ABSTRACT

CHANDRA, SOUVIK. Modeling, Analysis and Control of Oscillations in Wind-integrated Power
Systems. (Under the direction of Aranya Chakrabortty.)

In this dissertation work, we assess the impacts of high wind penetration on the operational
aspects of conventional power system and propose methods for planning and control to ensure
a secure operation. Analytical models of the wind-integrated power system are derived where
wind turbine is connected to the power grid asynchronously via doubly fed induction generators
(DFIG). Particularly we focus on the equilibrium and the electromechanical oscillation spectrum
of the power system. Our study illustrates that the wind power locations affect the oscillation
spectrum particularly the inter-area or slow oscillation of the power system. We design damping
controllers on the wind generator and associated storage to minimize the undesired influence of
wind on the oscillations enabling an efficient operation of the power system. Further analysis
shows that the wind power alters the equilibrium characteristics in a power system and give rise
to slow and poorly damped inter-area oscillatory modes under certain scenarios, by significantly
affecting the bus voltages of the power system. We also propose a numerical homotopy based
method which is capable of identifying multiple equilibrium and the power flow solution boundary
of the wind-integrated power system.

First, in Chapter 2, we analytically show the impact of wind power injection on the spectral
response of a large radial power system, represented as a continuum model. The inter-area
oscillation spectrum of the power system is found to be significantly affected by the location of
the wind injection in the power system. Accordingly in Chapter 3, we design a linear controller
for the wind generator to shape inter-area oscillation spectrum in a desired pattern. Particularly
it is shown that the performance of the wind farm controller in shaping the inter-area oscillation
spectrum can be considerably improved by a coordinated control action with a battery energy
system (BES).

Next in Chapter 4, a lumped component model of a wind-integrated power system is



derived consisting of synchronous generators, wind turbines interfaced with a DFIG, loads
and transmission lines. Considering a power system with multiple coherent areas of operation,
we analytically show how the slow or inter-area oscillatory modes get affected by increasing
wind penetration. Simulation studies suggest that depending on the relative locations of the
synchronous generators, the wind generator and the loads, there might be scenarios in which
the inter-area oscillatory mode gets slower with higher wind injection ultimately leading to
instability.

In Chapter 5, we apply a homotopy based numerical continuation algorithm to compute
multiple real equilibrium and equilibrium boundaries in a wind-integrated power system to
ensure its stable operation. In multiple wind injection scenario these boundaries become heavily
dependent on the relative wind penetration levels. Traditional continuity based iterative methods
are unsuitable to find multiple solutions and hence fail to identify these boundaries without
a prior knowledge of the system and a good initial guess. However the proposed method is

independent of initial guess and guarantees to find the solution boundary.



© Copyright 2015 by Souvik Chandra

All Rights Reserved



Modeling, Analysis and Control of Oscillations in Wind-integrated
Power Systems

by
Souvik Chandra

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Electrical and Computer Engineering

Raleigh, North Carolina

2015

APPROVED BY:

Igbal Husain Mo-Yuen Chow

Fen Wu Aranya Chakrabortty
Chair of Advisory Committee



DEDICATION

To my parents.

i



BIOGRAPHY

Souvik Chandra was born on 24th of May, 1987 in Kolkata, West Bengal, India. He did his
schooling first with Nava Nalanda High School and later on with Jodhpur Park Boys School.
He was honored with National Merit Scholarship for his high school results in May 2005 by
the Government of India. He went to Jadavpur University, Kolkata to pursue Bachelors of
Electrical Engineering degree which he successfully completed with Honors in 2009. He received
Masters in Control Systems Engineering from Indian Institute of Technology(II'T) Kharagpur in
2011. Thereafter, he joined the Department of Electrical and Computer Engineering at North
Carolina State University s in a Ph.D. program to work on Power and Control. Souvik will be
joining Schwietzer Engineering Lab, Pullman, WA in a full-time position as a Power Engineer

from October, 2015.

i



ACKNOWLEDGEMENTS

I would like to thank my advisor, Dr Aranya Chakrabortty , for his extensive help throughout
the duration of my PhD research career here at NC State. Without his help, technical advice,
and mentoring, this wouldn’t have been possible. The experience of working with him has been
great, particularly the one-to-one conversations that we have had over the past few years were
very productive. I would like to thank him for the immense faith that he has shown in my
abilities and for grooming me for my future technical endeavors.

I would also like to thank all the other members in my thesis committee, namely, Professors
Igbal Husain, Mo-Yuen Chow and Fen Wu, for carefully reviewing my work and providing me
with valuable feedback to improve my work. I am indebted to my collaborators Dr Dennice
Gayme from Johns Hopkins University and Dr Dhagash Mehta from University of Notre Dame
who have always been very generous to review my work and helping me with ideas. Also I would
like to extend my sincere thanks to all the other Professors in the the FREEDM Systems Center
for giving me an exposure to state-of-art research topics and training environment. Not only the
Professors, I should thank all the staff as well, especially Mrs Keren Autry, for their immense
help in administrative matters and making my life easy.

I would like to express my sincere gratitude to all my teachers who have influenced me
tremendously to take up research as my career path. I still remember the roles of a few right
from my school days like Mrs Sharmistha Chowdhury, Mr Shubhash Pramanik, Mr Kaushik
Roy, Mr Ajay Dhar and Mr Shibaji Chakraborty who have inspired me to think independently
and have that constant thirst to learn something new. In my undergraduate days in Jadavpur
University, I was deeply motivated by attending the classes of many professors particularly Dr
Amitava Chatterjee, Prof. Tapan Kumar Ghosal and Prof. Sivaji Chakravorti. Particularly I
am indebted to Prof. Ghosal as he inspired me to go for higher education and eventually to
research. I am obligated to mention here the roles of Prof. Siddhartha Mukhopadhyay and

Prof. Prasanta Kumar Das as well from IIT Kharagpur who were my masters thesis advisors

v



and deeply encouraged my academic endeavors. On a whole I was blessed with great teachers
throughout my academic career who helped me to keep ablaze my constant zeal to learn and
reinvent myself.

My graduate life at Raleigh would have been much dull if I had not met all those wonderful
friends both in my neighborhood and in the FREEDM lab. I shared my stay here with my
roommate Prithwish Bhaumik who has been a great companion and supported me in my every
endeavor. [ enjoyed the company of many of my neighbors in our Raleigh Community like Ayan
Dasgupta, Sayantan Banerjee, Rudrodip Majumdar, Rajarshi Dasbhowmik, Priyam Das, Raj
Bhakta, Shuva Gupta, Lopamudra Kundu and many others. I appreciated the company of my
lab mates as well during my duration at the FREEDM systems center with whom I had constant
interactions on technical issues and shared a strong bonding of friendship. I would like to
mention Sayan Acharya, Ritwik Chattopadhyay, Samir Hazra, Ankan De, Sachin Madhoosodan,
Awneesh Tripathi, Ali Safayet, Govind Chavan, Byron Beddingfield, Behzad Nabavi, Thomas
Nudell, Almuatazbellah Boker, Urvir Singh, Sumit Dutta, Tanvir Khan, Nan Xue, Abhishek
Jain, Matthew Weiss, Jianhua Zhang, Faeza Hafiz and many others.

I would like to thank my family and relatives who have always supported me and encouraged
me through out my life. I am blessed to have my awesome parents Mr Susanta Chandra and
Mrs Swapna Chandra whose immense efforts have enabled me to stand where I am today. I am
highly indebted to them for the culture and the environment in which they have brought me up
for which I could become a balanced individual in my life. Lastly, I would like to express my
thanks to the person who has given me company and encouraged me in my work the most in
the last four years. She is my girlfriend Sangeeta Nundy, also a PhD scholar herself. Without
her companionship, love and care it would have been difficult for me to have such a great life. 1

hereby dedicate this work to Sangeeta and my parents.



TABLE OF CONTENTS

List of Tables . . . . . . . . . . . . . . e viii
List of Figures . . . . . . . . . . . . . . e ix
Chapter 1 Introduction . . . . . . .. .. ... .. . .. 1
1.1 Background . . . . . . . L e 1
1.1.1 Types of Wind Integration Technologies . . . . . . . . .. ... ... ... 2

1.1.2  Small Disturbance Rotor Angle Stability Dynamics . . . . . . .. ... .. 4

1.1.3 Transient Voltage Stability . . . . . . . .. .. ... ... ... ... .. 6

1.2 Contributions . . . . . . . . . .. 7
1.3 Organization . . . . . . .. . . e 7
Chapter 2 Spectral Response of a Wind-injected Power System Model . . . . . 9
2.1 Continuum Representation of a Radial Power System with a Point Wind Injection 10
2.2 Wind Farm Model . . . . . . . . . . . . 13
2.3 Computation of the Spectral Response of the Wind-injected Power System . . . 14
2.4 Simulation Results . . . . . . . . . .. 15
2.4.1 Spectral Response of the Wind Farm . . . . . . ... ... ... ... ... 16

2.4.2  Spectral response of the Power Flow in the Grid . . . . . ... ... ... 16

2.5 Conclusions . . . . . . . . . 17

Chapter 3 Damping of Inter-area Oscillations in Power Systems: A Frequency

Domain Approach . . . . .. ... .. ... 19

3.1 Centralized Control Design for Spectral Matching . . . . . . ... ... ... ... 20
3.1.1 Wind Farm Model and Controller Design . . . . . .. ... ... ..... 20
3.1.2 BES Model and Controller Design . . . . . . .. ... ... ........ 24
3.1.3 Spectral Analysis . . . . . . ... 27
3.1.4 Simulation Results . . . . . . . . . . . .. ... 30

3.2 Disaggregation of Control from Equivalent Turbine to Multiple Turbines . . . . 31
3.2.1 Centralized Design . . . . . . .. . . L 32
3.2.2 Decentralized Design . . . . . . . . ... Lo 33
3.2.3 Simulation Results . . . . . . . ... ... ... 34

3.3 Conclusions . . . . . . .. L 37
Chapter 4 Time Scale Modeling of Power Systems with Wind Injections . . . 38
4.1 Wind Integration Modeling . . . . . . ... .. ... ... ... . ... ... ... 40
4.1.1 Synchronous Generator Model . . . .. . ... ... ... ... ... ... 40
4.1.2 Wind Power Plant Model . . . . . ... ... ... .. ... ........ 42
4.1.3 Wind Integrated Power System Model . . . . . ... .. ... ... .... 46

4.2 Time-scale Modeling . . . . . . . . . . 48
4.2.1 Power System Time-constants . . . . . .. ... ... .. ... .. ..., 49
4.2.2 Time-scale Separation . . . . . . .. .. .. 51

vi



4.2.3 The Effect of Wind Injection on Time-scales . . . .. .. ... ... ... 53

4.3 Results. . . . . . 55

4.3.1 2-area 8bus Power System . . .. ... ... ... L. 56

4.3.2 5-area 68-bus Power System . . . . . .. ... oL 58

4.4 Conclusions . . . . . . . . . . e 61

Chapter 5 Equilibria Analysis in Wind-integrated Power Systems . . . . . . . . 63

5.1 Dynamic Model of Power System . . . . . . ... ... ... ... ......... 64

5.1.1 Synchronous Generator Model . . . . . . ... ... ... ... ...... 64

5.1.2 WPP Model . . . . . . .. ... e 66

5.1.3 Dynamic Load Model . . . . . . ... ... .. ..o . 70

5.1.4 Power Flow Model . . . . . . . . . .. ... ... .. 70

5.2 Equilibrium Analysis . . . . . . . .. L 71

5.3 Parameter Homotopy Continuation Algorithm . . . . ... .. ... ... .... 73

5.4 Results. . . . . e e e e e e 76
5.4.1 Discussion: On the Network Topology and Upper Bound on the Number

of Equilibria. . . . . . ... 78

5.5 Background for Power Flow Solution Boundary . . . . . . ... ... ... .... 79

5.6 Examples . . . . . oL 82

5.6.1 3-bus System . . . . . . ... 82

5.6.2 10-bussystem . . . . . . . ... 85

5.7 Conclusions . . . . . . . . e e 86

Chapter 6 Conclusions and Future Works . . . . . . .. ... ... ......... 88

References . . . . . . . . . e 91

Appendix . . . . . . e e 98

Appendix A Simulation Parameters . . . . . . . . .. ... ... 99

A.1 Model Parameters for Two-area Kundur System . . . ... ... ... ... 99

A.2 Wind Plant Parameters . . . . . . . . . . . . ... ... 99

A.3 Model Parameters for 10-bus 2-wind Generator Power System . . . . . . . . 100

vil



Table 2.1

Table 3.1
Table 3.2
Table 3.3

Table 4.1

Table 4.2

Table 4.3

Table 5.1

Table 5.2

LIST OF TABLES

List of principle symbols in Continuum model of the Power System . . . .

List of principle symbols in BES model . . . . . ... ... ... ......
Optimal controller parameters sets . . . . . . . .. . . ... ... .....
Optimal controller parameters sets . . . . . . . .. . .. ... .. .....

Matrix norms and slow eigenvalues for the 8-bus 4-machine 2-area power

Fast eigenvalues for the 8-bus 4-machine 2-area power system in different
SCENATIOS. .« v v v v v v e e e e e e e e e e e e e
Matrix norms and slow eigenvalues for the 68-bus 16-machine 5-area power

Types of feasible equilibrium for various wind speeds (v¢) and wind bus

voltage levels |[V5s| . . . o o oo
Dominant pair of Eigen values for different stable equilibria . . . . . . ..

viii



Figure 2.1
Figure 2.2

Figure 2.3

Figure 3.1

Figure 3.2

Figure 3.3
Figure 3.4
Figure 3.5

Figure 3.6

Figure 3.7
Figure 3.8

Figure 4.1
Figure 4.2

Figure 4.3
Figure 4.4
Figure 4.5

Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6

LIST OF FIGURES

A radial power system of generators subject to wind injection at a distance
a along the transfer path. . . . . . ... ... ... ... ... ...
Frequency and time domain response of the power output from the lin-
earized wind farm model in (2.23) . . . .. ... ... L.
Spectral response of power flow of a wind-integrated power system for
different wind farm power injection locations ov. . . . . . . . ... .. ..

Steady-state speed versus power characteristics of a 1 MW wind turbine.
The maximum power curve, shown in red, depicts the operating points
for each wind speed. . . . . . . . . . ...
Two-loop control scheme for wind turbine in which the inner loop controls
generator speed set points shown in Figure 3.1 while the outer loop is the
proposed power controller for shaping the inter-area oscillation spectrum
of the grid. . . . . . . . L
Battery Energy System (BES). . . . . ... ... ... ...
Spectral response comparison . . . . . . ... ..o
Schematic for the disaggregated wind farm control, where each turbine
is controlled individually, and the total power output of the farm is
aggregated and injected to the grid at the point of common coupling. . . .
Comparison of spectral matching between the aggregate versus disaggre-
gated wind farm model . . . . ... oo
Arrangement of turbines in the wind farm. . . . .. .. .. ... ... ..
Open-loop versus closed-loop §(t) at u = 0.25 with slow mode components

Wind turbine interfaced to the grid viaa DFIG . . . . .. ... ... ...
Decoupled active and reactive power control of a DFIG integrating a wind

generator via the rotor-side controller . . . . . . ... ... ... ... ..
Kundur 8-bus, 4-machine, 2-area power system with wind injection at bus 5
Kundur 8-bus, 4-machine, 2-area power system with wind injection at bus 7
68-bus, 16-machine, 5-area power system: Scenarios with wind injection

at bus 66 and at bus 38 . . . .. ..o

Dynamic model of a Wind integrated power system . . . . . . . .. .. ..
Schematic representation of the WPP and the power system . . ... ..
3-bus power system with two parameters . . . . .. ... ... ... ...
Power flow solution boundary tracking with various initial points . . . . .
10-bus power system with 2 WPP . . . . . .. ... oo
Number of real solutions of the power flow in the 10-bus power system . .

ix

12

17

18

21

22
23
31

32

34
36
37

41

43
95
56

62

65
66
81
83
84
86



Chapter 1

Introduction

1.1 Background

Research on wind power integration has witnessed a tremendous boost over the past few decades
due to a rapid increase in worldwide installations of wind farms. As reported by the World
Wind Energy Association, the globally installed capacity of wind power has grown annually
at an average rate of 20% over the last four years (2011-2015) [1]. Thus wind has emerged
as a leading source of renewable energy with nearly 428 GW of installed capacity as of June
2015 [1]. The United States has also seen a huge growth in the total installed capacity of wind
power, which is currently equal about 67,870 MW [1,79]. This expansion is being expedited by
government mandates and renewable energy goals, such as US Department of Energy’s goal of
20% wind by 2030 [10,75]. Wind power which is often identified worldwide as an inexpensive yet
environmentally safe source of energy is only going to grow at a better pace in the next decade.
Due to evolution of technology, the size of the individual wind turbines has also grown to above
5-MW capacity, while in the past wind turbines were only rated in tens of kilowatts [89]. As the
wind integration technology matures and wind power penetration levels increase, interconnecting
a large-scale wind power plant into the conventional power system will have a major impact on

the stability and reliability of the power system which needs to be studied in details.



This has lead to an enormous amount of research on various topics related to power system
planning and operations with high wind penetration, which includes reliability analysis [75],
security [78], wind-centric electricity markets [69], and demand response [9]. A significant amount
of work has also been carried out on component-level modeling and control of wind turbines
with relevant power electronic interfaces [21,79,98]. A few works have focused on operational
concerns of the power system as well, such as frequency regulation and load following [19, 38] or
mitigating the risks associated with variability and uncertainty in wind power production using
operating reserves [51], storage [8] or demand-side management [90]. However, only a modest
amount of research has been directed towards gaining a theoretical understanding of how wind
power generation affects the dynamic behavior of power systems that are dispersed over large
geographical areas. The majority of the work on this topic has focused on component-level
analysis of the impacts of integrating doubly-fed induction generators (DFIG) in the grid [83,91]
using simulation-based case studies [25,70,95] that doesn’t provide much theoretical insights.
Also a general framework for analysis and control of system-level dynamic power system model
in presence of substantial wind penetration is missing. Thus the primary focus of this dissertation
work is to derive theoretical models for wind-integrated power system in order to investigate the
impact of penetration levels on the dynamic power system model, particularly on equilibrium
and small disturbance rotor-angle oscillation dynamics. As a background review, we discuss the
various wind integration technologies, the concepts of small disturbance rotor angle dynamics,

equilibria analysis and transient voltage stability of power system.

