) can be used for infinite bus as well as 

synchronous machine bus. For an infinite bus, the corresponding differential eqns. 
would be omitted from simulation and the terminal voltage magnitudes and angles 
would have some specified value. In case -of synchronous machines, eqns. (3.65 - 
3.68) remain unchanged. 

n 
1. 	IdiVi sin(8i — 8,) + I g1T , COS(8i — Bi) + PLi (V) — E V VkYik COS(Bi — Ok — aik) = 0 

k=1 

n 
z Vn+1Vn+lY COS(8n+1 _ e11+1 _ a ) _ In+1Vn+1 sin(CSn+l - 0n+1 ) 

i  k  ik  i  k  ik  di  i  t  
k=1 

	

— qn+I Vn+l cos( 8[' _ on+1) _ k0 	 (3.65) 
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hi = 0 	 (3.66) 

n 

2. 1d1 V1 COS(Si —1i ) — I giV sin(di —8)—  I V VkYk sin(O, — 9k — aik) = 0 
k=1 

n 
Vn+1Vn+1 v sin(en+l _ Bn+I _ a ) _ Tn+1Vn+1 COS(8n+l _ 

e 	k 	l fk 	i 	k 	ek 	l di 	t  
k=1 

	

+ I'`+1Vn+1 sin(Sin+l _ 9n+1) = h2 	 (3.67) 

	

h =0 	(3.68) 

Where, i = 1, 2... m 

3.2.3.4 Network equations for DFIG buses 

3.   r i 
 

V1 'dsi cos 81 + V igsi sin O1 — V dri ( 	Lmf idsi) — 	
Lss` l gsivqri + PLi 

w Lmi Lrri 	Lmi 

n 

—I VVk1k cos(O, —Ok —aik) = 0 
k=1 

L 	L 
Vn+lin+1 COS B• + 

Vn+lin+l 
Sin O, — V n+1 ( i 	_ mi in+1) _ ssi Vgrj 1q +l 

I  dsi  t  I  qsi e i  dri  L 	L 	dsi  si L ri  

s mi 	rri 	mi 

n 
Vn+1Vk +'Yk COS(Bin+I _ ek+1 _ aik) = h3 	 (3.69) 

k=1 

h3 = 0 	 (3.70) 

n 
4. — Vl thi — VVkY k sin(B, —ek —CIk)=0 

k=1 

n 
Vn+lin l — EVn+IVn +l ' sin(ein+l _ en+I _ Lt ik ) = h4 	 (3.71) 

k=1 

h=0 	 (3.72) 

Where, i = m+l, m+2... m+g 

3.2.3.5 Network equations for load buses 
n 

5. —~VVkYk cos(01 —8k — aik) = 0 
k=1 

n 
_ V1n+IVV +1Yk cos(6

7+I — O, — aik) = h 	 (3.73) 
k=1 

h =0 	 (3.74) 
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n 
6. 	— ViVkYk  sin(01  — 9k  — ask ) = 0 

k=1 

n — 	V n+1 Vk +1Yk sin(Oin+1 — Ok +1 — 
aik) = h6 	 (3.75) 

k=1 

h.  =0 	 (336) 

3.3 Newton's iterative method 
The above equations derived by trapezoidal integration method are solved 

using the Newton's iterative method for each time instant and the procedure is as 

given below: 	 Ac = [ J]-1  Am 	 (3.77) 

Where, 

Ac = Correction matrix 

Am = Mismatch matrix 

[J] = Jacobian matrix 

In case of DFIGs and Synchronous machines in the network: 

Ac =[A q ,A'q ,A8,AU),AEfd,ARf,AVRIAdI h1q ,t  dsi,1 Z gsi3Oedi,O6qi,.... 

AU)r1' LVdri ,A  drrefs' AVdri ,AV gri 9Avqri 3. Ar  ,Ae]((9m+10g+2n)xl) 	(3.78) 

Am =[ Af1,L\f2, ..Af9,Ag1 ,Ag2 , ..Ag10,Ah1,Ah2,..Ah6]((9m+10g+2n)xl) 	(3.79) 

J1 	... 	... 	... 	J21 

[ J]  _ 	 (3.80) 

J421 	• • . 	... ... 	J431 (9m+10g+2n)x(9m+10g+2n) 

In case of DFIGs and infinite bus in the network: 

Ac = [ Aid3i  , OZgsi , Aedi  , Ae gi , A(Dri  , AVdrr , Aidr ref: , AV dri , AV qri , AV jri , ... 