1.1.1 Types of Wind Integration Technologies

Wind power is currently integrated with the existing power systems by different types of
technologies which are reviewed in this subsection [89]. Typically a wind power plant consists
of a large number of wind turbines connected to a point of common electrical coupling in
the grid also known as the wind bus. Individual technologies of the turbines determine the

cost, intricacy, size and efficiency of the extracted power. Mechanical parts of a wind turbine



uses a blade and hub rotor assembly to obtain wind power and transfer it to a generator at
a higher speed through a geared shaft. Since the wind speed varies, the generator speed also
needs to vary for which the most popular form of wind integration is through asynchronously
means via induction generators. Primarily the classification of the wind turbines is based on the
speed of the generator, fixed speed (type-I) or variable speed type (type 1I-IV) and the related

technologies [79,89]. The details of these technologies for the wind turbines are given as below

Type I These wind turbines are of fixed-speed type and are used primarily in small utility-scale
applications. They have a fixed turbine rotor speed even even the wind speed varies.
They are thus interfaced with squirrel-cage induction machines, with the stator directly
connected to the grid and the rotor short-circuited. Even though the technology is fairly
robust, cheap and simple, lack of efficiency and inability to compensate reactive power to

the grid are some of its major disadvantages.

Type II These wind turbines are of variable-speed type which can operate at a given range
of rotor speeds as the wind speed changes to ensure efficiency. These turbines often are
provided with blade and pitch control which improves efficiency as compared to fixed
speed types. Here the variable speed of the machine is maintained via the dynamic rotor
resistance control where the resistance in the rotor circuit of the machine is allowed to

change for a certain range of operating slip speeds.

Type III This type of wind turbines are most widely used for large wind installations where
a Doubly-fed induction generator (DFIG) is used to interface the turbine with the grid.
In a DFIG the stator is directly connected to the grid while a back-to-back AC/DC/AC
converter drives the rotor circuit. One can easily control the rotor currents here for a
decoupled active and reactive power output which ensures maximum power point tracking
and reactive power compensation. Also since the converter is only controlling the power
in the rotor circuit, it can be rated in slip power which is usually a small fraction of the

generator’s total power output. However the rating of the converter can constrain the



reactive power capability of the generator. In our work we focus on this type of wind

generators and will derive the detailed dynamic model of this type of wind generators in 3.

Type IV These wind turbines use full converters where the wind turbine is connected only
via the back-to-back AC/DC/AC converter to the grid. These turbines may employ
synchronous generators, induction generators or permanent magnet machines which offer

full independent real and reactive power control.

Next we review the rotor angle dynamics of conventional power systems.

1.1.2 Small Disturbance Rotor Angle Stability Dynamics

Rotor angle stability is a type of power system stability which ensures that the synchronous
generators of an interconnected power system remain in synchronism when subjected to a
disturbance [44]. The equilibrium between electromagnetic torque and mechanical torque of the
synchronous machines restore this type of stability of the system. If the system is disturbed
from the equilibrium by a perturbation it results in acceleration or deceleration of the rotors
of the machines with respect to each other. A small-disturbance (or small-signal) rotor angle
stability is concerned with the insufficient damping of these electromagnetic oscillations of
the power system under small disturbances. Such oscillations can be local between generators
operating in geographically close generation area known as local or intra-area oscillations. Or
else these oscillations can be global between groups of machines in different generation areas
also known as inter-area oscillations. The inter-area oscillations in a power system follow from
the inherent clustering or grouping patterns in the distribution of generators, transmission
lines, and loads. Qualitatively speaking, generators in a given area are strongly connected to
each other via a dense network of short tie-lines with small reactances, and thereby form a
coherent oscillation group, while these groups themselves are connected to each other via a sparse
network of long tie-lines with large reactances. The work in [18] shows that such difference in

the magnitudes of intra-area versus inter-area reactances can lead to a two-time-scale behavior



in the dynamic response of the phase angles and frequencies. The fast time-scale arises from the
relative motions of the local generators inside an area, which synchronize quickly due to their
strong interconnections reaching a so called quasi-steady state. The states from the different
areas, thereafter, synchronize with each other over a slower time-scale, giving rise to inter-area
oscillations. A constructive analysis of this behavior is also common in the literature. For
example, to obtain an analytical expression for the fast and slow oscillation dynamics, one may
define the slow or aggregate variable for the k™ area to be the so-called center of inertia angle

for that area, namely
ik ME

where 65“ and MZk are, respectively, the " machine angle and inertia in the k" area, ny, is the

k=1,2,..r (1.1)

total number of machines in the k" area, and r is the total number of areas. Similarly, the fast

variable for the k" area can be defined as
A sk k s _
Zpi=0; =01, i=1,2,..n, k=12 r (1.2)

The time-scale separation between the fast and slow oscillations can then be expressed explicitly
in the singular perturbed form

dy dz
= = A A —=A A 1.
L. 1Y + A2z, 6dt5 21y + Aoz (1.3)

where € < 1 is a small parameter, and the exact expressions for the four state matrices can be
found in [18]. Assuming € =~ 0, the effective swing dynamics for the inter-area oscillations can
then be written as:

dy

dt = (AH — A12 A2_21 Agl)y. (14)

It must be noted that the matrix (411 — A2 A2_21 Ag1) is not necessarily block-diagonal, and

hence the inter-area oscillation modes are not necessarily decoupled The impact of increased



levels of wind penetration on these oscillations have also been the subject of a number of recent
studies [26,91,95] which shows some results based on simulation case studies. But in this work
we look to theoretically capture the effect of wind penetration on the oscillatory modes from the
analytical model of the wind-integrated power system. We also validate the findings from the

theoretical model with relevant case studies using standard IEEE models.

1.1.3 Transient Voltage Stability

Voltage stability is related to the ability of the power system to maintain voltages at all of
its buses to some steady value following a disturbance at a given initial condition [44]. Small-
signal or transient voltage stability is related to maintenance of steady voltages under small
disturbance [24,44]. Wind penetration has a significant impact on the equilibrium characteristics
of a power system which is closely related to small-signal transient voltage stability. It has been
well established in literature that wind generators interfaced with doubly-fed induction generators
can be particularly beneficial during short term voltage instability owing to their reactive power
capability as compared to older fixed speed induction generators [81,97]. However how the
amount of penetration and location of the wind injection affects the equilibrium characteristics is
missing in literature. We tried to address this issue by showing how in a multiple wind-injection
scenario the power system equilibrium is parameterized by the wind variables. Thereafter we
use a parameter homotopy based computational method to identify all the equilibria of the
power system. Next we use the same procedure to identify the relative penetration levels in a
multiple-wind scenario where the power flow solution boundary occurs, the knowledge of which
is crucial to maintain voltage security from a planning perspective. The traditional methods for
solving these problems [35] depends upon initial guess and local approximations. However the
proposed method is independent of initial guess and guarantees to find all solution boundaries
in a given parameter space.

The various contributions of the work and the organization of the dissertation are shown as

below.



1.2 Contributions

1. Coordinated controller design for wind farms and battery energy systems for inter-area

oscillation damping in power systems via spectral matching.

2. Derivation of the wind-integrated power system model where wind turbines are interfaced

to the grid via a DFIG.

3. Time-scale modeling of wind-integrated power systems and analysis of the effect of

increasing wind penetration on the inter-area modes.

4. Equilibria analysis of wind-integrated power systems via numerical homotopy method and

determination power flow boundary or transient voltage stability limit.

1.3 Organization

In Chapter 2, of this thesis, we derive an approximate continuum model of a large radial power
system network with wind injection at a point location. We show analytically that the spectral
response of this system is a function of the location of the wind injection. Particularly our
simulation results based on a two-area power system model inspired by the Pacific AC Inter-tie
demonstrate that the inter-area oscillation spectrum of the power system is highly dependent
on the location of wind injection.

In Chapter 3, we design controls on the wind generator to shape inter-area oscillation
spectrum of the wind-integrated power system in a desired pattern. The placement of a wind
farm in a large power system is driven by many factors such as geographic, environmental,
economic etc. If the wind farm is located at an unfavorable location leading to a lightly damped
oscillatory mode, it is important that a controller on the wind farm can actually damp these
modes. It is also shown in this work that the performance of the wind farm controller can
be boosted by a coordinated control action with a battery energy system (BES) to shape the

inter-area oscillation spectrum of the radial power system. The approach is independent of the



locations of the wind farm and the BES, and can be implemented in a decentralized fashion.
In Chapter 4, we derive a pertinent mathematical model for the wind-integrated power
system consisting of synchronous generators, loads and a wind plant driven by a DFIG. We
aggregate this system into multiple coherent areas, and apply a linear transformation to represent
the model in terms of slow and fast states. Using this transformed system we show that the
ratio of the time constant associated with the swing states to that of the wind plant can be used
to characterize conditions under which the slow time-scale of the power system changes with
increasing wind penetration. We further demonstrate that these modal responses depend on
the relative locations of the synchronous generators, the loads and the wind generator through
simulation examples in a two-area 8-bus power system and a five-area 68-bus power system.
Chapter 5 applies a homotopy based numerical continuation algorithm which is capable of
exploring the power flow equilibrium and find voltage stability limit when affected by multiple
wind injections. The equilibrium of conventional power systems is getting transformed due
to the impact of large-scale integration of renewable energy resources like wind. Typically,
in a multiple wind-injection scenario the stable equilibrium boundaries is parameterized by
the penetration levels of wind. Thus identification of the relative penetration levels where the
solution boundary occur is crucial to maintain voltage security from a planning perspective.
The traditional load flow techniques which are based upon an initial guess followed by iterative
methods are inadequate of locating all the boundaries based on different penetration levels. The
proposed method however guarantees to find all solution boundaries within a given parameter
space independent of any initial guess. We illustrate the proposed method through simulations

on standard power system models.



Chapter 2

Spectral Response of a

Wind-injected Power System Model

This chapter studies the oscillation analysis problem of a large, geographically distributed power
system with wind penetration. Our system of study is a radial power transfer path, which is
modeled as a continuum system leading to a hyperbolic wave equation for the phase angle
defined across the path. The primary reason for studying the continuum model is to evaluate
the impact of the spatial location of a wind farm on the grid dynamics, a completely new
perspective. Such models have been used extensively in the past to study inter-area oscillations
in the Western Electricity Coordinating Council (WECC) [20], and more recently for monitoring
nationwide frequency oscillations using FNET [49]. The continuum model is considered to be
integrated with a wind farm whose power is modeled as the output of its dynamic model acting
as point-source forcings to the wave equation at specified electrical distances along the transfer
path, a € [0,1]. A Fourier analysis of the forced wave equation demonstrates that its oscillation
modes are highly dependent on the power injection locations of the wind farm. This observation
implies that there are siting locations for these external wind resources that can produce an
unfavorable spectral response for the power flow. We illustrate our results using simulations

based on a PDE based model inspired by US west coast transfer paths such as the Pacific AC



Inter-tie.

2.1 Continuum Representation of a Radial Power System with

a Point Wind Injection

Consider a string of n generators distributed along a normalized spatial dimension u € [0, 1].
At each bus i, we define the set F; := {E;,0;}, where §; is the rotor phase angle and F; is
the voltage magnitude in figure 2.1. The line reactance and distance between generators ¢ and
i+ 1 are respectively denoted x; and AL. The dynamics of the i*" generator is given by the

electro-mechanical swing equation as shown below,

2H;\ - . ,

where 5 = 1207 = 377 rad/s is the electrical frequency (assuming a 60 Hz base), P; is the net
active power flowing out of the 7*” machine (Py = 0) and ¢ is the damping coefficient. The real

power flow from node i to i + 1 over a purely reactive line is given by,

E;Ej;yy sin(; — 0;
Pi,i+1 _ i+1 SH;E 7 z+1). (22)
i

We simplify (2.2) by considering a linear power flow approximation and constant voltages.
Thus, we assume small angle differences (i.e. the sine function can be approximated by a linear
difference) and constant voltage, which without loss of generality means we can set F; = 1

(p.u.). The expression for net active power flowing out of the 7*" machine then becomes

1 1
P,=P_1;— P it1=—(6i—1 —6;) — — (0 — 0it1)- (2.3)

Ti—1 T

Substituting (2.3) in (2.1), dividing by AL and taking the limit as AL — 0 results in the

10



0; Rotor angle of the i" generator in figure 2.1

H; Inertia of the 7" generator in figure 2.1

& Damping of the " generator in figure 2.1

E; Internal voltage of the i?® generator in in figure 2.1

P Power output of the i?" generator in figure 2.1

P; ;11 | Power flow from the i to the (i + 1) generator in figure 2.1

0(u,t) | Aggregate rotor angle at location u and time ¢ in (2.4)

v Propagation velocity of the wave equation (2.4)

VI Impedance density of the wave equation (2.4)

P,(t) | Wind farm power output

Table 2.1: List of principle symbols in Continuum model of the Power System

following damped hyperbolic wave equation in terms of the aggregate generator angle d(u, t)

925(u, t)
12

09 (u,t) 5026 (u,t)

+¢ 5 =V a2 (2.4)

377
v = . 2.5
V 2Hpvyr (2:5)

In (2.4) and (2.5), &, Hp, and 75 respectively denote the damping, inertia, and reactance densities

The wave speed is defined as

over the string of generators, which are derived in [20,27]. In the continuum these densities take

the form

I H(L) z(L) (L)
=g [ = S = T g =S (26)
For n discrete generators one can approximate H(L) =Y " | H;, (L) = Y1 z;, and ((L) =
> 1 G- The corresponding continuum expression for the power flow associated with (2.4) is

1 96(u,t)

P(uvt) = 1 ou

(2.7)

A wind farm can be added to this power system by considering it as point source forcing
along the transfer path, as shown in Figure 2.1. We model wind farm as a point source located at

a spatial location of « from one end of the path, injecting power P,(t) into the system. Therefore

11
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B0 < Converter
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Aerodynamics | _ > Drive Train
0,0)

Figure 2.1: A radial power system of generators subject to wind injection at a distance « along the transfer path.

(2.4) can be written as
026 00 5 0%5 -
— — —v'—==F,(t)f(v—« 2.8
ot2 + ot ou2 9( ) ( ) ( )
where 6 (u — @) is the dirac-delta function, used to represent a spatial point source at u = a.
We assume that the power flow at the boundaries are constant over time implying that

d(u,t) is a standing wave with zero slope at the boundaries [20]. The change in the power at

the two ends of this tie-line can be used to define the following boundary conditions for (2.8),

[gvﬂ — [gi]u_l =0 (2.9)

The input to (2.8) is the output P,(t) of a dynamic model of a wind farm, which is described in
the next section. We show the derivation of an analytical expression for the spectral response of

the power system described by (2.8)-(2.9) in subsequent sections.

12



2.2 Wind Farm Model

In this section we derive an aggregate model for a wind farm based on a single equivalent
wind turbine. Later we will generalize this assumption to include multiple wind turbines whose
individual power outputs are added at a point of common coupling, and injected to the grid.
We consider the nonlinear wind turbine model consisting of a two-mass drive train, induction
generator and aerodynamic torque as presented in [92]. The drive train is modeled as two
connected shafts operating at high and low speeds with respective inertias .J, and J,, and friction
coefficients B, and By. The transmission gear connecting the shafts has a gear ratio of Ny, and
a torsion stiffness and damping of Ky and By, respectively. The model is represented in state
space in terms of its 4 states namely turbine rotor speed w;(t), the generator torsion angle 6(t),

generator speed wy(t) and torque Ty(t) as,

Jrion () = 7wy (1) = Kar(t) = (Bar + Br)or () + Ta(t) (2.10a)
g
Jgwg(t) = i‘jwr(t) + I]if‘;te(t) — (%‘; + Bg> wy(t) — Ty(t) (2.10b)
g
0(t) = wn(t) — ]\lrgwg(t) (2.10¢)
T (t) = —:ng(t) + ;Tg,mf(t). (2.10d)

where, T;(t) is the aerodynamic torque, and Ty ,.s is a reference generator torque. The aerody-

namic torque Tg(t) is
— pAsvR (t)Cy(t)

Ta() 200 (D)

(2.11)

where p is air density, A, is the total swept area of the turbine blade, Cy(t) is the power
coefficient, and v(t) is the wind speed. The dynamics of (2.10d) are orders of magnitude faster
than (2.10a)-(2.10c). We, therefore, assume T,(t) to be a constant that we denote Ty ¢. The

output power generation of the open-loop turbine model is given by

Py(t) = mgw,(t) Ty(t), (2.12)

13



where 7, is the generator efficiency. P,(t) defines the forcing term in (2.8). We linearize the
model (2.10)-(2.11) about an operating point (wg,0, wro ,00, Tg) and obtain a frequency response
for the linearized power flow. The frequency response of the linearized power output of the wind

farm is used to compute the frequency response of the power system described in (2.8)-(2.9).

2.3 Computation of the Spectral Response of the Wind-injected

Power System

We next derive an expression for the spectral response of (2.8) in terms of the the wind farm
transfer function associated with Py(t). We begin by expressing 6(u,t) and W (u,t) in terms of

Fourier series expansion as shown below [27],

d(u,t) :%Ao + Z [An(t) cos(knpu) + By (t) sin(kpu)] (2.13a)
n=1

W (u, t) :%Fo £ [Fult) cos(bnt) + G (t) sin(l)] (2.13D)
n=1

where k,, is the wave number of each mode A,,. We assume that the power flow at the boundaries
are constant over time implying that J(u,t) is a standing wave with zero slope at the boundaries

and power flow given as

p(0,t) =p(1,t) =0. (2.14)

Using (2.14) it is easy to show that B, (t) = G,(t) = 0. Then substituting (2.13a) and (2.13b)

into (2.8) yields
d?A, (1) dAL(t)

272
— An(t) = Fy, 2.1
Anll) 4 PO 22 a0 = ) (215)
where the Fourier coefficient F,(t) follows from
1
F.(t) = 2/cos(knu)W(u,t)du. (2.16)
0

14



where

W (u,t) = P,(t)d(u — ). (2.17)

Substituting (2.17) in (2.16) and solving we get
Fo(t) = 2P,(t) cos(kncv). (2.18)

Then the frequency response of A, (t) from (2.15) depends on the location « and is given by

2M,, (w) [cos(0y,) + 7 sin(6,,)]

Ao juw) = (2.19)
V0202 —02)? 4 (cw)?
where
Mn(CU) = ‘Fn(]w705)’ ’ (220)
and 6,, is the phase of A,,, which is
. _ Ew

The net spectral response of the power flow, given by (2.8) at a certain location w is given by,

1 o0
Sp(w, o) = ?Z |Ap (e, jw)|*sin®(knu) (2.22)
Ip=1

2.4 Simulation Results

In this section we study the spectral response of the power flow in the wind integrated power
system derived in (2.22) which has two discrete parts, the frequency response of the wind farm
power output P,(t) shown in Section 2.2 and the frequency response of the grid power flow

shown in Section 2.3. These are described as follows
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2.4.1 Spectral Response of the Wind Farm

We first obtain a linearized model of the wind farm described by (2.10)-(2.11) and (2.12) about
an operating point (wg.0, wro ,00, Tg) and represent the system in terms of a transfer function.
The transfer function of the wind farm is calculated based on the parameters of the wind farm,
given in [92], shown as: J, = 55 x 10% kgm?, J, = 390 kgm?, B, = 27.8 x 10*> Nm/(rads/s),
B, = 3.034 Nm/(rads/s), By = 945 kNm/(rads/s), K4 = 2.7 x 10° Nm/rad, N, = 95, 7, = 10
ms, As = 10387 m?, p = 1.225 kg/m?, T, .y = 2500 Nm, 1, = 0.92 and an input T,(t) = 1.6.
With these parameters and assumption of Ty(t) = Tgmef = 2500 Nm for all time ¢, the transfer

function of the wind farm power output is given as,

6.7865s + 1.939e004

Gols) = .
w(%) = 37020452 1 816.25 1 0.7696

(2.23)

The Bode Magnitude response for the transfer function is shown as Figure 2.2a while Figure
2.2b shows the step response of the transfer function G (s) of the wind power output. The
spectral response of the wind power output is used to compute the power flow spectrum of the

entire power system as shown next.

2.4.2 Spectral response of the Power Flow in the Grid

We compute the spectral response of the power flow in the wind integrated power system derived
in (2.22) using the following parameters v/ = 3.13 x 1073 rad/MW, ¢ = 0.4 /sec, v = 0.4 rad/sec
and v = 0.25 as in [20]. Figure 2.3 shows the spectrum of power flow of a wind-integrated power
system with power injection from a single wind farm at location a as shown in in Figure 2.1.
The figure illustrates that as wind farm site is varied from « = 0 to 0.5 the spectrum shows
notable changes in both its period and the frequencies corresponding to the associated peaks
and troughs. Note, that system is symmetric so only results for a € [0,0.5] are reported. The
variation in frequency response with wind injection location clearly reveals that for certain

locations of the wind power, the spectral response of the grid may show poorly damped modes
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Figure 2.2: Frequency and time domain response of the power output from the linearized wind farm model in
(2.23)

or sharp peaks in the spectral response . In the next section we look to desgin the frequency
spectrum of the power flow of the grid like a desired response with a wind farm at any arbitrary

location using a wind power controller [28].

2.5 Conclusions

This chapter presents a method to compute the spectral response of power flow in a wind
integrated power system. The study further demonstrates in theory and in simulation that
the spatial location of a wind farm installed in a large distributed-parameter power system
significantly affects its inter-area oscillations. The results indicate that siting a wind power plant
in a good location can provide effective damping to a given set of modes. So if due to some
limitations a wind farm is sited in an unfavorable location, additional damping may be required
for modes with low damping. Next we will like to design closed-loop wind farm controllers which

might be able to shape the inter-area spectrum of power flow for arbitrary wind farm locations.
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Figure 2.3: Spectral response of power flow of a wind-integrated power system for different wind farm power
injection locations a.
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Chapter 3

Damping of Inter-area Oscillations
in Power Systems: A Frequency

Domain Approach

In Chapter 2 we have shown results based on a continuum model of a radial power system,
which demonstrate that the inter-area oscillation spectrum of the wind-integrated power system
is strongly influenced by the wind farm injection location « [27]. But the location of a wind
installation in a geographically diverse power system may be limited by several issues like
geographical, economic, political etc. In a situation where the wind farm location is not ideal, it
may give rise to poorly damped inter-area oscillatory modes in the power system, detrimental
for its normal operation. In this scenario, we aim to design closed loop controllers for the wind
farm which can allow us to shape the inter-area oscillation spectrum of the power flow in a
desired pattern. We assume that given a frequency range of interest, a particular wind power
injection point a* produces the so-called optimal (most desirable) frequency response without
any controller. However if the situation is such that a wind farm could not be installed at this
a*, a closed loop controller of the wind farm power output at location « shapes the oscillation

spectrum to match the desired response (i.e., the response associated with o*) [28]. The primary
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drawback of this approach is that this matching can only be guaranteed over narrow frequency
bands necessitating frequent switching of controllers from one band to another.

We provide a means to circumvent this problem by designing co-dependent controllers
for the wind farm power output and a controlled Battery Energy System (BES) by which
we achieve a better match of the spectral response of the system to the so-called optimal
response [11,14]. Usually many wind installations have a storage associated with it on the same
bus to improve their reliability. We look to exploit the available power electronic controllers
of the BES for our control design. The design is posed as a parametric optimization problem
that minimizes the error between the two spectral functions over a finite range of frequencies.
We introduce a realistic two-loop control strategy for the wind speed and power control. This
two-loop control system is based on a maximum power-point tracking wind turbine controller,
and is, therefore, a more realistic design for real-time implementation [11]. Secondly we develop
dis-aggregation methods for implementing controllers at each individual wind turbine instead of
using a hypothetical equivalent turbine to represent the wind farm. We illustrate the typical
closed-loop dynamic performance trade-offs when aggregate control systems get distributed
among individual turbines [11]. Our results take into account the typical power output patterns
of the different rows of a wind farm, and, thereby, capture the variations in wind speed due to

wake effects.

3.1 Centralized Control Design for Spectral Matching

3.1.1 Wind Farm Model and Controller Design

In this section we use the aggregate model for the wind farm based on a single equivalent wind
turbine shown in section 2.2. We next linearize the model (2.10)-(2.11) about an operating point
(wg,0, wr0, B0, Tyrer). The operating point is obtained from the power-speed characteristics
of the wind turbine illustrated in Figure 3.1, where the maximum power curve indicates the

amount of turbine power that can be harnessed for different wind speeds. The states of the
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Figure 3.1: Steady-state speed versus power characteristics of a 1 MW wind turbine. The maximum power curve,
shown in red, depicts the operating points for each wind speed.

linearized system are then the small-signal changes from the equilibrium that we denote as

¢ = [Awy, Aw,, Af)T. We next define the corresponding inputs as ¢ = [Av,, AT,]T to obtain

£ = At + B¢ (3.1)
where,
(Bat+Br) pASv?,OCP Bt Ky
J’r 20.)3 0‘]9 Ng J’r J’r
— B 1 (B K
A= N, _T(ﬁ? +By) w%
1
1 — % 0
3pASv$’ Cp
2w7~)0;g 0
_ -1
B = 0 7
0 0
The linearized output equation (2.12) is
AP (t) = ngwgo ATy 4+ ngAwg Ty ref- (3.2)
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Figure 3.2: Two-loop control scheme for wind turbine in which the inner loop controls generator speed set points
shown in Figure 3.1 while the outer loop is the proposed power controller for shaping the inter-area oscillation
spectrum of the grid.

Defining the two outputs y = [AP,, Awg]T, the output equation is given by

y = Cé+ D¢ (3.3)

0 k5 O 0 k4
where C = , D= )

0 1 0 0 0

ky == ngwgo and ks 1= 1Ty ey

Following standard practice, we assume that the steady-state power output of the turbine
is controlled to achieve its maximum power for a given wind speed v, (as shown in Figure
3.1) using a maximum power-point tracking (MPPT) algorithm, e.g. as in [21]. The power
output controller that we are going to design in this work will be implemented on top of this
MPPT. The control scheme is shown in Figure 3.2, where the constants ki, ko and k3 are
defined as follows. When the wind speed changes by a small amount Awv, from the equilibrium
speed, the slope k3 of the power versus wind speed characteristics at the point of linearization

generates a new reference AP, ,.r for the power output of the turbine. The slope k3 of the
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Figure 3.3: Battery Energy System (BES).

power versus generator speed characteristics, in turn, generates a new reference Awg .y for the
generator speed. The product of this speed reference and the slope k1 of the speed versus torque
characteristics is then imparted as the new generator torque, as indicated in Figure 3.1. We
first design a unity-gain feedback to regulate Aw, to its reference. This loop is referred to as
the inner loop, which typically has a bandwidth higher than 10 Hz. The outer loop consists
of feeding back both the generator torque and the generator speed, after proper scaling, to
control the transient response of the generator output power AP,(t) using a linear feedback
controller. In general, there is no restriction on the choice of the outer-loop controller as long
as it guarantees closed-loop stability and transient performance. For simplicity, we select a

second-order lead-type controller of the form

S
Gils) = q108 + q11

= 3.4
P108% + p11s + p12 (3:4)

and define the set of controller parameters S; := {qi0, ¢11, P10, P11, P12} In the following subsec-
tions we show the BES model and the formulation of the control design problem in terms of
optimizing S; to obtain a desired Py(t) in (2.17) corresponding to a desired frequency response

for the power flow (2.7).
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3.1.2 BES Model and Controller Design

Here we present the dynamic model of the BES, and derive an expression for its output power
Ppgs(t), which is going to supplement P, (). As shown in Figure 3.3a, the BES model has 4
parts: a three-phase transformer, a pulse-width modulation (PWM) based AC-DC converter, a
battery model, and a controller [50]. The transformer is used to step down the grid voltage to
the battery level. The battery model usually consists of a set of batteries connected in series or
parallel. For our study, however, we will consider an ideal transformer with a single equivalent
battery model. The circuit diagram of the BES is given in Figure 3.3b. The necessary circuit
analysis and subsequent linearization of the system considered here are described as follows.
Table 3.1 provides a list symbols used in the following discussion.

The average model of the three-phase PWM converter shown in Figure 3.3b, assuming a

dqO reference frame [16], can be expressed as

id dg 0 w O id ed
d
Lolig | = dg |[Uaet | —w 0 0 iq | — eq (3.5a)
i0 do 0 0 0 io eo — V3un
id
duge. .
C df :ch_|:dd d, do] iq (3.5b)
iQ

In this nonlinear converter model the control inputs are the three duty cycles dq, d; and dp.
However, for simplicity, here we limit our control design to only a single-input converter model.
For this we consider the small-signal changes of the three duty cycles to be the same, i.e.
Adg = Ady = Adp := Ad, and use Ad as the effective control input. Note that the equilibrium

values of dg, d,; and dp may be different. The linearized converter model with Ad as the control
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input can be written as

Aig Aig 0
d Aig Ai, 0
M, — = M, 4+ M3Ad + Aige (3.6)
dt | Agg Aig 0
Audc Audc 1
where,
M := diag(L, L, L, C)
0 w 0 dys Udcx
—w 0 0 dg« Ug
My = T My = “
0 0 0 d()* Udcx
i dd* dq* do* 0 ] i —(id* + iq* + iO*) ]

The subscript ‘*’ denotes the point of linearization. Furthermore, assuming that the converter
circuit dynamics is significantly faster than the battery dynamics, or in other words L and C' in
(3.5a)-(3.5b) are negligibly small, we obtain the following algebraic relationship between the

states [Aig, Aig, Aiy, Auge] and the control input Ad:

Aig 0
Aig ) 10
= —M, MsAd — My Aige (3.7)
Aig 0
Auge 1
Simplifying (3.7), we obtain
Auge(t) = 29 Ad(1). (3.8)
dO*
Analyzing the battery circuit, on the other hand, we get
Auge(s) = Aige(s) (Rps + Rpr + 711 +72) (3.9)
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L and C Filter inductance and dc-link capacitance

ed, eq and eq dq0 components of the transformer secondary voltage

id,%q and g dq0 components of the current at the transformer secondary
dq,dq and dy dq0 components of the duty cycle

Uge and i Terminal voltage and current of the equivalent battery

w Synchronous frequency of the grid

U, Neutral point voltage

Rpr Equivalent resistance of parallel /series connection of batteries
Rpg Series resistance of the battery

Pggs Active power of the BES

Vb1 Battery overvoltage

Rp1 and Cp; Charging circuit resistance and capacitance (Figure 3.3b)
Rpp and Cpp | Battery self-discharge resistance and capacity (Figure 3.3b)

Table 3.1: List of principle symbols in BES model

where 71 := Hsﬁ% and ro 1= M&%, Rpr is the equivalent resistance of a parallel/series
connection of batteries, and Rpg is the internal resistance of the battery. The parallel circuit
of Rpp and Cpp is used to represent the self discharge of the battery while the charging or
discharging circuit corresponds to a parallel combination of Rp; and Cp;. The small-signal

expression of the active power fed to the system is then given by
APpgs = UdcoAide + tdco Alde- (3.10)

Substituting (3.8) and (3.9) in (3.10), we obtain a transfer function of the system as

APpps(s) = (;‘ESO) +z‘dco) Z‘ZCOO Ad(s) (3.11)

where,

_ Rpp+ Rp1 + sRppRpi(Cpp + Cpi)
(1+ sRppCpp)(1 + sRp1CpB1)

F(s):
+Rps + Rpr.

This power APpgs(s) defined in (3.10) is controlled using a second-order lead controller of the
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form

q20S + @21
G s) = 3.12
CBES( ) P2052 + P21 + pa2 ( )

with parameters So = {q20, q21, P20, P21, P22 }. A unit step response of the closed-loop BES model

is denoted as Ppgg(t) which is injected in the power system.

3.1.3 Spectral Analysis

A wind farm and a battery energy system (BES) described in subsections 3.1.2 and 3.1.2
repectively, are incorporated in the power system into (2.4). We consider the wind farm power
injection P,(t) and the BES as drawing power Pggg(t) as a point source forcing at location «

from one end of the transfer path. This leads to the forced wave equation

95 85 ,0%
a2 o g = W) (319
where
W (u,t) = (P,(t) — Ppps(t))d(u — a) (3.14)

is the net power injected into the system. We use the dirac-delta function & (u — «) to represent
the spatial point source at © = «. In equation (3.14) we use the convention that Pgrg > 0
represents charging (i.e. the BES is a power sink) and Pgpg < 0 is discharging (i.e. the PES is a
power source). We next derive the expressions for the spectral response of (3.13) in terms of the
the closed-loop transfer functions associated with AP,(t) and APggs(t) by applying Fourier
series as shown in section 2.3. We begin by expressing d(u,t) and W (u,t) in terms of Fourier

series

5(u, 1) :%Ao £ [An(t) cos(lnu) + Bu(t) sin(lnu)] (3.150)
n=1

W (u, t) :%Fg + 3 [Fu(t) cos(ht) + Go(#) sin(hnu)] (3.15b)
n=1

27



where k,, is the wave number of each mode \,. We assume that the power flow at the two

boundaries are zero, i.e.,

p(0,t) =p(1,¢) =0 (3.16)

implying that d(u,t) is a standing wave with zero slope at the boundaries. Using (2.14) it is
easy to show that B (t) = Gy (t) = 0. Then substituting (3.15a) and (3.15b) into (3.13) yields

d?An(t) | dAn(t)

a2 Ty + V2k2 A, (t) = Fu(t) (3.17)

where the Fourier coefficient F),(t) follows from (3.14) as
F,(t) = 2(P,(t) — Pprs(t)) cos(kna). (3.18)

The frequency response of (3.18) can be written as

Fo(jw,S1, 82, ) =2 [Py(jw,S1) — Prs(jw, S2)] cos(kpa). (3.19)
The corresponding power flow equation is given by

p(u, at) = 711 S b An (0, ) sin(Fnu). (3.20)

n=1

Taking the Fourier transform of (3.20), we get

LS kA (o, w) sin(gu), (3.21)
v

n=1

Pu,a,w) =

where
|F(jw, S1, Sa, )|

Ap(o,w) = (1202 — w?)2 + 2|12

(cos b, + jsinby,)
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with 0, = ZF,(jw, Sy, Sz, ) — tan™! (57”> The net spectral response of the system (2.8)

k212 —w?

at a certain location u with the wind farm and BES at « can finally be written as,
Sp., (u,w,S1,S2, @) = |P(u, a,w, S1, S2) % (3.22)

From now onwards, we will drop u from the arguments of Sp,, (-) for brevity, knowing that the
frequency response is always computed at a fixed spatial location.