AId , AJq , AV,._i , A01_1 ]((lOg+2n)xl) 	 (3.81) 

Am = [Ag1,Ag2, ...Ag10,Ohl,Ah2,...Ah6]((10g+2n)xl) 	 (3.82) 
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J I 	... 	... 	... 	 J14 

[J] = 	 (3.83) 

J211 "' "' "'J224 (10g+2n)x(10g+2n) 

3.3.1 Derivation of Jacobian Elements 

In this section, the jacobian elements for the above mentioned cases have been 

derived. These derivations have been divided into three parts. In the first and second 

part jacobian elements related to synchronous machines and DFIGs have been 

derived. In the third part, jacobian elements related to network equations, which 

include network equations for synchronous machines buses, DFIG buses, infinite bus 

and remaining buses, have been derived. The jacobian subscript notations numbered 

in the following derivations of the above mentioned three parts are independent to 

each other and only non-zero terms have been presented. 

Part 1: Synchronous machines 

Af 	- Egi,Idi,Efdi' 

(m x m) : 	af' aE4  
: J I  (i, i) = (1+ 	At ) 

2Tdoi  (3.84) 

J5:(mxm): 	af' JS(i,i)=— At  (3.85) 
aE fd 27d0i 

Jg  : (m x m) : aaf, : J8  (i, i)  — At 
(Xdt — Xd1) (3.86) 

vl  d LTdoi 

O.f2 H Ed ,l g  : 

J2  : (m x m) : 	af2 
aEd 

: J 2  (i, i) _ (1 + 	At ) 
2Tgot 

(3.87) 

J9  : (m x m) : 	af2 

ai  
: J9 (i,  i)  _ 

_ 
At (X  i — X) 

2TTgoi 	q  
(3.88) 

Qf 3  -) 8, c . 

J3  :(mxm): a 3  : J3 (i,i)=1 (3.89) 
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J4 :(mxm): af3 J4 ( i,i ) = —At (3.90) 
acv 2 

Af4 H E',Ed ,co,Id ,Iq 

Jl : (m x m) : af4 
c?E9 

: J l (i, i) = At wslgi 
4H 

(3.91) 

JZ : (m x m) : af4 
aEd 

: J2 (i, i) = Ot 
0 S 'di4H 

(3.92) 

J4 : (m x m) : af~ : J4 (i, i) _ (1 + 	wsD; ) 4H o 	(3.93) 

J8 : (m x m) : af4 : J8 (i, i) = At wS [Edi +(X 	— Xdi )I9T ] (3.94) 
aId 4H 

J9 : (m x m) : af4 : J9 (i, i) = 
Ot ws [Eqi + (X qi — X d, )I dr ] (3.95) 

819 4H 

Af5 HEfd ,VR : 

	

J5 : (m x m) : afs 	: J5 (i, i)=1 + At [KEi + SEi (Efdi) {1 + E fdi } ] 	 (3.96) 
aE fd 	 2TE,. 

	

J7 : (m x m) : afs 	: J7 (i, i) _ — At 	 (3.97) 

	

aVR 	 2TEi 
Af6 H E fd ,R f : 

J5 : (m x m) : af6 : J5 (i, i) _ _ At KF` (3.98) 
aEfd 2TFi TFf 

J6 : (m x m) : of 6 : J6 (1, i) _ (1 + At (3.99) 
aR f 2TF, 

Af7 HE fd ,R f ,VR ,V: 

J5 : (m x m) : af7 : J5 (l, i) = Ot KAiKFi (3.100) 
aE fd 2TAi 	TFi 

J6:(mxm): af7 : J6(1,i)_ — At KAi (3.101) 
aR f 2TAI 

J7 : (m x in): af7 : J7 (1,1) _ (1 + At ) (3.102) 
aVR 2TAI 

J10 : (m x n) : af7 : jio (i , i) _ At KAt (3.103) 
av 2TA; 



4f8 H Ed ,8,Iq ,V,0 : 

J2 : (m x m) : afs 
aEd 

: J2 (i, i) _ —1 

J3 : (m x m) : : J3 (i, i) = V cos(8  -- O) 

J9 : (m x m) : af8 : J9 (i, i) _ —X' 
alq q` 

J10 :(mxn): af8 : J10 (i,i)= sin(51 — Si ) 

Jl, : (m x n) : a 
aB : J1 (i, i) _ —V cos(S, — 8; ) 

Af9 H El ,8,Id ,V,B : 

Jl :(mxm): af9 
aEg 

: 

J3 : (m x m) : a~9 : J 3 (i, i) _ —Y,. sin(S; — 0; ) 

J$ :(mxm): af9 :Js(i,i)=Xdi 
aid 

J,0 : (mx-n): a 9 : J10 (i,i) = cos(b —S;) 
aY 

Jl : (m x n) : ~fe : J11 (i, i) = V sin(C — ö1 ) 

(3.104) 

(3.105) 

(3.106) 

(3.107) 

(3.108) 

(3.109) 
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Part 2: DFIG 

Ag, H ids ,igs ,ed ,Y,O 

J1 :(gxg): 
age 
aids 

J2:(gxg): age 
ai qs 

J3:(gxg): ae1 d 

J13 : (g x g) : 
age 

aY 

: i f (i, i) = Rs, 	 (3.114) 

: J 2 (i, i) = Xi 	 (3.115) 