The control problem formulated is to design the parameter sets S; and Sy such that
Sp,(w,S1,S2, ) at any fixed v matches a desired spectral response over a given frequency range.
In general, this desired spectral response can be chosen arbitrarily depending on the control
objective. The formulation of the design pursued in this chapter is as follows. We first consider
the open-loop frequency response Sp(w, «) of the wind-integrated power system without the
controllers S; and S, i.e. (§1 =0, Sy = 0 in (2.22)). Next, we identify the location g for which
the frequency response over w € [wy, wo] has the most favorable damping. Ideally, in that case,
one would place a wind farm and BES at aq, but that may not be always possible due to various
geographic, economic and political constraints. Then, one way to solve the problem would be to
treat the spectrum at u = a as a reference, install the wind farm at a viable location u = aq,
and design the controllers S and S such that the spectrum Sp, (w, S1,S2, ) closely matches
the reference spectrum over w € [wi, wa]. The controller design can then be written as the

following optimization problem:

w2

min [ [0(Sp, (@ 01,1,52)) — log (Sp(w,0) P (3.23)
1,02
w1

The controllers must also guarantee closed-loop stability of the wind turbine and the BES. Next
we show simulation results which demonstrate the spectral matching of the of the power system

oscillations with the controller.
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Frequency range S1 So
0.1 to 0.3 Hz [1.604 1.210 0.909 1.392 0.835] | [2.354 0.893 1.521 0.059 0.612]
0.3 to 0.5 Hz [1.438 0.785 0.718 1.055 0.313 | | [1.495 1.786 1.844 0.038 1.571]
0.5 to 0.7 Hz [0.836 1.020 0.698 0.917 2.398] | [2.455 2.355 0.575 0.976 0.340]
0.7 to 0.9 Hz [1.185 0.951 0.383 0.584 1.317] | [0.967 0.192 1.766 1.235 0.808]

Table 3.2: Optimal controller parameters sets

3.1.4 Simulation Results

We consider a case where both the wind farm and the BES are located at a = 0.5, while the
system planner desires the controlled spectral response of the grid to match the response of
the system corresponding to a* = 0.25. Following [50] we assume S = 85°, the transformer
secondary voltage as 5 KV, Rpr = 0.0167 2, Rps = 0.013 2, X¢o = 0.0274 2, Rp; = 0.001 €,
Cpi1=1F, Rgp = 10 kQ, and Cpp = 52600 F. We then design controllers of the form (3.4) and
(3.12) for the wind farm and BES systems using the procedure described in the subsection 3.1.3.
Figure 3.4 compares the net spectral response this controlled system to the desired response
over four different frequency ranges. Figure 3.4a illustrates the results when the optimization
algorithm (3.23) is run with w; = 0.27 rad/s, we = 0.47 rad/s. The corresponding controller
parameters are S; = [0 0.067 1.894 1.732 3.276] and Sz = [0 0.143 1.366 1.176 4.038]. This
particular controller does not work well beyond ws = 0.47 rad/s. Therefore, we design a new
controller for that parameter range. Figures 3.4b-3.4d shows the results of three controller
parameter optimizations for the respective frequency ranges f € [0.3,0.5] Hz, f € [0.5,0.7]
Hz and f € [0.7,0.9] Hz. The controller parameters obtained for all of the frequency ranges
shown in Figures 3.4 are given in Table 3.2. Although none of these controllers can match
the desired response over the entire inter-area oscillation spectrum, the results show that the
addition of the BES greatly improves the matching of the frequency response over the case
with only a wind power controller. The fact that different controllers are required to affect the
response over different frequency ranges suggests that a gain scheduling approach may yield

better matching over larger frequency band. In the next section we describe the strategy for
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Figure 3.4: Spectral response comparison

solving this optimization problem, and generalize the equivalent turbine model to account for a

decentralized system with controllers at each individual turbine.

3.2 Disaggregation of Control from Equivalent Turbine to Mul-

tiple Turbines

In section 3.1 we assumed that the wind farm consists of a single aggregate turbine with an
induction generator. In reality, however, there are multiple wind turbines in a wind farm, and

therefore, the control design needs to be implemented at each individual turbine, as shown in
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Figure 3.5: Schematic for the disaggregated wind farm control, where each turbine is controlled individually,
and the total power output of the farm is aggregated and injected to the grid at the point of common coupling.

Figure 3.5. This can be done in either of the following two ways.

3.2.1 Centralized Design

Let the total number of turbines in the farm be N. Let the controller for the it" turbine be

Gi(s) = qi0s + qui

— 3.24
Pios® + pi1s + pi2 ( )

with its parameters denoted by the set S1; = {gi0, ¢i1, Pio, Pi1, Pi2}, where i = 1,..., N. The
parameters of all N turbines can then be designed in a batch fashion to solve a modified

optimization problem

w2

Smigl /[log(SPcl (w, o, S11, ..., SN, S2)) — log (Sp(w, &*))?dw, i=1,...,N. (3.25)
14,02
w1

However, there are two shortcomings of this approach. First, the computation time to solve
the optimization problem scales with N, and, therefore, the solution may take a very long time
to converge. Another disadvantage of this approach is that it does not account for the fact

that the power output from the first row of turbines is generally much higher than that of
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the subsequent rows. For example, the second and subsequent rows typically produce about
60% of the power generated by the first row [87]. The centralized optimization (3.25) searches
for the optimal controller parameters to minimize the integral error between the frequency
spectra of the wind-integrated power system, and, therefore, will not necessarily guarantee this
distribution of row-wise power outputs. Additional constraints may be placed on the search of
S1; and Ss to satisfy this criteria, but that will increase the computational time. To overcome

these shortcomings we next describe an alternative approach.

3.2.2 Decentralized Design

This design consists of two steps. First, solve the optimization problem (3.23) assuming a
single aggregate wind turbine with an aggregate controller §;. Then, compute the closed-loop
frequency response P;(w) of the total power injected by the wind farm to the grid over the
desired frequency range w € [wy,ws]. Next, consider that the ith row of the wind farm has N;
turbines, each of them being driven by the same wind speed v, ;. The speed from one row to
another will, however, vary because of wake effects. Let p; be the fraction of power expected
to be generated by the i row. The controller design problem can then be stated for each

individual turbine as

r%1n72 [log(PgJ(w, S;)) — log (]pvipg(w)ﬂ o, (3.26)

where, j refers to a turbine index in the i row (i = 1,.., N), and P, ;(w;,S;) is the closed-loop
frequency response of the magnitude of the output power produced by the j* turbine. Since
every turbine in the " row tracks the same reference %Pg(w), (3.26) can be solved for one
turbine in each row. This decentralized approach not only saves computation time (since we
now solve NN parallel optimization problems with 5 decision variables rather than 1 optimization
with 5N variables), but is also consistent with the power output pattern seen across the rows in

a typical wind farm.

33



o5l Reference trajectory (a* = 0.25)
5 —e— Uncontrolled system at a = 0.5
- = =Controlled distributed system at a = 0.5

%ol # Controlled aggregate system at a = 0.5
% 85 B
T
o
2 b
E 807\\ 3
N e
s \ P e Y

\ P 4
75 N yad
\ ¢
\ ’
\ 4
701 + ’ B
\\ ','
65 I I
0.4 0.45 0.5 0.55

Frequency (Hz)

Figure 3.6: Comparison of spectral matching between the aggregate versus disaggregated wind farm model

3.2.3 Simulation Results

Here we illustrate the control designs proposed in subsections 3.2.1 and 3.2.2 for a wind and BES
integrated power system using parameters mentioned previously. The power and the energy
ratings of the battery are 1 MW and 40 MWh.

Figure 2.3 shows the spectra the wind-integrated power systems with no BES for four
different values of a. This figure illustrates that as the wind power injection site is varied
from o = 0 to 1 the spectrum shows notable changes in both its period and the frequencies
corresponding to the associated peaks and troughs. The variation in frequency response with
wind injection location may make the damping at a particular wind injection site more desirable
than others. For example, the spectrum for o = 0.5 shows a peak at 0.4 Hz, while that for
a = 0.25 shows a trough that extends over 0.35 to 0.45 Hz. Since our goal is to damp the
interarea modes, we select the spectrum associated with a = 0.25 as the reference trajectory
(which we denote as a*), and design a controller for a wind farm located at o = 0.5.

Controllers &1 and Ss for the wind farm and BES system are designed using the procedure

described in section 3.2.1 for the frequency range [0.4, 0.55] Hz. The controller parameters are
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obtained as,

81 = {0.6075, 0.8794, 1.2754, 1.6246, 1.3712} (3.27)

Sy = {0.1207, 1.9472, 1.6284, 1.3772, 0.0062} (3.28)

Figure 3.6 shows that the closed-loop frequency response tracks the reference closely in the
frequency range of interest. To test the efficiency of our control scheme for other frequency
ranges, we also designed the controllers for those ranges assuming an aggregate wind turbine
model. The spectral matching for each of these frequency ranges are found to be similar to that
shown in Figure 3.6.

Next, we pursue the decentralized control approach described in section 3.2.2, and design
individual wind farm controllers using (3.26). We consider a wind farm with 4 rows, each
containing 5 turbines, as shown in Figure 3.7. The power production percentages for each
row are assumed to be p; = 36%, po = 22%, and p3 = ps = 21%. Turbines 3, 8, 13, and 18
are chosen as the representatives for their respective rows as they are centrally located, and,
therefore, would have the least edge effects. The optimization problem (3.26) is solved for
each of these four turbines, and the corresponding parameters for the controllers S11, S1o, S13,
and Sy4 are listed in Table 3.3. Every other turbine in the i row is then controlled using
S1i, 1 =1, 2, 3, 4. Figure 3.6 shows that the closed-loop frequency response of the grid power
flow resulting from controlling the 20-turbine wind farm and the BES at oo = 0.5 matches the
reference fairly well over [0.45, 0.5] Hz, but has a greater mismatch over [0.4,0.45] Hz. This can
be explained by noting that the parameter optimization problem (3.26)) minimizes the integral
of the error function over the frequency range [0.4,0.55] rather than a point-to-point matching.
For example, as can be seen in Figure 3.6, the undershoot in the range f € (0.42,0.45] Hz is
partially compensated by the overshoot when f € [0.45,0.52] Hz and f < 0.42 Hz. A higher
order controller or gain-scheduling may further improve the matching.

To validate our results in the time-domain, we construct §(u,t) = 27116:1 Ap(t) cos(knu) at

35



<
o
mﬁd
~
(o]
©
N
o

Figure 3.7: Arrangement of turbines in the wind farm.

Row no. Controller Parameters
1 S11 = [0.042 0.3016 2.93e4 6566 4.77¢6]
2 S16 = [8e-5 0 87.90 53.14 1128.0366]
3,4 S1.11 = [0.0234 8.6e-3 236.23 3005.76 1.05€5]

Table 3.3: Optimal controller parameters sets

u = 0.25 using the solution of (2.15) in both open-loop (with no wind farm or BES controller)
and in closed-loop (when both wind farm and BES controller are implemented). The respective
plots are shown in blue in the top and bottom panels of Figure 3.8. The open-loop response,
when passed through a spectral analyzer, shows a dominant slow frequency of 0.9 Hz with a
poor damping factor of 0.009. The closed-loop response, on the other hand, shows a dominant
slow frequency of 0.86 Hz with a significantly higher damping factor of 0.04, indicating the
effectiveness of the control. The impulse responses of the slow mode are shown in red in the

respective panels in Figure 3.8.

36



2f —— Uncontrolled phase angle at u=0.25 | |

L —— Slow mode component 4
_l |- -

0 5 10 15 20 25
Time (Sec)

=

3 (rad)
o

—— Controlled phase angle at u=0.25 | |

1+ Slow mode component 4
0 h U
_1 = |

0 5 10 15 20 25
Time (sec)

3 (rad)

Figure 3.8: Open-loop versus closed-loop §(t) at u = 0.25 with slow mode components

3.3 Conclusions

This Chapter demonstrates how closed-loop control of wind power generation and BES power
consumption can be used for damping selected oscillation modes of a power system. We designed
coordinated controllers for the wind farm and the BES, and showed how the controller parameters
can be optimized to guarantee nearly perfect matching of the grid spectral response to a desired
response. We also presented methods by which an aggregate control design can be distributed
to individual turbines in a manner that captures important physical characteristics of the farm.
In the next chapter we evaluate the impact of wind penetration on more detailed models of the

power system described by ordinary differential equations (ODE) and their time scale separation.
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Chapter 4

Time Scale Modeling of Power

Systems with Wind Injections

Over the past few decades the operating characteristics of the North American power grid have
changed substantially due to increasing penetration of renewable energy resources such as wind.
These changes have led to a significant amount of research investigating the challenges associated
with large-scale integration of wind energy [8,9,51]. The impact of increased levels of wind
penetration on grid stability and dynamics [77], and in particular on inter-area oscillations, have
also been the subject of a number of recent studies [25,83,91,95]. Methods have been proposed
to control these effects by regulating the wind farm power output [11,79], and by controlling
doubly fed induction generators (DFIGs) to increase oscillation damping [70,95]. However, a
detailed, rigorous analytical framework for evaluating the impact of wind penetration on power
system oscillations has yet to be developed. Specifically, there is very limited understanding of
how wind injection may affect the time-scale separation or coherency properties of conventional
grid models [17].

Coherency arises from the partitioning of a power network into discrete generation areas,
where each area consists of a group of strongly connected generators that synchronize over a fast

time-scale and, thereafter, act as a single entity. The aggregates themselves are weakly connected
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to each other, and synchronize over a slower time-scale. Using singular perturbation (SP) theory,
[17] derived an analytical model describing such fast and slow motions for synchronous generators
which depend on the relative norms of the network admittance matrices containing external and
internal interconnections among generators. The approach in [17,18] was complimented by several
related papers such as [29,84,99] through various model reduction techniques. Aggregation and
coherency are still two of the most fundamental tools that are used to reduce the computational
complexity of solving thousands of nonlinear equations in power system stability programs [82],
and find wide applications to both small-signal and transient stability assessment [94].

In this Chapter we study how the conventional coherency model of a power system changes
due to the addition of wind power. We first derive a mathematical model for the dynamics
of a power network consisting of synchronous generators, loads, transmission lines and wind
generator. The wind generator is modeled as a group of identical wind turbines electrically
connected to the power grid at a point of common coupling via controlled DFIGs. We then
aggregate the system into multiple coherent areas, and apply a linear transformation to represent
the model in terms of slow and fast states. Using this transformed system we analytically show
that the slow oscillatory modes of the power system can be affected by the wind plant depending
on the wind penetration level and other power system parameters. Preliminary results on this
topic have been recently reported in our conference paper [13]. Here we extend those results to
include an explicit model showing the impact of wind penetration on the slow oscillatory modes
of the power system [13]. Additionally in this chapter we develop detailed case studies illustrating
the conditions when increasing wind penetration alter the slow oscillatory modes of the power
system. In particular we explore case studies with different locations of the wind plant in the
two-area, four-machine Kundur power system and the five-area, sixteen-machine interconnected
power system of the New England (NETS) and New York power systems (NYPS).

The remainder of this work is organized as follows. Section 4.1 derives a small-signal model
of the wind-integrated power system. Section 4.2 describes the time-scale separation of the

wind-integrated power system. Section 4.3 presents simulation results. Concluding remarks are
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provided in section 4.4.

4.1 Wind Integration Modeling

We consider a power system with the set of buses N =: {1,..., N} and n generators where
n < N. These generators consist of a set G =: {1,...,n — 1} of synchronous generators and one
wind power plant. Without loss of generality we can reorder the buses so that the i** synchronous
generator is always connected to the it bus and the wind generator is connected to the n'”
bus. To understand the coherency properties for this system, we first derive its small-signal
electro-mechanical dynamic model considering both swing dynamics of the synchronous machines

and the dynamics of the wind power plant.
4.1.1 Synchronous Generator Model
We model the dynamics of each generator ¢ € G based on [43] as,

(;7; = W; (4.1&)

miw; = P — o (Vigesind; — V;
di

cos d;) . (4.1b)

Im

Here 6;, wi, m;, E;, o), and Pp,; are respectively the phase angle, machine speed, inertia, internal
machine voltage, direct-axis salient reactance and the mechanical power input to generator
i€ g,and V; =V;, +jVi,, is the voltage at bus ¢ € §. Linearizing (4.1) about an operating

point (69, wY, Vi%e, V;?m, PO ) for every i € G, the overall small-signal model can be written as

Ad = TAw (4.2a)

MAW = k11A6 + k12AV + AP, (4.2b)

where A indicates a small change of a variable. M is a diagonal matrix of the inertias m;

Vi € G, I is the identity matrix, Ad := [Ady,...,Ad)T, Aw = [Awy,...,Aw,]T, AP, =
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Figure 4.1: Wind turbine interfaced to the grid via a DFIG

[APpi, ..., APyt and AV = [AVi, ... AVyp., AVL,, ... AV, 7. The active and reactive

power outputs of the i* generator are

E.

Pesi =— (Vip, sind; — Vi, cos ;) (4.3a)
Las
E? E;

Qesi =~ — — (Vip, cos6; — Vi, siné;) . (4.3b)
Tai Ty

The corresponding linearized power outputs can be written as

AP,y = — k1 AS — k1 AV, (4.4a)

AQes = — kat AS — kya AV (4.4b)

Here, k11, k12, ko1 and koo are Jacobian matrices that are functions of the generator parameters

and the initial bus voltages.
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4.1.2 Wind Power Plant Model

For convenience of analysis, we consider an aggregate wind turbine model to represent the wind
power plant. This model is obtained by first deriving the dynamic model of an individual wind
generator. As in standard literature we consider each turbine to be identical [?] and therefore
employ an aggregate transfer function based on one representative turbine. The power output of
the wind power plant is then obtained by summing the power output of the individual turbines.

The individual wind generator model has a mechanical and an electrical subsystem as shown
in Figure 4.1. The mechanical subsystem of the turbine consists of a two-shaft drive train
connecting its rotor to a DFIG [92]. The rotor and the generator, which have respective inertias
Jr and Jg, and friction coefficients B, and By, are connected through a transmission gear with
a gear ratio Ny, a torsion stiffness Ky, and damping factor Bg. The turbine model can be
expressed in terms of the rotor speed w,(t), the generator speed wy(t) and the generator torsion

angle O7(t) as [92],

Tylon(t) = Rty (t) — Kabr(t) — (Bae + Br)w,(t) + Tu(?) (4.5a)
Jysog(t) = Bt (1) + 50r(t) — (B8 + By ) wy(t) — Ty (t) (4.5b)
Or(t) = wp(t) — -wy(t), (4.5¢)

where T,(t) = %’?ﬁm is the aerodynamic torque input based on a turbine with swept area
Ag, power coefficient Cp(t), air density p and a wind speed of v,.(t). The power coefficient Cy(t)
and the rotor speed w,(t) are obtained from a maximum power point tracking algorithm based on
wind speed. Ty (t) is the torque generated by the electrical subsystem, whose description follows.