: J3 (i, i) =1 	 (.3.116) 

: J13 (i, i) = — cos(9~) 	 (3.117) 
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J14 : (g x g) . L. J14 (i, i) = V sin(01) (3.118) 

Ogg H ids ,lgs ,eq ,V,0 

(g x g) : a92 J1 (i, i) _ —X; (3.119) 
ds 

J2 : (g x g) : azh2 J 2 (i, i) _ -Rst (3.120) 
gs 

J4 : (g x g) : 
8
e J4 (i, i) =1 (3.121) 

9 

13 :(g x g) : J13 (i, i) = -sin(0) (3.122) - 

J14 ' (g x g) : 302 . J14 (i, i) = -V,. cos(8~) (3.123) 

Ag3 H lgs ,ed ,eq ,aor ,Vqr 

J2 : (g x g) : ag3 J2 (4 i) _ - At (X i - X;) (3.124) 
IN qs 2I 

J3 :(gxg): a J3 (i,i)= 1+ 2A,t (3.125) 
d or 

J4 : (g x g) : 3 ae 
J4 (i, i) _ — 	si wsl 2t (3.126) 

q 

J5 : (8 x 8) : aw3 
: J5 (i, i) = At eqj (3.127) 

r 

J7 : (g x g) : a93 J7 (i, i) _ At CVsi L.i (3.128) 
avgr 2 	L,i 

Ag4 +1 ids,ed,eq,o)r,Vdr 

Jl 	(g x g) : a94 J1(1, i) = 
A
t (Xi - Xi) T (3.129) 

aids 01 

J3 	(g x g) : 
ago 

' J3 (i, i) = 
At 

s~ wsi 2 (3.130) 
ae d 

J4 :(gxg): a 4 

e ( 
: J,(i,i)= 	1+ 2T (3.131) 

q o 
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ago At 

	

J5 : (g x g) : 
art 	' J5 (i, i) 

__ 
 2 edi 

r 

ago 	 At Lm~ J6 : (g x g) : 	: J6 (i, i) _ --w  si 
Lrri dr  

Ag5 H igs ,COr ,TV 

	

ag5 	 __ At V1 
J2 : (g x g) : ai 	: J2 (i, t) 

_ 
 2H w 

	

qs 	 n si 

	

J5 : (g x g) : ac~5 	
: J 5 (i, i) =1 

r 

ags 	 At igsi 
J1 3:(gxg): aV  t: 	s: 

A96 H Zds~CorIVdrIVdr,V 

	

1 ' (g X g) :g6 	: J2 (i, i) — —( 	— COri )X 2i a 	 Lssi 

	

ds 	 m1 

	

J5 , (g x g) : ag6 	: J 5 (l, Z) _ —x2i 	V 	Lssi ldsi 

	

acor 	 WsiLmi Lmf 

	

J6 .(gxg): a 6 	: J 6 (i,i) =1 
dr 

ah6 
J7:(gxg): 	: J 6 (i,1)_-1 

aVdr 

J13 : (g x g) : ag 
	: J

13 (i, i) _ (co si — O'ri )X 2i 
CO L si mi 

Ag7 -> ldrref I V 

J8: (g x g) 	
ag,

a 
vedr ref 

ag, 
J13 : (g x g) : aV 

Ag8 *+lds3 Zdrref 5VdrY V 

agg 
J, :(gxg): c?i 

ds 

j r,(i,i)= 1+ Zt K13i 

( 	_ Ot 	 1 
J13 \l, t) = 2 K13i KP3i 

- 

 

si mi 

J 1 (i, i) =_(K 2  + At _K121)__ 
2 	Lm; 

(3.132) 

(3.133) 

(3.134) 

(3.135) 

(3.136) 

(3.137) 

(3.138) 

(3.139) 

(3.140) 

(3.141) 

(3.142) 

(3.143) 

(3.144) 
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J8 : (g x g) : wags 
: J8 (i, i) = KPV + 	K121 2t (3.145) 

dr ref 

J9 : (g x g) : 098 
Ovdr 

: J9 (i, i) =1 (3.146) 

J13 : (g x g) : ag8 : J13 (i1 i) = 	Kpz~ + At KI2t 	1 (3.147) 
aV 2 	ws1Lm~ 

Ogg H lds ,COrI V gr ,V qr ,V 

J1 : (g x g) : ag9 : J2 (i, i) _ (ws, — Cori )X2i 
Lssi (3.148) 

ds me 

J5 : (g x g) : 099 
: J5 (i, i) = 	XZ! 	— Lsst idsr + Lmi 	j ` (3.149) 

90)r wsiL„~~ 	Lmt Lss~ ~s~ 

J7 : (g x g) : 9 : J7 (i, i) =1 (3.150) 
qr 

Jlo 
	

(g x g): 9 
qr 

: J10(i,i)= -1 (3.151) 