The electrical subsystem is comprised of a DFIG, which is modeled through the dynamics of its

stator and rotor variables, expressed in a rotating d — g reference frame as [96]
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Figure 4.2: Decoupled active and reactive power control of a DFIG integrating a wind generator via the rotor-side
controller

vas(t) = (Ry + DLy igs(t) + we Lias(t) + D Lumigr(t) + we Lumiay (1) (4.6a)
Vas(t) = _WeLsiqs(t) + (Rs + P Ls)ias(t) — WeLmiqr(t) + D Limia(t) (4.6b)
UqT(t) = -@Lmiqs (t) + (we - Wge)Lmids (t) + (RT + -@Lr) Z.qr(t) + (We - wge)Lridr(t) (4'6C)

Var(t) = —(We — We) Lniqs () + D Lmias(t)—(we — wge) Lyiqr(t) + (Re + DLy ) ige(t),  (4.6d)

.— P
where wge 1= §

wy is the electrical speed, p is the number of electrical poles of the DFIG, and
2 is the differential operator. The subscripts d and q refer to the direct and quadrature axes
of the reference frame rotating at constant speed w.. Subscripts s and r respectively indicate
quantities associated with the stator and rotor circuits. The symbols v, ¢, and R respectively
denote voltage, current, and resistance. L;s, L., Ly, are respectively the stator and rotor leakage
inductances and the magnetizing inductance. The stator and rotor inductance are respectively
shown as Ly = Ljs + Ly, and L, = L;,. + L,,,. The electromagnetic torque provided to the shaft
by the DFIG, which serves as the input in (4.5b) is given by

Ty(t) = 5 Lun figs (0)iar (£) = ias(Dign (1)) (4.7)

Both vg,(t) and vg,(t) are controllable quantities and can be designed via state feedback for
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ensuring stable operation of the DFIG. We next describe this design briefly.

The active power output of the wind generator P2 , is obtained from the maximum power

ews
point tracking and the reactive power in equilibrium denoted as QY,, comes from the power flow
solution. The active and reactive power output of a DFIG is a sum of the active and reacive
powers of both the stator and the rotor. The ratio of the rotor power to the stator power is
equal to the slip of the machine which is usually very small. So in this modeling we neglect the

rotor power of the DFIG and consider the active and reactive power output at the wind bus to

be equal to that of the stator as shown below,

Py (t) = Ugs (t)iqs (t) + Vds (t)ids (t) (4'83‘)

Qew(t) = UdS(t)iqs (t) — qu(t)idS(t)- (4.8b)

P.,(t) and Qew(t) in a DFIG are usually controlled in a decoupled form by the rotor side
converter, using vy, (t) and vg,(t) respectively [22] as shown in figure 4.2. Assuming we to be

the synchronous frequency, d and g axis stator voltages can be shown as,
Vgs(t) = [Va(2)]| vgs = 0. (4.9)

We consider the nt" bus to be the wind bus and model it as a PV bus with equilibrium voltage
!V,?‘. This allows us to control the active and reactive power output of the stator by igs and 4
respectively. Assuming the stator flux to develop instantaneously in equilibrium, the ¢ and d
axis stator flux relations can be used to derive the following decoupled relations between stator

and rotor currents,
0
Z'OZ_LSZ'O 'OZ_LSZ'O_i_‘Vn‘
qr Lm qs dr Lm ds weLm

(4.10)

The details of the design is shown in [22]. Using these relations the following two references can

L, [ P L 0 Vo
g = —7~ ( 68’) igp = 7 ( eg”)+ Vel (4.11)
Ly, \ |V Ly, \ VY| We Ly,

n

be computed;
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Finally the design of vy, (t) and vg,(t) follows from (4.11) as,

Ogr(t) = Ky (i5, — igr(t)) + K1 / (i, — igr(t))dt + pa(t) (4.12a)

var(t) = Ky (i — iar () + K7 / (85 — iar(£))dt + 12(0), (4.12b)

where K, and Kj are the respective proportional and integral gains. Equations (4.5)-(4.12)
represent the nonlinear state-variable model of any turbine j where j € {1,2,--- 7}, and 7 is
the number of turbines. Note that with a slight abuse of notation we have dropped the notation
j in (4.5)-(4.12) since we assume every generator to have identical parameters [?]. Since the
current control is executed over a much faster time-scale than the states in (4.6) we ignore the

controller states and derive the linearized model for the j** wind generator about a constant

operating point. (ij, w(g)j, 9%]-, igsj, igsj, igrj, igrj), leading to,
AZ; = AAZ; + By |AV,], (4.13)

where A and B; are the state and input matrices. The corresponding state variables are given
by,
T

AZji=[ Awy Awy Abr, Ny Nige Aigy Aigy | -

A and Bj in (4.13) are independent of j as we assume each turbine to have an identical model.
. v
Defining aggregate state as Z = % > AZ;, the state-space model of the wind power plant can
j=1

be written as,

AZ = AAZ + By |AV,|, (4.14)

with the corresponding linearized power outputs as

AP, C1AZ Dy |AV,|
= + , (4.15)

AQew CoAZ Dy |AV,]

where Dy := i), Dy := =iy, C1 :=~[0 0 0 v), 0; 00|, and Cy :=~[0000 —v); 00].
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Note that the total power output of the plant is the sum of the individual power outputs of the
turbines, as a result of which v appears as a multiplying constant in the output matrices in the
RHS of (4.15). We next connect the swing dynamics in (4.2) with the wind power dynamics in

(4.5) through the common power flow equations in (4.4) and (4.15).

4.1.3 Wind Integrated Power System Model

The active and reactive power flow balance at any bus 7 € N, at any time ¢ can be written

s [18]
N
0=P;—Red > Vi(ViBp)" p = ViG; (4.162)
k=1,k#j
N
0=Qc; —Tm{ > Vi(ViBj)" p — V/B;. (4.16b)
k=1,k#j

Here, P,; and @).; respectively denote active and reactive power generation. For each bus j € G,
these terms correspond to contributions from the synchronous generators, while they correspond
to the wind power generation when j is the wind bus. For every bus j € N, G, and B; are
respectively the load conductance and load succeptance with line charging. We assume the
lines to be lossless, and denote the suceptence of the line connecting buses j and k as Bjj. The
quantity Vj, by definition, is the difference in the voltage phasors between bus j and k, i.e.,

Vik ' = Vir. = Vige) + 3 Vi, — Viy,,) - The linearized power flows corresponding to (4.16) are

N
AP, — Z (clAVJRF + 2 AVy,, + c3AVi,. + C4AVJ-M)

k=1,k#j (1/Bjk)
+2 (Vi AV, + Vi, AV,) G (4.17a)
AQ j = i CSAijRe + C6Avklm + C7AVkRe + CSAV}Im
Y (1/Bjx)
k=1,k#j
+2(Vi5 AV, + V35, AV ) By (4.17b)
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C3 = VO

.— _y/0 .— _10 (
where ¢1 = szm’ co = -V it

JRe’ JIm’

e = V0 s = (20, = V8 ) e i= =V
cr = —Vj(l)%e and cg := (2‘/}?m — V,gm)

At the synchronous generator buses j € G, the small-signal power flows obtained from (4.16)
are AP,; = AP.s; = ko AV and AQcj = AQesj = k4AV, where ko is a n X 2N matrix whose

elements are given by

N
ko(jf) == > Vi B +2V) G,
k=1,k+#j

ko (k) = V}), Bjk, ka2 (j,N +k) ==V By,

N
ka (N +5)= > Vi Bu+Vy G
k=1k#j

The matrix k4 also has dimension n x 2N with elements

N
ko (God)= > 2V, = Vi) Bik+2V), B;

k=1,k+#j
ki(j, k) = ~V2 Bjr, ka(j,N+k) =~V By,
N
kiGN +4)= > (2V) -V )Bix+V} B
k=1,k#j

Combining these expressions with (4.4) yields

0=—Fk11A0 — (kz + km) AV (4.18&)

0= — ko1 AS — (kg + ka2) AV. (4.18b)

The stator of the DFIG is directly connected to the wind generator bus n. The linearized

power flow of the wind bus in (4.15) can, hence, be rewritten as

0=C1AZ + (Dy, + ks) AV (4.192)

0 =CyAZ + (Dgn + k‘G)AV (4.19b)
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where D1, AV = D1 |AV,|, D2, AV = Dy |AV,,|, and k5 and kg respectively share the structure

of ko and k4 described above. The power flow at buses with no generators are
kzAV =0 ksAV =0 (4.20)

where k7 and ks respectively share the structure of ko and k4. Combining (4.18)-(4.20) the

power flow for the overall small-signal model is given by
0=A1A6 + AJAZ + A4AV (4.21)

where A1 = [k‘u 00 kzl 0 O]T, A2 = [O Cl 00 CQ O]T,
Ay = [(ka + k12) (Din +ks) kr (ks + ko2) (D2, + ke) kS]T.
Note that A4 is a weighted admittance matrix of the network. Finally, we combine (4.2), (4.14)

and (4.21) to obtain the following Kron-reduced model of the wind-integrated power system:

MAS AS
| =Au + By AP, (4.22)
AZ AZ

Ay Apr
where Ay; = H . ,BM—[I O:|7
Anro1r Anroo

Ap = (ki — k12A21A1)7 A = —k12 A7 Ag, Apar := —B1 A1 A; and
Appog = (A — BlA4_1A2).

4.2 Time-scale Modeling

In this section we investigate the time-scale separation properties of the wind-integrated power
system model (4.22). We first aggregate the network into a set R := {1,...,r} of coherent
areas, where r — 1 of these areas contain only synchronous generators. The remaining area has a

mix of synchronous generators and a wind plant. We denote the parameters associated with
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Area o using a superscript a. Ad§* denotes the small-signal phase angle of the ith synchronous
generator in Area «. For ease of exposition, we reorder the states so that for each Area o € R,
the Ad;*’s appear consecutively in the state vector Ad. Quantities related to the connections
between generators inside an area are indicated with the superscript I, while those capturing

the connections between different areas are denoted using the superscript E.

4.2.1 Power System Time-constants

As in [17] we assume that the power system model in (4.22) satisfies the following two properties.

1. Property 1: For any Area o € R, the ratio of the maximum suceptence corresponding to

its external connections Bf; (

maz) of its generators is lower than the ratio of the minimum

suceptence of its internal connections BZ.I].( . This property is characterized by defining

BE
the small parameter ¢; = W > 0, which will lead to the slower synchronization
ij,(min)
between generators in different areas.
2. Property 2: A given area @ € R has many more internal connections than external
connections. This property can be quantified by a small positive parameter €9 := %E > 0,

E

where k" := max {mE’a}, %! := min {ml’a}. Here, the ratios of the number of external
« «

and internal connections in Area « to the number of buses in that area are respectively

E,a

denoted as k¥ and k!, respectively.

If the bus voltages of the power system network are given, the time-scales of the system can

be specified by first partitioning A4 in (4.21) as
Ay = AL +eAY, (4.23)

where A and AF respectively contain the elements of A4 associated with the internal and

external connections, and ¢ is a dimensionless constant defined as

g =¢&1€92. (4'24)
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The matrix Apri1 in (4.22) can also be separated as,
AMll = A{wn + €AJ\E411, (4.25)

where AL, | = ki1 — k12 (Ai)_lAl and

AV = ko (—(Ai)_lAf + 5<(Ai)_1Af>2 + .. > (Ai)_lAl. The matrix A} can be further
decomposed as Af = AL%9 4 AL where AL models the contribution of the internal
connection of the synchronous generators in Ai while Ai’wgo :=1[0 D1, 0 0 Dy, O]T models the
contribution of the wind plant [11]. The norms ||AL*/|| and ||A}"%°| are, however, generally
not of the same order for typical wind penetration limit. To mitigate this effect we introduce

the dimensionless scaling factor

|ismax|
\BL RI|
i7,(min)

Ew = (4.26)

where 744, 18 the maximum stator current of the wind plant. As the number of wind turbines
«v is increased, the collective current |igmnq.| at the point of common coupling of the wind plant

increases and so does £,,. We then write
AL = A9 e, ALY, (4.27)

! i T / /
where, A}™ := [0 D} 00 D, 0| with D} := Dy, /e, and D) := Dy, /e,. The form of e,
along with the definitions of Dy, and Dy, in (4.19a) and (4.19b) respectively ensure that the
|AL*9) and || A5"9|| are the same order of magnitude. We will next show that  and &, together

model the slow and fast time-scales of (4.22) if properties 1 and 2 hold.

Remark 1 The construction above can be easily generalized to £ wind power plants in ¢ different
areas. In that case, one would first construct £ constants €, €2, ..., f-:fu for the individual wind

plants following (4.26), and then define the constant €., as the mazimum of these { constants.
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4.2.2 Time-scale Separation

Following [17] we define the slow variables for the areas o € {1,2,--- ,r — 1} as
n% No
0, =Y meAS /> mg (4.28)
i=1 i=1

where n® is the number of synchronous machines in Area a, and m¢ is the inertia of the i
generator in that area. The subscript s on the LHS of (4.28) denotes the slow variable for
any area that contains only synchronous generators. Similarly, the slow variable for Area r is

defined only in terms of the angles of the synchronous generators in that area, i.e.,

n"—1 n"—1
85,y = > miAST/ > m] (4.29)
i=1 i=1

where n” is the total number of synchronous and wind generators in Area 7. The subscript s,y
on the LHS of (4.29) denotes the slow variable for the area with wind power generation. The

expressions in (4.28) and (4.29) can be combined as

0
2 = MUTMAS (4.30)
5s,wg
where M, := UT MU is a diagonal matrix of aggregate inertias, and U := blockdiag(u', u?, ......... u’),

where each u® := 1 € R(n*)x1,

Similarly, the fast dynamics of the synchronous generators in Area « [17] are defined as

0F i1 = A5 — ASY,  i=2,3,-- 0% —n", (4.31)

where n"* =0 for a € {1, 2,..., 7 — 1}, n* =1 for o = r, and Ad{ is the angle of a reference

generator. Without loss of generality, we assign the first generator in each area to be the
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reference generator. The fast variables can be combined into

5y = GAS = blockdiag (G, G?,...G") A§

where

G :=

1 10
1 01
1 00

(4.32)
.
0
(4.33)
1 -

Na—1Xng

Applying the similarity transformation in (4.30) and (4.32), the time-scale separated form of

(4.22) is given by

Ma,sg0s,5g
Mo g0s.wg
Mgy
AZ

8789

5871‘09

of

+ ByAP,,, (4.34)

AZ

where M, sy € RO-Dx(r=1) ig 5 diagonal matrix of the first » — 1 diagonal elements of M,,

My g € R is the 7" diagonal element of M, and

eKaa,,

cwkK,

Awsg

o

5Kdasg

Kbasg

R a0y
EwKaawg

EKdawg

Kbawg

5Kadsg 5Kabsg
5wKadwg EwKabwg
Ky K
Kq Ky |

Algorithm 1 describes the procedure for constructing the matrices A and By .
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Algorithm 1 Construct A and By,

Construct G+ := GT(GGT) ™", where G is defined in (4.32)

Construct M, := (GM*G*)%, where M is defined in (4.2)

Construct Ky = MdGM_lAMlg, Kyg = AM21G+ and K, := Ao using AMlg, AM21 and
AMQQ, defined in (422)

Construct K; = MyGM AL, Gt + eMyGM~YAY, |G+ using AL, |, AY,, as defined in
(4.25), and € defined in (4.24)

Construct the submatrices of A as

K““Sy Kaaswg
(Ew/E) Kaawsg (Ew/g) Kaawg

[Kadsg (Sw/g) Kadw_q 3:UTAE411M71GTME[,
T
[gKabb.g ngabwg} ::UTA]\/1127
[(Kaa,, (w/e)Kda,,] =MaGM AL, U,
(Kba,, Kvaw,] =AnanU

=UT AU,

}T

using &, as defined in (4.26).
Construct B)s from B using the similarity transforms (4.30) and (4.32).

4.2.3 The Effect of Wind Injection on Time-scales

In order to understand how the wind power plant affects the time-scales, we further transform
(4.34) based on the slowest time-scale. Typically for 15 — 20% wind power penetration, &,, in
(4.26) is smaller than ¢ in (4.24) because at this level of wind penetration external admittance

Bgf MmN larger in magnitude than that of the current is,q, injected into the system by the wind
plant. This fact leads us to transform (4.34) into the slowest time-scale with the substitution

ts = /2wt and obtain,

Ma,wggs,wg 68,“’9

%"Ma,sg?s,sg _ Al (Ss,sg (4.35)
6de5f (5f
VEwAZ AZ
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K,

buwg

Kaaswg Kaasg Kadsg K,

- bs
where A 1= !

eKday, €Kda,, Ka  Kap

| Kbawy  Kbayy  Kba K

Here we have reordered d; 4,4 and d, 4 in the state matrix to arrange the states in ascending
order of their time-scales. Since the relative norms of the inertia matrices M g, Mq g and My
are already consistent with the assumption of coherency the time-scale separation of (4.35) is
completely characterized by the two constants € and ¢,,, which have typical values of .032 and
.003 respectively for a system with 10% wind penetration. Since the time constants for 5 and Z
are smaller than those of 0, .,y and d; 54, their effects decay quickly. We therefore assume that

the dynamics of 0y and Z to be in quasi-steady state, i.e., Sf = AZ = 0, and reduce the model

to
Ma,wggs,wg . ]2711 ];512 5s,wg (4 36)
E?wMa,sgSs,sg ];721 ]%22 55,59
where,
7 -1 -1
kll = Kaawg - 5Kadwg (Kd) Kdawg - Kabwg (Kbb) Kbaw.fi’
k12 = Kaayey — €Kadw, (Ka) ™ Kdayy — Kabw, (Kbb) ™ Kb,
ko1 = Kaauw, — €Kadyy (Ka) ™ Kaaw, — Kaby, Kip) ™ Kpay,
7. -1 —1
k22 = Kaasg - 6Kadsg (Kd) Kdasg - Kabsg (Kbb) Kbasg'

Equation (4.34) shows the complete analytical form of the time-scale separation for the
dynamics of a wind-integrated power system with wind injection in a single generation area.
Equation (4.36) shows how the amount of wind power injection +, affects the slow time-scale

dynamics. Increasing v by a factor of two or three from its base value will increase ,,, but the
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Figure 4.3: Kundur 8-bus, 4-machine, 2-area power system with wind injection at bus 5

ratio €, /e will still be significantly less than 1. A factor of 10 increase in v does lead to a ratio
close to one, which corresponds to a situation which is relevant for the current study because it
corresponds to more than 90% wind penetration.