J13 	(g x g) : aV 
J13 (i, i) _ —(wsi — Cori) 	L̀  	+ALL (3.152) x 

se 	mt 	se 	ssr 

Ag10 <> l gs ,wr ,V qrI 

J2 : (g x g) : ai to : J2 (i, i) = 	KP2i + At Krzt 	
Lssi (3.153) 

qs mi 

Js : (g x g) : aaglo J S (i, i) = 2 K P2i + At K12~ Ko ti 
Lssi Cori (3.154) 

a p 2 Lmi 	V i 

J10 :(gxg): 'o 
vqr 

: J10 (i,i)=1 (3.156) 

J13 :(g x g) : aglo : 113 (i, i) = —K 21 + At K,2! Kopt, 
2 

Lssi 	wr; (3.157) 
aV 2 Lm; 	V 

r. 
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Part 3: For Network equations 
For Infinite bus and synchronous machine buses: 
Ohl H S,Id ,IqI V,0 : 

Jl : (m x m) : 	: Jl (i, i) —IdlV,. cos(S; — Bi ) + IgjV sin(8 j —Os ) 	(3.158) 

J2 : (m x m) : ah` 	: J2 (i, i) = —V1 sin(Si — B; ) 	 (3.159) 
aid 

J3 : (m x m) : ~h' 	: J3 (i, i) _ —Vi cos(81 — B; ) 	 (3.160) 
9 

J4 : (m x n) : ~ V 	: J4 (i, i) = 2V G„ — Id; sin(St — 0t ) — Iqi cos(S, —03 ) 
n 	 (3.161) 

+E VkYk COS(Bi — Bk — aik ) 
k=1 
ki 

.14 (i, k) = V jY jk cos(6i — 6k aik ) 	 (3.162) 

J5 : (m x n) : ~e 	: JS (i, i) = +V Id; cos(8; —_ e; ) -. V,.I gj sin(S, —0,) 

(3.163) 
- VVk1k sin(B, - Ok aik) 
k=1 
kxi 

J5 (i, k) = V VkYk sin(Oi — Bk — aik ) 	 (3.164) 

Ohl H B,Id ,Iq ,V,0 

J1 :(mxm): ah2 
as 

J2:(mxm): ahz 
aId 

J3 :(mxm): 
ahz 
aIq 

J4 : (m x n) : ah2 
aV 

: Jl (i, i) = IdiV sin(8i — Bi ) + IgjV cos(8; —0,) 	(3.165) 

J2 (i, i) =—V cos(S, —0) 	 (3.166) 

J3 (i, i) = V sin(8i — Bi ) 	 (3.167) 

J4 (i, i) _ —2V Bii — 'di cos(i5i — Bi ) + Iq, sin(d, — Bi ) 
n 	 (3.168) 

+1 Vk Yk Sln(Bi - Bk - aik ) 
k=1 
k#i 

J4 (i, k) = V Yk sin(B, — Bk aik ) 	 (3.169) 
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8h4 
Ji4 : (g x g) • (-8 	: JI4 (l, l) _ —I V VkYk COS(Oi — Bk —aik ) 	 (3.182) 

k=1 
k*i 

114 (i, k) = +V Vk Yk cos(61 — ek aik) 	 (3.183) 

For load buses: 

Ah_ - V_ H 

J1 ((n - m) x n) : ah5 	' J (i ~ i) = 2V G. + EV Y cos(91 — Bk a k.) 	(3.184) aV 	I 	t tt 	k tk 	e 	 t 

k=1 
k*i 

J1 (i, k) = 1'k cos(Oi — Bk aik ) 	 (3.185) 

n 

J2 : ((n - m) x n) : ~e 	: J2 (i, i) _ —  Vi Vk 1k sin(B; — 9k — aik ) 	(3.186) 
k=1 
ki 

J2 (l, k) = V VkYk sin(6, — Bk — aik ) 	 (3.187) 

Ah_ - V_ 0 

J1 :((n-m) xn): ah6 	• J1 (i ~ i) =-2VB.. tu +EV Ytkt sin(&- —Ok ak.) 	(3.188) aV 	 k 	 t 
k=1 
kxi 

Jl (i, k) = V,.Ytk sin(O — Bk aik ) 	 (3.189) 

n 
J2 : ((n - m )x n) : 

8/i6 
	: J2 (l, l) _ 	V1VkYk COS(01 — Ok — aik) 	 (3.190) 

k=1 
k~i 

J Z (i, k) _ —Vl.VkYtk cos(Bi — Ok — a,k ) 	(3.191) 

Thus the required equations for simulation are given above and are used in 

developing the software for transient stability analysis of grid connected DFIG. In the 

next chapter, simulation results of this dissertation work are presented. 
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Chapter 4 

SIMULATION RESULTS on DFIG-Infinite Bus System 

4.1 Introduction 
In this chapter, simulation results on a 8 bus power system network [9], which 

include a DFIG and an infinite bus, are presented. Figure 4.1 shows the 8 bus power 

system network with a DFIG and an infinite bus. 