The most important implication of (34) is the dependence of the relative norms of the
matrices ]~€11, ];12, 1521 and 1222 on the equilibrium values of the bus voltages. Changes in the
locations of the synchronous machines, the wind generator and the loads affect the voltages
of the buses and in turn changes the associated matrix norms which is reflected in the slow
eigenvalues of the system in (4.36). In the next section we illustrate this behavior through two

specific case studies.

4.3 Results

In this section we investigate the time-scale separation properties of the wind integrated power
system via two power system models; an 8-bus, 4-machine, 2-area power system [43] and a
68-bus, 16-machine, 5-area power system [88], each integrated with one wind power plant. For
each case we explore the effects of placing the wind power plant in different generation areas
as the wind penetration level is varied. We vary the wind penetration level by adjusting the
parameter 7, which is the number of wind turbines in the wind farm. We use v to define a

penetration level as the total wind power divided by the total load in the power system. For
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Figure 4.4: Kundur 8-bus, 4-machine, 2-area power system with wind injection at bus 7

each scenario we first solve a power flow program to compute the equilibrium values of the
system state, and then compute the corresponding linearized model (4.22). We illustrate the
slow time scales in terms of three system properties; (1) the infinity norms of the matrices Ai’sg ,
Ai’wgo and AF, which illustrate the ratio between e and ¢, (2) the slow eigenvalues of the
power system model in (4.22), and (3) the impulse response of the aggregate angle difference
between two generation areas as <y is varied, which shows the effect of v on the slow oscillations.
For all our simulations we consider the small-signal perturbation to be an impulse change in the

mechanical input to synchronous generator 1, AP,,; in (4.1b).

4.3.1 2-area 8-bus Power System

We simulate the 8-bus, 4-machine, 2-area power system shown in for two different cases, one
with wind injection at bus 5 in area 1 and another with wind injection at bus 7 in area 2 as
shown in figures 4.3a and 4.4a respectively. The major load of the system is located at bus
8 in area 2. The parameters of the power system model are given in Appendix A.1 and the
wind parameters are given in Appendix A.2. In order to investigate the time-scale separation of
the wind-integrated power system in (4.36) over different values of v we balance the overall
generation and power flow in such a way that aggregate inertias of the respective generation

areas are comparable. We also choose a synchronous generator close to the wind bus as the
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gl HAi’S‘q” HAi’ngH IAZI | Slow eigenvalue

0 3341 0.00 108.73 | —0.10 4+ 51.90
250 3362 4.79 108.93 | —0.10 4+ 52.00
500 3381 9.49 107.85 | —0.10 + 52.10
750 3411 14.08 109.05 | —0.10 + 52.13

(a) Wind injection in bus 5

vl 1APY ATl | 1AZ] | Slow eigenvalue

0 3882 0.00 115.87 | —0.10 £ 52.47
250 3892 4.87 116.24 | —0.10 & 52.47
500 3901 9.77 116.57 | —0.10 4 52.46
750 3910 14.72 116.64 | —0.09 4+ 52.45

(b) Wind injection in bus 7
Table 4.1: Matrix norms and slow eigenvalues for the 8-bus 4-machine 2-area power system.
slack generator in order to maintain the bus voltages as close as possible for different values of
. For the two wind locations, v is assumed to take values of 0 (the base case), 250, 500 and
750 which respectively correspond to wind penetrations of 0%, 5%, 10% and 15% for the total

connected load in the system.

Wind injection at bus 5

In this scenario the wind power plant is connected to bus 5 in area 1 while the major load is
connected to bus 8 in area 2, as shown in figure 4.3a. Bus 1 is treated as the slack bus. Table
4.1a shows that ||AF|| is considerably higher than ||AL"“9°|, so e,/e << 1. As v increases the
power flow across the inter-area tie-line joining buses 6 and 7 also grows thereby increasing
|AF||. The higher value of the norm is reflected through a slightly higher frequency of the slow
oscillatory modes, as seen in the imaginary parts of the slow eigenvalues in Table 4.1a. The
impulse response of the aggregate angle difference (ds,1 — ds,2) between area 1 and area 2, shown
in figure 4.3b also confirms the faster oscillatory mode with increasing . Table 4.2 shows the
fast eigenvalues of the system model for different . The entries indicate that the fast modes

are practically unaffected by wind penetration.
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Wind injection at bus 7

ol Wind at bus 5 Wind at bus 7
0 —0.21 £+ 58.99 —0.22 4 59.01
—021+£75804 | _g.21+,7.58

050 —0.21+£75897 | _p.21 4+ 59.01
—0.21 £ 58.05 —0.22 + j7.61

500 —0.21 + 58.96 —0.22 4+ 59.02
—0.214£758.06 | _0.21+57.63

750 —0.22£75894 | _0.22 +59.02
—021£758.06 | _0.21 +57.68

Table 4.2: Fast eigenvalues for the 8-bus 4-machine 2-area power system in different scenarios.

In this scenario both the wind power plant and the major load is in area 2, as shown in
figure 4.4a. Bus 4 is considered to be the slack bus here. In this case ||AY| also has a higher

magnitude than ||A}"9

|| as shown in Table 4.1b. However, in contrast to the previous case
with increasing wind penetration the power flow along the inter-area tie line between bus 6 and
bus 7 remains relatively unchanged, which is reflected in the relatively constant value of ||AF||.
Correspondingly the slow oscillatory modes of the power system remain almost identical as
shown in Table 4.1b. The impulse response of the aggregate angle difference (051 — d5,2) between
area 1 and area 2, also remains relatively unchanged with increasing v as shown in figure 4.4b.

In this case also the change in the fast eigenvalues with increasing -y is minuscule, as shown in

table 4.2.

4.3.2 5-area 68-bus Power System

In this subsection we simulate the 68-bus, 16-machine, 5-area power system shown in figure

4.5a. Again we investigate two representational scenarios. In scenario 1, the wind power plant is
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v 1AL 1459 IAT | Slow eigenvalues
—0.09 £ j3.46, —0.06 £ j2.92
0 2373 0 161.56 : ,
—0.10 + j2.38, —0.08 £ j1.55
—0.09 £ j3.46, —0.06 £ 52.92
250 2380 5.60 163.30 : ,
—0.10 + j2.38, —0.08 £ j1.55
—0.09 + j3.46, —0.06 £ j2.94
500 2379 12.12 167.08 , ,
—0.10 &+ j2.38, —0.08 £ j1.54
—0.09 + j3.46, —0.06 £ j2.90
750 2341 19.06 169.08 , ,
—0.10 + j2.38, —0.08 £ j1.51

(a) Wind injection in bus 66

o 1AL 1A% IAT| Slow eigenvalues
—0.07 + j3.17, —0.06 £ j2.58
0 2379 0 165.63 : :
—0.07 £ j2.02, —0.07 £ j1.39
—0.07 + j3.17, —0.06 £ j2.46
250 2355 5.88 166.64 , ,
—0.07 £ j2.02, —0.07 £ j1.25
—0.07 £ j3.17, —0.06 £ j2.27
500 2298 12.29 165.51 : ,
—0.07 £ §2.00, —0.07 = 50.92
—0.06 + j2.08, —0.07 £ j1.94
750 2186 18.68 160.99 :
—0.07 & j0.92,{0.89, —1.01}

(b) Wind injection in bus 38

Table 4.3: Matrix norms and slow eigenvalues for the 68-bus 16-machine 5-area power system.

located in area 1, where the total connected load is more than the total generation, while in
scenario 2 it is located in area 2, where the load is less than generation. Due to the respective
proximity of generator 8 and generator 13 to buses 66 and 38, we choose these as the slack
generators for the two cases. Table 4.3b shows that the eigenvalues are insensitive to wind
penetration in the first case while for the second case the modes get slower with increasing wind
penetration ultimately leading to instability. We elaborate the correlation of these observations
to the location of the wind bus for each of the scenarios in subsections 4.3.2 and 4.3.2 respectively.
The parameters of the power system model are given in [88] while the wind parameters are
given in Appendix A.2. For each of the cases, 7 is assumed to take values of 0 (the base case),

250, 500 and 750 which respectively correspond to wind penetrations of 0%, 2.5%, 5% and 7.5%
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of the total connected load of the system.

Wind injection at bus 66

In this scenario the wind power plant is connected to bus 66 in area 1, as shown in figure
4.5a. For this particular case, ||A¥|| increases by a small amount with increasing v, and hence
the slow eigenvalues remain essentially unaffected, as shown in Table 4.3b. The relationship
between ||A¥|| and ~ is complicated by the number of interconnections in this multi-area system.
Therefore, it is difficult to determine whether ||A¥|| will in general increase or decrease with
for any generic large power system model such this one. The time response of the aggregate
angle difference (d51 — ds,2), due to an impulse change in the mechanical input of generator 1 is
shown in figure 4.5b. As expected based on the eigenvalues, the impulse response is unaffected

by changes in 7.

Wind injection at bus 38

In this scenario the wind power plant is connected to bus 38 in area 2, as shown in figure 4.5a.
Here the amount of generation exceeds the connected load of the area. Increasing ~ leads to a
decrease in ||AF||, as reflected in the slowing down of the slow modes shown in Table IIb. The
time response of the aggregate angle difference (d5,1 — d52), due to an impulse change in the
mechanical input of generator 1 is shown in figure 4.5¢c. The responses get slower with increasing
~. For v > 500, the system becomes unstable, as shown by the positive real eigenvalue in Table
4.3b.

The results suggest that distinct separation of time-scales in a wind power system not only
depends on the level of wind injection ~y, as quantified by &,,, but also on the equilibrium angles
of the power system, which in turn depend on the system topology and location of the wind
plant. The amount of wind penetration and the relative location of the wind plant with respect
to conventional generators and loads can change ||AY | significantly. If ||AF|| is reduced due

to increasing -y, the inter-area or slow mode becomes slower. Correspondingly, the aggregate
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inter-area angle differences also show a slow response for an impulse input. If || AF|| is below a

critically small value it can cause the system to become unstable.

4.4 Conclusions

This chapter extended the concept of time-scale separation of coherent power systems to systems
with wind penetration. We showed the dependence of the slow time-scales associated with the
power system dynamics on the level of wind penetration in a single generation area. The resulting
model illustrates that time-scale separation not only depends on the level of wind injection
but also on the system topology and location of wind plant. The results further show that
increasing wind penetration in certain operating conditions may result in instability. Explicit
knowledge of the amount of critical wind penetration that can lead to instability is important
for system planning. Our future work will, therefore, focus on finding this critical limit for a
general power system model. We will also use the proposed model for designing distributed

wide-area oscillation damping controllers.
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Figure 4.5: 68-bus, 16-machine, 5-area power system: Scenarios with wind injection at bus 66 and at bus 38

62



Chapter 5

Equilibria Analysis in

Wind-integrated Power Systems

In this Chapter we explore the impact of wind penetration on the equilibrium of a wind integrated
power system. In modern power system several dynamic elements like renewables, storage or new
loads like plug-in electric vehicles are accompanied by their individual controllers for following
local control objectives such as following a power output reference, controlling bus voltage,
maximizing efficiency, etc. Accordingly, the properties of the power system equilibrium or
the power flow solutions become increasingly dependent on the mutual interaction of various
parameters of these elements. The traditional load flow studies based on iterative methods
are inadequate to compute the equilibrium over a parameter space particularly when multiple
equilibria may exist for certain operating conditions. Knowledge of all the feasible equilibria
and their stability properties can be a valuable information to the system operator for planning
power dispatch and take control decisions. Particularly we show in the later half of this chapter
as to how the proposed method can be helpful in detecting power flow solution boundary which
is a measure of the transient voltage stability limit. However, there is still a dearth of insight on
how the parameters of the different elements may mutually interact to alter the equilibrium

property. So in this Chapter we investigate the the effect of increasing wind penetration on
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power system equilibrium first and try to find all real equilibrium for different penetration
levels. Thereafter we also figure out power flow solution boundary or voltage security limit in a
multiple wind injection scenario. We use a recent parameter homotopy based method, Numerical
Polynomial Homotopy Computation (NPHC) [12]which guarantees to find all complex and

hence real equilibria over a given parameter space.

5.1 Dynamic Model of Power System

We consider a power system with N buses and n generators. These generators are either
synchronous generators belonging to a set G =: {1,...,ns} or a wind power plant (WPP) in
set W =: {1,...,ny}, where ns + n,, = n. Each WPP consists of a number of wind turbines
and a battery energy system all connected to a point of common coupling, a particular bus in
the power system. Without loss of generality we can reorder the buses and classify them into
3 sets namely the set of synchronous generator bus Ns =: {1,...,ns}, the wind injection bus
Ny =:{ns+1,...,n} and the other load buses A} =: {n+1,..., N}. To obtain the equilibrium
for this system, our first task is to derive its dynamic model considering the nonlinear swing
dynamics, wind power dynamics, battery model, load dynamics and power flow as shown in

figure 5.1. This is presented in the following subsections.

5.1.1 Synchronous Generator Model

We model each generator ¢ € G using the swing equations,

Sz’ = W TTLZ(,L)z = Pmi — Psi (5.1)

Here 6;, w;, m;, Py and Py; are respectively the phase angle, rotor speed, inertia, the mechanical

power input and the active power output of synchronous generator ¢ € G. The active and
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Figure 5.1: Dynamic model of a Wind integrated power system




reactive power output of the synchronous generator ¢ € G can be respectively shown as,

(V:giRe sin 51 — V;

E;

E;

Psi =

L s

2
-

St — /

€T ;.

/

di

(Visip, cos 0; — Vi

cos 0;) (5.2a)

Im

sin 8;) , (5.2b)

iIm

where, E; is the internal voltage and m:ﬁ is the direct-axis salient reactance of the machine 7 € G.

Vsi = Vsip, +7Vsiy,, is the voltage at bus i € N. Also Vi, = |Vsi| cosfs; and Vy;, = |Vs;|sin 0y,

fs; being the phase angle of the voltage at bus i € N. The states of the synchronous generator

1 are coupled with the states of other components of the power system via power flow. The bus

voltage Vs; being the coupling variable as shown in the next subsections.
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5.1.2 WPP Model

The WPP is modeled as a group of type III wind generators injecting power to the grid via

doubly fed induction generators (DFIG) at a point of common coupling, the wind bus j € N,,.

66



A BES is also connected to the same bus j, with a controller which tracks an active power
reference for the WPP, as the wind speed varies from its rated value. The reactive power output
of the WPP is controlled so as to ensure that the wind bus voltage magnitude tracks a reference,
as shown in figure 5.2a. The power output of the resulting ‘wind injection’ depends on a constant
~; which represent the number of wind turbines connected to the wind bus. We consider all wind
turbines connected to bus j to be identical, and therefore discuss the turbine and DFIG models
for a general turbine ’'r’. However for convenience, we skip the subscript = in the following
derivations. The model of the wind generator and the BES at bus j are derived next. The wind

generator model consists of a mechanical rotor and a DFIG described as follows.

Mechanical Rotor

The mechanical rotor of the wind turbine is connected to the DFIG via a drive train which is
modeled as two connected shafts operating at high and low speeds. The aerodynamic torque
T,(t) of the turbine due to wind speed v,(t) is given as,

PAS ('Ur (t))30p()\(t), ﬂ)
2w, (t)

T,(t) = (5.3)

where, Ay is the swept area of the turbine blades, C, is the power coefficient, A(¢) is the blade
tip speed ratio, (3 is the pitch angle, w,(t) is the speed of the turbine rotor, p is the air density.

The power coefficient C), is defined as,

116 12.5

Co(A(t), B) = 0.22 <A(t) — 048 — 5) e M (5.4)

where, A;(t) = 1/[1/ (A(t) + 0.083) — 0.035/ (8> +1)], A(t) = wr(t)R/v,(t), R being the length
of the wind turbine blade. We assume that the turbine is operating above the rated wind speed
and the pitch angle § = 0 at all times. Aerodynamic torque of the rotor is transferred via a
shaft as the electromagnetic torque Ty (t) driving the DFIG. Considering the frictional losses on

the shaft to be negligible and a gear ratio IV, the electromagnetic torque and the mechanical
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speed of the DFIG are shown as,

T,(t) = Tu(t) wy(t) = Nywr (1) (5.5)

Next we show the dynamic model of the DFIG.

DFIG Model

The DFIG is modeled through the dynamics of its stator and rotor variables, expressed in a

rotating d — ¢ reference frame as [96],

Vgs(t) = (Rg + DL) iqs(t) + weLyiqs(t) + D Lomigr(t) + we Limiar (t) (5.6a)
Vas(t) = —weListgs(t) + (Rs + DLs) ias(t) — weLimiqr(t) + P Lumiar(t) (5.6b)
Vgr(t) = DLinigs(t) + (We — Wge) Limias(t) + (Ry + PLy) igr(t) + (we — wge) Lriar(t) (5.6¢)
Var (t) = —(we — wge) Liniqs(t) + P Linias(t)—(we — wge) Lyigr (t) + (Ry + DLy iar(t), (5.6d)

where wge 1= £ w, is the electrical speed, p is the number of electrical poles of the DFIG, and 2
is the time-differential operator. The subscripts d and ¢ refer to the direct and quadrature axes
of the reference frame rotating at constant speed w.. Subscripts s and r respectively indicate
quantities associated with the stator and rotor circuits. The symbols v, ¢, and R respectively
denote voltage, current, and resistance. L;s, L., Ly, are respectively the stator and rotor leakage
inductances, and the magnetizing inductance. The electromagnetic torque Ty is related to the

DFIG currents as shown below,

Ty(0) = =2 Lo ligo ()i (t) — a1 )igr (1)) (5.7)

The active and reactive power of a DFIG at bus j are,

Pt:j = vqsiqs + Vdstds + Vdridr + Uqriqr (58&)
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Qt,j = 'Udsiqs - quids + Udriqr - Uqridr- (5.8b)

However, (5.7) is dependent on (5.6a)-(5.6d) and (5.8a). So while calculating the equilibria, one
of the equations of (5.6a)-(5.6d) is ignored to avoid an overdetermined system. The stator of
the DFIG is directly connected to the wind injection bus. The ¢ and d directions in our analysis
are so chosen that v,s and vy, align with Vi, and V,;,, , the real and imaginary parts of the
voltage V,,; of bus i € N, respectively. V,,;, therefore, serves as the coupling variable for the
DFIG states to the rest of the system. We next derive the battery model connected to the point

of common coupling in the wind power system.

Battery Energy System Model

Next we derive the dynamic model for the active and reactive power output Pgrs; and Qpgs,;
of the battery connected to bus j. The actual battery model consists of a set of batteries
connected in series or parallel, a pulse-width modulation (PWM) based AC-DC converter and a
controller [50]. For our study, we will consider a single equivalent battery model with a converter.
We assume a rotating d — ¢ reference frame representation of the 3-phase supply to the converter.
The average model of the three phase PWM converter in d — g reference frame can be expressed

as

di
L% = dgUge + Welqg — Vg (5.9a)
di
e _ dqUge — Weld — Vg (5.9b)
dt
duge
C Zj = idc - ddid — dqiq (59(3)

where the variables, v, ¢ and d refer to the terminal voltage, current and duty cycle of the
converter. The subscripts d and ¢ refer to the direct and quadrature axes of the reference frame
rotating at constant speed we. L and C are filter inductance and dc-link capacitance. ug. and

i4c are the battery terminal voltage and current. The active and reactive power output of the
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BES are given as,

Pprs = vgiq + vgiq, QBES = Vdiq — Vdiq (5.10)

where ¢ and d directions are so chosen that v, and vg align with V,;, and V., respectively.
The internal battery model does have its own dynamics of charging or discharging and self
discharge. But in this work we are only concerned with active and reactive power output of the

converter of the BES (5.10). Thus, the net power output of the WPP is shown as,

Py =v;Pj + PBEs,j Quj = 7@ + @BES ;- (5.11)

5.1.3 Dynamic Load Model

The dynamic model for the active and reactive power consumed by the loads connected to bus

j are respectively shown as below,

TyPrj + Prj = Peos (IV; ()™ = Pas (IV; (1)) (5.12a)

T,Qri + Qrj = Qus (IV;(N™ — Qus (IV3 (1)) . (5.12b)

Here, T}, and T, are the time constants, Pys and s are the rated power consumptions and ay

and «y are the transient and the steady-state load-voltage dependence of the loads respectively.

5.1.4 Power Flow Model

The dynamics of individual components in the power system are connected by the active and

reactive power flow equations [39] between the different buses which are shown as,

P; =Re Z ij< ) + P (5.13a)

k=1,k+#j

N Vi *
Qj=Im¢ > ij(ij> +Qr;. (5.13b)

k=1,k+#j J
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Here P; and @; respectively denote the active and reactive power flow from the generators
connected to bus j, Pr; and Q; are respectively the active and reactive power consumed by
the load together with line charging of bus j. Zj; is the impedance of the lines connecting
buses j and k, and Vj = (Vi — Vip.) +J (Vig, — Vi,,,) - For any bus j € Ny, Pj and Q; are
respectively equal to Py; and (Q); shown in (5.2). For any bus j € Ny, Pj and Q) are respectively
equal to P,; and Qy; shown in (5.11). If j € A}, P; and Q; are both equal to 0. The overall
model of the wind integrated power system is, thus, comprised of the differential-algebraic

equations (5.1)-(5.13). Next, we analyze the equilibria for this model.

5.2 Equilibrium Analysis

Here, we derive the equilibrium or the steady-state values of all the dynamic variables in the
power system shown in (5.1)-(5.13). The superscript e for any variable from now onwards will
be used to indicate its equilibrium value(s). Steady-state power flow equations are derived for
each bus in the power system. One of the synchronous generator bus i € Ny is assumed to be
the slack bus, for which V| and 6¢; are respectively equal to 1 and 0. The steady-state active

and reactive power flow, P and Q¢; can be obtained by solving,

N *
1
PG =Red Y (1- V,f)( ) + Py, (5.14a)
k=1 ki Zik
N 1 *
G=Im< Y (1-V) (Z ) + QY- (5.14b)
k=1,k£i ik

For all other buses the power flow is specified by,

N *
Ve
e __ e J e
P¢ =Re {k > ij(ij) } + Py (5.15a)

N Ve *
QS =Im k > V;}(Z;J + Q1 (5.15D)
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If j € N such that j # 1, P, Q5 VEin (5.15) are replaced by Pg, Q5 Vy;- The synchronous

generator buses are PV buses and hence 67; and Q5; are obtained by solving the equilibrium

equations. If j € Ny, Py, Q5 and VY in (5.15) are replaced by Ppi, @ and Vi, The wind

generator buses are solved as PV buses where 07, ; and ()7, ; are obtained by solving the equilibrium.

If j e NV, Py, Q; and Vi in (5.15) are replaced by 0, 0 and Vl§ The load buses are solved as

PQ buses where Hlej and ‘V}; are obtained by solving the equilibrium equations.

However, the stator voltages of the DFIG vy, and vj, are respectively equal to Vi, and

Vwi. . So the steady-state equations of the wind generators also need to be solved simultaneously

jlm

with the power system. The equations related to a single wind turbine are given as,

Ty = — (3p/4) L [i,i%, — 15,i5,] (5.16a)
Vgs = Ryigs + WeLsigs + weLimig, (5.16b)
Vgs = —WeLsigs + Rsigs — WeLimig, (5.16¢)
Vg = (We — Wye) Linigs + Ryig, + (we — wge) Lyig, (5.16d)
b= (stiZs + Vgsids + Vgrlar + vf}iZT) (5.16e)
Qf; = (visigs — Visias + Virigy — Voriy) (5.16f)

where the generator torque is equal to the aerodynamic torque, Ty = Ty = (pAs (05)305) /(2ws).

The equilibrium equations of the BES connected to the wind bus j are shown as,

Pipsj = vgig + viig QBrs; = (@gz‘; - vgig) , (5.17)

which are coupled to the power system by bus voltages. Equilibrium equations of the WPP at
bus j are shown as,

Py =P+ Pigs,; Quw; =@t + Qsps,;- (5.18)

72



The steady-state load models for any bus j € N,
Pl =P (VD™ QL =Qus (V). (5.19)

The complete equilibria of the wind-integrated power system can be obtained by solving the
set of nonlinear algebraic equations shown in (5.14)-(5.19). In this work we assume the wind
penetration level 7, to be constant and equal to 1. Thus these algebraic equations depend

upon the wind speed vy, the set point ‘Vue,j

for controlling the voltage level of the wind bus

and the load type specified by ag;. In other words, the equilibrium points of the system are

parameterized by vy, |V

and a,; which we numerically solve in the next section using a

homotopy based method.

5.3 Parameter Homotopy Continuation Algorithm

In this section we solve for all real equilibrium of the power system model as shown in (5.14)-
(5.19) over a parameter space using NPHC. Polynomial homotopy continuation method has
been recently used to solve quite a few problems in particle physics [15,30,32--34, 36, 53--56, 58,
59,62, 63,65,67], and statistical physics [41,57,60,61,66,76]. More recently, this method has
been applied to the areas of power systems, power networks and complex systems [12,64,68].
As a preconditioning, we represent the algebraic equations of the power system model shown in
(5.14)-(5.19) as multivariate polynomials by expanding the voltage phasor V; at any bus j € N
into its real and imaginary parts, such that V; = Vjge + I * Vj,,. The resulting system consists
of 2N + n — 1 quadratic equations which will improve the computational effort as shown in
the later half of the section. A general set of nonlinear polynomial equations in variable z and

parameter A is shown as,

Pz, \) = (p1(x,\), ..., pm(z, )T =0, Vo e C™, (5.20)
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where, z € REN+7=1) and \ € RP. As a first step, an upper bound of the number of complex
isolated solution of (5.20) is determined, based on which a homotopy H(x,t) can be formed as
shown below,

H(z,t) =1 —t)Q(x) +t P(x). (5.21)

Here Q(x) and P(x) are system of polynomials, 7, is a is a generic complex number and ¢t is
a continuous variable varying from 0 to 1. Q(z), also known as the start system is so chosen
that it is easily solvable and the number of solutions of Q(z) = 0, is equal to the estimated
upper bound. Therefore the solution set of H(z,t) =0 for 0 < <1 consists of a finite number
of smooth paths parameterized by ¢t € [0,1). For a generic 7, € C, it is proven that each of
the paths will be well-behaved, i.e., either they will converge to H(x,1) = 0, or will diverge
to infinity. Hence, with generic value of 73, the NPHC method guarantees to find all isolated
complex solutions [73] of P(z) = 0 . The crux of the algorithm is to track each solution of
H(xz,t) =0 for t € [0,1) using an efficient predictor-corrector method [6] to obtain all complex
solutions for P(z) = 0.

Now a system of m polynomials can have a maximum of [ ¢; number of isolated complex
solutions, where ¢; is the degree of the i*" polynomial, as specified by the classical Bézout
theorem. This poses an upper bound on the number of solutions to be tracked for NPHC
method known as classical Bézout bound (CBB). In the case of wind integrated power flow
with (2N 4+ n — 1) algebraic equations, each of order 2, the number of paths to be tracked is
2(2N+n—=1)  This translates to the fact that in case of a power system the number of paths to be
tracked grows exponentially with the number of buses. Choice of quadratic power flow equations
actually pays off here by allowing a tighter upper bound on the number of complex isolated
solutions or the CBB. However this crude upper bound does not capture the specific complex
algebraic structure of the systems at hand. Moreover in our work, we need to solve the algebraic
equations following from (5.14)-(5.19) over a certain parameter space constituted by the wind
parameters. Solving such parametric systems for every parameter-point from scratch using the

NPHC method can be computationally very exhaustive. We therefore use a more sophisticated
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approach based on the following result, parameter-coefficient homotopy [74](an earlier version of
which was called Cheater’s homotopy [47]); For a parameteric system of polynomial equations,
the maximum number of isolated complex solutions over all parameter-points is same as that
for a generic complex parameter-point. Hence, instead of solving the equations from scratch
for each parameter-point, one first solves P(x, ) = 0, at a generic complex parameter-point
A* € C™, using the NPHC method with the help of some crude upper bound on the number of
complex solutions such as the CBB. Though such a complex parameter-point is physically not
meaningful, solving the system at such a point reduces the computation for all other physically
relevant parameter-points. Next, we choose P(z,\*) = 0 as the start system for all other
parameter-points A € C™ — {\*}. Each solution of this start system needs to be tracked with

the following homotopy:

H(z,\t)=(1—-t)P(z,\*) +t P(z,\) =0. (5.22)

from ¢ = 0 to ¢ = 1. This procedure again guarantees all isolated complex solutions at each of
the chosen parameter-points, independent of the upper bound chosen to solve the system at
the generic point in the first step. In most systems arising from applications, the number of
paths to be tracked in the first step (e.g., the CBB) dramatically reduces to a very small integer
in the second step. Hence, the procedure is compuationally very efficient once the system is
solved at a generic complex parameter points as the number of paths to be tracked for any
other parameter-point. Moreover, the procedure of solving the system at each parameter-point
is independent of solving it at any other parameter-piont and hence completely parallelizable.
For our computations, we use a novel computational package called Paramotopy [5] which
efficiently implements the above mentioned procedure with appropriate parallelization. Once all
real solutions are predicted at each parameter point one can accurately estimate the power flow
solution boundaries where the number of real solutions change, given the parameter space is

densely represented. Next, we apply this method to solve the equilibrium of (5.14)-(5.19) over a
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v =109 =11
|V.Ss| = 0.96 1 stable equilibrium 1 unstable equilibrium
|ViSs| = 0.98 3 stable equilibria 1 stable equilibrium
2 stable equilibria, o
|V.Ss| = 1.00 o 1 stable equilibria
1 unstable equilibrium

Table 5.1: Types of feasible equilibrium for various wind speeds (vy) and wind bus voltage levels |V,5|

given parameter space constituted by vy, |V,i

and o;.

5.4 Results

We use the 7-bus, 5-machine power system as shown in figure 5.2b, for the simulation. A WPP
is considered to be connected to the power system at bus 6. The parameters of the simulation
are given in [12]. From the given parameter values the rated active power output of the WPP is
Pgs = 0.71 p.u. when the wind speed is vy = 1 p.u., obtained by the maximum power point
tracking algorithm [21]. We next vary the wind speed v¢ from 0.9 to 1.1 p.u. in steps of 0.1 p.u.
and let the active power controller of the WPP give the BES a command so as to ensure that
the WPP still delivers 0.71 p.u. to the power system. The reactive power controller provides
a command to the wind generators and the BES in the ratio of their active power outputs,
to maintain |VS| at a constant level. We consider the setpoint value of V5| as the second
parameter of our interest and assume three values for it, 0.96, 0.98 and 1.0 p.u. The load
connected at bus 5 is a dynamic load, whose steady-state voltage dependence ays is treated
as the third parameter of our interest taking values of 0 and 2. We formulate our equilibrium
analysis problem of solving (5.14)-(5.19) about these parameters and solve it efficiently over
the entire parameter space using the homotopy based algorithm of section 5.3, implemented in

Mathematica and Bertini [6]. Key facts on the application of the algorithm are as follows ,

1. A" in equation (5.22) is a generic complex vector with three elements which are chosen
from uniform distributions such as {a +ib: —1 < a,b < 1} and are normalized to ensure

they are inside unit circle.
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vE=0.9 =11
Vs = 0.96 —0.01 % 0.69i -
—0.02+0.69

|ViSe| = 0.98 —0.03£0.70¢ —0.01 £0.71¢

—0.03£0.70¢

—0.05£0.71%
|ViSs| = 1.00 0.05 4+ 0715 —0.03 £0.72¢
—0. T1g

Table 5.2: Dominant pair of Eigen values for different stable equilibria

2. The system of equations P(z,\*) = 0 is formed from (5.14)-(5.19), by replacing the

parameters with the individual components of \*.

3. We start from the solutions of P(z, A\*) = 0, and employ a predictor-corrector method to
track all solutions paths of (5.22) from ¢ = 0 to ¢ = 1. These paths culminate into solutions
of P(xz,\) = 0 which includes the solutions of (5.14)-(5.19) over the desired parameter

space.

4. Each of the solution paths can be tracked independent of all others, thus enabling

parallelization and faster convergence to all the desired solutions.

It is observed that since the voltages at different buses in the power system are tightly controlled,
a5 does not have a significant effect on the nature or value of the equilibria. But for different
combinations of |Vs| and v the number of feasible equilibria and their type varies as depicted in
table 5.1. For [V,55| = 0.96 p.u. and v¢ = 1.1 p.u., the feasible equilibrium is found to be unstable,
justifying the use of our approach for computing all equilibria. For the selected combinations we
compute the Jacobian matrices of (5.1)-(5.13) numerically and list the dominant eigenvalues of
the state matrix in table 5.2. Even among the stable equilibria the damping of the eigenvalues
decreases with increasing wind speed thereby indicating the adverse impacts of excessive wind
penetration on the small-signal dynamic performance of the power system. This method can be
used for planning studies in power system as well as for designing wind and battery controllers

to avoid undesired equilibria.
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5.4.1 Discussion: On the Network Topology and Upper Bound on the Num-
ber of Equilibria

For a system which has only a few complex solutions compared to the classical Bézout bound,
the computational effort to track the homotopy paths that would eventually diverge is wasted.
Hence, to solve large systems, one needs to exploit the specific structure or the sparsity of
systems at hand and coming up with a tighter upper bound. Particularly in case of a power
system, the network topology of the buses is usually known. One would wonder if the network
topology on the maximum number of connections of a bus in the system to its neighboring
buses can be exploited to obtain tighter upper bounds. A lot of effort has been invested to
compute tighter upper bounds than the CBB for the power flow systems. A recent review on the

existing results is provided in [72]. Briefly, an upper bound, (2]{[\[:12

) for general system of power
flow equations with N buses was computed in [3], though it did not still exploit the network
topologies. In [31], the number of complex solutions for networks with cliques with exactly one
common node was shown to be equal to the product of number of complex solutions for the
individual cliques as independent networks. In [72], this result is extended to other related
network topologies, though several of the patterns for the particular topologies considered in
that work are yet to be understood. Moreover, analogous results for many other types of network
topologies are yet to be obtained.