Figure 4.1: 8 bus power system network with a DFIG and an Infinite bus. 

The network in Figure 4.1 consists of 8 buses, 3 loads, 2 transformers, a DFIG 

and an infinite bus. Bus 1 has been considered to be as an infinite bus. At bus 2 DFIG 

rated at 2 MW, 690V has been connected. Transformer Ti of leakage reactance 5.9% 

transforms 690V at bus 2 to 11kV at bus 8. Transform T2 with leakage reactance of 

10% transforms 11kV at bus -7 to 33kV at bus 5. Throughout this dissertation work, 

the tap changer of transformer T2 has been maintained at tap position 1. Constant 

impedance loads, L1, L2 and L3, have been connected at bus 3, 4 and 5 respectively. 
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4.2 TSA Simulation 

4.2.1 Initial conditions 

Initial conditions for the DFIG and the rest of the system elements in Fig. 4.1 

were obtained following the steps presented in sections 3.1.1 and 3.1.2. The line data, 

bus data and machine data are provided in Appendix A. The DFIG has been modelled 

as a PQ bus and the infinite bus has been modeled as slack bus. The various loads, 

being constant impedance loads, have been included into the Y-bus. The DFIG model 

has been initialized by applying mechanical torque T,,, = 0.8 at the generator rotor. The 

rotor speed 0r  has been obtained from the torque-speed curve shown in Fig. 4.2 [10]. 

Eq. 4.1 represents optimal torque/power-speed curve which is shown in Fig. 4.1 as A-

B curve. 

Tm = K0FrO 
	 (4.1) 

r 
Generated Speed 

Figure 4.2: Torque-Speed characteristics for DFIG 

Steady state values of generated active power Pg  , generated active power Qg  

and terminal voltage, obtained from the network load flow calculations, are used as 

the initial conditions. Table 4.1 shows the load flow results and Table 4.2 shows the 

initial conditions for various DFIG parameters. All the calculations and data are based 
on 100 MVA base. 
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Table 4.1: Load flow results for PQ representation of DFIG 

Bus No. Voltage 
(pu) 

Angle 
(deg) 

Pg  
(MW) 

Qg  
(MVAr) 

Pi 
(MW) 

QL 
(MVAr) 

1 1.0000 0 4.47 2.08 0 0 
2 0.9864 -0.1599 0.82 -0.96 0 0 
3 0.9955 -0.4337 0 0 3.15 0.63 
4 0.9885 -0.5975 0 0 1.20 0.24 
5 0.9899 -0.4630 0 0 0.92 0.185 
6 0.9900 -0.4993 0 0 0 0 
7 0.9889 -0.4154 0 0 0 0 
8 0.9870 -0.1882 0 0 0 0 

Table 4.2: DFIG Initial conditions 

'its iqs, ed  eq  (0,. 

0.0098 -0.0162 1.1425 0.0857 1.1952 
S l dr l qr V dr Vqr 

-0.1952 -0.0050 -0.0166 -0.2259 -0.0231 

4.2.2 Fault Simulation results 

The behaviour of the DFIG during fault was studied with a three phase fault at 

bus 4. The fault has been assumed to have taken place at t = 1.0s with clearing time of 

l 00ms (fault cleared at 1.1 s). For simulation, a time step of 0.001 sec has been used. 

Simulation has been carried out for duration of 60s. 

For optimizing the controller gains of Fig. 2.4 KP2  , K12  , KP3  and K13  PSO 

technique has been applied. This technique has been briefly explained in Appendix B. 

The objective was to minimize the normalized squared areas of the controller outputs, 

vdr  and v gr  , given by eqn. 4.2, by optimizing the controller gains. For a population 

size of 20 and iteration limit of 50, the objective has been achieved for 37 iterations 

and the optimized values obtained are KP2  = 2.54102 , KP3  = 0.0008 ,K12  = 0.000065 

andK73  = 5.4539. 

min(f) = I (V dr - V  dr ref) 2 + (V qr  - V qr ref) 2 	 (4.2) 

Where, vdrref  and V grref  are the reference values of vdr  and vdr 

Figs. 4.3 - 4.8 show the behaviour of DFIG under fault condition. On 

application of fault on bus 4, current demanded becomes high which increases the 

DFIG stator current. This is accompanied with a.reduction in the terminal voltage and 
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speed. And since idr  and iqr  are directly proportional to the terminal voltage magnitude 

and stator q-axis current i ys  (3.16), we observe a decrease in their values. Once the 

fault is cleared, stator voltage is restored and demagnetized stator and rotor oppose 

this change. Fault clearing is also accompanied by increase in rotor speed. But 

because of the controller effect (2.15-2.19), which depends on the speed and rotor and 

stator currents, the system returns back to normal position in a few seconds. 
In the next chapter, behaviour of DFIG for fault simulation has been observed 

when interconnected to a power system network containing synchronous machine. 

Also, simulation results of the synchronous machine without the interconnection of 

DFIG are presented. 
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Figure 4.3: DFIG stator currents: (a) ids  and (b) iqs  
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Chapter 5 

SIMULATION RESULTS on DFIG-Synchronous Machine 

System 

5.1 Introduction 
In this chapter, simulation studies have been carried out on a system 

containing both DFIG and synchronous machine (SM). Specifically, the 8 bus system 

as used in Chapter 4 has been used in this chapter also. To understand the dynamic 

interaction between the DFIG and SM properly, initially non-linear fault simulation 

studies have been carried out in the test system containing only the SM. Subsequently, 

simulation studies have been carried out on the test system containing both DFIG and 

SM. The two configurations of the test system considered in this chapter are shown in 

Figs. 5.1 and 5.2. The systems in Fig. 5.1 and Fig. 5.2 are modifications of Fig. 4.1 

with a synchronous machine which has been connecting at bus 1. In Fig. 5.1 DFIG at 

bus 2 has been disconnected and consists only a synchronous machine at bus 1. Rest 

of the system descriptions remain unchanged and are as explained in section 4.1. 

Figure 5.1: 8 bus power system network with a Synchronous machine. 
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Figure 5.2: 8bus power system network with DFIG and Synchronous machine. 

In the next sections, first initial conditions and TSA simulation results 

for synchronous machines are presented. Then the initial conditions and TSA 

simulation results for DFIG and synchronous machine together are presented. 

5.2 TSA Simulation of 8 bus synchronous machine system 

As described in the previous section, the system in Fig. 5.1 consists of a 

synchronous machine without interconnection of DFIG. 

5.2.1 Initial conditions 
Initial conditions for the system in Fig. 5.1 are obtained by following the 

procedures described in Sections 3.1.1 and 3.1.2. The line data, bus data and the 

machine data are provided in Appendix A. Table 5.1 shows the load flow results and 

Table 5.2 shows the initial conditions for the synchronous machine. All the 

calculations and data provided are based on 1 OOMVA base. 



Transient Stability Analysis of a Grid Connected Doubly Fed Induction Generator 
Simulation Results-8 Bus DFIG-Synchronous Machine Bus System 

Table 5.1: Load flow results for fault simulation of 

8-bus synchronous machine system 
Bus No. Voltage 

(pu) 	- 

Angle 
(deg) 

p 
9 (MW) 

Qg  
(MVAr) 

p 
(MTV) 

QL 
(MVAr) 

1 1 0 5.272 1.121 0 0 
2 0.9969 -0.827 0 0 0 0 
3 0.998 -0.535 0 0 3.151 0.631 
4 0.9964 -0.933 0 0 1.2 0.24 
5 0.9969 -0.827 0 0 0.92 0.185 
6 0.9969 -0.825 0 0 0 0 
7 0.9969 -0.827 0 0 0 0 
8 0.9969 -0.827 0 0 0 0 

Table 5.2: Initial conditions for Synchronous machine for fault 

simulation of 8-bus synchronous machine system 

Co (rad/s) 'd Iq  Vd  Vq  Vre  f  
314.16 0.0115 0.0527 0.0051 1 1.051 

Ed Eq  E fd  VR R .1 Tm 
0 1.0007 1.0017 1.0202 0.1803 0.0527 

5.2.2 Fault Simulation 

A three phase fault has been applied on bus 4 at t = 1.Os and cleared at t = 

1.1 s. Using the SI-method described in section 3.2 simulation has been carried out for 

a period of 40s with a simulation step size of 0.001 s. The simulation results for the 

synchronous machine are as shown in Figs. 5.3 to 5.5. 
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Figure 5.5: Synchronous machine (a) speedo and (b) terminal voltage V 

for fault simulation of 8 bus synchronous machine system 

5.3 TSA Simulation of 8 bus DFIG-Synchronous machine system 
Fig. 5.2 shows the 8-bus system with a DFIG and a synchronous machine. In 

the previous section the behaviour of synchronous machine without the DFIG in the 

network has been presented. In this section a DFIG is connected at bus 2 and the 

behaviour of both the machines together in the system are presented. 

5.3.1 Initial conditions 

In this section initial conditions for DFIG and synchronous machine have been 

presented. First DFIG steady state values of generated active powerPg , generated 

active power Qg  and terminal voltage have been obtained from the network load flow 

calculations as explained in sections 3.1.1 and Fig 3.1 by modelling the DFIG as a PQ 

bus. DFIG and synchronous initial conditions have been obtained following the steps 

presented in section 3.1.2. 

DFIG has been initialized for Tm  0.8 and Wr has been calculated using (4.1). 