In the current work, studying the number of equilibria of the power flow equations was
not our goal, still we point out an interesting observation arising from our study that could
help advance the knowledge on the problem of number of equilibria. For the networks we
considered in this work, the CBB of the systems is dramatically small compared to the number
of complex solutions at a generic complex parameter-point, which is now the new and very tight
upper bound on the number of complex isolated solutions. e.g., for the 3 bus case, the CBB
was 28 whereas the number of complex solutions at a generic point was just 6, which is the
same as the above mentioned binomial bound. However, for the 10 bus case, the CBB was 225,

the number of complex solutions is 29, which is quite small compared to the binomial bound
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48620. The parameter homotopy method does not directly yield how exactly the structure or
the sparsity of the system at hand is exploited to reduce the upper bound. Our observation
yields that the tighter most upper bound for the system of power flow equations may be the
number of complex solutions at a generic complex parameter-point if the system is considered
as a parametric system. The number of complex solutions of a parametric system at a generic
point is equal to the so-called Bernstein-Khovanskii-Kushnirenko (BKK) bound [7,42,45]. Based
on this observation, we make a conjecture that a tight upper bound on the number of complex
and real solutions for the power flow equations is the BKK bound or a closely related number
to the BKK bound. Discussion of these aspects of the number of complex solutions and upper

bound on the number of real solutions is beyond the scope of this work.

5.5 Background for Power Flow Solution Boundary

With substantial growth in renewable energy sources like wind [75], solar [23] etc., one of the
most critical challenges of power system operation will be to maintain power system security.
Among different security measures, transient voltage stability is a critical one which needs
to be preserved almost consistently at all the times. Typically the transient voltage stability
limit is characterized by a power flow solution space boundary or a loadability boundary at
which the Jacobian matrix of the power flow function is singular [43]. Choice of operating
points of the power system away from the loadability boundary makes the system robust and
reduces the subsequent risk of disruption of service or blackout. Thus identification of this power
flow solution boundary for different penetration levels of the renewable energy resources is a
highly relevant problem with respect to modern power system planning. Several works have
been proposed in literature which addresses the problem of finding the power flow solution
boundary [37,85] by applying continuity method. In [35] Hiskens et al. proposes a technique
based on predictor-corrector method to identify the power flow solution boundary on a given
multi-dimensional parameter space of the power system. The technique consists of two steps.

Initially the solution space boundaries are represented as a solution of the set of equations as
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shown below,

flz,A\)=0 (5.23a)
g(x, A\, v) = fz(x,\)v =0 (5.23b)
h(v) =vTv =1 (5.23¢)

where £ € R” is a vector of unknown power flow states and A € RP is a set of parameters
which can vary according to specific conditions. The power flow function f : R"*P — RP
is parameterized by A and has a Jacobian matrix f, with respect to z. v € R is a right
eigenvector corresponding to a singular eigenvalue of f,. In the first step one of the parameters
say Aj is varied while all others are kept at constant. Correspondingly, (5.23) becomes a set of
2n 4 1 equations with 2n 4+ 1 unknowns which can be solved via computational methods like
Newton-Raphson with an initial guess. The first step will provide an initial point on the solution
space boundary. Once an initial point is identified a gradient based predictor-corrector tracking

is implemented using the Jacobian as shown below,

of

9
oz 87{ 0
— | ag a9 o
J=| % % 0 (5.24)
oh
0 0 3

However the drawback of this approach [35] is that it does not guarantee to find all the solution
space boundaries over a given parameter space. All solution space boundaries can only be
identified if at least one initial point is chosen uniquely for each of the boundaries which are
disjoint from each other. Such gradient based methods are also heavily dependent on the
structure of the solution space and may yield only one boundary as shown in an example
in section 5.6.1. Second part of the tracking method depends on local approximations of the
solution space boundary which holds only if the boundary is smooth. However there are some

literature [40,80] which suggests that the solution boundary is non-smooth due to inequality
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Figure 5.3: 3-bus power system with two parameters

constraints in the power flow problem occurring due to generator over-excitation limits or the
reactive power limits etc. These boundaries are thus difficult to be tracked by the continuity
methods. In order to resolve this issue and to guarantee all the solution boundaries, in this work
we adopt a different method as compared to the continuity based tracking. At the power flow
solution boundary the number of real solutions of the power flow problem changes, also denoted
as bifurcation points. Thus given a parameter space if all the isolated real solutions are computed
at different parameter points, one can find the boundaries where the number of real solution
changes. We employ a homotopy based continuation method to find all complex and hence real
solutions of the power system in the given parameter space. There have been a few works in
literature which employ homotopy continuation methods [2,43,48,52,71,86] to solve power flow
equations. However, these homotopy constructions either do not guarantee to obtain all the
equilibria of the given system or scale badly with increasing number of buses. Only recently
all solutions of power flow equations have been obtained for IEEE standard systems up to 14
bus [64] using the numerical polynomial homotopy continuation (NPHC) method [46,93]. In [12],
all equilibria of a wind integrated power system, parameterized by wind variables, are obtained

via NPHC method which we apply in this work to identify the power flow solution boundaries.
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The method requires the solution of power flow equations at a generic complex parameter point
S0 as to obtain all the complex solutions , the number of which is upper bounded by the Classical
Bézout Bound. Usually the Bézout Bound grows exponentially with the number of variables
and so is the complexity of solving the start problem [12]. But once the start solution is solved,
the solutions for the same power flow equations can be tracked via a predictor corrector method
to real parameter values. In the second stage our method is really efficient as we have to track
much lesser number of parameter points as compared to the Bézout Bound shown in section 5.3.
However still our method guarantees to obtain all complex solutions and hence real solutions
at every point on the parameter space. Hence one can detect the power flow solution space
boundaries by noting the change in number of real solutions over the parameter space without
any initial guess or apriori information about the solution space. Though the start solution is
complex, but it is needed to be solved only once. Once the solution for the start problem is
finalized the computational complexity is much reduced even for higher resolution of points
over the parameter space. In a higher dimensional parameter space as observed in the multiple
wind penetration scenario this method is particularly effective to identify all the solution space

boundaries.

5.6 Examples

5.6.1 3-bus System

First we explore the the solution space boundary for a 3 bus power system as shown in figure 5.3a,
which is a modification of an example in [35] with added loads. The active power input in bus 1
and 2 are the varying parameters and are defined as v; and 72 respectively. Bus 3 is assumed
to be the swing bus whose voltage equals 1Z0. The unknown state variables of the power flow
problem which constitute the vector x in (5.23) are the active and reactive power input in bus 3,
the reactive powers and angles of bus 1 and 2. However as shown in section 5.3 we represent the

angles in rectangular form to limit the order of the algebraic equations to 2. Thus we have the sine
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and cosine of the angle of bus 1 and bus 2 as the unknown variables. The problem now evolves int(l)
computation of the unknown vector x = | P3 Q3 Qi Q2 sind; cosd; sindy cosdo

over a set of parameter values y; and 7o by solving the nonlinear power flow equations. As
mentioned earlier in section 5.3, we solve the system of equations f(x,\*) = 0 at a generic
complex parameter point \* of v; and 9. The generic complex vector has two elements which
are chosen from uniform distributions such as {a +ib: —1 < a,b < 1} and are normalized to
ensure they are inside unit circle. For the start problem f(x, \*) = 0, we followed the CBB and
searched for 28 = 256 paths to obtain all the isolated complex solutions that are theoretically
possible. However the start problem in this case yielded only 6 solutions. Correspondingly in the
next half of the algorithm, following Cheater’s homotopy we only had to track 6 paths for each
parameter point starting from the start solution which reduces computational task significantly.
Once all the complex solutions have been obtained the real solutions are identified by doing
numerical check. As seen in figure 5.3b the number of real solutions vary from 0 to 6 for the
power flow problem. The boundaries can be identified by the change in the number of real

solutions where the jacobian of power flow equilibrium becomes singular. In the work by Hiskens
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Figure 5.4: Power flow solution boundary tracking with various initial points
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et al. [35], the power flow solution boundary is tracked by a gradient based predictor-corrector

algorithm starting from an inital point zg. First, (5.23) is represented as,

o(2) = | g(2) (5.25)

/

where z = [ D ] . Starting from an initial zo which satisfies the condition ¢(zp) = 0, the

algorithm solves for z; by computationally solving the following problem at each step ¢,

d(z) =0 (5.26a)

’

(Zi — Zl'fl) V=€ (5.26b)

where v and € are constants. A fixed value for € is chosen which determines the accuracy of the
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Figure 5.5: 10-bus power system with 2 WPP

numerical approximation while v is a vector tangential to the solution boundary at z;_;. Since

this method tracks the solution boundary iteratively choice of the initial point is important. In
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the first step we keep 75 fixed and find an initial point on the solution boundary. Essentially we
solve (5.23) in a Newton-Raphson method with different initial points for ;. When ~, = 2, we
find initial points with v; = 2.4534 and 5.5476. When ~, = 3, the initial points have ~; = 2.0789
and 4.0389. As seen in figure 5.3b, all of these points are located on the outer elliptical solution
boundary. Correspondingly in the second step when we solve (5.26) in an iterative form starting
from these points they only track the outer boundary as shown in figure 5.4. Thus with this
method it is difficult to identify all the power flow solution boundaries unless one has a sound
knowledge of the solution space for a given set of parameters. For a high dimensional parameter
space these boundaries are even more complex and correspondingly its difficult to guarantee
all solution boundaries which our alternate numerical homotopy based method can identify.
Next we show the power flow solution boundary computation of a 10 bus solution with 2 wind

injections.

5.6.2 10-bus system

We use a 10-bus, 4-synchronous machine power system as shown in figure 5.5, for the simulation
where we investigate for the power flow solution boundary for varying wind power penetrations.
Two wind power plants are connected at bus 9 and bus 10 whose penetration levels are represented
as Y9 and 7y1g respectively. The parameters of the simulation are given in Appendix A.3. We
vary the active power output of each of the WPP between 0.1 and 0.7 p.u. on a 100 MVA
base and correspondingly formulate our equilibrium analysis problem of solving (5.14)-(5.19)
for different points on the parameter space of 7,9 and v,10. We solve the problem at a generic
complex parameter point using the homotopy based algorithm of section 5.3, implemented in
Mathematica and Bertini [6]. The problem has 25 unknown equations which requires 22° paths
to be tracked by continuation in the start problem to ensure all the isolated roots. It turns out
that the start solution has got only 2° isolated roots which saves the computational effort of
finding the roots for the actual parameter values in subsequent steps. figure 5.6 shows the power

system solution boundary where the number of real solution changes. It can be observed that
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the geometry of the solution boundary for the 10-bus case with varying wind penetration levels
is strikingly different as compared to the 3-bus case. Also the number of isolated boundaries
are more than that of the 3-bus case. All these observations suggest that identifying all these
boundaries by an initial guess and local approximation is totally intractable. Correspondingly
in a multiple wind injection scenario this analysis tool gives the operator a choice to choose

an operating point which is robust and far away from the loadability boundary of the power
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Figure 5.6: Number of real solutions of the power flow in the 10-bus power system

5.7 Conclusions

In this work we have shown that the parameters of the different dynamic elements of a complex
power system may lead to multiple feasible equilibria depending on their values. In contrast to
traditional load flow solution, we used a novel homotopy based continuation method to evaluate

all the equilibria in an efficient manner. The simulation results show for certain combination of

86



parameter values of different elements, undesired or even unstable eigenvalues may occur. The
knowledge of all feasible solutions of power flow are thus indispensable for dispatch and control
in future power system operations and controller design. Further we have applied the algorithm
for detecting all the power flow solution boundaries, also known as loadability boundaries of the
power system. Identification of the boundaries enable the power system operator to choose the

power system operating points which are robust and within transient voltage stability limit.
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Chapter 6

Conclusions and Future Works

The capacity of wind energy installations is growing rapidly worldwide as an important source of
renewable energy. As a consequence, in near future the wind generators which are interconnected
with the grid asynchronously via DFIG will largely replace the conventional synchronous
generators which currently constitute the bulk of the power supply. This shift in the mode
of generation from synchronous to asynchronous form will have a major impact on various
operational aspects of the power system. Thus in this dissertation, we have tried to develop
novel analytical methods to assess these impacts of high wind penetration particularly on the
equilibria and the inter-area oscillations of the power system. We have validated our analytical
results with simulation on different standard IEEE models like the 2-area, 8-bus, 4-machine
Kundur system, the 7-bus, 5-machine Brazilian system,the 5-area 68-bus 16-machine power
system etc. We designed controllers on the wind farm and the associated energy storage to
damp the inter-area oscillations ill-affected by the wind penetration. We also devised a novel
parameter homotopy based method to find all equilibria of a wind integrated power system and
applied that in identifying small-signal voltage stability limit of the power system.

In Chapter 2 of this work, we derived the spectral response of power flow in a wind integrated
radial power system with a continuum model approximation. The spectral response as illustrated

in theory and in simulation, shows that the spatial location of a wind farm has a major impact
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on the inter-area oscillations. Correspondingly some wind farm sitting locations can have a
worse impact on the damping and frequency of the inter-area oscillatory spectrum. To provide
additional damping in Chapter 3, we proposed a coordinated control scheme to modulate
the wind farm power output and power flow of the BES. We also looked at a distributed
implementation of the controller in different turbines of the wind plant.

However due to limitations of the approximated continuum models we looked at more
conventional models of the power system in Chapter 4. Here we investigated the time-scale
separation of coherent power systems in presence of typically high wind penetration. We showed
by theory and by adequate case studies as to how the slow time-scales associated with the
power system dynamics depend on the level of wind penetration in a single generation area. The
results indicate that time-scale separation not only depends on the level of wind injection but
also heavily depends on the system topology and location of wind plant with respect to major
loads and other synchronous generators. These results confirm our notion that the location of
the wind farm is an important factor in the impact of the wind as derived in Chapter 2. We
show via a case study that wind might cause inter-area oscillations to be slower, making the
system unstable by primarily affecting the voltage on the buses.

In Chapter 5 we use a numerical homotopy based continuation method to identify all
equilibria of a wind-integrated power system. Traditional continuation based methods depend
on initial guess and local approximations of the power flow solutions. Particularly when multiple
solutions exist for the power flow equations, these iterative methods can only ensure to find
one solution. Instead our numerical homotopy algorithm is independent of initial guess or local
approximation and efficiently solves for all real roots of the power flow equations. We have also
showed a practical application of our approach in identifying power flow solution boundaries
where jacobian of power flow solution is singular. All previously developed methods depend
on initial guess and can never guarantee to find all solution boundaries, which are essential
to maintain transient voltage stability. By our method, we can simply look at the change in

the number of real power flow solutions over a parameter space and guarantee to identify the
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power flow solution boundaries. The knowledge of power flow solution boundary is crucial for
power system operators to choose robust operating point of the power system well within the
the stability limit.

The work proposed in this manuscript leads to a number of future research plans for
developing appropriate analytical tools for in-depth analysis of wind integrated model and to

build control methods for ensuring power system stability and performance.

1. In Chapter 3 of this dissertation, we have designed co-dependent controllers on wind and
battery energy system to damp inter-area oscillations in power systems. There are some
recent works [4] which attempted to control Battery energy system simultaneously with
exciter of a generator to maintain terminal voltage regulation and transient stabilization.
This type of control design will be essential to connect large wind generator to the grid

and can be done as an extension of the work done in Chapter 3.

2. A more comprehensive analysis should be conducted to identify the impact of high wind
penetration on the eigenvectors of the linearized power system. In Chapter 4 of this
dissertation we looked at the effect of wind penetration on the eigenvalues for different
penetration levels. However the eigenvectors of the linearized system determine the residues
of the inter and intra-area modes and thus critically influence the time response of the
system. With different wind penetration levels, the way these eigenvectors change will be
worth investigating. Another interesting topic will be to look at the impact of the factors

like topology and the proximity of wind to major loads on the eigenvectors.

3. In Chapter 5 we applied the NPHC method to obtain power system solution boundaries
for the wind-integrated power system which is actually the transient voltage stability limit.
However we can additionally use the feature of finding all real solutions to identify power
flow solution boundaries which maintains simultaneously both transient voltage stability
and rotor angle stability. Also one can look to exploit the sparsity of interconnections in

power systems to define more tighter bound of maximum number of complex solutions.
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Appendix A

Simulation Parameters

A.1 Model Parameters for Two-area Kundur System

Synchronous machines are modeled by classical 2nd order models with the following parameters
on a 100-MVA base:

Generator 1: m; = 3.28 p.u., x;ll = 0.06 p.u., P,y = 3.78 p.u.

Generator 2: mo = 5.32 p.u., 33;12 =0.03 p.u., Peg = 1.88 p.u.

Generator 3: mg = 5.70 p.u., x;lg =0.02 p.u., P.g = 1.05 p.u.

Generator 4: my = 4.75 p.u., x;l4 =0.08 p.u., Py =4.21 p.u.

Line parameters on 100-MVA base: Z15 = jde—3, Zos = jde—3, Z3g = jde—3, Zyg = jde—3,
Zsg = jbe — 3, Zgr = j0.13, Zrg = j6e — 3.

Load parameters: Two loads, 500 MW and 40 MV AR each.

A.2 Wind Plant Parameters

100 wind generators, each consisting of a DFIG, 1.0 MW, 575 V, 60 Hz, are used. Every
DFIG has the following parameters: J, = 3.08 x 10% kgm?, Jg =75 kgm?, B, = 3.37 x 103
Nm/(rads/s), B, = 3.034 Nm/(rads/s), Bs = 108 kNm/(rads/s), K4 = 6.75 x 10® Nm/rad,
N, = 66, Ay = 2463 m?, p = 1.225 kg/m3, v, = 9m/s, wyo = 226 rad/s, Ry = 0.0111 p.u.,
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R, =0.0108 p.u., L;s = 0.1487p.u., L; = 0.1366p.u., L,, = 4.6978 p.u. and p = 4.

A.3 Model Parameters for 10-bus 2-wind Generator Power Sys-

tem

Synchronous machines power ratings in p.u. 100-MVA base: Generator 1: 35.91, Generator 2:
17.85, Generator 3: 10, Generator 4: 40.

Line parameters in p.u. on 100-MVA base: Z15 = jde — 3, Zos = jde — 3, Z3g = jde — 3,
Zyg = jde — 3, Zsg = jbe — 3, Zg7 = j0.13, Z7g = jbe — 3.

Load parameters in p.u. on 100-MVA base: load at bus 6, 42 + j13, load at bus 8, 98 + j34.
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