Table 5.3, 5.4 and 5.5 show the load flow results, DFIG initial conditions and 

synchronous machine initial conditions respectively. 
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Table 5.3: Load flow results for fault simulation of 

8-bus DFIG-synchronous machine system 

Bus No. 
Voltage 

(pu) 
Angle 
(deg) 

p 

(MW) 
Qg 

(MVAr) 
p L 

(MW) 
QL 

(MVAr) 
1 1 0 4.47 2.08 0 0 
2 0.9873 -0.2092 0.82 -0.96 0 0 
3 0.9963 -0.4520 0 0 3.15 0.63 
4 0.9925 -0.7558 0 0 1.20 0.24 
5 0.9927 -0.6079 0 0 0.92 0.19 
6 0.9930 -0.6470 0 0 0 0 
7 0.9898 -0.4650 0 0 0 0 
8 0.9879 -0.2375 0 0 0 0 

Table 5.4: Initial conditions for DFIG for fault simulation of 

8-bus DFIG-synchronous machine system 

'ds  lqs  ed  eq  CO, 

0.0098 -0.0162 1.1433 0.085 1.1952 
S l dr l  qr Vdr  V  qr 

-0.1952 -0.0050 -0.0166 -0.2261 -0.0229 

Table 5.5: Initial conditions for synchronous machine for fault simulation 

of 8-bus DFIG-synchronous machine system 

aO Id  Iq  Vd  Vq  Vref 
314.16 0.021 0.0445 0.0043 1 1.051 

Ed Eq  Efd yR Rf T. 
0 1.0013 1.0031 1.0217 0.1806 0.0446 

5.3.2 Fault Simulation 

A three fault has been simulated on bus 4, as explained in section 4.2.2, at 

time t=1.Os and subsequently the fault was cleared at t= 1.1 s. The simulation has been 

carried out for a period of 60s with a simulation step size of 0.001s. As the simulation 

time taken is considerably more, the DFIG controller gains KP2 , K12  , K p3  and K/3  in 

this case have been obtained by trial and error method. The final values obtained 

are KP2  = 2.1, KP3  = 0.007, K12  = 0.0342 andK73  = 5.4539. The responses are 

shown in Figs. 5.6-5.13. 
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Figure 5.6: DFIG stator currents for fault simulation of 8 bus 
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of 8 bus DFIG- synchronous machine system (a) ed  and (b) eq  
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Figure 5.8: DFIG rotor currents for fault simulation of 8 bus 
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Figure 5.10: DIFG (a) rotor speed c r  , (b) terminal voltage and (c) angle 0 for 

fault simulation of 8 bus DFIG-synchronous machine system 
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Figure 5.11: Synchronous machine stator currents for fault simulation of 

8 bus DFIG- synchronous machine system (a) 'd  and (b) Iq  
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Figure 5.13: Synchronous machine (a) speed n and (b) terminal voltage V 

for fault simulation of 8 bus DFIG- synchronous machine system 
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Comparing Fig. 5.13 and Fig. 5.5, it has been observed that, in the presence of 

the DFIG, the synchronous machine speed has become oscillatory and takes more 

time before settling to its steady state value, while there has been no considerable 

change in the voltage behaviour. Similar changes have been observed in synchronous 
machine stator currents Id and Id in Fig. 5.3 and Fig. 5.11 and rest of the parameters. 
Comparing Fig. 4.3 and Fig. 5.6, while there has been no considerable change in 

DFIG q-axis stator current behaviour, d-axis stator current becomes more oscillatory 

and there has been a delay in settling to its steady state value. 

This comparison has shown that dynamic properties of DFIG have affected 

synchronous machine when both are present in the same power system network and 

vise versa. But, because of the controller actions of the DFIG, the DFIG and hence the 

system, remain stable under fault conditions. 

G 
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Chapter 6 

CONCLUSION 

In this dissertation, the modelling and controller for DFIG has been described. 

Its performance under disturbances has been studied. A reduced order model has 

been used for ease of calculations and reduced simulation time. The main assumptions 

in the model used were neglect of stator transients and saturation effects. Modelling of 

synchronous machine and its performance with DFIG interconnection has also been 

studied. A 7 1̀  order synchronous machine model has been used. 

The models were implemented using SI method, a numerical method widely 

used in industries now-a-days. Simulation studies have been carried out using 

MATLAB R2006a and PSO has been used to optimize the DFIG controller gains. 

A 8-bus system has been used to study the effect of three phase faults on the 

stability of the system with three different combinations of DFIG and synchronous 
machine. 

From the results shown in sections 4.2.2, 5.2.2 and 5.3.2, it has been observed 

that, the behaviour of both DFIG and synchronous machine under fault conditions has 

been affected by each other's presence in the power system network. When connected 

to infinite bus system (Fig. 4.1, which is a strong network) and to a synchronous 

machine system (Fig. 5.2, which is a weaker network), the DFIG remains stable for 

both the cases. This shows that DFIG is capable of withstanding grid faults when 

interconnected with the grid. This is one of the major advantages of DFIG when 

compared to its other equivalent machine types. Also, DFIG-based wind generation 

with the basic control scheme used provides better performance in terms of voltage 
control and damping. 

In this dissertation, DFIG been modelled as a reduced order model, a 

compromise in accuracy has been done. In order to improve the accuracy of analysis 

and study, higher order models can be used. Also simulation time taken is 

considerably more. Better programming tools can be used to reduce the simulation 

time taken. An 8-bus system with only a DFIG and a Synchronous machine, which is 

comparatively a small network, has been used. But practical networks are much larger 

and complex. This dissertation can further be extended for larger, more practical 
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networks with interconnection of wind farms into the power system network. Also, 

there is a scope for improved speed controller and hence the performance of DFIG-

based wind farms. 
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APPENDIX-A 

8 BUS POWER SYSTEM DATA 

A.1: Line Data - 8 Bus System [9] on 100MVA base 

Table A.1: Line Data for 8 Bus System 

From Bus To Bus 
Resistance Reactance Susceptance Tap 

1 3 0.01869 0.17726 0 1 
3 6 0.31 0.40174 0 1 
3 5 0.3329 0.5831 0 1 
6 4 0.09 0.1577 0 1 
6 5 0.06446 0.086 0 1 
7 8 0.139 0.3104 0 1 
5 7 0 0.1 0 1 
8 2 0 0.059 0 1 

A.2: Bus Data - 8 Bus System [9] 

Table A.2: Bus Data for 8 Bus System 

Bus No. Bus Type Voltage 
(pu) 

Angle 
(deg) 

PL  
(MW) 

QL  
(MVAr) 

Pg  
(MW) 

Qg  
(MVAr) 

1 1 1 0 0 0 0 0 
2 0 1 0 0 0 0 0 
3 0 1 0 3.151 0.631 0 0 
4 0 1. 0 1.2 0.24 0 0 
5 0 1 0 0.92 0.185 0 0 
6 0 1 0 0 0 0 0 
7 0 1 0 0 0 0 0 
8 0 1 0 0 0 0 0 

A.3: Synchronous. machine.Data 
Table A.3: Synchronous Machine data [15] 

H (sec) Xd (pu) X'd (pu) Xq (pu) X'q (pu) T'do(sec) T'qo(sec) Di 

23.64 0.146 0.0608 0.0969 0.0969 8.96 0.31 0.0254 
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Table A.4: Synchronous Machine Exciter data [ 15] 

KA TA (sec) KE TE (sec) KF TF (sec) 

20 0.2 1 0.314 0.063 0.35 

A.3: DFIG Data 
Table A.5: DFIG data [ 10] 

H 
t 

H
g 
 Rs X s Rr X r X

m 
K0 , 

 (pu) (pu) (pu) 
(
pu) (pu)  

3.5 0.35 0.00488 0.09241 0.00549 0.09955 3.9528 0.56 

K P2 K I2 KP3 K13 base Cos Sbase Vbase 

(rad/s) (pu) (MW) (V) 
2.1 0.007142 0.034208 5.453926 314.16 1 2 690 
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APPENDIX-B 

PARTICAL SWARM OPTIMISATION 

Particle swarm optimization (PSO) is an evolutionary computation technique 

developed by Kennedy and Eberhart in 1995 [16]. PSO simulates the behaviors of 

bird flocking. In PSO, each single solution is a "bird" in the search space. It is called a 

"particle". All of particles have fitness values which are evaluated by the fitness 

function to be optimized, and have velocities which direct the flying of the particles. 

The particles fly through the problem space by following the current optimum 

particles. 

PSO is initialized with a group of random particles (solutions) and then 

searches for optima by updating generations. In every iteration, each particle is 

updated by following two "best" values. The first one is the best solution (fitness) it 

has achieved so far (The fitness value is also stored.). This value is called pbest. 

Another "best" value that is tracked by the particle swarm optimizer is the best value, 

obtained so far by any particle in the population. This best value is a global best and 

called gbest. When a particle takes part of the population as its topological neighbors, 

the best value is a local best and is called lbest. 

After finding the two best values, the particle updates its velocity and 

positions with following equation (A. 1) and (A.2). 

v[] = v[] + c1 * rand()* (pbest[] - present[]) + c2 * randO * (gbest[] - present[]) (B. 1) 

present[] = persent[] + v[] 	 (B.2) 

v[] is the particle velocity, persent[] is the current particle (solution). pbest[] 

and gbest[] are defined as stated earlier. rand () is a random number between (0,1). c1, 

c2 are learning factors, usually cl = c2 = 2. 
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The pseudo code of the procedure is as follows [17]: 

For each particle 

Initialize particle 

END 

Do 

For each particle 

Calculate fitness value 

If the fitness value is better than the best fitness value (pbest) in history 

Set current value as the new pbest 

End 

Choose the particle with the best fitness value of all the particles as the gbest 

For each particle 

Calculate particle velocity according equation (B. 1) 

Update particle position according equation (B.2) 

End 

While maximum iterations or minimum error criteria is not attained 
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